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Implications of Fiber Grating Dispersion
for WDM Communication Systems

B. J. Eggleton, G. Lenz, N. Litchinitser, D. B. Patterson, and R. E. Slusher

~ Abstract—For high bit-rate dense wavelength-division mul- While out of band reflections can be dramatically reduced
tiplexed (DWDM) applications fiber grating dispersion for the py apodising the grating [2], the issue of grating dispersion
transmitted adjacent channels is shown to be detrimental and has not been addressed. This effect is even more striking for

ultimately leads to a penalty. We consider design criteria for fiber . . .
grating filters in DWDM systems using both Gaussian pulses and dense WDM and high-bit rate systems where the spacing of the

super-Gaussian pulses that approximate square pulses that are channels is typically of the order &f100 GHz. Any dispersion

more common in nonreturn-to-zero (NRZ) systems. in such a system would introduce dispersive pulse broadening
Index Terms—Communication system performance, disbursive WhiCh CO%"d b_e detrimental to the fsucgessful operation of the

channels, gratings, optical fibers, wavelength-division multiplex- fiber grating filter, ultimately resulting in a penalty.

ing. It is the aim of this letter to analyze the dispersive properties

of a fiber-grating based filter in the context of add—drop filters.

We investigate both Gaussian pulses and super Gaussian pulses

that are closer to a square shape and are more realistic in

IBER gratings will play an important role in opticalnonreturn-to-zero (NRZ) systems. We will show that the ratio

add—drop multiplexers (OADM) for wavelength-selectivef the channel spacing and maximum bit rate per channel

routing in optical networks [1] as well as “cleanup” filterss proportional to the square root of the normalized grating
to reduce crosstalk. A fiber grating operating in reflectiogtrength.

in conjunction with a circulator provides a means of adding
and/or dropping channels in a wavelength-division multiplexed II. ANALYSIS

WDM tem to facilitat I th ting. The ad t . . . .
( ) system to facilitate wavelength routing. The advantage We start our analysis by considering the dispersive proper-

of the fiber grating based filters is that the reflectivity of thﬁgs of uniform periodic structure. Because the fiber grating is

grating can be strong over a narrow range of wavelengt . . ; . .
and small for all other wavelengths. This results in a ve odlzeq we can ignore the S|de_lobesmthe reflgctlo_n spectrum
d oscillations in the dispersion [3]. Dispersion in a fiber

low insertion loss for both the transmitted and the reflect . i . i
ting can be explained in terms of the Kramers—Kronig

channels. For good performance, the fiber grating must sati 2 : . )
two criteria: 1) low insertion loss (the loss around the center B ation: The photonic bandgap is a spectral filter and has

the stopband) and a flat-top reflection spectrum both of whidf! associated dispersion relation. This photonic bandgap (or

can be achieved by making the grating strong, either throu F]atlng stopband) corresponds 1o detuned frequeneies<

high refractive index changes or by increasing the length of the<. ©* Where the reflection is high. Heré= (n/c)(w — ws)

grating and 2) low crosstalk, i.e., the amount of residual powl?rthe detuning pgramet_ez, Is the average refracuve_mdea(,
“leaking” from an adjacent channel must be low (typicadty IS the speed of lightw is the frequency of operation, and

_ . , : - : is the Bragg frequency. The parametercharacterizes
25 dB) which can be achieved using apodization techn|qut§e strength of the grating and is related to the refractive

[2]. In practice, system considerations will dictate the channg . > ) .
spacing (currently 100 GHz is becoming the standard) aficX modulation £ = =Ann/As), where An is the index
the aim is to get a flat-top channel spectrum over most B}OdUIat'On’n is the per_cent of the energy of the m_ode n the
the channel bandwidth (to allow for wavelength drift of filteF 2 < and\s = 2rc/ws is the Bragg wavelength. This grating

position or source) and have very low crosstalk. A useﬂa[opband corresponds to the reflected channel in the filter. The

I. INTRODUCTION

parameter may be defined as the ratio of the channel 3- gpersion of the structure is strongest near the band edge
bandwidth Ay to the channel spacingwe: ence for channels sufficiently close to the edge, the dispersive

effects cannot be neglected. For the parameters considered in

Ay this letter, higher order dispersion is negligible [3] and we only
T A (1) consider the quadratic dispersion given by [4]
c (5)
) i

Manuscript received May 19, 1997; revised June 30, 1997. /32(5) — (ﬁ) 1 ] . (2)

B. J. Eggleton, G. Lenz, and R. E. Slusher are with Bell Laboratories, c/ 6 K\ 2 3/2
Lucent Technologies, Murray Hill, NJ 07974 USA. {1 — (—) }

N. Litchinitser and D. B. Patterson are with the Electrical and Computer 6
Engineering Department, lllinois Department of Technology, Chicago, If. . . .
60816 USAg. P P 9y g bmce the channel bandwidth is given Ry and we are

Publisher Item Identifier S 1041-1135(97)07187-5. interested in a detuning of one channel spacing away (see

1041-1135/97$10.001 1997 IEEE



1404 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 9, NO. 10, OCTOBER 1997

1
& =2m(n/c)Av, !
1

T
[o]

—10

Critical Pulse Width (ps)
[ee]
1
/qD) 81y [suuBYD WNWIXeN]

T T T
2 4 6 8 10

Grating Length (cm)

2K = 2n(n/c)AV Fig. 2. The critical pulsewidth (defined in the text) as a function of the
v grating length. The right vertical axis gives the corresponding maximum bit
Fig. 1. A schematic of two adjacent channels in a WDM system and théfi€ Per channel. The douty cyale= 25% and the channel width to channel
relation to the fiber grating parameters. The hatched area signifies the exterfiRicing ratio isz = 75%.
the stopband and the heavy line shows the dispersion associated with channel
V1.

Given the channel spacing and theparameter we are left

with only one degree of freedom, namely the grating strength
Fig. 1), we can write the ratio 6f/¢ in terms of the parameter «. [This can also be written in terms of the grating length as
z defined earliers/é6 = x/2, so that3, may be rewritten as L = Ap.72{27/f(z)}(c/n).]

follows: For a transform-limited Gaussian input pulse the quadratic
N2 1 dispersion-induced pulse broadening faciois related tor
Pa(6) = (E) 5/ (@) (3)  through
with A\
5 o=4/1+ <—> . (8)
(3) ;
flz)= ﬁ (4)  From this relation, we see that should be made as small as
[1 _ (f) } possible and also that fep > 27, the broadening is negligible
2 (less than 3%). To get a smail we should try and reduce
where f(x) will be determined by system considerations and’ however, as pointed out earlier to get a flat-top spectrum

will show up as a numerical constant. We will first consideonrdtfi?swp;:g;sé?g: vV\\/llieI Egz(?cttgtg]c(i:fyafr?;g?s?eprﬂr?:(;Sirr]g;rﬁznts
Gaussian pulses with fiel@/(¢) = —1/2(t/70)?] with X :
P (*) exp[—1/2(t/70)"] The bit rateB can be related toy throughB = ¢/279 where

7o the half-width at thel /e-intensity point {; is related to . o ;
the full-width at half-maximum (FWHM) intensity through? is the duty cycle. If we want to keep the initial pulsewidth

Fewin = 2vIn 27). We use the critical pulsewidth. [6] no less than twice the critical pulsewidth we get an upper limit

to characterize the effects of the dispersion on a short pulg?-,\rittheh aHI%WEd bit rateBI) ~ g/zt;"t the initial pul ral
A transform-limited Gaussian input pulse wity = 7. will shou € remembere at the niial puise spectra

broaden by a factor of/2 after propagating through a meoliurnbandwidth has to be smaller than the channel bandwidth (this

with dispersion, (ignoring higher order dispersion) andS obviously a limit that supersedes all other considerations
length L, and is given by outlined above). For a transform-limited Gaussian pulse this

can be written as
Te = v/ [2(0)L )

1
B<— <Avy = 2%(%). (9)
. . . T m
where L is now the length of the grating. Next, we define a 0 o ) ]
normalized grating strength parameter= L = z6L/2. We In summary, the channel spacing implies a detuning relative

now substitute forZ, and for 3, and get the following: to the edge of the gap; closer to this edge the dispersion
is higher. For a given channel spacing the band edge is

nl 2 specified by the: parameter and througfix) influences the
Te=7% <7>f(37)- (6) dispersion— f(x) is a monotonically increasing function of
and diverges as the band edge is approached. Higher dispersion
Finally, we relate the detuning parameter to the channehds to longer critical pulsewidths and longer input pulses,

spacingé = (27n/c)Av, and we get our final result: which in turn requires lower bit rates. Even though the critical
pulsewidth may be reduced by using a shorter grating, this
- 1 Ja 1 (37)' @) leads to smaller normalized grating strength and degradation
Av, 2r? in crosstalk and flat-top characteristics.
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as follows [6]:
1.0 — Input pulse 1 1/4
---- QOutput pulse r'{o— —
0.8 2 2m
Te= M — 7N v B2(6)L. (11)
50.6 r{—
< <2m)
047 Here,I'(x) is the Gamma function and the dependent
0.9 prefactor is 1 form = 1 (the Gaussian pulse case). Since
" super-Gaussian pulses become distorted under the influence
0.0 - , MALES , of quadratic dispersion, the broadening, as given by (8), refers
20 10 0 10 20

Time Delay (ps) now to the root-mean-square (rms) widtky 12 —TQ). The

Fig. 3. A transform-limited super-Gaussian input pulse£ 10; 79 = 8 ps) prefactor In_creases by a facmr. of 2 when going Tr 1
and the same pulse after propagating in a 2-cm-long homogeneous disperéid@ Gaussian case) ta = 10 (highly super-Gaussian). Since
medium with 8> = 2 ps’/cm. the critical pulsewidth grows with the “squareness” of the

pulse, we conclude that the constraints put on the grating will
be tighter for square pulses as used in NRZ type systems. In the

We consider two numerical examples and estimate the upgagse of these super-Gaussian pulses, pulse broadening is not
limit on the bit rate per channel. As a first example we discu¥fde only issue—dispersion will also cause pulse shaping even
the dispersion-induced broadening of a 100-GHz spaced chBhthe absence of nonlinear effects. Fig. 3 shows a transform-
nel with a typical: parameter of 75% vielding = 11.4 cnt*,  limited super-Gaussian input pulse: (= 10, 7o = 8 ps) and
We assume that the input pulse is a transform-limited Gausstif same pulse after propagating through a 2-cm-long medium
pulse propagating through an apodised unchirped fiber Bragih 52 of 2 ps/cm. In this caser. = 4 ps, so the broadening
grating. Fig. 2 shows the critical pulsewidth as given by (-,i§ negligible, however the pulse develops significant structure,
and the maximum bit rate per channel (with a duty cycle gyhich in conjunction with fiber nonlinearities, could be very
25%) as a function of grating length. So, for example, at a iSigtrimental.
rate of 10 Gb/s per channel, a 4-cm-long grating will broaden
the input pulse by a factor of/2. This corresponds to aL
of ~45.6, which satisfies the flat-top criterion. Note that in Ve have shown that in DWDM systems with many closely
this case the channel bandwidth is 75 GHz and the initiPaced channels, fiber grating filters may degrade pulse trans-
pulsewidth (FWHM) is 25 ps, which corresponds to a spectrg]ission because of the inherent dispersive character of these
bandwidth of~17.6 GHz (FWHM). devices. The grating length must be designed carefully so that

As a second example we consider the high aggregate bit rafe the one hand it enhances the filtering properties (large
systems (1 Th/s), which were demonstrated recently [5]. Thetel) and on the other it minimizes dispersion induced pulse
50 channels at 20 Gb/s per channel were used (polarizat®adening (smalk.L). We have considered both Gaussian
multiplexing was used to reduce the number of waveleng@id super-Gaussian pulses (approximately square pulses that
channels). In this example, we will consider a dense systéif more realistic in NRZ systems) and have shown that the
with 25 separate wavelength channels with 50-GHz spacirfi@nstraints on the grating length become tighter when the pulse
We will assume 20-ps pulses (FWHM), which at 20 Gb/§ecomes squarer.
implies a duty cycle of abouy = 40%. For this example,
we will use anz parameter of 80%. In this case, a maximum _ .
gating lengh s cicated and is aporoxmatey 1.1 om with) . £ Jos, U & Sraut, . St v Ty o
o = xkL ~ 6.8. This may be marginal as far as crosstalk and s pmarine WDM network,Electron. Lett.,vol. 31, pp. 2117-2118,
flat-top requirements. 1995.

; ; ; _ a2l T. A. Strasser, P. J. Chandonnet, J. DeMarko, C. E. Soccolich, J. R.
Fma”Y’ we WOUld like to con5|d_er the case (_)f non _Gaussmrﬁz Pedrazzani, D. J. DiGiovanni, M. J. Andrejco, and D. S. Shenk, “UV-
pulses, in particular super-Gaussian pulses with the input pulse induced fiber grating OADM devices for efficient bandwidth utilization,”
field given by [6] presented at Optical Fiber Communication Conf. (OFC’'96), 1996,

postdeadline paper PDS8.
[3] N. M. Litchinitser, B. J. Eggleton, and D. B. Patterson, “Fiber Bragg
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