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Abstract

In thispaper a high speedReed-Solomo(RS)decoder
chip for optical communicationss presented.It mainly
containsone (255,239 RSdecoderwith 4K-bit embed-
dedmemory Dueto theopemtion speedimitation in I1/O
pad,a DelayLodck Loop (DLL) circuit is alsoincludedto
generte internal high-speectlock. The RSdecoderfea-
turesa high speedand area-eficientkey equationsolver
using a novel inversionlessdecomposedrchitectute for
Euclideanalgorithm.

Thetestchip is implementedy 0.35umCMOSSPQM
standad cells with chip area of 2.61mmx 2.62mm. The
RSdecodethasthegatecountof 12.4K. Testresultsshow
the proposedchip cansupport2.35-Gbpsdatarate while
openting at 294MHz with the supplyvoltage of 3.3V.

1. Introduction

Among the most well-known errorcorrectingcodes,
the Reed-SolomorfRS) codesare undoubtedlythe most
widely usedblock codesin communicationsand storage
systems.Due to increasingdemandfor high capacityof
opticalcommunicationsthehigh speedandlow complex-
ity implementation®f RS decodersaredesirableto meet
higher datarate for system-lgel integration. In ITU-T
G.975, several (255,239 RS codesare standardizedo
resistburst errorsfor optical fiber submarinecable sys-
tems. The (N,K) RS code meanseachcodavord con-
tains N codedsymbolswith K messageymbols,andis
capableof correctinguptot = L%J symbolerrors.For
(255,239) RS code,eachsymbolis onebyte andit can
correctupto 8 symbols.

The generaldecodingstepsareillustratedin Figurel.
The syndromecalculatorgeneratesa set of syndromes
from the receved codavord polynomial R(x). Fromthe
syndromesthe key equationsolver producegsheerrorlo-
catorpolynomialo(x) andthe errorevaluatorpolynomial
Q(x), which canbe usedby the ChienSearchandthe Er-
ror Value Evaluatorto determinethe error locationsand
errorvaluesrespectiely.
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Figure 1. The Reed-Solomon decoding flowchart.
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The critical partshowvn in Fig. 1 will bethekey equa-
tion solver while implementedor high speedapplication.
In Section2, anovelinversionlesslecodingprocedurdor
Euclideanalgorithm is illustratedto not only eliminate
the costly finite-field inverter (FFI) but alsointroducea
t-iterationdecodingprocedurewhereaotherapproaches
requireat most2t iterations.Thenthe decomposedrchi-
tectureof threefinite-field multipliers(FFMs)is proposed
to enhancehe operationspeedand reducethe hardware
compleity for the key equationsolver. Section3 shavs
the proposed(255,239 RS decoderand Section4 de-
scribesthe chip implementatiorandtestresults. Finally
theconclusionis givenin Sectionb.

2. Thelnversionless Decomposed
Architecture for Euclidean Algorithm

The techniquedrequentlyusedto solve the key equa-
tion includethe Berlekamp-Masse(BM) algorithmand
the Euclideanalgorithm. Althoughthe BM algorithmhas
thelowestcircuit complexity, the Euclidearalgorithmcan
supporthigheroperationspeeddueto its shortercritical
path.For illustratingour modifiedEuclideandecodingal-
gorithm,thekey equationis written as:

Q(x) = x* - Q(x) + S(x)o(x) )

where Q(x) is the quotient polynomial of the dividend
polynomial S(x)a(x) and the divisor polynomial x*.
Hence, the error evaluator polynomial Q(x) can be de-
terminedby the similar processof computingthe GCD
polynomial of x2 and S(x) throughthe Euclideanalgo-
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rithm, which canbe showvn asfollows:

R( Dix) = x&

( S(x)
M) = ROV -ROX)-Q(x) )

N
Il

RV = R0 -RY(x)QU(%
whereQ®(x) is thei-th quotientpolynomialand R (x)
is the i-th remainderpolynomial. Eachiterative stepin
(2) performsa polynomialdivision operation.While the
decodingprocedurestopsat thedegreeof R (x) lessthan
t, R(x) canbe taken asthe error evaluatorpolynomial
Q(x). From the extendedform of Euclideanalgorithm,
the similar proceduresxceptthe minor differenceis used
to determinethe errorlocatorpolynomiala(x). Thereare
at mostt polynomialdivision operationsof (2) totally in
theworstcasewith all degreeof Q1 (x) equalingone.
Existing architecturego implementthe Euclideanal-
gorithmin hardwarewereproposedy ShacandReed 1],
Song[2], andHanholLee[3]. Theseproposalsall follow
the decodingprocedurerequireat leasttwo iterationsto
completeeachpolynomialdivision operationof (2), and
thereforethe total numberof iterationsis atmost2t in the
worstcase However, thedecodingproceduredetermining
bothQ(x) anda(x) canbe modifiedasfollows:

Initial condition:

A (x) = x& , MO =00 (x) = 5(x)
a9(x)=0 , mMOx)=cO(x)=1
For (i=0tot)
5—deg(AV(x) , A=deg(MV(x))
If (deg(o®(x)) < deg(Q"(x)))
(i)
M _ A
a = Mig)
0 0 for 0=A
- M A0 (i A
% - { # for O£ N
Qi) = AV (x) 21 MO (x) . q(x)  (3)
o0y =92t m o000 @)
if (deg(QY(x)) <)
Al +1)(X) .y V10) ) M+D) (x) = Qi+1) (x)
ali+d) (x) = m ) mi+1) (x) = gli+d) (x)
ese
A(i+1)(x) — Qli+1) Mi+1) (X) _ M(i)(x)
PGRY (X) — gli+) mi+1) (X) _ m(i)(x)
Else

Q(x)=QW(x) Finish

where g (x) = oi + g is the i-th dummy quotient
polynomial, Q1Y) () is thei-th dummyremainderpoly-
nomial,andAg) andMg) aretheleadingcoeficientsof the
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i-th dummydividendpolynomial A (x) with degreeof &

andthei-th dummydivisor polynomialM()(x) with de-
greeof A. Notethatif the degreeof QU+ (x) calculated
by (5) is lessthanthe degreeof M) (x), then Q(+1(x)

andM®(x) will bethe next dummydivisor anddividend
polynomial respectiely. Otherwise, Q0D (x) with de-
greeof atmostd — 2 will be assignedo the next dummy
dividend polynomial and the next dummy divisor poly-

nomial will still be M) (x). For eliminating the inverse
operation,a novel inversionlesslecodingprocedurecan
beshavn asfollows:

Initial condition:

RO = MO =0Ox) = Sx)
a%(x)=0 , mOx) =60 (x) =
For (i=0tot)

5=deg(AV(x)) , A=deg(MD(x))

If (deg(81(x)) < deg(Q(x)))

& - R
/q\(i) o 0 o ' . for 6=A
0 MUAY MO AD for 324
QD (x) = I\ﬁg)l\ﬁg) AD(x) + 321 MW (%) -0 (x)
®)
S0 (9 = My Ny a0 (9 -+ 4 m (960 (9
= (6)
if (deg(QU™(x)) <)
Al +1)(X) —M® ’ MG+ X) = ﬁ(i+1)( )
A(H’l)( ) ) ) m(i+l)(x) :6-(i+l)( )
else
Al +1)(X) — Qli+D) ’ M(Hrl)(x) _ M(i)(x)
’\(H’l)(x) O-(i+l) ) m(|+l)(x) _ m(i)( )
Else
Qx) =00 , 8(x) =3V (x) Finish

It canbeshavn Q(x) andG(x) canbeusedo find thesame
error locationsand error valuesasthe original Q(x) and
a(x) do. In theworstcasewith all Q¥ (x) in (2) equaling
one,our proposalonly requiresoneiterationto complete
eachpolynomialdivision operation. And thetotalnumber
of requirediterationsis lessthant.

Following the proposednversionlesslecodingproce-
dure for Euclideanalgorithm, the decompose@rchitec-
ture, which work with individual coeficientsof the poly-
nomialinsteadof theentirepolynomialasawhole,is pro-
posed. For simplifying notations,6 — A = 1 is assumed
withoutlossof generalityandboth (5) and(6) canbede-
composeds:

(i1 ) )
oty = mPEy A Mg+ MY e (7)
al((i+1) _ mg)mg) é<k) md ﬁ() ()1 a(ll) 8)

where Q(H) and c(k'H) corresponcto the j-th and k-

th coef|C|ent of Q+D(x) andG(+D(x), respectiely. If
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MX)MX), 6]8) andqﬁ') canbe calculatedin advance,only
threefinite-field multiplicationswill beneededimultane-
ouslyto computeeachfzg'*l) or! ™. Hence theinver-
sionlesgdecomposedrchitecturdor Euclidearalgorithm
shavn above suggestsa 3-FFMimplementatiorof thekey
equatiornsolver.

It canbe shown thatthe amountof requiredcyclesin
our decomposedarchitectures lessthan2t? + 2t. Since
the throughputis limited by syndromecalculator which
takesN cyclesto finish, the proposedarchitectureslons
down the Euclideanalgorithmwill notslox down thede-
codingspeedf N is largerthan2t? + 2t.

3. TheRSDecoder Architecture

Althoughmorecyclesareusedin theinversionlessie-
composedarchitecturefor the key equationsolwer, the
codesizeof our proposed 255, 239) RS decodeiis large
enoughthat ary speedpenaltycanbe overcome. Fig. 2
illustratesthethree-staggipeliningusedin ourapproach,
wherethe Chiensearchandthe error value evaluatorare
both executedat the third stage.Notethatthe syncsignal
representshe headof eachcodevord. After all symbols
of anentirecodevordreceived,thesyndromesrecarried
out and put to the next stage. All designconsiderations
aredescribedn moredetailin following subsections.

data stream of

Syndrome
the present codeword

Calculator key equation | Chien search
solver & error value

evaluator

data stream of
the next codeword
>

syne —1 n n n
1] 256 512 768

Figure 2. The pipelining diagram of our proposed
(255,239) RS decoder.

3.1. Thesyndrome calculator

By definition,the syndromepolynomialis S(x) = S +
Sox+ ...+ Sxx® 1, whereS = R(a') with the receved
polynomialR(X) = Ry -+ RiX+ RoX? + - - - + Rosax?®*in the
(255,239) RScode.Fig. 3 shovsthesyndromecalculator
cell for calculatingthei-th syndromeS.

xal
s Ross — >

Figure 3. The syndrome calculator cell.
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In Fig. 3, the partial syndromeis multiplied with o'
andaccumulatedvith the receved symbolat eachcycle.
After all therecevedsymbolsareprocessedheaccumu-
latedresultis thei-th syndrome,S. Note thatthe FFMs
we implementedn syndromecalculatorareall constant-
variableFFMs,whosecompleity andpathdelayaresig-
nificantly lower thanthatof variable-ariableFFMs.

3.2. Thekey equation solver

Existingproposalgequire6t ~ 8t FFMsto implement
Euclideanalgorithm[1]-[3], whereaghe proposednver
sionlessdecomposedrchitecturdeadsto a 3-FFM archi-
tecture. Fig. 4 illustratesthe key equationsolver with
decomposedrchitectureand the branchlabeling corre-
sponddgo a particulartime instancefor computingQg'H).
Sincethe computationprocessof 6tV (x) is similar to
thatof QU+ (x), the samehardwarecanbe reconfigured

to calculates .

5]( 1+1)

MA(\)QA(\)

Figure 4. The key equation solver architecture.

It is evidentthat 2t 4 2 registersare usedto storethe
coeficientsof Al)(x) andm()(x), aswell asthe other2t
registersareusedfor storingthecoeficientsof al!) (x) and
M®D(x) in thei-th iterationof our proposeddecomposed
architecture.Therefore,our proposalrequirest 4 2 reg-
isterstotally while otherarchitectureproposedrom [1]—-
[3] requiring6t ~ 8t registers.

3.3. Chien search

In (N,K) RSdecodingalgorithm,Chiensearchs used
to checkwhethertheerrorlocatorpolynomialo(x) equals
zeroor notwhilex=a"", n=0,1,...,N—1. Fig. 5(a)
shavsthecircuit of the Chiensearchcell G andthestruc-
ture of the Chiensearchmodulewith eightcellsis illus-
tratedin Fig. 5(b).
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Figure 5. (a)The Chien search cell, G.
search module.

(b)The Chien

The finite-field adder(FFA) in the right handside of
Fig. 5(b) calculatesthe value of a{x) andthe NOR gate
is usedto checkif thefinal sumis zeroor not. Note that
Oodd(X) = 01X+ 03X+ ... + Otygq xlodd js usedto calculate
the errorvaluein errorvalue evaluator wheretyqq repre-
sentsthelargestodd numberessthanor equalto t,
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3.4. Theerror value evaluator
In Forney algorithm, the error value canbe expressed

as:

o QB QB B! ©)

dB ) Gowl(B )

wherep, *indicategherootof a(x), forl =1,...,t. Fig.6
shaws the errorvalueevaluator Notethatall cellsC1 ~
C8 areidenticalto the Chiensearchcell exceptthe only
differenceof the loadedcoeficients Qg ~ Qg insteadof
01 ~ 0g. While calculatingtheerrorvaluein parallelwith
the computatiorof Chiensearchthethreeextraregisters,
asshowvnin Fig. 6, areusedto shorterthecritical path.

error value

Figure 6. The error value evaluator structure.

4. Chip Implementation

Dueto theoperatiorspeedimitation in 1/0O pad,afour
timesDelayLock Loop (DLL) circuitis utilizedto gener
atetheinternalhigh-speectlock. Fig. 7 shows the over-
all structureof our RS decoderchip. Sincethe internal
clock RSclk hasfour times the rate of the input clock
Refclk, therearefour bytesprocessedn eachcycle and
a multiplexer is requiredto distribute the 4-byte Data_in
to the (255 239) RS decoder In addition, the internal
clock MEM_clk with the samerateof Refclk is provided
to ensurgheidenticalclock phaseof dataaccesdetween
memoryandRSdecoder

Ref_clk MEM_clk
x4 DLL RS, olk

4K-bit Embedded Memory

(255,239)
RS decoder

Figure 7. The RS decoder chip architecture.

The chip is designedby the standardcell library in
a TSMC 0.35um SPQM CMOS process. The chip size
is 2.6Immx 2.62mmwith a RS core size of 0.93mmx
0.95mmandThetotal gatecountsis about17.1K, includ-
ing 124K for the (255239 RS decoder 4.2K for the
DDL circuit and 0.4K for the memorycontroller The
critical partof our designis the FFM, whosepathdelayis
Tanp2 + Txors + Txore andapproximate2nsaftersynthe-
sizedby the standardibrary. Fig. 8 shavs the die micro-
graph.As comparedvith the high speedRSdecoderpro-
posedby [3], whichhasthegatecountof 43.1K in 0.16um
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CMOS technology our proposalcan achieve about70%
reductionof circuit compleity.

N\NNYT77 777777 —r Chip Summa

\ / Technology .35um 1P4M CMOS

§ 4 Package Type 80 LD CQFP

§ Z==  Chip Size 2.61mm x 2.62mm

— = RS Core Size 0.93mm x 0.95mm

2 § Embedded Memory 4K-bit SRAM

- = Gate Counts 171K

Z N

/ \ Test Results

/ 294MHz, 660.9 mW at 3.3V
AN 330MHz, 1220.2 mW at 5V

Figure 8. The die micrograph of the RS decoder chip.

While simulatedat 3.3 voltageby EPIC TimeMill, our
proposeRSdecoderchip canwork successfullywith in-
put clock period of 11.6ns, indicatingthe internal clock
rate shouldbe about340MHz. After manufcturing,test
resultsemulatedoy IMS-100shows thetestchip canonly
operateat the internal clock rate of 294MHz underthe
supplyvoltageof 3.3V. However, while the supplyvolt-
ageincreaseso 5V, the operationspeedcanbe raisedup
to 330MHz.

5. Conclusion

In this paperwe proposethe designand implemen-
tation of an area-eficient and high speed (255,239
RS decoderchip for optical communications. Based
on the novel inversionlessdecomposedrchitecturefor
Euclideanalgorithm, an area-eficient 3-FFM hardware
structurewith 4t + 2 registersfor key equationsolver is
proposed.As comparedwith otherapproachespur sim-
plification can amountto a 70% hardware reductionfor
theentireRSdecoder

The proposedchip solution is implementedin a
0.35um CMOS SPQM standardcells. Test results by
IMS-100 show that 2.35-Gbpsdatarate canbe achieved
by operatingat 294MHz internalclock ratewith the sup-
ply voltageof 3.3V.
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