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Abstract—Approximations to the union bound performance of sequence
detection in the presenceof colored noise and an algorithm to compute
bit error and error event probabilities are presentedand compared to bit-
by-bit simulation results. Thesecomputations, which are very accurate at
bit error probabilities < 102, are then usedto analyzethe performance
of standard and reverse concatenatedReed-Solomon/modulationcoding
schemesfor generalized partial responsechannels corrupted by colored
noise. The analysisis usedto determine the optimum RS coderate for
recording systemsthat are of current interest.

Keywords—Magnetic recording, performance analysis,colored noise.

I. INTRODUCTION

ARTIAL responselass4 (PR4)and extendedPR4 chan-

nels(see[5] andreferencesherein)have beenthe stateof
the art in disk drivesuntil quite recently At high linear den-
sities generalizedpartial responsepolynomialswith real coef-
ficientsprovide a bettermatchto the discrete-timeresponsef
the recordingchannelthanmonic polynomialswith integer co-
efficients. This classof polynomials,whencombinedwith se-
guencedetection,givesrise to noise-predictie maximumlik e-
lihood (NPML) systemd8], [6]. Currently 16-stateNPML de-
tectorsfor generalizegartial responsehannelswith afirst or-
dernull at DC operatingat ratescloseto 1 Gbit/s representhe
stateof theartin thedisk drive industry

Error control codinghasplayedanimportantrole in the de-
sign of the overall recordingsystem. In disk drivesthe usual
coding schemefor partial responseecordingchannelds con-
catenated¢odingwith anouterReed-SolomoiiRS)codeandan
innermodulation/paritycode[4]. In thistypeof codingscheme,
whichis alsoknown asstandarcconcatenation,theseof high-
rate modulationcodeswith block sizesvarying from say two
to eight bytesleadsto either weak code constraintsor an in-
creasef errorpropagatioratthe modulationdecoder This fact
coupledwith the desireto perform soft-decisiondecodinghas
led to renevedinterestin reverseconcatenatiolfi2]. For a PR4
sequenceletectoranda concatenatedodingschemebasedon
RS codeswith 8-bit symbolsandrate-16/17modulationcodes,
reverseconcatenatiorpermitsthe useof threeinterleaved RS
codevordsper sector whereasstandarcconcatenatiomequires
at leastfour interleved RS codevords per sectorto achieve
goodoverall performancg9].

Union boundsdfor intersymbolinterferencechannelghatesti-
matethe performanceof a sequenceletectorin the presencef
white andcoloredGaussiamoisehave beenderivedin [10] and
[11], respectiely. An exactcomputatiorof theseunionbounds
using generating-functioomethodssimilar to thoseemployed
in [10] and[11] is possibleonly in the caseof white Gaussian
noise. This is dueto the factthatthe noisevarianceassociated
with anerroreventin the presenc®f colorednoise,alsoknown
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asthe modifiedvariance ,dependon the particularerror event
underconsideration.In this paper we presentapproximations
to the union boundin [11] andan algorithmto computebit er-
ror and error event probabilitiesfor sequenceletectionin the
presencef colorednoise. Theseprobabilitiesarethenusedto
evaluatethe overall performanceof a recordingsystemby fol-
lowing ananalyticapproachsimilar to the onegivenin [9].

The paperis organizedasfollows. In Sectionll, the record-
ing systemmodelincludingerrorcorrectioncodingandmodula-
tion codingis describecandthe equivalentdiscrete-timemodel
of therecordingchannelis introducedin form of a generalized
partial responsehannelimpairedby colorednoise. In Section
[ll, methodsof computingapproximationdo the bit error and
error event probabilitiesat the outputof the sequenceletector
are developedand comparedto resultsobtainedby computer
simulation. In SectionlV, the performanceof standardandre-
verseconcatenatedRS/modulationcoding schemedor gener
alized partial responsechannelscorruptedby colorednoiseis
analyzedIn particular theoptimumRS coderateis determined
for the codingschemeshatareusuallyusedin disk drives.

[I. RECORDING SYSTEM MODEL

A block diagramof the recordingsystemmodel considered
in this paperis showvn in Fig. 1. The outer RS encoderoper
ateson 8-bit symbols(bytes)andcan correctup to ¢ bytesper
RS codevord. A 512-bytesectoris encodednto I = 3 or 4
RS codevordsthatare byte-interleaedandfed to the modula-
tion encoderTheinnercodeis a high-ratemodulationcodethat
imposegonstraintgo aid timing/gainrecovery andavoid quasi-
catastrophi@rror propagatiorat the outputof the sequencele-
tector Clearly, the desirablepropertiesof the innermodulation
codeis high coderateandsmall error burstsat the modulation
decodemutput.

The binary outputsof the modulationencoderare mapped
into bipolarsymbols+1 and-1, which arewritten ontothe disk
in form of a positive or negative magnetizatioralonga circu-
lar track. The datasequences readback from the head/disk
assemblyasananalogsignal. After low-pasdfiltering andsam-
pling, the signalis shapednto a partial responsesignalformat
by the equalizer The power of the total distortionat the output
of the equalizeris reducedoy noiseprediction[3], [8]. Adopt-
ing alinearmodelfor the read/writeprocessthe chainof signal
processingunctionsincluding read/write heads,preamplifier
automaticgain control, low-passfiltering, sampling,equaliza-
tion and noisewhiteningis modeledby the generalizedartial
responsegpolynomial F(D) = 1+ Y.~ fiD* whereL is the
channeimemoryand f; arerealcoeficients.

Figure 2 depictsthe equivalent discrete-timemodel of the
recordingchannelextendingfrom the outputof the modulation



encodeto theinput of the sequenceletector Theinput datase-
quence{zy } to thegeneralizegartialresponsehannels bipo-
lar, i.e., z;, € {—1,+1}. Thesequenc®f colorednoisesam-

where® isthen(u, m) x n(u, m) covariancematrix associated
with the sequencef colorednoisesamples{n;. }.
The bit error probability of the sequencealetectoris then

ples{n:} at the input of the sequencaletectorare generated boundedoy

by passingthe sequencef white noisesamples{n,} through
anequvalentfilter h(D) thatrepresentshe combinationof the
low-passfilter, the equalizerand the whiteningfilter. Finally,
the sequenceletectorprovides delayedestimates{z; } of the
bipolarsymbolsthathave beenfed to therecordingchannel.

I11. DETECTOR PERFORMANCE IN THE PRESENCE
OF COLORED NOISE

Let £ be an error event of lengthi thatis characterizedy
the input error sequence:,.(D) = z(D) — #(D) of length
i. As the generalizedpartial responsechannelis linear and
time-invariant, the output error sequencecan be expressedas
€y(D) = €,(D)F(D). The squarecEuclideandistanceasso-
ciatedwith a particularerror event& of lengthi is definedas
theenegy of the correspondingutputerrorsequencef length
i+ L,ie.,

() = [ley 1> ()

At the outputof a sequenceletectoret E; denotethe setof
all erroreventsof length: andb; denotethe probability thatan
error burst of lengthi startsat a particulartime instant. The
union boundstatesthat the probability of a union of eventsis
lessthan or equalto the sum of their individual probabilities.
Consequently

b; = Pr(E;) < Y P&).

EEE;

)

Similarly, anupperboundon the probability of bit error P, at
the outputof the sequenceletectoris givenby

Py <> w(€)PrE)

E€E

(3)

wherew(€) is theHammingweightof theerrorevent&, which
is definedas the numberof nonzerocoeficientsin the corre-
spondinginput error sequencePr(£) is the probability of the
errorevent andE is thesetof all possibleerrorevents.

In the following we classify the error events by their Eu-
clideandistance.Let £(*™) be the m-th error eventwith dis-
tanced,. Furthermorew, , denoteshe Hammingweight of
the error event £(*™) andn(u, m) denotesthe length of the
correspondingutputerror sequence Now we definethe vec-
tor V..., asthe columnvectorcorrespondingo the normalized
outputerrorsequencsd,e.,

€y (g(u’m))

= S 4
ey () ] )

Vu,m
We now reformulatethe bit error and error event probabil-
ity resultsderivedin [11] by usingthe erroreventclassification
thatwe have introduced.For this purposehe modifiedvariance
o2 ., associatesith anerrorevent& (™) is definedasthevari-
ancealongthevectorV, ,,,. The modifiedvarianceis givenby
thequadraticform
V. OV, m,

u,m (5)

2 —
Uu,m -

du —w
where Q(-) representshe tail integral of the zero-meanunit
variancenormal distribution and w,, ,,, denotesthe Hamming
weight of the m-th error eventwith distanced,,. Similarly, the
errorburstdistribution b; canbeboundedby

du

<> ) Q (2%”) 27,

wherenow only erroreventsé (v™) ¢ E; thathave distanced,,
andlength: areconsidered.

(7)

A. Approximationsto the union bound

For maximum-likelihoodsequenceletectionin the presence
of white Gaussiamoiseit is commonpracticeto obtain first
orderapproximationgo union boundshy consideringonly er-
ror eventswith minimumdistance.Clearly, tighter boundscan
be obtainedif the computationsalsoinclude error eventsthat
have distancelarger than the minimum distance. In the case
of colorednoise,the upperboundson bit erroranderror event
probabilitiesin Egs. (6) and(7) arealsoobtainedasa sumover
infinitely mary terms. However, the contribution of eachterm
in Egs.(6) and(7) is mainly determinedy theratio 20‘1“ — asso-
ciatedwith anerroreventratherthanjustthe Euclideardistance
of an error eventasin the caseof white noise. Consequently
thefollowing approximationgo the union boundconsideronly
erroreventsthatsatisfythe criterion

U

(8)

20_u’m S qmaa:a
whereg,q.. 1S a predeterminedjuantitythatshouldbe selected
judicously We remarkthat, while the selectionof errorevents
accordingto their distancecanbe doneefficiently in the white
noise caseby exploring error flow graphsassociatedvith the
channelpolynomial [10], [11], thereis no simple solution for
evaluatingthe modifiedvariance.Therefore to further simplify
the selectionof error eventsan upperboundon the modified
variancethatdepend®nthelengthof theoutputerrorsequence
is obtained.It canbe shavn thatthe following upperboundon
the modifiedvarianceresultsfrom applyingSchwarz’'s inequal-
ity to thequadratidorm in (5)

Tom < 0 n(u,m)||h] P,

(9)

whereo? is the varianceof thewhite noise{n;}. Thefirst sum
in Eq. (6) cannow berestrictedonly to erroreventsthatsatisfy
thecondition

dy < dmaz = 2qmaz0/n(u, m)||h||, (20)
andtheresultingprobability of bit erroris
d. g
Py < ld; %:wu,mQ (2%%) 2 wem (11)



Similarly, the bursterrordistribution b; canbe approximateds

< D ZQ(ZU )2—1”“",

uldy <diaz ™

(12)

where again only error events £(*™) with distanced, and
length: areconsidered.

Summationover m in the above equationsmay involve an
infinite numberof termswith the samedistancedueto the pres-
enceof oneor morezero-g/cles[1]. A zero-g/cleis asubaent
€,(D) thatcanbe repeatedcary numberof timeswithout accu-
mulatingEuclideandistance Theremaybe mary zero-g/clesin
anerrorevent.In generalthezero-g/clesoccurif thefrequeny
responsef the channelhasspectralnulls. Magneticrecording
channelshave a spectralnull at dc andthereforeexhibit zero-
cycles.

In the following we will call erroreventsthatdo not contain
zero-g/cles elementaryerror events. Let us assumehat n,.
zero-g/clesareaddedo anelementanerrorevent,i.e. theinput
errorsequences

€r = [673’1 €x,1 + -+ €xneye €xneye ex,ncyc+1:| 3

wheree, ., is an elementarysubeentandé, ., is a subeent
madeof therepetitionof azero-gcle.

As thefilter h(D) hasfinite length N.,, E[nxn;] = 0, for
|k —i| > N4, therefore[®], . = 0 for |r — ¢| > N.,. Now,
if the outputerrorsequencés zerobetweerthetime instantsk;
andk, dueto the presencef zerocycles,andks — ki1 > N,
themodifiedvarianceof the noisecanbe expresseds

ki ki1

= 2. VunllV

r=1c=1

wmle[®]r,e (13)
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andthis expressioris independentf |k, — k1|, thelengthof the
zero-g/cle. Therefore,if thereis a sufiicient numberof zero-
cycles, the amumentof Q(-) in the abore equationsdoesnot
change.

Now let w,,,,, denotethe Hammingweight of a zero-g/cle
ando, . denotethe modifiedvarianceof an elementaryerror
event with Hamming weight w,,,,,. Furthermore,we define
Rum = 27%m and y,., = 27%==. Finally, let S be the
setof all two-tuples(u, m) suchthat (u,m) is associatedvith
an elementaryerroreventwith Euclideandistanced,, < d,qz.
Then, by induction,the summationin (11) canbe rewritten as

follows
P < Z Q du wu,'mXu,m
b= 20u m 1- Xu m
(u,m)eS ’ ’

_|_

’lUu,mXu,mXu,m) (14)

(1 = Xu.m)?
Similarly, the bursterrordistribution canbe expresseas

Xu,m

d, ,
b Y Q<2au’m)<1_xu’m), (15)

wherethe summationis over elementaryerror eventswith dis-
tanced, < d,... andlengthi.

B. A search algorithm for evaluating detector performance

In this subsectiorwe give analgorithmthatperformsa mod-
ified depth-firstsearchin an error flow graph. The searchpro-
cedureidentifiesthe error eventsthat will be usedto compute
bit error and error event probabilities. Searchalgorithmsfor
characterizingerror eventswith specifieddistanceat the out-
put of partial-responsehannelsof the form (1 — D)™(1 —
D)™, m,n > 0 have beenpresentedn [1].

The error flow graphis a directedgraphthat may be con-
structedin the following manner The statesare definedasthe
differencebetweernthe actualstateof the generalizegartialre-
sponsehannelndthe stateestimatedy thesequenceéetector
The edgesconnectnodessuchthatthefirst L — 1 elementsof
the initial statecoincideswith the last L — 1 elementsof the
terminal state. Eachedgegoing from state[e, (k — 1), e, (k —
2),...,ex(k— L) tostatele, (k), ez (k—1),...,e.(k— L+1)]
is weightedwith distance

L

(ex(k) + > ealk — i) fi)*.

=1

It is well known that the error flow graphis symmetric,
.e., the distanceassociatedwith an edge going from state
[ex(k — 1),e.(k — 2),...,e.(k — L)] to state[e, (k), e (k —
1),...,ez(k — L + 1)] is the sameasthat of the edgegoing
from state[—e.(k — 1), —e.(k — 2),...,—€,(k — L)] to state
[—ex(k),—€x(k—1),...,—€,(k — L + 1)]. This propertyof
errorflow graphscanbe usedto simplify the computations.

The algorithmstartsfrom the zerostate[0, O, ..., 0] andex-
tendsgraduallythe pathsconsideringhe successoref the zero
stateandthenthe successorsf the successorandsoon. Let
usreferto the currentpathasthetemporarypath. The condition
d;adi"d < @mae is checled on eachpath extension,where
du,em} is the minimum distanceof the subpathgoing from the
endingstateof thetemporarypathto the zerostateando?, ,, is
the modifiedvarianceassociatedvith the temporarypath. The
computationof d,, .»q is performedat the beginning of the al-
gorithm, using a modified versionof Dijkstra’s algorithm[7].
Not all thetemporarypathsareconsideredindin particularthe
processof explorationof the successorstopswhenone of the
following conditionsis satisfied.

1. If thezerostateis reachedthe pathis usedfor the computa-
tion of P, from Eq. (14) andb, from Eq. (15).

2. If theconditionon the distance-to-modifiegarianceratio is

not satisfied thetemporarypathis discarded.

3. If thelengthof a zerocycle repetitionat the endof thetem-
porary pathexceedsN,,, @ andx arecomputedandno more
cyclesareallowedto grow attheendof thetemporarypath.

C. Smulation results

The searchalgorithm presentedn the previous sectionwill
be usedto computethe bit error probababilityat the output of
a Viterbi detectorfor a degree-4generalizedpartial response
channethatis corruptedby colorednoise. Thechanneis char
acterizecby thepolynomial F (D) = (1— D?)(1+p; D+p>2D?)



whereit hasbeenassumedhat the tarmget of the 10-coeficient
equalizeris (1 — D?) and the predictor hastwo coeficients
that have beenoptimizedto minimize the noise power at the
input of the detector The read/write processextending from

the output of the modulationencoderto the input of the low-

passfilter hasbeenmodeledasa Lorentzianchannelcorrupted
by additive white Gaussiamoise. Consequentlythe noiseat
16-statethe detectorinput canbe representeasfiltered white
noisewherethefilter correspondso thecombinatiorof thelow-

passfilter, the 10-coeficient equalizerandthe whiteningfilter

(1 + p1 D + poD?) with two predictorcoeficients.

Figure 3 shaws the bit error probability as a function of the
signal-to-noiseatio (SNR) for a Lorentzianchannelwith nor
malizedlineardensityPW50/T = 2.5. The bit-by-bit simula-
tion resultsagreewell with the computedbit errorprobabilities.
The resultsdemonstrateéhat the computedapproximationgo
the union boundare very accuratefor P, < 1072, It is well
known that union boundsare not tight at bit error probabilities
P, > 10=3. Similarly, Fig. 4 shawvs the bit error probabil-
ity asafunctionof the normalizedineardensity PIWW50/T for
SNR=14dB Againwe obsere goodagreemenbetweerthean-
alytical resultsandbit-by-bit simulations.

IV. RECORDING SYSTEM PERFORMANCE

The performanceof concatenate®S/modulatiorcodinghas
beenanalyzedin [9] asa function of the code parametersand
the polynomial

~ 1

b(2) = =———

=) Zz‘:l bi

that characterizethe bursterror distribution at the input of the
modulationdecoder This analysisappliesto both standardand
reverseconcatenatioandemploysthe sumof the probability of
decodererror anddecodeffailure Pj...4.~ asthe performance
measure As an RS decodererror canusuallybe detectedwith
additionalcyclic redundang checkcoding, Pyecoqer IS €quiva-
lent to the rereadprobabilityin disk drives,the probability that
the sectoris readfor a secondime aftera delayof onerevolu-
tion.

In thissectiontheperformancef concatenateRS/modulation
coding (standardand reverse)for generalizedpartial response
channelswill be analyzedbasedon the algorithmfor comput-
ing the polynomialb(z) thathasbeendiscussedn the previous
section.Specifically we will computethe probability

Niector
Z < Nseictor > bz(l _ b)N.c(i(:t(ﬂ‘_i

=1

(16)

E biz’,
=1

Pdecoder

17)

> @),

J=t+1

whereb = >, bi, Nector IS thetotal numberof recordedbits
per sectorandg(z) is a polynomialthat canbe expressedasa
functionof b(z) [9]. The subscriptnotation(g(z)?); indicates
thatthe j—th coeficient of the polynomialg(z)® is used.

In thefollowing we assumehatthedegree-4generalizeghar
tial responsechanneldescribedin SectionllIC is used. Fur
thermore arate16/17modulationcodeis employedin standard

concatenatiomvhereit is assumedhaterrorsat theinput of the
modulationdecodercausetwo bytesto bein error. For reverse
concatenatiothe samemodulationcodeis usedto encodeuser
byteswhereasa rate 8/9 modulationcodeis usedto encodeRS
parity bytes. At a normalizeduserdensity PW50/T,, = 2.6
Fig. 5 compareghe performanceof standardandreversecon-
catenatiorschemesgor I = 3 and4 interleavespersectorwhere
eachinterleare cancorrectt = 6 bytes.After accountingor the
rateincreasedueto RS andmodulationcodingthe normalized
channedensityPW50/T is about3. It canbeseerthatreverse
concatenatiopermitstheuseof threeinterleavedRScodevords
persectorwhereastandardconcatenatiomequiresatleastfour
interleavedRScodevordspersectorto achieze goodoverallper
formance.Finally, Fig. 6 showvs Pj...qe asafunctionof ¢ for
standardandreverseconcatenatiorschemesith 7 = 3 and4
interleavespersectorwhereagainPW50/7T, = 2.6. The SNR
valueshave beenselectedsuchthatthe minimumof Py..oder iS
in the rangeof 10~ to 10719, It canbe seenthatin all four
casegheoptimumRS coderateis about0.86.

V. CONCLUSIONS

The bit error and error event probabilities of Viterbi de-
tectorsfor generalizedpartial responsechannelsthat are cor
ruptedby colorednoisehave beencomputedusingapproxima-
tions to union boundsand a modified depth-firstsearchalgo-
rithm. The performanceof standardandreverseconcatenated
RS/modulatiorcodingschemedor generalizegartialresponse
channelshasbeenanalyzedusingthe sumof RS decodererror
and RS decoderfailure probabilitiesas the performancemea-
sure.Computationdhave shovn thatthe optimumRS coderate
for currentdisk drive designds about0.86.

REFERENCES

S. A. Altekar, M. Berggren,B. E. Moision, P. H. Siegel and J. K. Wolf,
“Error-event characterizatioron partial-responsehannel$, IEEE Trans.
Information theory, vol. 45, pp.241-247 Januaryl999.

W. G. Bliss, “Circuitry for performingerror correctioncalculationson
basebaneéncodedlatato eliminateerror propagatiori, IBM Tech. Discl.
Bull., vol. 23, pp.4633-4634,1981.

P. R. Chevillat, E. Eleftheriou,andD. Maiwald, “Noise predictve partial-
responseequalizersand applications, IEEE Conf. Records ICC’'92, pp.
942-947 Junel992.

[4] R.D.CideciyanJ.D. Coker, E. Eleftheriou,andR. L. Galbraith,"NPML
detectioncombinedwith parity-basedpost-processing,Digests of The
Magnetic Recording Conf., Aug. 2000.

R.D. CideciyanF. Dolivo, R.HermannW. Hirt, andW. Schott,"A PRML
systemfor digital magneticrecording, |IEEE J. Select. Areas Commun.,
vol. 10, pp.38-56,Jan.1992.

J.D. Coker, E. Eleftheriou,R. L. Galbraith,andW. Hirt, “Noise-predictve
maximum-likelihood(NPML) detectiorf, IEEE Trans. Magn., vol. 34, pp.
110-117Jan.1998.

T. H. Cormen,C. E. Leiserson,andR. L. Rivest, Introduction to algo-
rithms, MIT PressCambridgeMA, 1990.

E. Eleftheriou and W. Hirt, “Noise-predictve maximum-likelihood
(NPML) detectionfor the magneticrecordingchannel, partial-response
equalizersand applications$, |IEEE Conf. Records ICC' 96, pp. 556-560,
Junel996.

J.L. FanandA. R. Calderbank;A modifiedconcatenatedodingscheme,
with applicationsto magneticdatastoragée, |EEE Trans. Inform. Theory,
vol. 44,pp.1565-1574,July 1998.

G. D. Forngy, “Maximum-likelihood sequenceestimationof digital se-
quencesn thepresencef intersymbolinterferencé, IEEE Trans. Inform.
theory, vol. 18, pp.363-378 May 1972.

S.U. H. QureshiandE. E. Newhall, “An adaptve recever for datatrans-
missionover time-dispersie channels, |IEEE Trans. Inform. theory, vol.
19, pp.448-457 July 1973.

(1

[2

(3]

[9]

(20]

[11]



-1

10 . :
—e— Analytical result
USER DATA USER DATA —— Simulated result
RS RS
ENCODER DECODER
MODULATION MODULATION o
ENCODER DECODER w
READ/WRITE NPML
DETECTOR
LOW-PASS PR WHITENING
FILTER EQUALIZER FILTER
. . —6 L 1
Fig. 1. Recordingsystemmodel 10, 25 3 35
pwsOIT
Fig. 4. Bit errorprobabilityasa functionof PW50/T for SNR= 14 dB.
10° : ‘
—e— Standard, 1=3
n(D) —— Reverse, =3
—— Standard, 1=4
—=— Reverse, =4
h(D) w0 L ; , ]
nD) g
Q
D) »D) | D) o
—  FD) D = Detector - |
Fig. 2. Equialentdiscrete-timenodelfor theinnerchannel
10—15

13 135 14 145 15 155 16 165 17
SNR (dB)

Fig.5. Performanceomparisorfor t = 6, PW50/Tu = 2.6.

10 T T
: ‘| —o— Analytical results
: | —— Simulated results
10° : t
_3 7 r
10 "¢
—6— Standard, 1=3, SNR=16.0 dB
10° L —— Reverse, |1=3, SNR=15.3 dB i
—— Standard, 1=4, SNR=15.9 dB
10,47 —=— Reverse, |=4, SNR=15.6 dB
& 107k i
|
o
5 5
10 "¢ B
go°p 1
°
a
10°F 07 ¢ |
-10
1077 Il Il Il Il Il Il Il 10 .
12 12.5 13 13.5 14 14.5 15 15.5 16
SNR :
10711 I I I I I I I
. . . . 4 6 8 10 12 14 16 18 20
Fig. 3. Bit errorprobabilityasafunctionof SNRfor PW50/T = 2.5. t

Fig. 6. OptimumRScoderatefor PW50/Tu = 2.6.



