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ABSTRACT

Nowadays,inthefieldofdatatransmissionbetweenreceiverandtransmitter,theReedSolomoncode
isusedveryfrequently.FECcodeshavetwoforemostandinfluentialoperations:(1)calculatingparity
symbolsattheencodersideand(2)transmittingmessagesymbolswithparitysymbolsanddecoding
the receivedcodewordat the secondsidebyusing thedecodingalgorithms.Gigabit automotive
ethernetisusedintheautomotivecartoprovidebetterbandwidthforeverykindofapplicationsto
connectfunctionalcomponentsofthevehicles.Thiserrorcorrectiontechniqueisusedinthegigabit
automotiveethernettoreducethechannelnoiseduringdatatransmission.RS(450,406)isapowerful
errorcorrectiontechniquesusedinautomotiveethernet.Thispaperfocusedonlyontheanalysisof
ReedSolomondecoding.ReedSolomondecodingismoreefficientdecodingtechniquesforcorrecting
bothburstandrandomerrors.ThecriticalstepsoftheReedSolomondecodingaretosolvetheerror
evaluatoranderrorcalculatorpolynomial,whichisalsoknownasKESsolver.

KEywoRDS
Cadence ncSim, Cadence Simvision, Chien-Search, Error Corrector, Forney Algorithm, Forward Error Correction, 
Galois Field (GF), Gigabit Ethernet, Inversionless Berlekamp Massey (iBM), Reed Solomon

1. INTRoDUCTIoN

Withthedevelopmentofadvancedvehicletechnology,electronicsystemsareincreasinginvehicleto
refinetheirinterpretationandnewfeatures.Consideringthefeaturesofacar,itselectronicssystem
isdividedintomanyfunctionalelements,andeveryelementhasself-dependentcontrol.Various
complexcontrolsandsensorsareusedincarstomaximizetheirefficiencyandpower.Toconserve
vehiclesinnormaloperation,componentsindifferentdomainorsamedomainneedtocommunicate
properlytoeachother.Therefore,tocompletethiscommunicationinsidevehiclesdifferentvehicle
networkstechnologyhasbeendeveloped,likeasFlexRay,MOST(MediaOrientedSystemTransport),
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LIN(LocalInterconnectNetwork),LVDS(Low-VoltageDifferentialSignaling)andControllerArea
Network(CAN)etc.Thesenetworksaredevelopedforspecificapplicationsordomains.InitiallyCAN
BUSisusedinvehiclenetworkbutduetosomelimitations(likerestrictiononcablelength,bitrate
andmodulesynchronizationetc.),AutomotiveEthernet(AE)isreplacingCANnetworktechnology.
AutomotiveEthernet(AE)isusedforprovidingconnectioninbetweenelectronicsystems.

AE is designed to meet bandwidth requirements, synchronization requirements, latency
requirementsandnetworkmanagementrequirements.Ithaswiderangeofapplicationsincluding:
Diagnostics,Infotainment,AdvanceDriverAssistanceSystems(ADAS)andinvehicleconnectivity.
In Ethernet data is transferred in the form of packets between nodes, it provides bidirectional
communication. AE is a wired hierarchical homogeneous network. Gigabit or 1000BASE-T1
EthernetisanextgenerationAutomotiveEthernet,canserveasabackboneoftheAutonomouscar.
TheAutomotiveEthernet(SanaUllahetal.,2013,pp.1-12)isusedincarstoconnectthedifferent
electronicsystemsforprovidingbetterandfastcommunicationbetweenthem.AEisthephysical
networkusedtoconnectdifferentelectroniccomponentsusedinthevehiclesbyawirednetwork.It
providesbetterbandwidth,latencyandmanagementrequirements.

ThePhysicalCodingSublayer(PCS)serviceinterfaceallowsthe1000BASE-T1PCStotransfer
informationtoandfromaPCSclient.InPCStransmissioncodeisusedforimprovingthetransmission
characteristicofanytypeofinformationtobetransferred.InPCSForwardErrorCorrection(FEC)
techniqueisusedforerrordetectionandcorrection.FECisapowerfultransmissioncode,itcorrect
limitednumberoferrorwithouttheneedofretransmission.SeveralErrorCorrectionCodes(ECC)
availableforFECare:

1. Blockcodes
2. Convolutionalcodes
3. HammingCodes
4. BinaryConvolutioncode
5. Low–DensityParitycheckcode
6. CyclicCode
7. BCH(BoseChaudhariandHocquenghen)code
8. ReedSolomonCode

ExceptReedSolomon(RS)Code,othererrorcorrectioncodesarenotusedinPhysicallayer(or
PCS)duetotheirlimitationssuchas:lesserrorcorrectioncapability,lessdatarateandpoorbandwidth.
Moreover,theseallECcodesareindependentofGaloisField(GF)andprimitivepolynomialexcept
RScode.Theycancorrecterroruptoseveralbits.Hammingcodescandetecttwo-biterror,orthey
canfixonlyone-biterrorwithoutdetectionofuncorrectederrors.Themostsignificantdifference
betweenBCHcodeandReedSolomonare:

• BCHcodescorrectbits,whileReedSolomoncodecorrectssymbols.
• BCHcodescorrectt biterrorerrors,whileRScodecorrects  t symbols.

BCHcodescancorrectonlyrandomerror,whileRScodecancorrectbothrandomandburst
errorduringdatatransmission.Hence,duetotheerrorcorrectioncapabilityRScodesarepreferred
overotherBCHcodes.

InphysicallayerofAE,RSencoderanddecoderareused.Theyworksimultaneouslytoprovide
fullduplexcommunication.RScodeisapowerfulFECcode.RSencodinganddecodingisusedin
theGigabitEthernetforbetterbandwidthandforreducingchannelnoiseduringthedatatransmission.
RScode(E.R.Berlekamp,1984;R.E.Blahut,1983)isoneofthemostpopularFEC(M.Kaur&
V.Sharma,2010)code.Itaddstheparitysymbolinthemessagesymbolandmakesthereceiver



International Journal of Embedded and Real-Time Communication Systems
Volume 12 • Issue 1 • January-March 2021

21

capabletoidentifytheerrorandtocorrectthelimitednumberoferrorspresentinareceivedcodeword.
RScodeistheimportantsubclassoftheBCHcode.ThisRSencodinganddecodingisrequiredat
PCSofGigabitEthernet.EveryRScodeisbasedonfinitefieldalsoknownasGaloisField(GF).A
GFfieldisconventionallydefinedasfinitefieldGF q( ) (D.Gorenstein&N.Zierler,1961;Jimmy
K.Omura&JamesL.Massey,1986)whereq n− =1 isthemaximumlength �n k t= +( )2 ofthe
codeword.AndGFaddition,subtraction,multiplication,divisionsarecorrectlydefined,wherek is
thelengthofmessagesymbol,and2t isthelengthofparitysymbols,Itisabletocorrecttheerrors

upto t
n k

=
−( )
2

.

TheseveralversionofReedSolomonCodesare:RS(7,3)(Z.Sana&R.Gupta,2019),RS(32,
28)(C.Pengetal.,2015),RS(64,56)(J.Shaetal.,2009),RS(128,112),RS(255,243)(P.Dayal&
R.Kumar,2013),RS(255,239)(Y.Linetal.,2014;F.Garcia-Herreroetal.,2011),RS(255,251)
(A.S.Dasetal.,2013)etc.,Andcomparisonhasbeendoneintermsofprimitivepolynomial,Galois
Field,sizeofsinglemessageandnumberoferrorcorrectioncapability,asgiveninTable1.Some
literaturereviewofRScodeanditsdecodingalgorithmisgiveninrelatedworksection.

Inthispaper,weproposedRS(450,406)decoderbasedonFiniteFieldofGF 29( ) .ThisRS
codeareused in1000BASE-T1AEbecause it compact channelnoiseduringdata transmission.
RS(450,406)codehasmoreerrorcorrectioncapabilityascomparetootherRScodes,itcancorrect
upto22errorsymbols.

WehavedesignedRS(450,406)decoderfor1000BASE-T1PHY,whichisoneoftheGigabit
Ethernetfamilywithfullduplexnetworkcapabletooperateat1000Mb/s.InthisRScode,lengthof
messagesymbol k( ) isequalto406,andeachmessageisof9− bitsymbolandlengthofthecodeword

Table 1. Different version of Reed Solomon Codes

Reed Solomon Codes Primitive Polynomial Galois Field (GF) Size of Single 
Message

Error Correction 
Capability 
(Symbol)

RS(7,3) 1 1 3+ +x x GF 23( ) 4− bitsymbol 2

RS(32,28) 1 2 5+ +x x GF 25( ) 5− bitsymbol 2

RS(64,56) 1 1 6+ +x x GF 26( ) 6− bitsymbol 4

RS(128,112) 1 3 7+ +x x GF 27( ) 7− bitsymbol 8

RS(255,243) 1 2 3 4 8+ + + +x x x x GF 28( ) 8− bitsymbol 6

RS(255,239) 1 2 3 4 8+ + + +x x x x GF 28( ) 8− bitsymbol 8

RS(255,251) 1 2 3 4 8+ + + +x x x x GF 28( ) 8− bitsymbol 2

RS(450,406) 1 4 9+ +x x GF 29( ) 9− bitsymbol 22
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n( ) is450.RS(450,406)isalsoknownasshortenedReedSolomoncode,anditcancorrecterror
upto n k− =( )/ 2 22 .ForRS(450,406)primitivecodepolynomialisx x9 4 1+ + .Thereceived
codewordatthereceiversideisalsoreferredasRSframe.OneoftheessentialelementsofbothRS
encodinganddecodingisGaloisField(GF)multiplicationanddivision.RSdecoderfirstchecksthe
RSframeisvalidornotthenitwillchecktheerror.Ifthereiserror,thenitwillcorrectthecodeword.
Ifthecodewordhaserrormorethanthecorrectingcapability,thenRSdecodingwillalmostfailevery
time.AtRSencoder(A.Yadavetal.,2019;Mustafaetal.2013)side,thesendersendsacontinuous
406RSframetotheencoderanddecodercircuit.After406clockcycles,itstartssendingcalculated
44paritysymbolstotheendofmessagesymbols,sotheinputtotheRSdecodercircuitiscontinuous
RSframeofsize450andoutputofthedecoderwillbethecorrectedcodewordasshowninFigure
1.Initiallyenablesignalwillbelowfor406RSframe,andafterthat,itbecomeshighforsending
thecalculatedparitysymbols,Multiplexerwillcontinuouslytransmit450RSframestothedecoder.
Thereareseveralstepstosolvethecorrectedcodeword,foreverystep,therearedifferenttypesof
decodingalgorithmsusedtoadjustthecodeword.Ifthecodewordisnotadequatelycorrected,then
lowlatencyisachieved,andhenceitwillfailtodecodethereceivedcodeword.

2. RELATED woRK

ThischapterrepresentssomebackgroundoverviewofReedSolomonencoderanddecoder.Itprovides
briefideaofdifferentversionofRSencoderanddecoderandalsoaboutdifferenttechniquesused
forcalculatingtheKeyEquationSolver.

2.1. Diplaxmi Chaudhari et al.
AuthorsDiplaxmietal.(2019)introducedtheFPGAimplementationandVHDLdesignofRS(7,3)
encoderanddecoder.InthispaperauthorimplementedtheRS(7,3)encoderanddecoderinVerilog
andalsoimplementedhardwareinActelProASIC3FPGAkit.TheyusedBerlekampMasseyalgorithm
forkeyequationsolverthatreducedthehardwarecomplexityastheotheralgorithmlikeEuclidean
algorithm.ButRS(7,3)cancorrecterrorupto2errorsymbols,Soithaslesserrorcorrectioncapability.

2.2. Rajeev Kumar and Priyanka Dayal
AuthorsDayal&Rajeev(2013)implementedReedSolomonencoderanddecoderontheFPGAfor
thewirelessnetwork.TheyimprovedperformanceoftheRS(255,239)forIEEE802.16standardand
alsocomparedbetweenRS(255,239)andRS(255,243)inthetermsoftheLUT’sused.ButRS(255,
239)andRS(255,243)cancorrecterrorupto8and6errorsymbolrespectively.SobothRS(255,
239)andRS(255,243)haslesserrorcorrectioncapabilityincomparisontoourRS(450,406)code.

Figure 1. The architecture of RS Encoder and Decoder
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2.3. yi-Min Lin, et al.
AuthorsY.Linetal.(2014)introduceda2.56Gb/sSoftRS(255,239)decoderchiptoincreasethe
errorcorrectioncapabilityperformancewitharea-efficientarchitecture.Theyproposeddecision-
confinedalgorithmtoenhancedecodingefficiency.Insteadofgeneratingnumberofpossiblecodeword
andcalculatingcorrectcodeword,theyproducesonlysinglecodewordbyconfiningdegreeoferror
locationpolynomial,socomplexityofhardwarereducedbyremovingdecisionmakingunit.But
RS(255,239)haslesserrorcorrectioncapabilityincomparisontoRS(450,406).RS(255,239)can
correctserrorupto8errorsymbol.

2.4. Anindya Sundar Das et al.
TheAuthorsA.S.Dasetal.(2013)designedFPGAimplementationforRS(255,251)encodingand
decoding.Theydiscussedallthestepofencoderanddecoder,andshownthesynthesisresults.They
implementedinVeriloglanguageandsimulationisdoneinModelSimandsynthesizeddesignby
XilinxISE7.1Itool.AuthorsusedBerlekampMassey(BM)algorithmforkeyequationsolver(KES)
polynomial.RS(255,251)alsohaslesserrorcorrectioncapabilityincomparisontoourproposed
design.Itcancorrectserrorupto2errorsymbol.

2.5. Chia – Chun Peng et al.
AuthorsintroducedIP(IntellectualProperty)generatorofReedSolomoncode.Inthispaperauthors
shownewanddifferentconceptofRScodesIPgeneratortoproducetendifferentkindsofRScodec
includingRS(208,192),RS(72,64),RS(255,239),RS(255,223),RS(207,187),RS(204,188),
RS(28,24),RS(36,22),RS(182,172)andRS(72,64)fortargetingdifferentcommunicationstandard.
TheseRScodeIPgeneratorperformimplementationandhardwaredesign.Theyalsodiscussedthe
fixedarchitectureofGaloisFieldmultiplierandRSencoder&decoder.

2.6. Dilip V. Sarwate and N. R. Shabhag
TheauthorsD.V.SarwateandN.R.Shabhag(2001)introducedaReedSolomondecoderwithHigh
Speedarchitecture,inthispaperauthorsfocusedononlythedifferentalgorithmoftheBerlekamp
MasseyAlgorithm(BMA)forcalculatingthekeyequationsolver(KES),whichismostimportant,
alsohardestpartofReedSolomonDecoderand itsarchitecturedesignandcomplexity.Authors
implementedthereformulationoftheInversion-lessBerlekampMasseyalgorithm(iBM)andshown
theRiBMsynthesizedarchitecture.

2.7. Chan-ho yoon
TheAuthorintroducedForwardChienSearch(FCS)algorithmforReedSolomondecodercircuit.
HeusedtheChienSearchalgorithmforcalculatingtheerrorlocationandalsodiscussedaboutthe
ForneyalgorithmwhichisusedforcalculatingtheerrorvaluesoftheReedSolomondecoding.Author
ShownthehardwaredesignoftheChienSearchandForneyalgorithm.Healsodiscussedaboutthe
Seedgenerator,usedforpolynomialmultiplication.

3. REED SoLoMoN DECoDING

ReedSolomonDecodingispopularFECdecodingtechniquesusedincommunicationsystemand
satellitecommunicationduringdatatransmission.InputtotheReedSolomon(RS)decoder(D.V.
Sarwate&N.R.Shanbhag,2001;Z.Wang&J.Ma,2006;T.Zhang&K.K.Parthi,2002)isthe
receivedcodeword,whichneedstobedecoded.ThedecoderfirstchecksthatRSreceivedcodeword
isvalidornot.Ifitisnotavalidcodeword,thatmeanstherearemoreorfewererrorsinthereceived
codewordduringthedatatransmission.Thispartofthedecodercircuitiscalledaserrordetection.
Ifthereareerrorsinthecodeword,thenthedecodercircuittriestocorrectalltheinaccuraciesby
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usingcorrectionpart,Figure2showstheflowdiagramofRSdecoding.AsgiveninFigure2,there
arefivestepstocalculatethecorrectedcodeword:

1. Syndromecalculation
2. KES(KeyEquationSolver)
3. Calculationoferrorposition
4. Calculationoferrorvalues
5. Errorcorrector

WeimplementedtheReedSolomonDecoderinVerilogbyusingdesignarchitectureofevery
stepofthedecoder.TheArchitectureofeverystepisshowninFigures.Everystepofthedecoder
hasadifferentalgorithm,andbyusingthesealgorithms,weimplementedourdesign.TheRS(450,
406)decoderisbeingimplementedfor1000BASE-T1AEorGigabitAutomotiveEthernettechnology.
Foreverystep,adifferentalgorithmisusedtosolvethereceivedcodeword,Delayregisters(FIFO
registers)areusedtostoreRSframesentbythesender.Thisdecodingisalsoknownassyndrome
dependentdecoding.LetthetransmittedcodewordbeC x( ) .R x( ) receivedRScodewordpolynomial,
anderrorpolynomialisE x( ) .Sothereceivedcodewordisrepresentedas:

R x C x E x( ) = ( )+ ( )  (1)

whereC x( ) canalsoberepresentedas:

C x c c x c x c x c x
n

n( ) = + + + +…+ −
−

0 1 2
2

3
3

1
1  (2)

where, if e > 0 errorshavegenerated in thecodewordduringdata transmission.Then theerror
polynomialcanberepresentedby:

E x Y x Y x Y x Y xi i i

e

ie( ) = + + +…+
1 2 3

1 2 3  (3)

whereY
1
,Y

2
,…,Y

e
aretheerrorvaluesoccurredatthelocationsX X Xi i

e

ie
1 2

1 2= = …… =α α α, , , .
Unknownparameterforthedecoderistheerrorpolynomial  E x( ) ,whichneedstobecalculatedby
usingstepsofRSdecoding.AftercalculatingthevalueofE x( ) justXORwiththereceivedcodeword
polynomialC x( ) .Sothedecodertriestocalculatetheerrorpolynomialfromtheinputpolynomial
R x( ) .Figure2showstheArchitectureoftheReedSolomonDecoding.DesignofRSdecoderis
showninFigure2,inputtodesigniscontinuousRSframes.Morethanonememoryisusedtostore
thecontinuousRSframesand,memoryselectorisusedtoselectindividualmemoryoneatatime
forcalculatingcorrectedcodeword.WeusedthreememoryforstoringcontinuousRSframestoavoid
dataoverlapping.Weusedbuffercircuitforstoringinputdatacomingfromoutputoftheprevious
module.Thetimeperiod,numberofclockcyclesandfrequencyofoperationofeachstepormodule
isgivenintheTable2.
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4. SyNDRoME CALCULATIoN

ThefirststepofRSdecodingistocalculatethesyndromepolynomialbyusingthereceivedcodeword,
andSyndromevaluesalsodecidethat,thereisanerrorornot.Ifallthesyndromevaluesarezero,it
meansthereisnoerror.Thenumbersyndromevaluesareequalto 2t n k= − andthesyndrome
polynomialisgiveninequation(4):

S x s s x s x s x
t

t( ) = + + +…+
−( )

−( )
0 1 2

2

2 1

2 1  (4)

S x s x
i

t

i
i( ) =

=

−( )

∑
0

2 1

 (5)

Figure 2. Flow and Architecture of Reed Solomon Decoding

Table 2. Clock cycle, frequency and the time period of each module

Module Clock Cycle Frequency 
(MHz)

Time Period 
(ns)

Syndrome 450 125 3600

KESsolver 66 125 528

Position 511 250 2044

ErrorValues 22 125 176

Buffer 66 125 528

Buffer1 511 250 2044

Primitiveelements 511 250 2044

Errorcorrector 450 125 3600
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Thesyndromevaluesarethevalueofreceivedcodewordpolynomialcalculatedatthedifferent
primitiveelements αi where i t= … −0 1 2 1, , , .Basicallywesubstituteall44primitiveelements
start from α0  to α43  or α1  to α44  into the received codeword. The Architecture of syndrome
calculationisgiveninFigure3.

Let  R x C x E x( ) = ( )+ ( ) .So:

s R c E E where i t
i

i i i i= ( ) = ( )+ ( ) = ( ) ≤ ≤ −α α α α ,  0 2 1 

If all 2t  syndromevaluesarezero, itmeans the receivedcodeword R x( ) willbeequal to
transmittedcodewordC x( ) anditalsoindicatethatthereisnoerrorinreceivedcodeword.Otherwise,
decodercalculatestheerrorpolynomialE x( ) .Weanalyzedourdesignbytakingsampledata(input
messagesymbol(k))oflength406,thissampledatawillactasinputtosyndromecalculatormodule.

Letthe:
frame h a h h a h h aa h h ba h= 9 0 1 9 051 9 1 9 9 114 9 0 9 165 9 0 9' , ' , ' , ' , ' , ' , ' , ' 1161 9 092, 'h{ } 

Sosampledataoflength406givenis:

sampledata= { }45 9 000   times of frame h, ' 

Everydatasymbolis 9−bit Hexadecimalnumber.
So,total44 n k− =( )44 paritysymbolscalculatedthroughReedSolomonencoder[8]circuit

byusingthesampledatais:

paritysymbols= …{ }9 188 9 0 9 016 9 1 8 9 020 9 1 1' , ' , ' , ' , ' , 'h h cd h h d h h a 

Nowthecodewordafterappendingtheparitysymbolstotheendofsampledatais:

Figure 3. The architecture of Syndrome calculation
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CodewordC x( ) = {sampledata,paritysymbols}

Letusassumethat10numberoferrorsareintroducedduringthetransmissionofthecodeword
fromPhysicalCodingSublayer(PCS)transmittersidetoPhysicalCodingSublayer(PCS)receiver
side.Thedecoderthenneedstocorrectall theerrorsintroduced,Sothedecoderstartsdecoding
stepbystep.TheoutputofthefirststepormoduleisgiveninTable3.Themodularschematicof
syndromecalculationisshowninFigure4,wheresyndrome_outaretheoutputofSyndromemodule
(orsyndromevalues)andsamp_data(sampledata),rst_n(resetsignal),clk(clocksignal)areinput
totheSyndromemodule,andnkandffareinternalparameters.

5. KEy EQUATIoN SoLVER (KES)

Aftercomputingthesyndromepolynomialcoefficient,itneedstocalculatetheerrorpositionand
respectiveerrorvalues.KES(KeyEquationSolver)isusedtocalculatetheerrorevaluatoranderror
locatorpolynomial.Byusingthesepolynomials,wecancalculateerrorpositionandrespectiveerror
valuesanditisthehardestpartofRSdecoder.Thesyndromepolynomialisusedtocalculateerror
evaluatorandlocatorpolynomial.Forthis,allthesyndromevaluesactasaninputtothefundamental
equationsolvermodule.And,severalalgorithmsareavailabletocalculateerrorlocatorandevaluator
polynomial.LetΛ x( ) isthelocatorpolynomialofdegreee andΩ x( ) istheevaluatorpolynomial
ofatmostdegreee−1 asgivenbelow:

Λ x X x x x x
j

e

j e
e( ) = −( ) = + + +…+

=
∏

1
1 2

21 1 λ λ λ  (6)

Ω x Y X X x
i

e

i i

m

j j i

e

j( ) = −( )
= = ≠
∑ ∏

1 1

0 1
,

= + + +…+ −
−ω ω ω ω

0 1 1
2

1
1x x x

e
e  (7)

TheΛ x( ) andΩ x( ) equationsarecorrelatedwitheachotherthroughanequation,knownas
Keyequationasshowninequation(8):

Λ Ωx S x x modx t( ) ( ) = ( ) 2  (8)

Figure 4. Modular Schematic of Syndrome calculator
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Table 3. Coefficient of Syndrome polynomial

Syndrome 
Coefficient

Values 
(9-bit number)

Syndrome 
Coefficient

Values 
(9-bit number)

S
0

9 000011100'b S
22 9’b110010011

S
1

9 111001100'b S
23 9’b111101011

S
2

9 000000001'b S
24 9’b111010101

S
3

9 010110110'b S
25 9’b010110010

S
4

9 011010010'b S
26 9’b101010011

S
5

9 101001010'b S
27 9’b101010001

S
6

9 010000100'b S
28 9’b110111110

S
7

9 000010001'b S
29 9’b011000101

S
8

9 011111110'b S
30 9’b000010100

S
9

9 010001001'b S
31 9’b110010011

S
10

9 011110000'b S
32 9’b111111010

S
11

9 111010101'b S
33 9’b001100001

S
12

9 000100010'b S
34 9’b100101100

S
13

9 001110110'b S
35 9’b111111110

S
14

9 001111110'b S
36 9’b100011110

S
15

9 000100111'b S
37 9’b110011000

S
16

9 100000100'b S
38 9’b111111100

S
17

9 000110011'b S
39 9’b000111001

S
18

9 101110000'b S
40 9’b101010111

continued on following page



International Journal of Embedded and Real-Time Communication Systems
Volume 12 • Issue 1 • January-March 2021

29

Byusingtheequation 8( ) itisrequiredtocalculateerrorlocator Λ x( ) andevaluatorΩ x( ) 
polynomial,whichismostimportantandthehardestpartoftheReedSolomondecodingofanyorder.
The three algorithms that are generallyused to calculate the locator Λ x( )  and evaluator Ω x( ) 
polynomial.

• PGZ(PetersonGorensteinZieter)
• BerlekampMassey(BM)decodingAlgorithm
• Sugiyama’sEuclidean(SE)andExtendedEuclidean(EE)

BerlekampMassey(BM)algorithm(J.L.Massey,1969;E.R.Berlekamp,1984;E.R.Berlekamp
etal.,1994)isafamousalgorithmtosolvetheKeyequation.ThereareseveralversionofBerlekamp
Masseyalgorithmas:

• InversionlessBM(iBM)
• SimplifiediBM
• ReformulatedRiBM

Ife t≤ ,itiseasytocalculateΛ x( ) andΩ x( ) butife t> thenthealgorithmsalmostalways
failtocalculateerrorlocatorΛ x( ) anderrorevaluatorΩ x( ) polynomial.OncetheΛ x( ) andΩ x( ) 
arecomputed, thenthedecodercaneasilyfindtheerror locationanditsrespectiveerrorvalues.
SyndromecalculatorandkeyEquationSolverstepsarecorrelatedtoKeyequationasgiveninequation
(8),becauseKeyequationdependsuponthesyndromepolynomial.AftercalculatingtheKeyequation,
errorlocatoranderrorevaluatorsaremuchstraightforwardtocomputeerrorpositionanderrorvalues.
TheiBMalgorithmisaniterativeprocesstosolvethekeyequation.BasicallyiBM(J.H.Hunget
al.,2016)algorithmcalculatethescalarmultiplesof β ⋅ ( )Λ x and β ⋅ ( )Ω x intheplaceofΛ x( ) 
andΩ x( ) .ItisclearthatChien–searchandForneyalgorithmfindsthecorrecterrorlocationand
errorvaluesrespectively.ButiniBMalgorithm,itstoresλ β

0
= .

InputtotheiBMalgorithmissyndromevalues, s for i t
i
� � , ,= … −0 1 2 2 1 .Thepseudocodeof

theiBMalgorithmisgivenbelow.

5.1. The iBM Algorithm
  Initialization  
 λ λ γ

0 0
0 0 1 0 1 2 3 0 0 0 1( ) = ( ) = = = = … ( ) = ( ) =b b for i t and k

i i
, , , , ,

Syndrome 
Coefficient

Values 
(9-bit number)

Syndrome 
Coefficient

Values 
(9-bit number)

S
19

9 001100000'b S
41 9’b100100000

S
20

9 000011101'b S
42 9’b001000101

S
21

9 011000000'b S
43 9’b011111110

Table 3. Continued
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  Input: s for i t
i
� � , ,= … −0 1 2 2 1

        � � � � � �for r t= −0 1 2 1step until do
        begin
           step iBM.1   δ λ λ λr s r s r s r

r r r t t( ) = ( )+ ( )+…+ ( )− −. . .
0 1 1

           step iBM.2   λ γ λ δ
i i i
r r r r b r i t+( ) = ( ) ( )− ( ) ( ) = ……( )−1 0 1 2

1
. , , , , ,

           step iBM.3   if and   δ r k r( ) ≠ ( ) ≥0 0

                                then
                                   begin
                                       
b r r i t
i i
+( ) = ( ) = ……( )1 0 1 2λ , , , , ,

                                       γ δr r+( ) = ( )1

                                       k r k r+( ) = − ( )−1 1

                                end
                                else
                                  begin  
                                       
b r b r i t
i i
+( ) = ( ) = ……( )−1 0 1 2

1
, , , , ,

                                       γ γr r+( ) = ( )1

                                      �k r k r+( ) = ( )+1 1

                                  end
        end
        for step until do      i t= −0 1 1 .

                     ω λ λ λ
i i i i
t s t s t s t2 2 2 2

0 1 1 0( ) = ( )+ ( )+…+ ( )−. . .

Sotheoutputλ ω
i t i
i t t i t

2
0 1 2 2 0 1 2 1( ) = … ( ) = … −

�
, , , , .. ,� , , , , .

For r t< , step iBM.1 contains the terms s r s r s
r r r t− + − + −( ) ( ) ……1 1 2 2

. , . , ,λ λ . λ
t
r( )  having

unknown values s s s
r t− − −……

1 2
, , , . Fortunately for the degree of Λ r x r,( ) ≤ , it is known that

λ λ λ
r r t
r r r+ +( ) = ( ) =…= ( ) =1 2

0 sounknownvalues
i
doesnotaffectthevalueofδ r( ) .There

isasimilaritybetweenthestepsiBM.1andiBM.4,soitcaneasilysimplifyDCandELUarchitecture.
RS(450,406)decodingcancorrecterrorsupto t �22( ) .Basically,tisthenumberoferrorsthatcan
becorrected.ThedatainTable2canbeforanyvalueof t from1to22.

5.2. The Architecture of iBM Algorithm
Duetothesimilarityinbetweenstep1andstep2,iBMarchitectureisdividedintothetwociphering
structures,oneisDiscrepancyComputationarchitectureandotheroneisELUarchitecture,asgiven
Figure5andFigure6respectively,TheseArchitectureareas:

• DC(Discrepancycomputation)forcalculatingstepiBM.1
• ELU(errorlocatorupdate)blockforcomputingstepiBM.2andstepiBM.3

InsidetheDCblocklatchesareusedtostoreallthe44syndromevalues
i
where i isfromo 

to 43 arithmeticunitforarithmeticoperationbasedonGF 2m( ) wherem isequalto 9 andalso



International Journal of Embedded and Real-Time Communication Systems
Volume 12 • Issue 1 • January-March 2021

31

thecontrolunitfortheentirearchitecture.Theimportantsignalofcontrolunitare δ r( ) ,  MC r( ) 
and γ r( ) .

ItisdirectlyconnectedtotheerrorlocatorblockwhichhaslatchesforcontainingΛ r x,( ) and
B r x,( ) andalsothearithmeticunitofGaloisfield.Ineveryfirst2t clockcyclesdiscrepancyblock
calculatestheδ r( ) andhandoversthisδ r( ) totheELUblockalongwithγ r( ) andMC r( ) control
signalthatmodifiescoefficientofpolynomialinthesameclockcycle.

5.3. Discrepancy Computation Block Architecture

ThediscrepancyblockarchitectureisshowninFigure5,inwhichshiftregistersDS DS DS DS
t1 2 2 1 0

, , , ,… − 
areinitializedwiththesyndromevaluess s s s

t1 2 2 1 0
, , , ,… − respectively.Ineveryfirst2t clockcycles,

t +1 multipliercircuitscomputeproductiniBM step1,andcalculatedvalueactasinputtoiBM 
step2.AcontrolunitforthecombinedarchitectureisshowninFigure5,Outputsofthecontrolunit
are δ r( ) ,MC r( ) and γ r( ) .Thecontrolhastwocountersforvariable r and k r( ) andstorage
elementforstoring γ r( ) value.ThecounterunitscomputeORoperationofthediscrepancy δ r( ) 
tocheckifδ r( ) iszeroornon-zeroasgiveniniBM step3.Thecountercanbeimplementedbyusing
Ringcounterorby2’scomplement.Ifthecounterforvariablek r( ) isimplementedin2’scomplement,
thenthecondition k r( ) ≥ 0 becomestrueiftheMSBbitofthe k r( ) counteriszero,asgivenin
iBM step3.WhentheMC r( ) signalisgenerated,thecounterforvariable k r( ) willchange. 2t 

Figure 5. (a) Discrepancy Block Architecture (b) Control Unit
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numberofclockcyclesarerequiredtocalculatetheerrorlocatorpolynomialΛ x( ) andnextt clock
cyclesarerequiredforcalculatingerrorevaluatorpolynomialΩ x( ) .
5.4. ELU Architecture

InELUblock,coefficientsofthepolynomialiniBM step1andstep2updatesastheMC r( ) 
signal becomes available. ELU block calculates the next value of the variable by using the
previous values of the coefficients of the polynomial, as shown in Figure 6. The processor
elements PE

i
0( )  are used to update the coefficients λ r( )  and B r( ) . The coefficients of

� , ,δ r B r and MC r( ) ( ) ( )  are sent to the processor which updates old value by a new value,
processorPE0 isinitializedwithzero.Thecalculatedvaluesofthecoefficientsoferrorlocator
andevaluatorpolynomialaregivenintheTable4.

6. ERRoR PoSITIoN CALCULATIoN

Thenextstepaftercalculatingerrorlocatorandevaluatorpolynomialistocalculatethepositionof
errorsinreceivedcodeword,thelogicbehindpositioncalculationistosubstituteprimitiveelements

Table 4. Coefficient of Error Locator and Evaluator polynomial

S. No. Coefficient of 

λ r( )
Values 

(9-bit Number)
Coefficient of 

Ω r( )
Values 

(9-bit Number)

1. λ
0

9 001000000'b ω
0

′9 100110011b

2. λ
1

9 100101101'b ω
1

′9 101001011b

3. λ
2

9 011010101'b ω
2

′9 011011101b

4. λ
3

9 100100100'b ω
3

′9 111111101b

5. λ
4

9 011101010'b ω
4

′9 000010011b

6. λ
5

9 000100110'b ω
5

′9 111110000b

7. λ
6

9 111010010'b ω
6

′9 001100110b

8. λ
7

9 011110010'b ω
7

′9 110011011b

9 λ
8

9 001100110'b ω
8

′9 000010100b

10. λ
9

9 001000000'b ω
9

′9 100010101b

11. λ
10

9 111010010'b ω
10

′9 000000000b
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fromα0 toα510 inerrorlocatorpolynomialΛ x( ) .Chien–search(H.C.Changetal.,2011;C.H.
Yoon, 2013) algorithm is used to calculate the error position. It is the most popular method of
calculatingrootsoftheerrorlocatorpolynomial.Chien–searchalgorithmusestheerrorlocator
polynomialforcalculatingerrorposition.Inthisalgorithm,itcalculatestherootsoftheerrorlocator
polynomial(ELP) Λ x( ) byputtingthevalueofprimitiveelementsofGaloisField(GF),andthe
inverseoftherootswillbetheerrorposition.ItisnoteasytocalculatetherootsoftheELP.The
ArchitectureoftheChien–SearchalgorithmisshowninFigure7.

InputstotheChien–SearchAlgorithmisthecoefficientsoftheerrorlocatorpolynomial,So
thisalgorithmcalculatestheΛ αi( ) ateveryvalueofi n= …1 2 3, , .Aftersubstitutingtheelements
ofthefinitefieldtotheerrorlocatorpolynomial,itchecksthecondition:

Λ αi( ) = 0  (9)

Figure 6. (a) the architecture of ELU (b) Processor Elements ELU

Figure 7. The architecture of Chien – Search Algorithm
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Ifthisconditionholds,thenanerroristobeinthepositionof n i−( ) .Andifit’snot,thenthere
isnoerror.InFigure7,oddvaluesofELP λ λ λ

1 3 5
, , ……( ) arecalculatedinonesideandevenvalues

ontheotherside ( , , , )λ λ λ
2 4 6

… .Ifinanyclockcycle ( )< n ,thesummationofallthesevaluesis
zero,thentheerrorpositionwillbeequaltothepositionoftheclock.AnimportantelementofChien
– Search algorithm are Galois Field multiplication, division, primitive element and primitive
polynomial.Forexample,iftheELPis:

Λ x x x x( ) = + + +1
1 2

2
3

3λ λ λ 

ToevaluateΛ x( ) ateverynon-zeroelementsinfinitefieldofGF 2m( ) insequence:

x x x x x
m

= = = = … = −α α α α α1 2 3 4 2 1, , , , , 

So,afterputtingthesevalues:

Λ α λ α λ α λ α1
1

1
2

1
2

3
1

3
1( ) = + + ( ) + ( )( ) 

Λ α λ α λ α λ α2
1

2
2

2
2

3
2

3
1( ) = + + ( ) + ( )( ) 

…

Λ α λ α λ α λ α2 1
1

2 1
2

2 1
2

3
2 1

3

1
m m m m− − − −( ) = + + ( ) + ( )( ) 

Foranyvalueofα2 1m− ifΛ x( ) valueiszerothenα2 1m− willbetherootofΛ x( ) ,andinverse
ofrootwillbeerrorposition.

The modular Schematic of the error position algorithm is shown in Figure 8, Position_out
indicatestheoutputofthepositionmodule.ThecalculatedresultsoftheErrorPositionCalculation
moduleisgivenintheTable5.

Figure 8. Modular Schematic of Position Calculation
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7. ERRoR VALUES CALCULATIoN

AftercomputingtheSyndromevalue,KeyEquationSolveranderrorposition,Nowthenextstep
ofReedSolomondecodingalgorithmistocalculatetheerrorvalueswithrespecttotheeveryerror
positionvalue.Thetwopopularmethodsofcalculatingtheerrorvaluesare:

• TransformDecodingAlgorithm
• ForneyAlgorithm

Inthefrequencydomain,theTransformdecodingalgorithmisused,andinthetimedomain
Forneyalgorithm(G.D.Forney,1965;YingquanWu&YuKou,2009)isused.Transformdecoding
processdoesnotuseFFIorChien–searchalgorithmsandalsohavelargecomplexcircuitthanChien
–search,soitoccupiesalargearea.Therefore,Forneyalgorithmisgenerallyusedduetoitslesser
circuitcomplexity,moreaccuracyandmoreefficiency.

7.1. Forney Algorithm

TherootvalueandthecoefficientsofΛ x( ) andΩ x( ) aretheinputstotheForneyalgorithmandit
isrelatedtoChien-Searchalgorithm.IntheForneyalgorithm,onlyoddcoefficientsoferrorlocator
polynomialΩ x( ) areused.ItalsousesthefinitefieldmultiplieranddivisionjustlikeChien–Search
algorithm.Theformulatocalculatetheerrorvalues( )Y

i
is:

Table 5. Calculated Root value, error position and error values

S. No. Root Values Position Values Coefficient 
of the Error 
Polynomial

The Error Values (9-bit Number)

1. α62 α449 449= X Y
1

9 000000001'b

2. α63 α448 448= X Y
2

9 000000001'b

3. α64 α447 447= X Y
3

9 110100000'b

4. α65 α446 446= X Y
4

9 000000100'b

5. α66 α445 445= X Y
5

9 100000000'b

6. α83 α428 428= X Y
6

9 000010100'b

7. α84 α427 427= X Y
7

9 010111010'b

8. α85 α426 426= X Y
8

9 001100000'b

9. α86 α425 425= X Y
9

9 101110001'b

10. α87 α424 424= X Y
10

9 100000111'b
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Y
x x

x xi

m

=
− ( )

( )′
0Ω

Λ
 (10)

where x j= −α ispointtorootascalculatedbytheChien–Searchalgorithm.Thearchitectureof
thisalgorithmisshownintheFigure9.Theequation(10)givesvalidandcorrectresultsifthereare
errorsinthecodeword.The ′ ( )Λ x inequation(10)isthefirstderivativeoftheerrorpolynomial
Λ x( ) sothe ′ ( )Λ x :

′ ( ) = + + +…Λ x λ λ λ
1 2 3

22 3x x  (11)

The ′ ( )Λ x  is the derivative of 1
1 2

2+ + +…+λ λ λx x x
e
e . After multiplying by x  to the

equation(11):

x x x′ ( ) = + +…Λ x λ λ
1 3

3  (12)

Theequation(12)isjustliketheoddtermsofthelocatorpolynomialΛ x( ) andtheseoddterms
canbecalculatedduringtheevaluationoftheerrorposition,sononeedtocalculateseparately.The
equation(10)canbeeasilymodifiedbytakingm

0
0= .TheinverseoftheLambda oddiscalculated

bytheBrute-forcesearchalgorithmasshowninFigure9,stepsofthisalgorithmisgivenbelow:

• Let f p( ) andg p( ) arethepolynomialsinGF pm( ) .
• SupposeM p( ) betheprimitivepolynomialorirreduciblepolynomialinGF pm( ) .
• So,themultiplicativeinverseof f p( ) isgivenbya p( ) .

• If f p a p modm p( ) ( )( ) ( )( ) =�.� � 1 ,thena p( ) istheinverseofthe f p( ) .

Figure 9. The architecture of Forney Algorithm
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InForneyalgorithm,weusebotherrorlocatorΛ x( ) anderrorevaluatorpolynomialΩ x( ) .But
onlyoddtermoferrorlocatorpolynomial Λ x( ) isused.Thecalculatederrorvaluesbyusingthe
ForneyalgorithmisgiveninTable5.Soerrorpolynomial E x( ) fortennumberoferrorcanbe
representedintermsofpolynomialasgiveninequation(13):

E x Y x Y x Y x Y x Y x( ) = + + +…+ +
1

449
2

448
3

447
9

425
10

424  (13)

8. ERRoR CoRRECToR

ThelaststepofRSdecodingalgorithm,aftergettingtheerrorlocationandrespectiveerrorvalues
iserrorcorrector.Asnowweknowtheerrorpolynomial E x( ) isgiveninequation(13).Sothe
correctedcodewordcanbecalculatedbyjustXORingthereceivedcodewordbytheerrorpolynomial
E x( ) :

C x R x E x( ) = ( )+ ( )  (14)

AlsothemodularSchematicoferrorcorrectormoduleisshowninFigure10.Thecrr_datais
theoutputafterXORingwithE x( ) andR x( ) .

9. ANALySIS oF SIMULATIoN RESULTS

InthispaperReedSolomon(RS)decodingisimplementedinVerilog.Analysisofsimulationresults
hasbeendoneintheCadenceSimVisionandVerilogcodingofRSdecodingisalsodoneinthe
CadencetoolNCsim.ThestaticverificationhasbeendoneinCadencelinttoolHALandfunctional
verificationinSynopsystoolSpyglass.HALisasuperlintingtoolanditgeneratesSchematictracer
forbetteranalysisofdesign.ThesynthesishasbeendoneinVivado2017.4,TheSynthesisisthe
processoftransforminganRTLdesignintoagatelevelrepresentation,Verilogismorefamousfor
synthesisdesignsbecauseitislesstediousthantraditionalVHDL.

TheRTLschematicofsyndromecalculatingisshowninFigure11.Askeyenableishighsyndrome
modulesstartssendingthesyndromevaluestothekeyequationsolvermoduleforcalculatingthe
locatorandevaluatorpolynomial,mod1_outisthesyndromevaluesasshowninFigure12.

Figure 10. Modular Schematic of error corrector module
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SimulationresultsofthekeyequationsolverblockareshowninFigure13.Thelemda_valuesand
omega_valuesshowingthecoefficientsoferrorlocatoranderrorevaluatorpolynomialrespectively,
thesearecalculatedbytheiBMalgorithm.Thesimulationresultsoftheerrorpositioncalculation
stepsareshownintheFigure14.Thevariableroot_sandpositionareshowingtherootvalueand
positionvalueoftheerrorpositioncalculationsteps,respectively.

ThesimulationresultsoftheerrorvaluescalculationmoduleareshowninFigure15.Thevariables
err_valuesareshowingtheerrorvaluesattherespectiveerrorposition.Simulationresultsofthelast
stepsoftheReedSolomondecodingisshowninFigure16.Thevariableserr_dataandcrr_dataare
indicatingtheerrorcodewordandcorrectedcodeword,respectively.

Figure 12. Simulation Results of Syndrome calculator and latency for 3rd case

Figure 13. Simulation results of key equation solver

Figure 11. RTL Schematic of Syndrome Calculator
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Operatingfrequencyofdesigndependsuponthehardwarerequirements,circuitcomplexityand
moreimportantthingisthelatency.Wehaveusedtwoclocksignalinourmodel.Somemodules
ofthemodelareoperatingon1stclockandsomeotheron2ndclock.Weconsideredthreecasesas
givenbelow:

1. Allthedesignmodulesareoperatingat125MHzfrequency.
2. Somemodulesareoperatingat125MHzandsomeat250MHzfrequency.
3. Somemodulesareoperatingat125MHzandsomeat750MHzfrequency.

AnalysisoflatencyisvitalintheReedSolomondecoding.Latencyalsodependsuponthe
clockfrequencyineachmoduleof thedecoderandthecircuitcomplexity.Best latencyofour

Figure 14. Simulation Results of the position calculator

Figure 15. Simulation Results of Error value calculator

Figure 16. Simulation results of error corrector
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design isobtainedat the3rd case, and it ismost suitable forourGigabitAutomotiveEthernet
design,itmeansalldesignmoduleisworkingcorrectlyandefficiently.Thesimulationresultsfor
the3rdcaseisshowninFigure17.TimeperiodforallthreecasesisgiveninTable6.Ifthe125
MHzand250MHZ(2ndcase)frequencyisusedinthedecodermodulethenthesimulationresults
oflatencyisshownintheFigure12.

Thelatencyisthetimerequiredtomovefromonepointtootherpointwithincomputersystem
anditisgenerallymeasuredinnanoseconds,Sothelatencyis:

Latency= − =� . . .8 56 3 64 4 92µ µ µs s s 

IflatencyiscalculatedaccordingtotheTable2,wheresomemodulesareoperatingin125MHz
&250MHzthenlatencyobtainedis:

Latency=� .3 026µs approx.

Table 6. Time period of design for all three Cases

Module Name Time Period (1st Case)
(ns)

Time Period (2nd Case)
(ns)

Time Period (3rd Case)
(ns)

Syndrome 8 8 8

KESSolver 8 8 1.332

Position 8 4 1.332

ErrorValues 8 8 1.332

Buffer 8 8 1.332

Buffer1 8 4 1.332

PrimitiveElements 8 4 1.332

ErrorCorrector 8 8 8

Figure 17. Simulation result of latency for 3rd case
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Ifthefirstandlastmoduleisoperatingonthe125MHz&othermodulesareoperatingon750
MHzfrequencythensimulationresultsofthelatencyisshowninFigure17.

So:

Latency � . . .= − =4239 09 3623 7 615 39ns ns ns 

10. CoNCLUSIoN AND CHALLENGES

RSencodinganddecodingarepowerfulerrorcorrectiontechniques,that’swhytheyareusedinthe
GigabitEthernet.Thisdecoding techniqueprovidesbetterbandwidth incomparison to theother
decodingtechniques.TheRS(450,406)decodingisalsoknownastheshortenedRScode.Wehave
shownthatthelatencydependsonthefrequencyofeachmodule.Andweimplementedthisdecoding
techniquesinVerilog.Ineverystepofthedecodingalgorithmtechnique,differentalgorithmsare
used to decrease the complexity and power consumption. The RS (450, 406) codes are used in
1000BASE-T1,tominimizechannelnoise.ThisRScodearchitecturecanbepipelinedforgaining
highspeed.Thehardestpartofthedecodingistosolvekeyequation,thisdonebyusingiBMalgorithm.
2t clockcyclesarerequiredtocalculatetheerrorlocatorpolynomialandt clockcyclesforcalculating
theerrorevaluatorpolynomial.iBMalgorithmisapower-efficientalgorithm.Thedecodercancheck
whetherthenumberofrootsareequaltothedegreeoflocatorpolynomialornot.Ifnot,thenthe
receivedcodewordscannotbecorrected.Latencydependsuponthefrequencyofoperationofeach
module.IfinputRSframeismorethanoneRSframe,itneedstousemorememorytostorethe
continuousframes.EveryReedSolomonencodinganddecodingalgorithmisbasedonthefinite
fieldwhichisalsoknownasGaloisfield,ForRS(450,406)decodingGF 2m( ) isused.

Intheautomotiveindustry,moreadvancedelectronicsisbeingusedinvehicles.Itisachallenging
tasktouseGigabitAutomotiveEthernetforconnectingdifferentfunctionalcomponentsinthecar.
RSencodinganddecodingarepowerfulerrorcorrectiontechniquesusedin1000BASE-T1toreduce
channelnoiseduringdatatransmission.ThemostChallengingpartofReedSolomondecodingis
thecalculationofKeyEquationSolver(KES)efficientlybecausesolvingkeyequationisthecrucial
andhardestpartoftheRSdecoding.AchievinglowlatencyisalsoachallengeinRSencodingand
decoding.
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