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Abstract

In thispaper, a highspeedReed-Solomon(RS)decoder
chip for optical communicationsis presented.It mainly
containsone

�
255� 239� RSdecoderwith 4K-bit embed-

dedmemory. Dueto theoperationspeedlimitation in I/O
pad,a DelayLock Loop(DLL) circuit is alsoincludedto
generate internal high-speedclock. TheRSdecoderfea-
turesa high speedand area-efficientkey equationsolver
usinga novel inversionlessdecomposedarchitecture for
Euclideanalgorithm.

Thetestchip is implementedby 0 � 35µmCMOSSPQM
standard cells with chip area of 2 � 61mm � 2 � 62mm. The
RSdecoderhasthegatecountof 12� 4K. Testresultsshow
theproposedchip cansupport2 � 35-Gbpsdataratewhile
operatingat 294MHzwith thesupplyvoltageof 3 � 3V.

1. Introduction

Among the most well-known error-correctingcodes,
the Reed-Solomon(RS) codesareundoubtedlythe most
widely usedblock codesin communicationsandstorage
systems.Due to increasingdemandfor high capacityof
opticalcommunications,thehighspeedandlow complex-
ity implementationsof RSdecodersaredesirableto meet
higher datarate for system-level integration. In ITU-T
G.975, several

�
255� 239� RS codesare standardizedto

resistburst errorsfor optical fiber submarinecablesys-
tems. The

�
N � K � RS codemeanseachcodeword con-

tainsN codedsymbolswith K messagesymbols,and is
capableof correctingup to t ��� N � K2 	 symbolerrors.For�
255� 239� RS code,eachsymbol is onebyte and it can

correctup to 8 symbols.

Thegeneraldecodingstepsareillustratedin Figure1.
The syndromecalculatorgeneratesa set of syndromes
from the received codeword polynomialR(x). From the
syndromes,thekey equationsolverproducestheerrorlo-
catorpolynomialσ

�
x� andtheerrorevaluatorpolynomial

Ω
�
x� , which canbeusedby theChienSearchandtheEr-

ror ValueEvaluatorto determinethe error locationsand
errorvalues,respectively.
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Figure 1. The Reed-Solomon decoding flowchart.

Thecritical partshown in Fig. 1 will be thekey equa-
tion solverwhile implementedfor highspeedapplication.
In Section2, anovel inversionlessdecodingprocedurefor
Euclideanalgorithm is illustrated to not only eliminate
the costly finite-field inverter (FFI) but also introducea
t-iterationdecodingprocedure,whereasotherapproaches
requireat most2t iterations.Thenthedecomposedarchi-
tectureof threefinite-fieldmultipliers(FFMs)is proposed
to enhancethe operationspeedandreducethe hardware
complexity for the key equationsolver. Section3 shows
the proposed

�
255� 239� RS decoderand Section4 de-

scribesthe chip implementationandtest results. Finally
theconclusionis givenin Section5.

2. The Inversionless Decomposed
Architecture for Euclidean Algorithm

The techniquesfrequentlyusedto solve thekey equa-
tion includethe Berlekamp-Massey (BM) algorithmand
theEuclideanalgorithm.AlthoughtheBM algorithmhas
thelowestcircuit complexity, theEuclideanalgorithmcan
supporthigheroperationspeeddueto its shortercritical
path.For illustratingourmodifiedEuclideandecodingal-
gorithm,thekey equationis writtenas:

Ω
�
x�p� x2t q Q � x� r S

�
x� σ � x� (1)

where Q(x) is the quotient polynomial of the dividend
polynomial S

�
x� σ � x� and the divisor polynomial x2t .

Hence,the error evaluatorpolynomial Ω
�
x� can be de-

terminedby the similar processof computingthe GCD
polynomial of x2t and S

�
x� throughthe Euclideanalgo-
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rithm, which canbeshown asfollows:stttttu tttttv
Rw x 1 y z x{}| x2t

Rw 0 y z x{~| Sz x{
Rw 1 y z x{~| Rw x 1 y z x{�� Rw 0y z x{�� Q w 1 y z x{

...
Rw i y z x{�| Rw i x 2y z x{�� Rw i x 1y z x{�� Q w i y z x{ (2)

whereQ w i y z x{ is the i-th quotientpolynomialandRw i y z x{
is the i-th remainderpolynomial. Eachiterative stepinz 2{ performsa polynomialdivision operation.While the
decodingprocedurestopsat thedegreeof Rw i y z x{ lessthan
t, Rw i y z x{ canbe taken as the error evaluatorpolynomial
Ω z x{ . From the extendedform of Euclideanalgorithm,
thesimilar procedureexcepttheminor differenceis used
to determinetheerrorlocatorpolynomialσ z x{ . Thereare
at mostt polynomialdivision operationsof z 2{ totally in
theworstcasewith all degreeof Q w i y z x{ equalingone.

Existing architecturesto implementthe Euclideanal-
gorithmin hardwarewereproposedby ShaoandReed[1],
Song[2], andHanhoLee[3]. Theseproposalsall follow
the decodingprocedurerequireat leasttwo iterationsto
completeeachpolynomialdivision operationof z 2{ , and
thereforethetotalnumberof iterationsis atmost2t in the
worstcase.However, thedecodingproceduredetermining
bothΩ z x{ andσ z x{ canbemodifiedasfollows:

Initial condition:
A w 0y z x{�| x2t � M w 0 y z x{�| Ω w 0y z x{p| Sz x{
a w 0 y z x{p| 0 � mw 0 y z x{p| σ w 0y z x{p| 1

For ( i | 0 to t )
δ | deg( A w i y z x{ ) � ∆ | deg(M w i y z x{ )

If ( deg( σ w i y z x{ ) � deg( Ω w i y z x{ ) )

q w i y1 | A w i yδ
M w i y∆

q w i y0 | su v 0 for δ | ∆
M � i �∆ A � i �δ � 1 � M � i �∆ � 1A � i �δ

M � i �∆ M � i �∆ for δ �| ∆

Ω w i � 1y z x{�| A w i y z x{ � xδ x ∆ x 1 � M w i y z x{�� q w i y z x{ (3)

σ w i � 1y z x{�| a w i y z x{ � xδ x ∆ x 1 � mw i y z x{�� q w i y z x{ (4)

if ( deg( Ω w i � 1y z x{ ) � ∆ )

A w i � 1 y z x{p| M w i y�� M w i � 1 y z x{�| Ω w i � 1y z x{
a w i � 1y z x{�| mw i y�� mw i � 1 y z x{�| σ w i � 1y z x{

else
A w i � 1 y z x{p| Ω w i � 1 y�� M w i � 1 y z x{�| M w i y z x{
a w i � 1y z x{�| σ w i � 1y�� mw i � 1 y z x{�| mw i y z x{

Else
Ω z x{p| Ω w i y z x{ � σ z x{p| σ w i y z x{ Finish

where q w i y z x{�| q w i y0 � q w i y1 x is the i-th dummy quotient
polynomial,Ω w i � 1y z x{ is the i-th dummyremainderpoly-

nomial,andA w i yδ andM w i y∆ aretheleadingcoefficientsof the

i-th dummydividendpolynomialA w i y z x{ with degreeof δ
andthe i-th dummydivisor polynomialM w i y z x{ with de-
greeof ∆. Note that if thedegreeof Ω w i � 1y z x{ calculated
by z 5{ is lessthanthe degreeof M w i y z x{ , thenΩ w i � 1 y z x{
andM w i y z x{ will bethenext dummydivisor anddividend
polynomial respectively. Otherwise,Ω w i � 1y z x{ with de-
greeof at mostδ � 2 will beassignedto thenext dummy
dividend polynomial and the next dummy divisor poly-
nomial will still be M w i y z x{ . For eliminating the inverse
operation,a novel inversionlessdecodingprocedurecan
beshown asfollows:

Initial condition:�
A w 0y z x{p| x2t � �M w 0 y z x{�| �Ω w 0 y z x{p| Sz x{�
a w 0 y z x{p| 0 � �mw 0 y z x{p| �σ w 0y z x{p| 1

For ( i | 0 to t )
δ | deg(

�
A w i y z x{ ) � ∆ | deg(

�
M w i y z x{ )

If ( deg(
�
σ w i y z x{ ) � deg(

�
Ω w i y z x{ ) )�

q w i y1 | �M w i y∆ �A w i yδ�
q w i y0 |�� 0 for δ | ∆�

M w i y∆ �A w i yδ x 1 � �M w i y∆ x 1 �A w i yδ for δ �| ∆�
Ω w i � 1y z x{ | �M w i y∆ �M w i y∆ � �A w i y z x{ � xδ x ∆ x 1 � �M w i y z x{ � �q w i y z x{

(5)�
σ w i � 1y z x{ | �M w i y∆ �M w i y∆ � �a w i y z x{ � xδ x ∆ x 1 � �mw i y z x{ � �q w i y z x{

(6)
if ( deg(

�
Ω w i � 1y z x{ ) � ∆ )�

A w i � 1 y z x{p| �M w i y�� �
M w i � 1y z x{p| �Ω w i � 1 y z x{�

a w i � 1y z x{�| �mw i y�� �
mw i � 1y z x{�| �σ w i � 1y z x{

else�
A w i � 1 y z x{p| �Ω w i � 1 y � �

M w i � 1y z x{p| �M w i y z x{�
a w i � 1y z x{�| �σ w i � 1y�� �

mw i � 1y z x{�| �mw i y z x{
Else �

Ω z x{p| �Ω w i y z x{ � �σ z x{p| �σ w i y z x{ Finish

It canbeshown
�
Ω z x{ and

�
σ z x{ canbeusedtofind thesame

error locationsanderror valuesasthe original Ω z x{ and
σ z x{ do. In theworstcasewith all Q w i y z x{ in z 2{ equaling
one,our proposalonly requiresoneiterationto complete
eachpolynomialdivisionoperation.And thetotalnumber
of requirediterationsis lessthant.

Following the proposedinversionlessdecodingproce-
dure for Euclideanalgorithm, the decomposedarchitec-
ture,which work with individual coefficientsof thepoly-
nomialinsteadof theentirepolynomialasawhole,is pro-
posed. For simplifying notations,δ � ∆ | 1 is assumed
without lossof generalityandboth z 5{ and z 6{ canbede-
composedas:�

Ω w i � 1 yj | �M w i y∆ �M w i y∆ � �A w i yj � �M w i yj � �q w i y0 � �M w i yj x 1 � �q w i y1 (7)�
σ w i � 1 yk | �M w i y∆ �M w i y∆ � �a w i yk � �mw i yk � �q w i y0 � �mw i yk x 1 � �q w i y1 (8)

where
�
Ω w i � 1 yj and

�
σ w i � 1yk correspondto the j-th and k-

th coefficient of
�
Ω w i � 1y z x{ and

�
σ w i � 1 y z x{ , respectively. If
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�
M � i �∆

�
M � i �∆ ,
�
q � i �0 and

�
q � i �1 canbe calculatedin advance,only

threefinite-fieldmultiplicationswill beneededsimultane-

ouslyto computeeach
�
Ω � i � 1�j or

�
σ � i � 1�k . Hence,theinver-

sionlessdecomposedarchitecturefor Euclideanalgorithm
shown abovesuggestsa3-FFMimplementationof thekey
equationsolver.

It canbe shown that the amountof requiredcyclesin
our decomposedarchitectureis lessthan2t2 � 2t. Since
the throughputis limited by syndromecalculator, which
takesN cyclesto finish, the proposedarchitectureslows
down theEuclideanalgorithmwill not slow down thede-
codingspeedif N is largerthan2t2 � 2t.

3. The RS Decoder Architecture

Althoughmorecyclesareusedin theinversionlessde-
composedarchitecturefor the key equationsolver, the
codesizeof our proposed� 255� 239� RSdecoderis large
enoughthat any speedpenaltycanbe overcome. Fig. 2
illustratesthethree-stagepipeliningusedin ourapproach,
wherethe Chiensearchandthe error valueevaluatorare
bothexecutedat thethird stage.Notethat thesyncsignal
representsthe headof eachcodeword. After all symbols
of anentirecodewordreceived,thesyndromesarecarried
out andput to the next stage. All designconsiderations
aredescribedin moredetail in following subsections.� � �   ¡ ¢ £ ¤ ¥ ¦�§ ¨© ª « ¬  ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º» ¼ ½ ¾ ¿ À Á Â Ã Ä�Å ÆÇ È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Û Ü ÝÞ ß à á â ã ä å æ ç è é ê ë ì í î ï ð ñ òó ô õ ö ÷ ø ù ú û ü ýþ ÿ � � � � � � �
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Figure 2. The pipelining diagram of our proposed� 255� 239� RS decoder.

3.1. The syndrome calculator

By definition,thesyndromepolynomialis S� x�(' S1
�

S2x �*) ) ) � S2tx2t + 1, whereSi ' R� αi � with the received
polynomialR� x�,' R0

� R1x � R2x2 �.- - - � R254x254 in the� 255� 239� RScode.Fig. 3 showsthesyndromecalculator
cell for calculatingthe i-th syndrome,Si.

/102 α 3
4 5 6 7,8 9 : ; < = > ? @ A

Figure 3. The syndrome calculator cell.

In Fig. 3, the partial syndromeis multiplied with αi

andaccumulatedwith the receivedsymbolat eachcycle.
After all thereceivedsymbolsareprocessed,theaccumu-
latedresult is the i-th syndrome,Si. Note that the FFMs
we implementedin syndromecalculatorareall constant-
variableFFMs,whosecomplexity andpathdelayaresig-
nificantly lower thanthatof variable-variableFFMs.

3.2. The key equation solver

Existingproposalsrequire6t B 8t FFMsto implement
Euclideanalgorithm[1]–[3], whereastheproposedinver-
sionlessdecomposedarchitectureleadsto a3-FFM archi-
tecture. Fig. 4 illustratesthe key equationsolver with
decomposedarchitectureand the branchlabeling corre-

spondsto aparticulartime instancefor computingΩ � i � 1 �j .

Sincethe computationprocessof σ � i � 1� � x� is similar to
thatof Ω � i � 1� � x� , thesamehardwarecanbereconfigured

to calculateσ � i � 1 �k .
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Figure 4. The key equation solver architecture.

It is evident that 2t � 2 registersareusedto storethe
coefficientsof A � i � � x� andm� i � � x� , aswell asthe other2t
registersareusedfor storingthecoefficientsof a � i � � x� and
M � i � � x� in the i-th iterationof our proposeddecomposed
architecture.Therefore,our proposalrequires4t � 2 reg-
isterstotally while otherarchitecturesproposedfrom [1]–
[3] requiring6t B 8t registers.

3.3. Chien search

In � N � K � RSdecodingalgorithm,Chiensearchis used
to checkwhethertheerrorlocatorpolynomialσ � x� equals
zeroor not while x ' α + n � n ' 0 � 1 � ) ) ) � N � 1. Fig. 5(a)
showsthecircuit of theChiensearchcellCi andthestruc-
ture of the Chiensearchmodulewith eight cells is illus-
tratedin Fig. 5(b).
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Figure 5. (a)The Chien search cell, Ci . (b)The Chien
search module.

The finite-field adder(FFA) in the right handsideof
Fig. 5(b) calculatesthe valueof σ � x� andthe NOR gate
is usedto checkif thefinal sumis zeroor not. Note that
σodd � x�(' σ1x � σ3x3 �.) ) ) � σtoddxtodd is usedto calculate
theerrorvaluein errorvalueevaluator, wheretodd repre-
sentsthelargestoddnumberlessthanor equalto t,
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3.4. The error value evaluator
In Forney algorithm,the error valuecanbe expressed

as:

el Å Ω Æ βl Ç 1 È
σ É Æ βl Ç 1 È Å

Ω Æ βl Ç 1 È,Ê β Ç 1
l

σodd Æ βl Ç 1 È (9)

whereβ Ç 1
l indicatestherootof σ Æ xÈ , for l Å 1 Ë Ì Ì Ì Ë t. Fig.6

shows the errorvalueevaluator. Note thatall cellsC1 Í
C8 are identical to the Chiensearchcell except the only
differenceof the loadedcoefficientsΩ0 Í Ω8 insteadof
σ1 Í σ8. While calculatingtheerrorvaluein parallelwith
thecomputationof Chiensearch,thethreeextra registers,
asshown in Fig. 6, areusedto shortenthecritical path.

σÎ Ï Ð Ñ Ò Ó

Ô Õ Ö × Ø Ù Ú Û Ü ÝÞßà
Ω á
Ω â
Ω ã
äåæ

çéèê

ë ì
í î
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Figure 6. The error value evaluator structure.

4. Chip Implementation

Dueto theoperationspeedlimitation in I/O pad,a four
timesDelayLock Loop(DLL) circuit is utilized to gener-
atethe internalhigh-speedclock. Fig. 7 shows the over-
all structureof our RS decoderchip. Sincethe internal
clock RSclk has four times the rate of the input clock
Ref clk, therearefour bytesprocessedin eachcycle and
a multiplexer is requiredto distribute the 4-byteData in
to the Æ 255Ë 239È RS decoder. In addition, the internal
clock MEM clk with thesamerateof Refclk is provided
to ensuretheidenticalclockphaseof dataaccessbetween
memoryandRSdecoder.

x4 DLL
Ref_clk MEM_clk

RS_clk

(255,239)

RS decoder
MUX

32Data_in Data_out

De-
MUX

32
4K-bit Embedded Memory
ñ

8 8

MEM_clk

Figure 7. The RS decoder chip architecture.

The chip is designedby the standardcell library in
a TSMC 0 Ì 35µm SPQM CMOS process.The chip size
is 2 Ì 61mm ò 2 Ì 62mm with a RS core size of 0 Ì 93mm ò
0 Ì 95mmandThetotalgatecountsis about17Ì 1K, includ-
ing 12Ì 4K for the Æ 255Ë 239È RS decoder, 4 Ì 2K for the
DDL circuit and 0 Ì 4K for the memorycontroller. The
critical partof ourdesignis theFFM, whosepathdelayis
TAND2 ó TXOR8 ó TXOR4 andapproximate2nsaftersynthe-
sizedby thestandardlibrary. Fig. 8 shows thedie micro-
graph.As comparedwith thehigh speedRSdecoderpro-
posedby [3], whichhasthegatecountof 43Ì 1K in 0 Ì 16µm

CMOS technology, our proposalcanachieve about70%
reductionof circuit complexity.
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Figure 8. The die micrograph of the RS decoder chip.

While simulatedat 3 Ì 3 voltageby EPICTimeMill, our
proposedRSdecoderchip canwork successfullywith in-
put clock periodof 11Ì 6ns, indicating the internalclock
rateshouldbe about340MHz. After manufacturing,test
resultsemulatedby IMS-100shows thetestchipcanonly
operateat the internal clock rate of 294MHz under the
supplyvoltageof 3 Ì 3V. However, while the supplyvolt-
ageincreasesto 5V, theoperationspeedcanberaisedup
to 330MHz.

5. Conclusion

In this paperwe proposethe designand implemen-
tation of an area-efficient and high speed Æ 255Ë 239È
RS decoderchip for optical communications. Based
on the novel inversionlessdecomposedarchitecturefor
Euclideanalgorithm, an area-efficient 3-FFM hardware
structurewith 4t ó 2 registersfor key equationsolver is
proposed.As comparedwith otherapproaches,our sim-
plification canamountto a 70% hardwarereductionfor
theentireRSdecoder.

The proposed chip solution is implemented in a
0 Ì 35µm CMOS SPQM standardcells. Test resultsby
IMS-100 show that 2 Ì 35-Gbpsdataratecanbe achieved
by operatingat 294MHzinternalclock ratewith thesup-
ply voltageof 3 Ì 3V.
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