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Abstract

We derive anexplicit relationshipbetweenhe -factorandthe optical signal-to-noiseatio in op-
tical fiber transmissiorsystemdor anarbitrarypulseshapeusingan accurateeceiver modelunderthe
assumptiorthatthe noiseis unpolarized We alsodefinethe enhancemerfactorandtwo otherparame-
tersthatexplicitly quantifytherelative performancef differentmodulationformats.We usethis method
to compareheperformancef the chirpedreturn-to-zeroreturn-to-zeroandnonreturn-to-zeronodula-
tion formatswith afinite extinction ratio. The methodthatwe proposecanalsobe usedasatool for the

designandoptimizationof opticalrecevers.
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. INTRODUCTION

A fundamentalproblemin the designof optical fiber transmissiorsystemsis to achieve a
desiredbit-errorrate(BER). Sincedirect BER measurementsanbedifficult to obtain,awidely
usedperformancaneasuras the Q-factor[1], which is usedto approximatehe BER underthe
assumptionthattheelectricalcurrentan themarksandin thespacestthereceverareGaussian-
distributed. The optical signal-to-noiseratio (OSNR) is anothercommonly usedindicator of
performancehatis even easierto measurghanthe Q-factor[2], [3]. However, therelationship
betweenthe OSNR andthe Q-factoris not straightforvard, sincethe Q-factordependson the

characteristicef therecever andon the shapeof the optical pulsesaftertransmission.

The designand performanceavaluationof fiber transmissiorsystemseliesjust asmuchon
the accurag andefficiengy of recever modelsasit doeson accurateandefficient transmission
modeling[4]. Accuraterecever modelingis especiallyimportantwhencomparingmodulation
formats. Marcuse[1] and Humbletand Azizoglu [2] derived widely-usedexpressiondor the
(-factorasa function of eitherthe signal-to-noisaatio (SNR) of the electricalcurrentor the
OSNRfor arectangulanonreturn-to-zergNRZ) optical pulseshapeunderthe assumptiorthat
therecever consistof anoptical preamplifier a rectangulaopticalfilter, a square-lav detectoy
andan integrate-and-dumglectricalfilter. In this letter, we generalizeMarcuses andHumblet
andAzizoglu’s resultsby derving a formulafor the Q-factorin termsof the OSNRfor anarbi-
trary optical pulseshapemmediatelyprior to therecever andfor arbitraryopticalandelectrical
recever filters. To do so, we calculatethe true momentsof the electriccurrentin the recever,
usinganapproactthatwasintroducedearlierby Winzeret al. [4] to calculatethe BER. To cor-
rectly accountfor the pulse shapein the formula for the Q-factor we definean enhancement
factor which explicitly quantifieshow efficiently the combinationof a pulseshapeandarecever

translategshe OSNRinto the SNR of the electricalcurrentin therecever. We usethis methodto
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guantifytheadvantagdn therecever of usinga chirpedreturn-to-zerd CRZ) formatratherthan

areturn-to-zerdRZ) or nonreturn-to-zergNRZ) format.

1. THEORY

In this sectionwe derive an expressionthat relatesthe @)-factorto the OSNR.We begin by
recallingthe expressiongor the true meanandvarianceof the electricallyfiltered currentin the
recever asin [4]. We assuméhatnoisefrom opticalamplifiersis the dominantsourceof noise,
asis thecasan anoptically preamplifiedrecever[3]. At theinputto therecever, we assumehat
thesignalis polarized andwe let e;,, () denoteits scalarvaluedelectricfield, wheret is time. We
alsoassumehatthe noiseis unpolarizedvhite Gaussiamoise. More specifically we let o (t)
andn, (t) bethe component®f the noisewhosepolarizationstatesare, respectiely, parallel
andperpendiculato thepolarizationstateof thesignal. Thesetwo orthogonaktomponentsf the

noisearedelta-correlateavith meanzeroandautocorrelatioriunctionsgivenby
(ny (8) nj, (1) = (n1 () n7, () = Nasp 6 (L = 1), 1)

where N sk is the power spectraldensity of the noisein eachof two orthogonalpolarization
states.Sincethe noiseis assumedo be unpolarizedthe parallelandperpendiculacomponents
of thenoiseareuncorrelatedOur recever modelconsistof anopticalfilter H,(w) with impulse
response,(t), asquare-lav photodetectgrandan electricalfilter H.(w) with impulseresponse

he(t). Thenthecurrentatthereceveris givenby

i(t) = B{[ewl®) + 1, (0] * B + 0. (0) # Bl | 5 B, @

whereR is theresponsiity of the photodetectoandthe cornvolution of two functionsg(t) and

h(t) is definedby g(t) * h(t) = [T g(7)h(t — 7)dT.
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From (1) and(2) the meancurrentdueto noiseis givenby (i,)(t) = (i,) = 2Nasg RB,,
where (-)(t) is the averageover the statisticalrealizationsof the noiseat time ¢, and B, =
J72 |ho(7)|?dT is the power-equivalent spectralwidth [5] of the optical filter. Here we have
assumedhat H,(0) = H.(0) = 1, sincethe attenuatiorproducedby the filters doesnot affect

the SNR. Thevarianceof the currentis givenby

o2 (t) = (*)(t) — (D)*(t) = orsp_ase + 03_asu(l)- €))

The first term on the right side of (3), which is the varianceof the currentdue to noise-noise

beatingin therecever, is givenby [4]

+o0o
osn ase = 2Nsp 2 [ Ir(m)f r(r)ar, @

wherer,(7) = [T h,(T")hi(T + 7')d7’, andr. (1) = [T ho(7')ho(T + 7')d7r’ arethe autocor
relationfunctionsof the opticalandthe electricalfilters, respectrely. The seconderm,whichis

thevarianceof the currentdueto signal-noisébeatingin therecever, is givenby

“+o00

o0
O’é_ASE(t) = 2R Nask [ eout(T)he(t — T) L et (The(t — T ro(r — 7)dr'dr,  (5)

whereeg, (t) = ein(t) * ho(t).

We now usetheseresultsto derive a generalexpressiornfor the Q-factorasa function of the
OSNRfollowing a proceduresimilar to the onedescribedn [1], but usingthe true meanand
the true varianceof the electricalcurrent. We startwith the standardiime-domaindefinition
of the Q-factor Q@ = ({i1) — (iv)) / (01 + 00) asin [1]. We definethe OSNR by OSNR =
(lewm(t)]?)¢/(2Nase Bosa ), Where (e, (t)]?); is the time-averagednoiselessoptical power per
channelprior to the opticalfilter, and Bosa is the power-equivalentspectralwidth of anoptical

spectrumanalyzer(OSA) thatis usedto measurehe noisepower [3].
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We find thatfor any optically preamplifiedamplitude-shift-keyed systemthe Q-factorcanbe

expresseasafunctionof the OSNRas

(1 — a.)€OSNR VT,

@= VELEOSNR + 1 + /Ky . EOSNR + 1

(6)

where¢ is the enhancemenfiactor K; and K, are the signal-noisebeatingparameter®f the
marksandspacesrespectrely, and M is the effective numberof noisemodes all of which are

unitless.The parameters

M = <Zn>2 and Kl _ <2n> U%*ASE (tl) (7)

OASE—ASE 11,0 sE—ASE

aredeterminedy theshape®f thereceverfiltersand K alsodepend®ntheopticalpulseshape
immediatelyprior to the recever. In the equationfor K, thetime ¢, is the samplingtime of a

mark,andi,, is the noiselessurrentof the marksattime ¢;. Thedefinitionof K|, is analogous
to thatof K. Theparametern, = iy, /i, is the extinction ratio of the electricalcurrent,where
19, IS thenoiselessurrentof the spacestthe samplingtime. The parameter, candetermined
from the optical extinction ratio «, by evaluating(2) without noise. The enhancemenftactoré

is theratio betweerthe signal-to-noiseatio of the electricalcurrentof the marksSNR; andthe

OSNRandis givenby

~ SNR; i1, 2NaseBosa §/BOSA

£ OSNE ) (lew®)), = Bo’ ©

where¢’ = i,/ (R(Iem(t)|2>t> is the normalizedenhancemerflactor The enhancemerfactor
guantifieshow efficiently the combinationof the pulseshapeandrecever translateOSNRinto
SNR of the electricalcurrentof the marksin the recever. All threeparametersé, K, and M,

shouldbetakeninto accounin the optimizationof therecever performance.
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To efficiently computethe QQ-factorusing(6) we usethe fastFouriertransformto numerically

computethe multiple integralsin (4) and(5) since,by the convolution theorem,

W {1 ©

7|,

2 2 2 +eo
Oase-ase — Nispl? /
—Oo

where,(w) = H,(—w), andF, [] andF. ' { - } denotethe forward andinverseFourier trans-

form with respecto 7, while

05 asp(t) = 2R*NpseF; ! {He Fr [eout(T)]-";l {

IIl. NUMERICAL RESULTS

We now validatethe formula (6) for computingthe Q-factor from the OSNR by compari-
sonwith Monte Carlo simulationsin which the Q)-factoris computedusing the standardtime
domainformula. We validatethe methodusing a back-to-backi0 Gbit/s systemwith optical
noiseaddedby a constantspectraldensity Gaussiamoise source. Sinceour studyis focused
on the combinedeffect that the pulse shapeand the recever hason the systemperformance,
we did not include transmissioreffects. In Fig. 1, we plot the Q-factorversusthe OSNR for
a CRZ format with an infinite extinction ratio. The electricfield of a CRZ pulseis given by
u(t) = U, {[1 + cos(2nt/T)] J2}* exp [iAm cos(27t/T)], where A = —0.6, and T is the bit
period[6]. We transmittedthe CRZ signalthroughdispersve fiber with a total dispersionof
—126 ps/nmto minimize thewidth of the pulsesprior to therecever [6]. Therecever consisted
of a Gaussian-shapeaptical filter with a full-width at half maximumof 124 GHz and a fifth-
orderelectricalBessefilter with a 3 dB-width of 8.5 GHz. The power-equialentspectrawidth

of the OSAwas?25 GHz.
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In Fig. 1, we show theresultsfor our methodwith asolid line. We obtainedheseresultsusing
only a singlemark anda single spaceof the transmittecdbit string. We shaw the resultsfor the
time-domainMonte Carlo methodwith a dashedine. We obtainedtheseresultsby averaging
over 100 samplesof the )-factor wherein eachsamplewe estimatedhe meansand standard
deviationsof the marksandspacesising 128 bits. The agreemenbetweenthe two methodss

excellent.

In Fig. 2(a), we use (6) to plot the Q-factor versusthe OSNR for the CRZ, RZ and NRZ
formatsusing both an infinite extinction ratio and an optical extinction ratio of 18 dB. With a
finite extinction ratio, we usethe samepulseshapesn the spacesasin the marksbut with a
lower power. The RZ pulseshapewvasdeterminedy settingA = 0 in theformulafor the CRZ
pulse.Therisetime of anNRZ pulsewas30 ps. The parametersor thethreeformatsaregiven
in Tablel. The normalizedenhancementactoris larger for the CRZ format thanfor the RZ
formatandis largerfor the RZ formatthanfor the NRZ format, dueto the decreasén the pulse
durationprior to therecever, asshavn in Fig. 2(b). Thus,the CRZ format performsbetterthan
the RZ format, which in turn performsbetterthanthe NRZ format. The performanceas worse
with a finite extinction ratio, since optical enepy is transferedfrom marksto spaceswhich
reduceg andincreasess. In [1]-[3], K; = 2, sincetheelectricalfilter wasapproximatedy an
integrate-and-dumfilter. For therecever thatwe studied,the useof this approximatiorwould

overestimatahe Q-factorof the CRZ formatby 32%.

IV. CONCLUSIONS

We have derved an accurateformula that relatesthe )-factorto the OSNR for amplitude-

shift-keyed optical fiber transmissiorsystemswith arbitrary optical pulse shapesand recever
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characteristicsWe alsodefinedthe enhancemerfactorandtwo otherparameterghatexplicitly

guantify therelative performanceof differentmodulationformats. We validatedthis methodby
comparisorwith Monte Carlo simulations andwe appliedit to comparethe performanceof the
CRZ,RZ, andNRZ modulationformats. For the recever that we studiedthe CRZ modulation
formatoutperformsboththe RZ andthe NRZ formatswith the sameoptical power andrecever
characteristicbecause¢he CRZ formathaslargerenhancemerfactor Sincethe methodis com-

putationallyefficient, it canbe usedfor the analysisof transmissiorsystemghat have pattern

dependences.
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Captions:
Tablel: Parameter®f themodulationformatsusedin Fig. 2.

Figurel: Comparisorof theformula(6) with thetime domainMonte Carlomethodfor comput-
ing the Q-factorasa functionof the OSNRfor the CRZ raisedcosineformatwhosepulseshape
is shavnin Fig. 2(b). The solid line shavs theresultusing(6). Thedashedine andthetwo dot-
tedlinesshav the mean@-factorandthe confidencenterval, definedby the mean@-factorplus
and minus one standarddeviation, respectrely, computedusingthe time domainMonte Carlo

method.

Figure 2: A performancecomparisorof the modulationformatswhoseparametersre given
in Tablel. (a) The Q-factorasa function of the OSNR. The solid, dashedanddottedcurves
shaw theresultswith aninfinite extinctionratiofor theCRZ,RZ, andNRZ formats,respectrely.
The curveswith circles,rectanglesandtrianglesshav the correspondingesultswith anoptical
extinction ratio of 18 dB. (b) The shapeof anisolatedmark for the differentformatsprior to
therecever. Thesolid, dashedanddottedcurvesareresultsfor the CRZ, RZ, andNRZ formats,

respectrely.
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Format || «, (dB) & & K| Ky M
CRz —o0o0 | 4.20( 0.80| 3.48 0|21.23
CRZ —18 |1 4.13| 0.78| 3.48| 2.99| 21.23
RZ —oc0 | 3.21] 0.61| 3.05 0]21.23
RZ —18 1 3.16| 0.60| 3.05| 3.04| 21.23
NRZ —o0 | 2.121 0.40| 2.83 0]21.23
NRZ —18 1 2.05( 0.39| 2.83| 2.74| 21.23
TABLE |

PARAMETERS OF THE MODULATION FORMATS USED IN FIG. 2.

11
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Fig.1. 1. T.Lima,Jr, et al., Performanceharacterizationf chirpedreturn-to-zeranodulationformatusinganaccurateecever

model
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Fig.2. 1. T.Lima, Jr, et al., Performanceharacterizationf chirpedreturn-to-zeranodulationformatusinganaccurateecever
model



