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Modeling of Waveform Distortion Due to
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Abstract—The usable bandwidth of an optical filter is not only
limited by signal attenuation, but also the waveform distortion
when optical signal is passed through the edge of the filter. The
waveform distortion due to optical filtering is investigated with
the assumption of linearly chirped Gaussian pulse. While the
first-order optical filtering (linear slope in dB) does not induce
waveform distortion, second-order optical filtering induces pulse
distortion similar to fiber dispersion.

Optical filter

Index Terms—Filter distortion, optical filtering, wavelength-di-
vision multiplexing (WDM).
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. INTRODUCTION

PTICAL networks using wavelength-division-mul-Fig- 1. Distortion induced by optical filtering.
tiplexed (WDM) technologies can fully utilize the

enormous bandwidth of a Single-mOde Optical fiber. In WDM The remaining part of this paper will provide anaiyticai

systems, optical filter is an essential device to select thgrivation and numerical results for waveform distortion due
channel, reject noise, attenuate channel power, etc. Optigabptical filtering.

filtering can be found in WDM multiplexer/demultiplexer,
wavelength router, optical cross-connect, and other WDM
components. Optical filter is made by various technologies,
including array-waveguide grating [1], fiber Bragg grating [2],
multilayer interference filter [3], planar grating, Fabry—Perot In the analysis of pulse distortion due to fiber (or filter) dis-
filter, acousticoptical filter, and others. persion, the propagation constatito) is usually expanded by
Usually, the WDM channel is located at the center of thEaylor series to the second order, corresponding to group ve-
optical filter and the filter response is flat in that center regiomacity and dispersion coefficient. The analysis here assumes that
Considerable efforts are taken to design optical filter with twisoth the amplitude response (in dB) and phase response of the
contradictory criteria: a wide flat center region, but narrowptical filter can be expanded using Taylor series to the second
bandwidth [4]. To have a large crosstalk rejection ratio, therder. A close-form analytical result can be derived for linearly
usable bandwidth of the optical filter is usually limited and thehirped Gaussian input pulse.
WDM channel may locate at a nonflat region of an optical filter In Fig. 1, an optical signal is passed through an optical band-
due to wavelength misalignment. To understand the usallgss filter at the “edge.” The amplitude response (in dB) of
bandwidth of an optical filter, studies on distortion induce¢he optical filter can be expressed using Taylor seried of-
by filters are required. While most previous works [4]-[7]A;(w — wo) + Aa(w — wp)?/2 + - - -, Wherewy is the center
other than [8] and [9], focused on phase distortion, this papeequency of the input optical signal, which is usually not equal
studies amplitude filtering induced waveform distortion (se® the center frequency of the optical fibgy, andk > 0 are
Fig. 1). Analytical formulas are derived for the special caste Taylor series coefficients in dB of optical power. Without
of linearly chirped Gaussian input pulse. The optical filteloss of generality, assume thdg = 0 dB. The response of the
transfer function (in dB scale) is modeled by Taylor series tptical filter in linear unit of electric field is
the second order. Like linear phase shift versus frequency [4]
induces only time delay, linear filter slope in dB scale induces s + 32
optical pulse gain/loss without waveform distortion. Similar to H(w) = exp e (w —wo) + ——F=— (w - wo)? + -+
fiber dispersion, the second-order filter distortion induces pulse 1)

narrowing or broadening. whereqy, = Ay, log(10)/20 = 0.1154,, and, is the disper-
sion of the optical fiber. The linear phase, usually expressed by
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Eow(t) = A,(t)e 7«0t the spectrum of the output electricFrom (5) of output optical pulse, the term af induces an

amplitude is “imaginary” time shift, corresponding to the “real” time shift
+ A provided by, . While there is nothing corresponding to “imag-
As(w) = Aj(w) exp|aw + Q202 2 + .- (2) inary”time shiftin physics, for most pulses; just gives a con-

2 stant gain or loss of the optical pulse. For example;it= 3, =
whereA;(w) andA,(w) are the Fourier transform of;(¢) and € = 0, nonzerax, provides a uniform gain afxp(a /75).

A,(t), respectively. For various input waveform;(w) can be ~ Foraz = 0, the formulas of (6)—(8) are identical to those of
evaluated by either numerical or analytical form. The outpl#2] and [13] for pulse broadening due to fiber dispersion. With
A,(w) can be found by passing,(w) though the transfer /2 = C = 0, the output pulse may be narrowed or broadened,
function of H(w). The output pulse shape can be calculatedFcording to

by taking the inverse Fourier transform df,(w). For most 12

pulse shapes, neithet;(w) nor the inverse ofd,(w) can be Tous _ [1 _ %} ) 9)
evaluated analytically. Ty 13

Lengthily, numerical simulation [8], [9] is necessary for an . zero-chirp pulsed = 0), an optical filter could provide
accurate estimation of the system penalty generated from opt— '

tical filtering. Numerical simulation usually provides accuratgI her pulse narrowing or broadening, depending on the sign
9. yp f a or the curvature of the filter. Whea, approached?,

re;ultg butwﬂhogt insight of the problem. AS asimple examp e|gh-order terms oty, £ > 2, contribute to the signal and
with viable analytical results, the input optical pulse can be as:

sumed a normalized linearlv chiroed Gaussian pulse of mit the pulsewidth. However, this paper will not consider those
y P P high-order terms in details. For linearly chirped pulse viith=
1440 [t
2 To

0, the1/e-width of output pulse is
whereC andT; are the chirp parameter and thé: pulsewidth, T

respectively, of the input pulse. Linearly chirped pulse is as- . s ,
pectivey NPt pu ! y CIPed puise | F_r positivero, the pulsewidth is always larger than that without

sumed here to model the output pulses from external modu&jg_ Itis siill ol hi I onl @
tors with nonzero chirp parameter [10], [11]. Considering up Irp. tis still possible to archive puise compression|{sf <
ith the shortest pulse width of

the second-order Taylor series coefficients, after some algeb]ra\,N
the output spectrum is [ 2] 1/2 an
min B 1+ 02

A;(t) =exp

®)

Tout |: (85 (85 02

1/2
= - —= . 10
T02+T02—a2(1+02)} (10)

Tout
AO (UJ) To

2 2 2
_ 27?Tp exp[alw_i_ <a2 4 TO. ) w_} . whenaz = (1—|C)T5/(1 + C%). For|C| > 1, the output
1+4C 1+4C) 2 pulse is always broadened.

(4) For ;. equal to zero, the peak power of the pulsej$0).
. _ . ~ With nonzerow;, the peak power of the pulseps(¢,,,), where
Taking the inverse Fourier transform, the output electric field js  — a1I'»/T'; is the center of the output Gaussian pulse. It is
Ty important to find the power penalty attributed to filter generated
) ) distortion. The eye-diagram penalty is approximately equal to
[TOQ _ (042 +j/32)(1 +jC)]l/2 y g p y pp y eq

(1 + /C)(t + jal)Q —~ pO(tm + T) Tout
- eXp{—2 (72 — (a2 + ) (1 + O] } . (B 6P~ [1+2 Poltn) T (12)

The output pulse shape in optical powempigt) = |A,(t)|>. whereT is the bit-interval and /7 is the data ratep,(t,, +
After some algebra T)/p.(tm) is the intersymbol interference to signal ratio, and
T,ui/To is also the ratio of pulse power. In the above expres-

Ao(t) =

2 2 2
Do(t) = DTLO/Q exp{—rl(t — Chl% — 2a1F2t} (6) sion, we neglect the intersymbol interference frartt,,, +27°),
Do(tm + 3T), etc. After some algebra
where ) T
D= (T3 + 520 — o)’ + (B + sC)?  (7a) b~ {1 2 exp <_ﬁ>} T (13)
Iy =T5 — az (1+C?) (7b)

) ) which is independent af; . For systems without signal depen-
Ty =p (1+C%) +CTy. (7€) dent noise, the power penalty is also equal to the eye-diagram

From (6), the output pulse is stil a Gaussian pulse. Trpeenalty. Usually, the power penalty is expressed in dB scale,

ot : . given by 10 log;y(6 P).
é/ ;u\;vé?g; ;Llézeb ér;%l::] e;;ulse ISTy and that of the output The power penalty defined by (13) neglects the effect of

receiver filter and the noise bandwidth of the receiver. If a
Gaussian shape receiver filter witlye-bandwidth of1/T

D
Towe = Ty (®) is used, the parameter @t in (13) should be replaced by
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[T2,, + T7]*/2. In the later part of this paper, the effects o

receiver filter are ignored.

I1l. NUMERICAL RESULTS

Fig. 2 shows the power penalty of (13) aigl,; /7, of (10)
as a function ofd, /72, where A, is proportional tor, in (1)
and calculated byly = d?H(w)/dw?|.=,, With H(w) in dB
scale of optical power. Usually, except fiber Bragg grating bas g
filters, 3, of an optical filter is very small [4] an@, = 0 is as-
sumed in Fig. 2. Havingl = 0, both the output pulsewidth
and the power penalty depends only @A, which is indepen-

ower Penalty (dB)

dent of the sign of the chirp parameter. In Fig. 2, tHe-width -2 . L L L .
of the input pulse i, = 0.45T", corresponding to a full-width -5 4 8 2 A 0 1 2
half-maximum (FWHM) pulsewidth 06.757". The chirp pa- Filter Distortion, A,/ T2 (dB)

rameter of the input pulse 1§ = 0 and+0.75. The value of
C = +0.75 is approximately equal to the chirp parameter of a
external modulator [11].

From Fig. 2, both the pulsewidth and the power penalty i
crease whenl, /7% becomes more negative. A negative/ 7™
is usually for the case of a bandpass filter. As the curvature
the bandpass filter increases, it induces larger waveform dist'j
tion to the optical signal, broadens the pulse, provides high‘_a.
intersymbol interference, and thus a higher power penalty. g
implied by (9), both pulsewidth and the power penalty decrease
for a positiveA, /77 for a zero-chirp optical pulse. A positive%
A, /T?, usually for the case of a band-rejection filter, may corr?_-,
press the optical pulse and decrease the power penalty for z¢3.
chirp pulse. However, with a chirp parameter@f= +0.75, g
a positiveA, /77 broadens the optical pulse and induces vel
high power penalty ford, /77 > 1 dB. An optimal positive
Ay /T? exists that achieves the shortest pulsewidth of (11) a 5 4 3 P P 0 ] >
provides pulse narrowing. The power penalty decreases with- , , . 72
increase of the chirp parameter for bandpass filter having ne: Filter Distortion, A,/T" (dB)
tive A» /7. The power penalty increases with the increase fi (b)
chirp parameter for band-rejection filter having positite/772.

Fiber—Bragg grating has dispersion around the center regiog 2. (a) Power penalty and (b) pulsewidth as a function of normalized
[4]. Fig. 3 shows the power penalty and pulsewidth as a funfiter-distortion coefficientA. /7" for nondispersive filter withg, = 0.
tion of A, /172 for 3, /T% = 0.1. In general, the power penalty
increases with the increase of chirp parameter from negativditters and the positive side is not the case for bandpass filter.
positive, especially in the positivé, /7 region. In the case of For a 10-Gb/s system, the requirement becomes
bandpass filter having negativé, /72, as both parameters of
D andTI'y in (7) depend onvs, 32, andC with a complex re- N|Az| < 0.025 dB/(GHzY. (14)

Iation;hip, the power penalty increases as the chirp paramqltqegther words, the filter cannot change from flat region with
changing from negative to positive. However, after the chirp P8 dB/GHz to n;)nflat region with 0.025 dB/GHz within a fre-

rameter larger than a certain value, the power penalty decreas&gnc separation of 1 GHz. and so on. Given the maximum
again. The power penalty for the case®f/7? = —0.1 is the q y sep ’ )

S " - number of optical filters that the system may pass through, the
same as that in Fig. 3 with the curves of positive and negative " . : . ;

. operating region of the optical filter must conform to the crite-
chirp exchanged.

A WDM system may pass through many fiber spans atien of (14) for a small filter curvature. From Fig. 3, the require-

optical filters. The overall fiber and filter dispersion can bgent of (14) will be tightened if some portions of fiber or filter

. : . . ) L ispersion are unequalized.
equalized using dispersion compensation units, i.e., to maké
the overallg, approaching zero. In the operating region of the
optical filter, the overall distortion coefficient must be in the
region of —2.5 < NA,/T? < 1 for less than 3-dB power This paper provides a model of waveform distortion due to
penalty as from Fig. 2, wher®' is the total number of optical optical filtering. Linearly chirped Gaussian pulse is assumed
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IV. CONCLUSION
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