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Abstract
�

W
�

e derive anexplicit relationshipbetweenthe � -factorandtheopticalsignal-to-noiseratio in op-

tical
�

fiber transmissionsystemsfor anarbitrarypulseshapeusinganaccuratereceiver modelunderthe

assumption� thatthenoiseis unpolarized.We alsodefinetheenhancementfactorandtwo otherparame-

ters
�

thatexplicitly quantifytherelativeperformanceof differentmodulationformats.Weusethismethod

to
�

comparetheperformanceof thechirpedreturn-to-zero,return-to-zero,andnonreturn-to-zeromodula-

tion
�

formatswith a finite extinction ratio. Themethodthatwe proposecanalsobeusedasa tool for the

design
�

andoptimizationof opticalreceivers.
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I
�
. IN
�

TRODUCTION

A
�

fundamentalproblemin the designof optical fiber transmissionsystemsis to achieve a

desiredbit-errorrate(BER).SincedirectBER measurementscanbedifficult to obtain,a widely

used� performancemeasureis the � -factor[1], which is usedto approximatetheBER underthe

assumptionthattheelectricalcurrentsin themarksandin thespacesat thereceiverareGaussian-

distributed. The optical signal-to-noiseratio (OSNR) is anothercommonlyusedindicator of

performance� that is eveneasierto measurethanthe � -factor[2], [3]. However, therelationship

between
�

the OSNRandthe � -factor is not straightforward, sincethe � -factordependson the

characteristicsof thereceiverandon theshapeof theopticalpulsesaftertransmission.

The
�

designandperformanceevaluationof fiber transmissionsystemsreliesjust asmuchon

the
�

accuracy andefficiency of receiver modelsasit doeson accurateandefficient transmission

modeling[4]. Accuratereceiver modelingis especiallyimportantwhencomparingmodulation

formats.
�

Marcuse[1] andHumbletandAzizog̃lu [2] derived widely-usedexpressionsfor the

� -factorasa function of either the signal-to-noiseratio (SNR) of the electricalcurrentor the

OSNRfor a rectangularnonreturn-to-zero(NRZ) opticalpulseshapeundertheassumptionthat

the
�

receiver consistsof anopticalpreamplifier, a rectangularopticalfilter, a square-law detector,

andan integrate-and-dumpelectricalfilter. In this letter, we generalizeMarcuse’s andHumblet

andAzizog̃lu’s resultsby deriving a formulafor the � -factorin termsof theOSNRfor anarbi-

trary
�

opticalpulseshapeimmediatelyprior to thereceiver andfor arbitraryopticalandelectrical

recei� ver filters. To do so, we calculatethe true momentsof the electriccurrentin the receiver,

using� anapproachthatwasintroducedearlierby Winzeret al. [4] to calculatetheBER.To cor-

rectly� accountfor the pulseshapein the formula for the � -factor we definean enhancement

factor, whichexplicitly quantifieshow efficiently thecombinationof apulseshapeandareceiver

translates
�

theOSNRinto theSNRof theelectricalcurrentin thereceiver. We usethis methodto
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quantifytheadvantagein thereceiverof usingachirpedreturn-to-zero(CRZ) formatratherthan

a return-to-zero(RZ) or nonreturn-to-zero(NRZ) format.

I I . THEORY

In this sectionwe derive an expressionthat relatesthe � -factor to the OSNR.We begin by

recallingtheexpressionsfor thetruemeanandvarianceof theelectricallyfilteredcurrentin the

receiver asin [4]. We assumethatnoisefrom opticalamplifiersis thedominantsourceof noise,

asis thecasein anopticallypreamplifiedreceiver[3]. At theinputto thereceiver, weassumethat

the
�

signalis polarized,andwelet �������! #" denoteits scalar-valuedelectricfield, where is time. We

alsoassumethat thenoiseis unpolarizedwhite Gaussiannoise.More specifically, we let $&%(')�! #"
and $+*�')�! #" be

�
the componentsof the noisewhosepolarizationstatesare,respectively, parallel

andperpendicularto thepolarizationstateof thesignal.Thesetwo orthogonalcomponentsof the

noise, aredelta-correlatedwith meanzeroandautocorrelationfunctionsgivenby

- $ %(' �. #"/$+0%1' �! 324"�5+6 - $+*�')�. #"7$+0*�' �! 328"95+6;:=<?>A@CBD�. FEG (28"IH (1)

where :=<?>J@ is
K

the power spectraldensityof the noisein eachof two orthogonalpolarization

states.Sincethenoiseis assumedto beunpolarized,theparallelandperpendicularcomponents

of thenoiseareuncorrelated.Our receivermodelconsistsof anopticalfilter LNM/�!OP" with impulse

responseQRM/�! S" , a square-law photodetector, andanelectricalfilter LNTU�!OV" with impulseresponse

QWT7�! #" . Thenthecurrentat thereceiver is givenby

X �. #"Y6[Z �������! S"]\^$+%('S�. #" _=QWM/�. #" `+\ba $+* ' �! S"c_dQRM7�. #"ea ` _dQWT7�! #"�H (2)

where Z is the responsivity of thephotodetectorandtheconvolution of two functionsfF�! S" and

Qg�. #" is definedby fh�! S"c_dQg�. #"+6 i�jk j fh�.l?"�Qg�. FEGl?"9m7l .



LIMA
�

ET
�

AL.: Performancecharacterizationof chirpedreturn-to-zeromodulationformat... October25,2002 4

From
n

(1) and(2) the meancurrentdueto noiseis given by
- Xpo 5q�. #"r6 - X1o 5r6 s/:=<]>A@tZtuPM ,

where
-wv 5q�. #" is

K
the averageover the statisticalrealizationsof the noiseat time  , and uDMx6

i�jk j ayQWM/�.l?"ea `{z l is
K

the power-equivalent spectralwidth [5] of the optical filter. Here we have

assumedthat LNM7�w|7"N6}LNTU�w|7"N6�~ , sincetheattenuationproducedby thefilters doesnot affect

the
�

SNR.Thevarianceof thecurrentis givenby

��� ` �. #"Y6 - X ` 5q�. #"cE - X 5 ` �! S"�6 � `<?>A@ k <?>A@ \ � ` > k <?>A@ �! #"�� (3)

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

beating
�

in thereceiver, is givenby [4]

� `<?>A@ k <?>A@ 6�s�: `<]>A@ Z ` i�jk j
a �eM/�!l?"ea ` �eTU�.l?"9m7l�H (4)

where�eM/�.l?"�6 i�jk j QWM/�.l 2 "9Q 0M �.l�\Gl 2 "9m7l 2 H and �eTU�!l?"�6 i�jk j QWTU�.l 2 "�QWTU�.l�\Gl 2 "9m7l 2 aretheautocor-

relationfunctionsof theopticalandtheelectricalfilters, respectively. Thesecondterm,which is

the
�

varianceof thecurrentdueto signal-noisebeatingin thereceiver, is givenby

� ` > k <]>A@ �. #"+6�s�Z ` :=<?>A@ i�jk j
���(�����!l?"�QWTU�. �E�l]" i�jk j

� 0�(��� �!l 2 "�QWTU�. �E�l 2 "A�eM/�!lYEGl 2 "�m7l 2 m7l�H (5)

where ���(�����! #"+6;��� ���. #"c_dQRM/�! #" .
W
�

e now usetheseresultsto derive a generalexpressionfor the � -factorasa functionof the

OSNRfollowing a proceduresimilar to the onedescribedin [1], but using the true meanand

the
�

true varianceof the electricalcurrent. We start with the standardtime-domaindefinition

of the � -factor, � 6 � - X#� 5cE - Xp� 5�"I�V� � � \ � � " as in [1]. We definethe OSNR by OSNR 6
- a���� �I�! #"ea ` 5p�p����s�:=<?>A@�uC��>A<g" , where

- ay��� ���. #"ea ` 5p� is the time-averagednoiselessoptical power per

channelprior to theopticalfilter, and uC��>A< is thepower-equivalentspectralwidth of anoptical

spectrumanalyzer(OSA) thatis usedto measurethenoisepower [3].
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W
�

e find that for any optically preamplifiedamplitude-shift-keyedsystemthe � -factorcanbe

expressedasa functionof theOSNRas

��6 �9~&E���T#"A� �N¡�¢¤£¥ ¦ � � �N¡�¢¤£G\§~�\ ¥ ¦ � �¨TR� �N¡�¢¤£G\§~
¥ © H (6)

where � is
K

the enhancementfactor,
¦ �

and
¦ �

are the signal-noisebeatingparametersof the

marksª andspaces,respectively, and
©

is
K

theeffective numberof noisemodes,all of which are

unitless.� Theparameters

© 6
- X1o 5 `� `<]>A@ k <]>A@ «7¬ m

¦ � 6
- X1o 5 � ` > k <?>A@ �! � "X#� ' � `<?>A@ k <?>A@ (7)

aredeterminedby theshapesof thereceiverfiltersand
¦ �

alsodependsontheopticalpulseshape

immediatelyprior to the receiver. In theequationfor
¦ �

, the time  � is the samplingtime of a

mark,and
X#� ' is thenoiselesscurrentof themarksat time  � . Thedefinitionof

¦ �
is analogous

to
�

thatof
¦ �

. Theparameter��TC6 Xp� '3� X�� ' is theextinction ratio of theelectricalcurrent,where

Xp� ' is thenoiselesscurrentof thespacesat thesamplingtime. Theparameter��T candetermined

from the optical extinction ratio �¨M by
�

evaluating(2) without noise. The enhancementfactor �
is theratio betweenthesignal-to-noiseratio of theelectricalcurrentof themarksSNR

�
andthe

OSNRandis givenby

�­6 ¡�¢=£ �
�N¡�¢=£ 6

X#� '- X1o 5
s�:d<]>A@¨uC��>A<
ay� ��� �! S"{a ` �

6®�72 uC��>A<uDM H (8)

where� 2 6 X#� '3� Z - ay��� ���. #"{a ` 5J� is thenormalizedenhancementfactor. Theenhancementfactor

quantifieshow efficiently thecombinationof thepulseshapeandreceiver translatesOSNRinto

SNR of the electricalcurrentof the marksin the receiver. All threeparameters,� ,
¦

, and
©

,

shouldbetakeninto accountin theoptimizationof thereceiverperformance.
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T
�

o efficiently computethe � -factorusing(6) we usethefastFouriertransformto numerically

computethemultiple integralsin (4) and(5) since,by theconvolution theorem,

� `<]>A@ k <]>A@ 6§: `<]>A@ Z ` i�jk j
¯ k �° ±LNM ` ` ¯ k �° ayLNT7a ` m7l�H (9)

where ±LNM/�.OP"V6²LNM7�AEVOP" , and
¯ °P³ vµ´ and

¯ k �° ¶ vq· denotetheforwardandinverseFourier trans-

form
�

with respectto l , while

� ` > k <?>A@ �! S"&6;s/Z ` :d<]>A@ ¯ k
�

� LNT ¯ ° ���1�����.l?" ¯ k
�

° ±LNM ` ¯ °�¸ ³ �¹0�1��� �!l�28"9QRTU�! �EGl�28" ´ � (10)

I
�
I I . NU

º
MERICAL R

»
E
¼

SULTS

W
�

e now validatethe formula (6) for computingthe � -factor from the OSNR by compari-

sonwith Monte Carlo simulationsin which the � -factor is computedusing the standardtime

domainformula. We validatethe methodusinga back-to-back~S| Gbit/s systemwith optical

noise, addedby a constantspectraldensityGaussiannoisesource. Sinceour study is focused

on the combinedeffect that the pulseshapeand the receiver hason the systemperformance,

we did not includetransmissioneffects. In Fig. 1, we plot the � -factorversusthe OSNRfor

a CRZ format with an infinite extinction ratio. The electric field of a CRZ pulseis given by

½ �! #"Y6¿¾cM ¶ ³ ~�\®À�Á/Â{��s�Ã? S�)ÄN" ´ �7s ·
�ÆÅ
`cÇ3È�É ³ X�Ê Ã�À�Á7Â{�ws�Ã� )�SÄË" ´ , where

Ê 6[EË|��.Ì , and Ä is the bit

period� [6]. We transmittedthe CRZ signal throughdispersive fiber with a total dispersionof

EÍ~)s7Ì ps/nm� to minimizethewidth of thepulsesprior to thereceiver [6]. Thereceiver consisted

of a Gaussian-shapedoptical filter with a full-width at half maximumof 124 GHz anda fifth-

orderelectricalBesselfilter with a 3 dB-width of 8.5GHz. Thepower-equivalentspectralwidth

of theOSAwas s/Î GHz.



LIMA
�

ET
�

AL.: Performancecharacterizationof chirpedreturn-to-zeromodulationformat... October25,2002 7

In
�

Fig. 1, weshow theresultsfor ourmethodwith asolid line. Weobtainedtheseresultsusing

only a singlemarkanda singlespaceof the transmittedbit string. We show the resultsfor the

time-domain
�

Monte Carlo methodwith a dashedline. We obtainedtheseresultsby averaging

over ~S|/| samplesof the � -factor, wherein eachsamplewe estimatedthe meansandstandard

deviationsof themarksandspacesusing ~Ss/Ï bits.
�

Theagreementbetweenthe two methodsis

excellent.

In Fig. 2(a), we use(6) to plot the � -factor versusthe OSNR for the CRZ, RZ and NRZ

formatsusingboth an infinite extinction ratio andan optical extinction ratio of ~)Ï dB. With a

finite extinction ratio, we usethe samepulseshapesin the spacesas in the marksbut with a

lower power. TheRZ pulseshapewasdeterminedby setting
Ê 6Ð| in theformulafor theCRZ

pulse.� Therisetime of anNRZ pulsewas Ñ7| ps.� Theparametersfor thethreeformatsaregiven

in Table I. The normalizedenhancementfactor is larger for the CRZ format than for the RZ

formatandis largerfor theRZ formatthanfor theNRZ format,dueto thedecreasein thepulse

durationprior to thereceiver, asshown in Fig. 2(b). Thus,theCRZ formatperformsbetterthan

the
�

RZ format,which in turn performsbetterthanthe NRZ format. The performanceis worse

with a finite extinction ratio, sinceoptical energy is transferedfrom marksto spaces,which

reduces� � andincreases
¦ �

. In [1]–[3],
¦ � 6�s , sincetheelectricalfilter wasapproximatedby an

inte
K

grate-and-dumpfilter. For thereceiver thatwe studied,theuseof this approximationwould

overestimatethe � -factorof theCRZ formatby 32%.

IV. CO
Ò

NCLUSIONS

W
�

e have derived an accurateformula that relatesthe � -factor to the OSNR for amplitude-

shift-keyed optical fiber transmissionsystemswith arbitraryoptical pulseshapesand receiver
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characteristics.We alsodefinedtheenhancementfactorandtwo otherparametersthatexplicitly

quantify therelative performanceof differentmodulationformats.We validatedthis methodby

comparisonwith MonteCarlosimulations,andwe appliedit to comparetheperformanceof the

CRZ, RZ, andNRZ modulationformats. For the receiver that we studiedtheCRZ modulation

format
�

outperformsboththeRZ andtheNRZ formatswith thesameopticalpower andreceiver

characteristicsbecausetheCRZformathaslargerenhancementfactor. Sincethemethodis com-

putationally� efficient, it canbe usedfor the analysisof transmissionsystemsthat have pattern

dependences.
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Captions:
Û

Table I: Parametersof themodulationformatsusedin Fig. 2.

Figur
Ü

e 1: Comparisonof theformula(6) with thetimedomainMonteCarlomethodfor comput-

ing
K

the � -factorasa functionof theOSNRfor theCRZ raisedcosineformatwhosepulseshape

is
K

shown in Fig. 2(b). Thesolid line shows theresultusing(6). Thedashedline andthetwo dot-

ted
�

linesshow themean� -factorandtheconfidenceinterval, definedby themean� -factorplus

andminusonestandarddeviation, respectively, computedusingthe time domainMonte Carlo

method.ª

Figur
Ü

e 2: A performancecomparisonof the modulationformatswhoseparametersaregiven

in
K

TableI. (a) The � -factorasa function of the OSNR.The solid, dashed,anddottedcurves

show theresultswith aninfinite extinctionratio for theCRZ,RZ, andNRZ formats,respectively.

The
�

curveswith circles,rectanglesandtrianglesshow thecorrespondingresultswith anoptical

extinction ratio of ~SÏ dB. (b) The shapesof an isolatedmark for the different formatsprior to

the
�

receiver. Thesolid,dashedanddottedcurvesareresultsfor theCRZ,RZ, andNRZ formats,

respecti� vely.
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F
n

ormat ��M (dB) � 2 � ¦ � ¦ � ©
CRZ EÞÝ 4.20

ß
0.80 3.48 0 21.23

CRZ EÍ~)Ï 4.13
ß

0.78 3.48 2.99 21.23

RZ EÞÝ 3.21 0.61 3.05 0 21.23

RZ EÍ~)Ï 3.16 0.60 3.05 3.04 21.23

NRZ
à EÞÝ 2.12 0.40 2.83 0 21.23

NRZ
à EÍ~)Ï 2.05 0.39 2.83 2.74 21.23

TABLE I

PA
á

RAMETERS OF THE MODULATION FORMATS USED IN FI
â
G.ã 2.
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