
An alternative to Reed-Solomon odes for forward errororretion on optial hannelsGiulio Colavolpea, Gianarlo Pratib, and Fabrizio PaganoaDipartimento di Ingegneria dell'Informazione,Universit�a di Parma, Parma, ItalybSuola Superiore S. Annadi Studi Universitari e Perfezionamento, Pisa, ItalyMaroni Communiations, Genova, ItalyABSTRACTIn this paper, forward error orretion shemes are disussed for appliation in the multigigabit-per-seond optialhannel. The proposed shemes, based on spei� onvolutional odes whih allow simple deoding tehniques,represent a valid alternative, in terms of performane and omplexity, to the reommended Reed-Solomon odes.Keywords: Forward error orretion, Convolutional odes, Conatenated oding.1. INTRODUCTIONForward error orretion (FEC) is a well established tehnique whih may provide oding gain in long, optiallyampli�ed, digital transmission systems, to inrease ampli�er spaing or system apaity. In the multigigabit-per-seond optial �ber submarine able systems, the Reed-Solomon (RS) ode (255,239) is reommended for its goodtrade-o� between performane and omplexity.1 This ode is also a andidate as an international standard in thenetwork node interfae (NNI) between administrative domains in terrestrial optial transport networks (OTN)2A feature of RS odes is their apability of orreting bursts of errors.3 However, up to now bursty errorshave hardy ever been reported in high bit-rate, optially ampli�ed systems. For instane, the errors generatedin single-hannel transmission systems limited by ampli�ed spontaneous emission (ASE) noise and group veloitydispersion (GVD) are almost perfetly random.4 In polarization mode dispersion (PMD) limited high-speed optialtransmission systems with utuating di�erential group delay (DGD), the error distribution is not random.5 Longsequenes of errors may be atually generated by PMD|in this ase the ondition of random errors may be obtainedproviding suÆient interleaving only.6 Being the oherene time of PMD phenomenon of the order of minutes oreven longer, however suÆient interleaving is totally impratial to realize. Therefore, even in this ase the orretionapability of RS odes is insuÆient and spei� PMD ompensators must be adopted.As a valid alternative to RS odes, a onvolutional self-orthogonal ode (CSOC) with a simpler deoding shememay therefore be adopted.3,7{10 These odes are based on a partiular algebrai property from whih some importantadvantages derive: i) simple implementation of the enoder and deoder, in partiular with majority-logi andthreshold deoding, therefore operating at very high speed, and ii) the property of not produing additional andbursty errors at the output of the deoder when the apability of the deoder is exeeded.7{10 Whilst the formerproperty, whih determined the interest for these odes in satellite ommuniations in the Sixties and Seventies,8{10is now appealing in the high-speed optial hannel,11,12 the latter beomes essential if the ode is going to be usedin a onatenated sheme, where some of the most powerful deoders, suh as those for RS odes or the Viterbialgorithm, exhibit additional unorretable errors of a bursty nature at their output.In this paper, we propose some simple, high rate, FEC solutions based on CSOCs and majority-logi/thresholddeoding. Code onatenation is also onsidered in order to provide a further oding gain with a limited inrease ofthe overall omplexity. The paper is organized as follows. In the next setion, we provide a brief overview of thedeoding tehniques used for CSOCs, namely majority-logi deoding and its soft-input version, threshold deoding.The proposed FEC shemes for appliation in the optial hannel and numerial results are presented in setion 3,along with a disussion on the VLSI implementation. Finally, onlusions are drawn in setion 4.



2. MAJORITY-LOGIC AND THRESHOLD DECODING OF CSOCSA CSOC is a onvolutional ode for whih no two parity equations inlude the same two bits. Any ode that satis�esthis de�nition will have the property that a set of estimates orthogonal to an error bit an be obtained diretly fromsome syndrome symbols.�Using this property of CSOCs, simple deoding algorithms, suh as those desribed in this setion, an beidenti�ed.3 Good CSOCs were obtained by Massey,7 Robinson and Bernstein,13 and Wu.8{10 A minor drawbakof these odes is that the algebrai onstraint prevents, for a given onstraint length, from the possibility of highoding gains, or, equivalently, in order to ahieve high oding gains, large values of the ode onstraint length haveto be hosen.In order to illustrate the deoding tehniques for CSOCs, let us onsider, without loss of generality, a rate 1/2ode. Majority-logi deoding is a hard-input hard-output (HIHO) tehnique whih operates on the syndrome values.At eah deoding step, after an information bit in and a parity bit pn have been reeived and hard-quantized, thedeoder alulates the orresponding syndrome value sn (using also the previous reeived information bits, aordingto the ode generator). A suitable set of J syndromesy is used to obtain a deision on the error en�d related to aprevious information bit in�d. Mathematially, the rule takes the formen�d = 1 if and only if JXj=1 sn�lj � �J2 � (1)where dxe denotes the smallest integer greater than or equal to x and lj is the delay orresponding to the j-thsyndrome value whih has to be used into the deision on en�d. Bit estimates are then properly fed bak into thesyndrome register to improve the reliability of the syndrome bits.Example: As an example of a CSOC of rate 1/2 with minimum Hamming distane dH = J + 1 = 4, let usonsider the following simple systemati ode.13 This ode emits the input information bit in along with a paritybit pn = in � in�2 � in�3, where � denotes modulo-2 addition. It is easy to verify that the following orthogonalJ + 1 = 4 estimates of the information bit in�3 may be onstruted:{̂n�3p̂n � {̂n � {̂n�2p̂n�1 � {̂n�1 � {̂n�4p̂n�3 � {̂n�5 � {̂n�6 (2)where {̂n and p̂n denote the reeived information and parity bit after hard-quantization, respetively. These orthogonalestimates may be used to deode, with a majority deision, the information bit in�3. Equivalently, de�ning thesyndrome sn 4= p̂n � {̂n � {̂n�2 � {̂n�3 (3)a deision on the error en�3 related to in�3 may be taken, with a majority deision, using the following J = 3syndrome values: sn, sn�1, and sn�3. The deision rule takes the formen�d = 1 if and only if sn + sn�1 + sn�3 � 2 : (4)A majority-logi deoder an be readily on�gured to aept soft-inputs (SI). The orresponding SIHO (soft-inputhard-output) algorithm, alled threshold deoding, is based on the following strategy.14,15 A reliability value, takenfrom a set of M values,z is assoiated to eah reeived information or parity bit. This reliability value depends onthe distane of the reeived sample from the hard-quantization threshold. Using these reliability values, we may�A set of linear ombinations of error bits is said orthogonal with respet to one of the error bits if that bit appears in eahequation of the set and no other bit appears in more than one equation.yParameter J is related to the minimum Hamming distane dH of the ode by the relation dH = J + 1.zM is the number of levels used in the quantization.



assoiate to the syndrome value sn the weight wn as the minimum of the reliability values related to the informationand parity bits involved in the omputation of sn, exluding in�d. The detetion strategy beomesen�d = 1 if and only if JXj=1 wn�ljsn�lj � T (5)and the threshold T is de�ned as T 4= 12 JXj=1wn�lj + w0n�d2 (6)where w0n�d is the reliability value assoiated to the information bit in�d.14,15In order to provide soft-output (SO), threshold deoding may be enhaned simply by assoiating to eah deisiona reliability value related to ������ JXj=1wn�lj sn�lj � T ������ : (7)In this way, we obtain a SISO module that an be used as inner deoder in a serial onatenation.Majority-logi and threshold deoding algorithms, desribed in this setion, exhibit a very good performane,almost equal to the optimal one obtainable with hard- and soft-inputs, respetively, and are haraterized by a �xeddelay. 3. PROPOSED FEC SCHEMES AND NUMERICAL RESULTSIn this setion, we disuss the appliation of CSOCs and the desribed deoding tehniques to high-speed optialtransmissions with partiular referene to the problems related to the implementation of the deoder on a singleintegrated iruit (IC).We �rst onsider a rate 9/10 CSOC with J = 11.8 This ode is deoded using majority-logi and thresholddeoding. In the latter ase, a 2-bit quantization is onsidered. The performane is assessed by means of omputersimulation in terms of bit error rate (BER) versus Qb, the \fator Q" normalized per information bit, that isQb = Q=R where R is the rate of the ode.The performane is shown in Fig. 1 and ompared with that of a RS(255,239) ode and an unoded system. Wemay observe that, whereas in the ase of majority-logi deoding the loss with respet to the RS ode is of 0:3 dB ata BER of 10�7, with threshold deoding we obtain a gain of 0:4 dB.A signi�ant gain with respet to the RS(255,239) may be obtained by onatenating the onsidered CSOC, usedas inner ode, with another CSOC of rate 8/9 and J = 11.8 In order to redue the overall deoder omplexity,a diret onatenation without interleaving is onsidered. Several deoding shemes are analyzed. In the �rst one,majority-logi deoding is adopted for both the inner and the outer deoder. Therefore, eah deoder is HIHO. Asmay be observed from Fig. 1, with respet to the RS ode this sheme may give a oding gain for very low BER.In the seond sheme, threshold deoding is used for the inner deoder (SIHO) and majority-logi deoding for theouter deoder (HIHO). In this ase, a gain of 1:3 dB may be obtained with respet to the RS ode at a BER of 10�7.However, this gain gets larger for lower BER. A gain of 1:5 dB may be obtained using threshold deoding for boththe inner and the outer deoder. In this ase, the inner deoder has to provide soft-outputs to the outer one.x Inall the shemes based on threshold deoding, an additional gain of 0:3 may be obtained using a 3-bit quantization.This very good performane of the onatenated shemes without interleaving relies on the property of CSOCs ofnot produing additional and bursty errors at the deoder output when the apability of the deoder is exeeded.As a �nal remark, we disuss the VLSI implementation of the onsidered deoding shemes. In Table 1, transistorand gate ounts are shown in the ase of some reently proposed VLSI arhitetures.16{18 Di�erent quantizations areonsidered for threshold deoders. Transistor ount is used for full ustom Appliation Spei� Integrated Ciruit(ASIC) implementation, whereas gate ount is used to evaluate the omplexity of a gate array implementation.In pratie, due to the extremely high deoder lok rate required in a multigigabit-per-seond transmission, NxIn this ase, we have an inner SISO deoder and an outer SIHO deoder.
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Figure 2. Pipelined struture of enoder and deoder.enoding and deoding operations have to be pipelined as in Fig. 2. For example, if a 80 MHz lok is used, N = 12CSOC enoders/deoders with rate 9/10 must be pipelined in order to ahieve a 10 Gb/s transmission. In this ase,majority-logi deoding exhibits an overall omplexity of 144,000 gates. Sine as of today a limit of 2 � 106 gatesan be plaed on a single IC, the proposed majority-logi deoding appears therefore as a viable solution for optialtransmissions up to 40 Gb/s, whereas a 2-bit threshold deoder is similarly feasible at 10 Gb/s by using a lokrate of 160 MHz. Note that with a lok rate of 80 MHz, a RS(255,239) requires pipelining of 16 deoders andonsequently an overall omplexity of 420,000 gates instead of 144,000. We point out however, that omparing thegate ounts for a given lok rate may not provide a omplete piture sine majority-logi deoders and thresholddeoders are simpler than a RS deoder and therefore, due to their simpliity, may use a higher lok rate up to 160
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