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(57) ABSTRACT 

A Reed Solomon decoder architecture. The architecture uses 
a modi?ed version of the error-evaluator polynomial form 
proposed by Horiguchi, and later improved by Feng. The 
architecture is an improvement over Feng in that the area of 
the dominant PDU unit has been signi?cantly reduced, While 
maintaining nearly the same iteration time, in novel slice 
circuitry Which rotates terms to share a common multiplier 
and other circuitry. In addition, a novel implementation of 
storage of the B polynomial and associated over?oW ?ags 
alloWs its storage to be minimized and provides equivalent 
functioning of the Chien search unit using a proprietary 
dual-multiplier arrangement in place of random multipliers 
used by Feng. 
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DECODER ARCHITECTURE FOR REED 
SOLOMON CODES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention relates to an architecture for a Reed 
Soloman decoder With improved ef?ciency. 

[0003] 2. Background 

[0004] Reed Soloman codes are error-correcting codes 
used to improve the robustness of communication and 
storage systems. A data stream, consisting of k m-bit sym 
bols, is typically protected against errors by appending r 
m-bit redundant symbols, so that the concatenated stream of 
n=k+r m-bit symbols forms a Reed Solomon codeWord. 
Some symbols of the transmitted or stored codeWord may be 
erroneous When recovered, and if the number of erroneous 
symbols is small enough, they can be found and corrected by 
a Reed Solomon decoder. 

[0005] In some systems, the recovery circuitry generates a 
measure of each symbol’s reliability as the recovered sym 
bols are produced. If a symbol is regarded as unreliable, an 
erasure ?ag is generated to indicate its location to the Reed 
Solomon decoder. If s ?agged and t un?agged erroneous 
symbols are recovered, a Reed Solomon decoder designed to 
process these erasure ?ags is capable of correcting the errors 
if 2t+s<=r . We refer to such a decoder as an error-and 

erasure decoder. 

[0006] In other systems the recovery circuitry does not 
process erasure ?ags, and such a decoder is therefore 
referred to as an error-only decoder. If t erroneous symbols 
(i.e., t errors) are recovered, an error-only Reed Solomon 
decoder is capable of correcting the errors if 2t<=r. 

[0007] A typical Reed-Solomon error-correction system 
utiliZes an encoder and decoder. The encoder inputs the k 
data symbols and appends the r redundant symbols in such 
a manner that the n symbols of a Reed-Solomon codeWord 
can be regarded a the coef?cients of a polynomial of degree 
n-l, Which is a multiple of a generator polynomial of degree 
r-l. The roots of the generator polynomial are consecutive 
poWers of a so-called primitive element, as it is commonly 
knoWn in the literature, Which is commonly referred to as 0t. 
These roots are 

Where Ir0 is an arbitrary logarithm in base 0t of the ?rst root. 
In transmission or storage, some of the codeWord symbols 
may be corrupted When received at the decoder. 

[0008] A typical decoder architecture consists of three 
processing units. The ?rst is referred to here as a syndromer, 
Whose purpose is to calculate the so-called syndromes, as 
they are knoWn in the literature, from the received vector. 
The syndromes are the coef?cients of the Fourier transform 
of an error vector that the syndromer computes from the 
received vector. The syndromer typically requires one clock 
cycle per recovered symbol. The second is referred to here 
as a polynomial determining unit (PDU), and typically 
dominates the VLSI area of the decoder. The PDU deter 
mines various polynomials from the syndromes, depending 
upon the algorithm employed, including an error locator 
polynomial. The third processing unit is referred to here as 
a Chien searcher, Which also typically requires one clock 
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cycle per recovered symbol. The function of the Chien 
searcher is to ?nd roots of the error locator polynomial, in 
order to locate the errors. 

[0009] For high throughput, a PDU architecture is desired 
Which can process a Reed Solomon codeWord Within a 
number of clock cycles equal to the number of symbols in 
a codeWord, n. Early Reed-Solomon decoders utiliZed a 
single centraliZed Galois Field multiplier as part of a spe 
cialiZed arithmetic logic unit to perform the PDU functions. 
In this case, the problem of determining the polynomials 
from the syndromes is proportional in multiplications to the 
square of t, denoted O(t2), Where t is the number of errors 
to be corrected. HoWever, as the maximum number of errors, 
tmax, to be corrected has groWn, the number of clock cycles 
to perform the PDU functions in these early implementa 
tions has exceeded n. Therefore, the focus today is on PDU 
architectures Which utiliZe O(t) parallel multipliers and 
require O(t) clock cycles to determine the polynomials. 

[0010] Berlekamp and Massey described algorithms for 
decoding Reed Solomon codes by determining certain poly 
nomials. Although these algorithms have been slightly 
re?ned over time, they are still generally referred to in the 
literature as the Berlekamp-Massey algorithm. Typical 
implementations of the Berlekamp-Massey algorithm use 
the syndromes to determine an error locator polynomial, 
A(Z) , and an error evaluator polynomial, 9(2). As described 
by Berlekamp, the calculation of these tWo polynomials uses 
tWo additional scratch polynomials, A(Z) and B(Z). Each of 
the polynomials is approximately of degree t. 

[0011] Later, Blahut described a method of determining 
A(Z) from the syndromes using only the scratch polynomial 
B(Z). 9(2) Was then determined in an additional step, 
convolving the syndrome polynomial S(Z) With the locator 
polynomial, i.e., 9(2) =S(Z)~A(Z). Further, Horiguchi 
shoWed that it is not necessary to determine the polynomial 
9(2); the errors can be directly determined from A(Z) and 
one of the scratch polynomials used to produce it, B(Z). 
Berlekamp’s storage of tWo polynomials or Blahut’s addi 
tional convolution can be eliminated to increase ef?ciency. 

[0012] Feng revised Horiguchi’s algorithm to make it 
more regular and suitable for VLSI implementation. To 
achieve this, Feng reformulated the algorithm and used a 
special circuit to calculate a scaling factor, Bp. This Was 
done to prevent an over?oW in the scratch polynomial B(Z). 
An advantage of Feng’s architecture is that the storage for 
iterative development of various polynomials is minimized, 
Where the total storage is r m-bit registers used to hold the 
syndromes, t m-bit registers used to hold iterative solutions 
for A(Z), and t m-bit registers used to hold iterative solutions 
for B(Z), for a total of approximately 4tm registers in the 
polynomial determination unit. A disadvantage of Feng’s 
architecture is that it uses 3t multipliers, and these multipli 
ers dominate the VLSI area of the PDU. 

[0013] Fredrickson described a PDU architecture Which 
used approximately 2t multipliers in a shared fashion for 
reduced area While retaining approximately the same itera 
tion time as Feng. The overall area and hence ef?ciency Was 
improved, but the storage requirements for polynomials Was 
larger than in Feng’s architecture. 

SUMMARY OF THE INVENTION 

[0014] In accordance With the principles of the present 
invention, a decoder for error correcting codes comprises a 
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syndrome calculation circuit. A polynomial determining unit 
calculates polynomials from an output of the syndrome 
calculation circuit. The polynomials include at least one 
polynomial that is rotated if the one polynomial over?ows. 

[0015] A correction circuit for a decoder for error correct 
ing codes in accordance With another aspect of the present 
invention comprises a correction circuit to evaluate an error 
evaluation polynomial. The correction circuit comprises a 
?rst multiplier employed When a scratch polynomial has 
over?oWed, and a second multiplier different from the ?rst 
multiplier employed When the scratch polynomial has not 
over?oWed. 

[0016] A method of decoding error correcting codes in 
accordance With yet another aspect of the present invention 
comprises calculating a plurality of syndromes. A plurality 
of polynomials are calculated from the calculated plurality 
of syndromes. At least one of the calculated plurality of 
polynomials is rotated if the polynomial over?oWs. 

[0017] A method of correcting errors for decoding error 
correcting codes in accordance With still another aspect of 
the present invention comprises calculating an error evalu 
ation polynomial comprising a plurality of coe?icients. Each 
of the plurality of coe?icients of the error evaluation poly 
nomial is multiplied by a ?rst factor if each coe?icient has 
over?oWed. Each of the plurality of coe?icients of the error 
evaluation polynomial is multiplied by a second factor 
different from the ?rst factor if each coe?icient has not 
over?oWed, Whereby the error evaluation polynomial is 
evaluated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Features and advantages of the present invention 
Will become apparent to those skilled in the art from the 
folloWing description With reference to the draWings, in 
Which: 

[0019] FIG. 1 shoWs a part of the Berlekamp-Massey 
algorithm used to determine a locator polynomial according 
to the background art; 

[0020] FIG. 2 shoWs a part of the Berlekamp-Massey 
algorithm used to determine a locator polynomial as modi 
?ed by Feng, according to the background art; 

[0021] FIG. 3 shoWs an algorithm according to a preferred 
embodiment of the invention; 

[0022] FIG. 4 shoWs a decoder PDU slice according to an 
embodiment of the invention; 

[0023] FIG. 5 is a block diagram of the PDU according to 
an embodiment of the invention; 

[0024] FIG. 6 shoWs the use of a dual multiplier circuit 
according to an embodiment of the invention in performing 
a Chien search; 

[0025] FIG. 7A is a partial vieW of a circuit implementa 
tion according to the background art, implementing the 
algorithm of FIG. 2; 

[0026] FIG. 7B is a further partial vieW of the background 
art circuit implementation according to FIG. 7A, implement 
ing the algorithm of FIG.2; 

[0027] FIG. 8A is a partial vieW of a correction block 
associated With the background art circuit of FIGS. 7A and 
7B; 
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[0028] FIG. 8B is a further partial vieW of the correction 
block according to the background art. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0029] In accordance With the principles of the present 
invention, a highly e?icient PDU architecture is provided 
Which uses a total of t multipliers in a shared fashion for 
reduced area While retaining approximately the same itera 
tion time and polynomial storage e?iciency of Feng. This is 
achieved by sharing a single multiplier in each ’slice of the 
circuit and employing it three times in successive clock 
cycles. 
[0030] In addition, a proprietary alternative to Feng’s 
scaling factor circuitry is disclosed Which incorporates rota 
tion of the scratch polynomial B(Z) When B(Z) over?oWs, 
and employs a modi?ed Chien searcher With specialiZed 
dual constant multipliers to multiply by tWo different factors 
according to Whether or not B(Z) has over?oWed, to elimi 
nate the determination of the scaling factor Bp. 

[0031] In a preferred embodiment of the invention, the 
described architecture does not process erasure ?ags, and is 
therefore an error-only decoder. If t erroneous symbols (i.e., 
t errors) are recovered, the disclosed Reed Solomon decoder 
is capable of correcting the errors if 2t<=r. HoWever, the 
architecture disclosed here is easily extended to an error 
and-erasure decoder With improved e?iciency, combining 
the methods of the disclosed architecture With erasure loca 
tor polynomial pre-processing methods that are Well-knoWn 
in the art. 

[0032] The Berlekamp-Massey algorithm, as discussed in 
the Background of the Invention, for determining polyno 
mials A(Z) and B(Z) from the syndromes is shoWn as a 
?owchart here for reference in FIG. 1. In step 100 the 
syndromes are input, and in step 110 the coe?icients are 
updated. In FIG. 1, it is convenient to use polynomial 
notation for a stored sequence of coe?icients, {A0, A1, A2, 

. . } Where 

In FIG. 1, U(Z) is a sequence of r rearranged syndrome 
coe?icients, While Ais of degree tmax and B is of degree r+l. 
The notation 

B(i+l)(Z)<:>ZBl(Z) 
indicates that the B coe?icients are updated in a shifting 
operation, 

Bail)i 
and the notation 

U<*+I>(Z)SROTATED [U*(z)] 
indicates that the U coe?icients are updated in a shifting 
operation, With the highest degree coefficient shifting to the 
loWest degree, 

algorithm. Assume that at most t errors have occurred. The 
body of each iteration is subdivided into three steps 120, 130 
and 140. 

[0034] In step 120, the outputs of tmax multipliers, Which 
scale coe?icients of the current Al(Z) by various coe?icients 
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of U, are summed to produce a so-called discrepancy, A, 
While the coef?cients of B are shifted. 

[0035] The result of step 120 is used in step 130. When 
A#0, tmax multipliers scale the coef?cients of the current 
Bi(Z) by A to produce an additive change in the coe?icients 
of Ai(Z) . In addition, a non-Zero A can be inverted to 
produce (I>=l/A, the coef?cients of B are loaded With the 
coef?cients of Ai(Z) if a logical condition is true, and the 
coef?cients of U are rotated. 

[0036] The results of step 130 are used in step 140. If the 
logical condition is true, the integer j is updated and tmax 
multipliers scale the coef?cients of B(i+l)(Z) by (I) to nor 
maliZe them. The iteration counter i is incremented. 

[0037] In step 150, i is compared to r, and if i<r, the 
algorithm proceeds With the next iteration, and otherWise the 
polynomials A(Z) and B(Z) have been determined and are 
output in step 160. 

[0038] The roots of the polynomial A(Z) yield the error 
locations in that 

A(0t")=0 
implies that the codeWord symbol With index n-l-i is in 
error, Where n is the number of symbols in the codeWord. 
When A((X_i)=0, the codeWord symbol With index n-l-i is 
corrected by adding the error value, 

Where AOdd(Z) is the polynomial obtained from A(Z) by 
deleting all terms With even poWers of Z. When Ir0 is chosen 
so that r+Ir0-l is the multiplicative order of 0t in the Galois 
?eld, the formula simpli?es to 

6(n’1’i)=1/ ((BW?AoddWTi) 
[0039] A shortcoming of the algorithm as shoWn in FIG. 
1 is that r+l symbol storage registers are needed for B. Feng 
shoWed a method of reducing this storage as shoWn in the 
algorithm of FIG. 2. 

[0040] The algorithm of FIG. 2 includes similar steps to 
those of FIG.1, in that the syndromes are input in step 200, 
the coef?cients are updated in step 210, then each iteration 
is carried out in steps 220, 230 and 240, step 250 determines 
if i=r, and if not then steps 220, 230 and 240 are repeated, 
and the results are output in step 260. 

[0041] In FIG. 2, the polynomial A of degree at most tmax 
plays a similar role to polynomial B in FIG. 1. Feng notes 
that at most tmax consecutive coef?cients of B are non-Zero, 
and the neW variable p counts the number of times the 
polynomial Would have been shifted beyond the storage 
limits of A in FIG. 1. Assuming that at most t errors have 
occurred and comparing the resulting polynomials of FIGS. 
1 and 2, Feng shoWs that the polynomial A(Z) is the same, 
and 

[0042] When A((X_i)=0, the codeWord symbol With n-i-l 
is corrected by adding the error value, 
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[0043] Feng’s circuit implementation is shoWn in FIGS. 
7A, 7B, 8A and 8B. FIGS. 7A and 7B shoW partial vieWs of 
a BMA (Berlekamp-Massey Architecture) circuit block 
employed to compute the error locator polynomial and the 
error evaluation polynomial from the output of a syndrome 
computation block (not shoWn), and FIGS. 8A and 8B shoW 
partial vieWs of a correction circuit block that performs a 
Chien search and error evaluation on the output of the BMA 
block. 

[0044] The partial vieW of Feng’s BMA block in FIG.7A 
shoWs multipliers 7001, 7002, . . . , 700D and 7181, 7182, . . 

. , 718D, adders 7051, 7052, . . . 705D, registers 7101, 7102, 

...,710n, 7151, 7152, . . . ,715n, 716 and 717, summer 720, 
Galois Field inverter 730 and decision block 740. The Galois 
?eld inverter 730 computes the inverse A‘1 of the discrep 
ancy A. The multipliers 7001, 7002, . . . , 700D and 7181, 

7182, . . . ,718D and adders 7051, 7052, . . . , 705n perform 

Galois ?eld arithmetic. Multiplexers used for loading reg 
isters 7151, 7152, . . . , 715D, 716 and 717 are omitted for 

clarity. Registers 7151, 7152, . . . ,715n, 716 and 717 are 
initialiZed to be the syndromes calculated in the syndrome 
calculation block and registers 7101, 7102, . . . , 710n are 
initialiZed to be Zero. A critical path is shoWn by the dotted 
line at 745. 

[0045] The remaining circuitry in Feng’s BMA block is 
shoWn in FIG.7B, Where 7501. . . 750D and 755 are multi 
pliers, 760O, 7601, . . . , 760D, 765 and 7800, 7801, . . . , 780n 

are multiplexers 7700, 7701, . . . ,770n and 775 are registers, 
785 is an AND gate, and 790 is a decision block. The 
registers 7701, . . . , 770D and 775 are initialiZed to Zero, and 

register 7700 is initialiZed to l. Outputs are obtained at 
terminals 7950, 7951, . . . , 795D and 796. 

[0046] FIG. 8A is a partial vieW of the correction block 
according to Feng, in Which 8011, 8012, . . . ,801D and 8021, 
8022, 802n are multiplexers, 8101, 8102, . . . , 810D and 8111, 
8112, . . . , 811n are registers, 8151, 8152, . . . , 815D, 8161, 

8162, . . . , 816D and 831 are multipliers, 827 and 828 are 

summers, 830 and 845 are adders, 833 is a decision block, 
835 is a Galois Field inverter, 840 is an OR gate, and 837 
represents a critical path. 

[0047] FIG. 8B shoWs recursive circuitry on the right hand 
side to calculate the numerator of the expression in para 
graph earlier as a product of Feng’s terms Ba and Bp, the 
recursive circuitry including a multiplexer 856, registers 861 
and 862, and a multiplier 866. On the left hand side are 
circuits to evaluate the polynomial B(Z), employing multi 
plexers 8550, 8551, . . . , 855D, registers 8600, 8601, . . . , 

860D, multipliers 8651, . . . , 865D and a summer 870. The 

outputs of multiplier 866 and summer 870 are then multi 
plied together by multiplier 880. 875 represents a critical 
path. 

[0048] A preferred algorithm according to the invention is 
shoWn in FIG. 3, Which is closely related to a preferred 
embodiment of the apparatus. The syndromes are input in 
step 300, and the coef?cients updated in step 310. In FIG. 3, 
an iteration cycle of the previous algorithms has been split 
into three distinct steps 320, 330 and 340, each of Which 
takes one cycle to execute. Feng’s implementation requires 
3t multipliers to execute steps 220, 230 and 240 Within one 
clock cycle. By separating these steps into distinct cycles, 
only t multipliers are required Which can be used in various 
Ways to execute each part of the algorithm. Since these 
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multipliers dominate the VLSI area of the PDU, the area is 
desirably reduced. In step 350, i is compared to r, and if i is 
not equal to r, then steps 320, 330 and 340 are repeated. If 
i=r, then the results are output in step 360. 

[0049] In FIG. 4, the schematic of a submodule referred to 
as a slice is shown. The slice contains a number of tWo-Way 

multiplexers 410, 412, 414, 416, 418, 420, 422, 424, 426 and 
428, each having three inputs including a select input, such 
that When the select input is 1(0) the input 1(0) appears on 
the output, a Galois Field adder 430, Which inputs tWo 8-bit 
quantities and outputs their ?nite ?eld sum, and is equivalent 
to a bit-Wise XOR gate, a Galois Field multiplier 432, Which 
inputs tWo 8-bit quantities and outputs their ?nite ?eld 
product, and registers 440, 442, 444 and 446, Which are 
D-type clocked ?ip-?ops to hold terms A, B, o, and U. On 
the rising edge of the clock signal clk the input values are 
stored in the ?ip-?ops and appear at the output. The term 0 
is an over?ow ?ag indicating Whether B(Z) has over?oWed, 
and is either 0 or 1. An 0 input is provided at 402, a B input 
at 404, an 0 output at 452, a B output at 454, a A output at 
456, and a multiplier output at 458. 

[0050] In general, at the beginning of an iteration (at the 
start of step 320), register 446 holds a syndrome value 
denoted Uj, register 444 holds a term of the locator poly 
nomial A, register 442 holds a term of the B polynomial, and 
register 442 holds a ?ag that shoWs if the term of the B 
polynomial has resulted from an over?oW during rotation. 
Slice k holds the coef?cients of Zk in the polynomials B(Z) 
and A(Z). 
[0051] At the start of decoding, the signal init is asserted, 
Which loads registers 440, 442, and 444 With all Zeroes, and 
register 446 With an external syndrome term at the rising 
edge of the clock. All slices except for the implied ?rst one 
are initialiZed in this Way. The initial value of A(Z) is 1, so 
all slices except for the implied ?rst one are set to Zero. 
Similarly, the initial B(Z) is 1. After initialiZation, the signal 
init is reset to Zero for the remainder of decoding, and 2t 
three-step iterations are performed to complete the decod 
ing, Where t is the maximum number of errors to be 
corrected. 

[0052] At the start of iteration step 320, control signals 
m0sel, m1sel and m2sel are all asserted (set to 1), While 
signals m3 sel, m4sel and m5sel are deasserted (set to 0). The 
product muloutk is the Galois ?eld product of a term of U 
and a term of A, Which is summed With all such terms from 
all slices in an external Galois Field adder to form the 
discrepancy. At the end of iteration step 320, is loaded into 
an external register that feeds back the registered signal to 
the slices. Also, at the end of the iteration step 320, the terms 
of the three polynomials U, B and 7 are rotated Within a 
slice, so that the term of 7 moves to register 446, a term of 
B moves up to register 444, and a term of U is in register 
442. The B<k>output of slice k is connected to the Binput<k+ 
1>of slice <k+1>. As these B terms are registered, the terms 
of B are shifted ahead from one slice to the next, accom 
plishing the 

B(i*l)(Z)§>ROTATED [B‘(z)] 
function. In this function, the modi?ed B(Z) is ZB(Z), Where 
the highest order term, if it over?oWs, is shifted back to the 
loWest order slice, setting the accompanying o(Z) ?ag. 

[0053] At the start of iteration step 330, control signals 
m1sel, m2sel and m5sel are all asserted (1), While control 
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signals m4sel and m0sel are deasserted (0). Signal m3sel 
may or may not be asserted. The product muloutk is the 
Galois Field product of a term of B and discrepancy ). The 
Galois Field sum Ak$(AG9Bk) is one term of the function 

Which is loaded in register 442 at the end of iteration step 
330. The terms of U are shifted ahead from one slice to the 
next, accomplishing the function: 

one of the terms of Which is loaded in register 444 at the end 
of iteration step 330. These are shifted from one slice to the 
next using the same B input<k+1>and B<k>inter-slice con 
nections used to shift B in iteration step 320. The value in 
register 440 is unmodi?ed. 

[0054] Register 446 may take one of tWo values. This 
depends upon the expression: 

in FIG. 3. An external circuit determines if any of the bits of 
the discrepancy are non-Zero by OR-ing all the bits together. 
TWo external quantities i and 2j are compared, and the result 
of the comparison is logically AND-ed With the output of the 
non-Zero detection OR gate. This logical signal externally 
drives m3sel. If m3sel is asserted, the value of register 446 
remains unchanged at the end of iteration step 330, and 
register 446 retains the unmodi?ed term Ak, accomplishing 
the function: 

[0055] If m3sel is deasserted, the value of register 446 is 
updated at the end of iteration step 330 by taking on the 
value Bk that Was in register 444 at the end of iteration step 
320. At the same time, an external circuit performs a Galois 
?eld inversion on the quantity A, inverts the least signi?cant 
bit of the result, and loads the modi?ed inversion, denoted 
delinvp1, in an external register at the end of iteration step 
330. The inversion circuitry handles the case A=0 by loading 
the external register With a 1. 

[0056] At the start of iteration step 340, m4sel is asserted, 
m0sel, m2sel, m3sel and m5sel are deasserted, and m1sel 
takes the same value that m3sel took in iteration step 330. 
The product muloutk is the Galois ?eld product of a term of 
B and delinvp1. If mlsel is asserted, the input to register 442 
is: 

in a ?eld of characteristic 2 like GF(256). This accomplishes 
the function 

B(i+l)(Z)<:><I>B(i+l)(Z) 
in FIG. 3. If m1sel is deasserted, then register 442 is updated 
at the end of iteration step 340 by taking on the value Bk that 
Was in register 446 at the end of step 330. 

[0057] Since m3sel is deasserted, register 446 takes on the 
value Uk that Was in register 444 at the end of step 330. Since 
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m2sel is deasserted, register 444 takes on the value Ak that 
Was in register 442 at the end of step 330. Register 440 is 
unmodi?ed. 

[0058] In this manner, the updated polynomial terms B, A 
and U have returned to their original positions at the end of 
the three steps 320, 330 and 340 making up one iteration. 
After 2t such iterations, the polynomials B and A have taken 
their ?nal values, and are used by the Chien search unit to 
determine error locations and values. 

[0059] Aunique feature of the slice shoWn in FIG. 4 is that 
the terms A, B, and U are contained in time-varying registers 
Within a slice. This alloWs the terms Which are multiplied to 
be shifted to the multiplier inputs as needed, so that each 
multiplier is shared in a high-speed implementation. It also 
alloWs for re-use of the polynomial rotation circuitry so that 
the terms of the B polynomial are shifted in step 320, While 
the terms of the U polynomial are shifted using the same 
circuitry in step 330. 

[0060] To compare implementations, Feng’s circuitry Was 
sliced to contain one term of the equivalent A, A, and U and 
their associated logic. Table 1 compares the e?iciency of the 
slice shoWn in FIG. 4 to that of Feng. Each Was estimated 
using synthesis results for a decoder designed for 9 bit 
symbols. As can be observed from Table 1, Feng’s imple 
mentation uses nearly tWice the VLSI area, but the tWo 
implementations have nearly equal iteration delays. Hence, 
this improved implementation is nearly tWice as ef?cient. 

TABLE 1 

Comparison of Slice Efficiency 

Feng Preferred Embodiment 

Area 3 multipliers 
3 symbol registers 3 symbol registers 
1 symbol adder 1 symbol adder 
5 symbol multiplexers 8 symbol multiplexers 
(~1,270 gates) (628 gates) 
2 multiplications 
1 large summation 
1 inversion 
2 multiplexings 
1 register delay 
1 register setup 
(~16 us) 

Product of Delay * Area 20,320 

1 multiplier 

Delay per iteration 

3 inversions 

3 register delays 
3 register setups 
(~16.8 ns) 
10,550 

[0061] FIG. 5 shoWs the schematic of the entire PDU 
according to the embodiment of FIG.4. This particular PDU 
has tmax=20, and designs for other values of tmax are easily 
derived by adding or deleting slices. The PDU includes a 
number of slices 5001, 5002, 5003, . . . 50020, having 
respective 0 inputs 5021, 5022, 5023, . . . , 50220 and the ?nal 
slice 5002O having an 0 output 50221, a delay line 510 for 
holding half of U, control circuitry shoWn symbolically at 
520, a summer 530, a Galois ?eld inverter 10540 for 
obtaining the mutiplicative inverse of ), and auxiliary logic 
indicated generally at 555, including an OR gate 550, a 
decision block 552 and multiplexers 560 and 562. 

[0062] Outputs 5081, 5082, 5083. . . 50820 from slices 
5001, 5002, 5003. . . 50020, corresponding to multiplier 
output 458 in the exemplary slice 15 shoWn in FIG.4, are 
summed by a summer 530, to give a value of A at terminal 
538, Which is then inverted by the Galois ?eld inverter 540 
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and modi?ed by Galois Field adder 542 to provide a value 
of (1/A)p1 at 544. The register output value is fed back to 
multiplexer 560 at terminal 561. Delay line 510 includes 
multiplexers 5121, 5122, 5123. . . 51220, and corresponding 
registers 5141, 5142, 5143. . . 51420. The delay line 510 is 
shifted once very three cycles. An output 518 from the delay 
line 510 is supplied to input terminal 563 of multiplexer 562, 
Where it is also combined With the output of multiplexer 560, 
to feed the B input 504 of the ?rst slice 5001, corresponding 
to the B input 404 in FIG. 4. Decision block 552 detects a 
non-Zero condition to determine the value of the 0 input 502 l 
to the ?rst slice 5001, corresponding to the 0 input 402 in 
FIG. 4. OR gate 550 is employed to detect a ?rst cycle 
condition. 

[0063] The present invention also eliminates Feng’s spe 
cial circuit for calculating the numerator of the error value 
expression. To do this, the Applicants make a judicious 
choice of lr0 to use the simpli?ed version of the error value 
expression, i.e., With numerator 1, and handle storage of the 
B polynomial in a proprietary fashion. 

[0064] The polynomials B(Z) and 0(2) here are of the 
special form, 

Imax 

and 

Where oi is 0 or 1, and neither polynomial has a constant 
term. The storage of a constant term for the polynomial B(Z) 
is not required, because initialiZation of B(Z) is performed by 
the OR gate 550 in the ?rst cycle of Berlekamp-Massey 
iterations, as shoWn in FIG. 5. For either of these polyno 
mials, the notation 

indicates that the coef?cients are updated in a shifting 
operation, With the highest degree coefficient shifting to the 
coef?cient of Z, 

> trnax<i+l> =B(tmax “1)i 

[0065] A non-Zero coe?icient in the polynomial o(Z) indi 
cates that the corresponding term of the resulting polynomial 
B(Z) is the result of over?owing the allotted storage. 

[0066] Assuming that at most t errors have occurred, the 
resulting polynomial A(Z) is identical to that of FIG. 1. If the 
resulting polynomial o(Z) is Zero, the resulting polynomial 
B(Z) is identical to the B(Z) obtained in FIG. 1. To distin 
guish the polynomials When o(Z) is non-Zero, We refer to the 
result of FIG. 5 as BWmpped(Z) . The resulting polynomial 
B(Z) obtained in FIG. 1 can be related to BWmpped(Z) in all 

B Wrapp 
2(trnax =Otrnax (max 

[0067] In a Chien search unit, the polynomial B(Z) is 
typically evaluated in a circuit as shoWn on the left hand side 
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of FIG. 8B, as previously discussed. A series of Chien search 
registers is initially loaded With the polynomial B(Z). The APPENDIX A-continued 
initial sum of these registers represents the polynomial B(Z) 
evaluated at Z=l. In the next cycle, the register containing Bi Example Single and Dual Multipliers m Verilog 

has been multiplied by V“. After v cycles, the sum of the end 
registers can be expressed as eHdm‘PdQle I I 

Description: multiply by alpha**l003 or alpha**(983) in GF(1024) 
— Note that common terms are labelled cm and shared 

— p0 are remaining terms for alpha**l003, pl are remaining for 
‘max I alpha**(983) 

Z IITWB; = 301%) module dualal003or983(inp, select, outp); 
i:l input [9:0] inp; 

input select; 
output [9:0] outp; 
reg [9:0] outp; 

[0068] In a preferred embodiment of the invention as reg [9:0] p0; 
shoWn in FIG. 6, a register 630 is initially loaded With Bi and mg [910] P1; 
another one bit register 640 is loaded With the corresponding £20552?) 
over?oW ?ag oi via multiplexers 610 and 620 respectively. begin 
The over?oW ?ag controls a proprietary dual-constant mul- p0[0] = inp[4] inp[7];A 
tiplier. If oi=0, the dual-constant multiplier scales by 0P1, but Poll] = IHPUI A IHPI6II inPU]; 
if oi=l, the dual-constant multiplier scales by ofmma"). The pop] j [BN6] A lnpm’A . I 

. . . . p0[3] — 1HP[3] lnplgl 1HP[9], 
net effect is to provide an equivalent evaluation to that of the POM] : inp[l]; 
polynomial B(Z) in FIG. 1, While using only half the B p0[5] = Inp[0] Inp[l] A inp[7]; 
storage registers of FIG. 1. This special circuitry alloWs us POW] = {HPIOI A {11P[3];A I I 
to eliminate tWo random multipliers in Feng’s numerator Egg] : A mpm’ 
circuit of FIG. 8B. Although We picture the contents of the pop] : inp[4] A mp5]; 
dashed box 650 in FIG. 6 as tWo distinct multipliers 660 and pl[0] = inp[O] inp[2] inp[3] A inp[8]; 
670 folloWed by a multiplexer 680 for clarity of understand- Plll] = [HPIZ] A [BN5] A [11P[9];A I I 
ing, in practice the tWo multipliers 660 and 670 share a lot pm] i 91pm A 91pm A {11pm A lnpmi 

- - P1[3] — IHPIOI IHPU] 1HP[4] IHPUI, 
of common terms, and are described in such a Way as to p1[4] : mm A inp[6]; 

exploit the commonality and reduce complexity. In Appen- pl[5] = inp[3];A 
dix A, a typical single and dual multiplier description is P1[6]=[11P[4] A [BN8]; 
shoWn in Verilog pm] : [11pm A lnpmi . 

' P1[8] = {11PM A {HPUI A }HP[6]; 

[0069] While the invention has been described With ref- grllhgoail?gg] Al?fg?g]. inp[7]; 
erence to the exemplary embodiments thereof, those skilled cm[i] = inp[o] inp[4]; 
in the art Will be able to make various modi?cations to the cm[2] = IHPB] A [HPU]; 
described embodiments of the invention Without departing mm = mpp] A mpmh 
from the true spirit and scope of the invention. 

APPENDIX A 0mm = iHPIOI A inp[7] inplgl; 
cm[8] = inp[3l A iHPI8I; 

Example Single and Dual Multipliers in Verilog map] = inp[z] inp[9]; 
en 

Description: multiply by alpha**l003 = alpha**(—20) in GF(1024) 
module mulal003 (inp, outp); 
input [9:0] inp; 
output [9:0] outp; 
reg [9:0] outp; 
:lWays @(inp) 1. A decoder for error correcting codes, comprising: 
egin A A A 

OHtPIOI =iHP[1] A inp[4] A iHP[5] A iHP[7];A a syndrome calculation circuit; and 

OHtPIZI = iHPI3I A iHPI6I A inp[7] A iHP[9];A a polynomial determining unit for calculating polynomi 
Outpp] : inp[z] A inpm A inp[6] A inp[g] A inp[9]; als from an out ut of said s ndrome calculation circuit 
cm[4] =inp[1] inp[4] inp[7] inp[8] inp[9]; . . P . . y . ’ 
Outpm : inp[o] A inp[l] A mp5] A inp[6] A inp[7] A inp[g]; said polynomials including at least one polynomial that 
outp[6] = inp[O] inp[l] inp[3] inp[6] inp[9];A is rotated if said at least one polynomial over?oWs. 
OutPU] = inp[ol A iHPIZI A inp[3l A inp[7] inPR5] inp[9]; 2_18_ (Canceled) 


