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Dispersion of Cascaded Fiber Gratings
iIn WDM Lightwave Systems

Natalia M. Litchinitser, Benjamin J. Eggleton, and Govind P. Agrawallow, IEEE, Fellow, OSA

Abstract—Fiber gratings operating in the transmission mode transmitted through the grating. Such transmitted channels
can provide high dispersion at wavelengths close to the Bragg are affected by the strong out-of-band dispersion possessed
resonance. When multiple gratings are cascaded for wavelength py, the grating [8], [9]. Given that each channel may pass
division multiplexing (WDM) applications, the net dispersion th h fib fi during its transmission. th
between the stop bands of any two consecutive gratings is sig- roug numerous _' er gralings auring 1ts trans SS_O ' _e
nificantly modified. We discuss the dispersion characteristics of degradation of the signal because of the out-of-band dispersion

such cascaded fiber gratings and propose a dispersion compen-of fiber gratings may limit the bit rate or the transmission
sator for simultaneous compensation of group-velocity dispersion distance achievable.

(GVD) for multiple channels of a WDM lightwave system. We In this paper, we generalize the results of [3] and [8]

also discuss the impact of the dispersion possessed by cascaded . S -
gratings on grating based add—drop multiplexers. and consider the transmission of optical pulses through a

WDM network incorporating cascaded fiber gratings. There
Index Terms—Dispersion compensation, fiber gratings, wave- are two motivations for our work. First, we show that by a
length division multiplexing. careful arrangement of cascaded fiber gratings, simultaneous

dispersion compensation for multiple WDM channels can be
|. INTRODUCTION realized. Second, we consider the dispersive impact of grating-

IBER gratings are emerging as one of the most importaﬁ?sed add—drop filters, which typically make use of cascaded
Fcomponents for designing fiber-optic communication syfPer gratings [5].
tems. They are likely to have application in two main areas:
dispersion compensation in long-haul fiber networks [1]-[3]
and wavelength routing in wavelength division multiplexed Before considering cascaded gratings, we first review the
(WDM) lightwave systems [4], [5]. In both of these areasjlispersion properties of an infinite, uniform, fiber Bragg grat-
grating dispersion will impact the system performance. ing. We note that the dispersion characteristics of an infinitely
Bragg gratings exhibit dispersion both in reflection, espéang grating are similar to those of a finite-length apodized
cially when the grating is chirped [2], and in transmission ajrating [3]. To a good approximation, the grating dispersion
wavelengths close to the stop band [3], [6]. At wavelengtlitan be described by the following dispersion relation of a
close to the grating stop band, the group-velocity dispersiperiodic structure [3], which is obtained using the coupled-
(GVD) of a fiber grating is many orders of magnitude larganode equations yielding [10], [11]:
than that occurring in standard optical fibers used for signal 2 2 2
o . . . v =6"—K ()
transmission. Recently, dispersion compensation by a trans-
mission grating has been demonstrated in a 72-km fiber limthere 6 = n{w — wp)/c is the detuning of the channel
leading to error-free transmission of a 10 Gbit signal [7]. Wearrier frequencyw from the resonant Bragg frequencys,
subsequently analyzed the performance of such transmissiandy = 3 — g is the deviation of the propagation constant
based dispersion compensator employing a single apodizédyrom the Bragg wavenumbetz, n is the mode index in a
unchirped fiber Bragg grating and found that nearly idealngle-mode silica fiber, andis the speed of light in vacuum.
pulse recompression can be achieved [3]. In a WDM netwolithe coupling coefficient= is defined in the usual manner.
many channels need to be compensated simultaneously, &hd grating stop band corresponds to detuned frequencies
therefore the impact of total dispersion possessed by numerdijs< «, where the reflectivity is high. At frequencies close
gratings need to be examined. to the stop band|é| > &), the grating exhibit strong second-
The impact of dispersion is also important for dense WDMnd higher-order dispersion, which strongly affects the light
lightwave systems making use of grating-based add-drpmpagation. On the short-wavelength side of the stop band
filters. In such filters, fiber gratings add or drop a selectdd > 0), where the dispersion is anomalous, Bragg solitons
channel by reflecting it, while the neighboring channels ateve been predicted and experimentally demonstrated [12],
[13]. On the long-wavelength sidg < 0), the dispersion is
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We now consider a cascade of two gratings with Bragg
frequenciesr; and v, such that the frequency separation,
|t1 — 1| = Aw, is larger than the width of the stop band
of each grating. Then, there is no spectral overlap and thus
we can ignore interference effects between the gratings. We
assume for simplicity that the coupling strengtls the same
for both gratings. The dispersion relation for the second grating
can be written as

(Y +A) = (6+ A7 = )

B,# (3 107 ps¥/km)

where A = 27nAv/e.

Following the approach of [3], [6] we find the following
analytical expressions for the GVD coefficiefif and third-
order dispersion parametgf valid in the region between the
stop bands of two uniform fiber gratings:

A\

g3 = (%)2 {[(6+A)§2— K232 (62 _ﬁ22)3/2:| x sign(é)
(3)

. 12 K2
s = 3(2)3 [(52 _ 152)5/2 e+ A(()S;F—A'JQ]S/Q} -

Both expressions (3) and (4) diverge at the band edge of each
grating, i.e., att = —x and$ = x — A. The GVD and third-
order dispersion parameters; and 35 for the two cascaded
gratings, as well as those of individual gratings are shown in
Figs. 1(a) and (b), respectively, as functions of the detuning
parameters for a channel spacing of 100 GHA(= 314
cm~1) after choosings = 4 cm™! andn = 1.5. The
solid curve in Fig. 1(a) shows that in the presence of another
grating the GVD becomes zero & = A/2. Therefore,
in contrast with the single grating case, there exists a zero-
GVD wavelength. This zero-GVD wavelength can be easily
shifted by varying the grating-design parameterand A. It
is noteworthy that the third-order dispersion is always positive
for each grating and, since the two contributions are additive
between the stop bands, the total dispersion does not vanish at
any wavelength as shown in Fig. 1(b). This feature is simil&g. 1. (a) Group-velocity dispersion and (b) third-order dispersion as func-
to that of standard telecommunication fibers for which thions ofé for a single grating centered at= 0 (dashed line) and = —A

. . L L. . (dot-dashed line), and for two cascaded gratings (solid line). The parameters
third-order dispersion is always positive as well [14]. As thirdisoq are: — 4 cm—L, Av = 100 GHz (31.4 cmY).
order dispersive effects can distort short optical pulses and
have the potential of becoming detrimental for devices such

as dispersion compensators and optical add—drop multiplexg{§ shown in Fig. 2. Clearly, to minimize the detrimental effects

the ratio between the second- and third-order dispersion tergiSnird-order dispersionf” should be as large as possible for
is often used as a figure of merit (FOM) for characterizing the given set of design parameters.

performance of a fiber grating. We define the FOM as

B (x10° ps*/km)

39
F(8) = é—iao\@‘ (5) [ll. WDM A PPLICATIONS OF CASCADED GRATINGS
3
where o, is the transform-limited rms pulse width (for a”- Dispersion Compensation in WDM Systems
Gaussian pulse, rms pulse width is related to thel/e- We first apply the results of Section Il to design a disper-

width 77 . throughog = Tl/e/\/i). The rms width is used sion compensator for a-channel WDM system after the
here since a Gaussian pulse does not maintain its shape ak@®M signal has been transmitted through standard telecom-
propagation in a medium with nonzero third-order dispersiomunication fiber. Dispersion compensation is achieved by
Fig. 2 shows howF' varies withé in the region between the N apodized, unchirped, fiber Bragg gratings operating in
stop bands of the two gratings for a channel spacing of 2@@nsmission as shown in Fig. 3. We assume that the channels
GHz (A = 62.8 cm™1). Note, thatF(§) vanishes at zero- in the WDM system are equally spaced By The analysis
GVD wavelength as well as near to either grating stop bawedn be easily extended for an unequal channel spacing.
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3.0 By using (5) and (6) one can find the parameters of two
adjacent gratings for optimum performance of the dispersion
25 ] compensator. We describe the performance of the device in

terms of input/output pulse-width ratio. Following the ap-
proach described in [15] the rms pulse width after propagating
in a grating of lengthL, can be found analytically for the
case including quadratic and cubic dispersion. The ratio of
B 1.5 initial pulse widthoy and recompressed pulse width, can

be written as

2.0 4

1.0 — g 2
%0 _ %90 g 2 Lyp3
oy o1 (1 +/32L904) * < 202
0.5 | e
0 1/ L,B\?
+ [1+ (2a0f —< 93) .7
0.0 T T T T T [ ( 1) ]8 20% (7)
49 43 37 31 25 19 -3
8 (cm) This ratio is plotted in Fig. 5fork = 4cm™%, A =31.4cm™?!

(channel spacing 100 GHz) ardd, = 40 cm (solid line). The
Fig. 2. Figure of meritt” versus detuning for = 12 cm™*, o0 = 17 ps, dashed line corresponds to the case when only one grating at
andL, = 40 cm, for a 200-GHz channel spacing (= 62.8 cm™?). § = 0 is used. Fig. 5 shows that because of the second grating
at§ = —A, the maximum value o0&, /o2 decreases slightly
and the optimum value of increases slightly. However, at
We assume that the channel spaciigs large compared ¢ = 6., Where the peak occurs, the compensator performance
to the pulse bandwidth and that the grating stop bands satisfyirtually unaffected by the second grating.
2 < A. Then, to a good approximation, we can consider only We have shown previously that the ratig/o in the single-
the effect of two consecutive gratings on transmission of agyating case can always be improved by making gratings
particular channel and neglect the effect of all other gratingsironger and longer [3]. However, this is not always true when
This approximation is valid in practice because the dispersigratings are cascaded because of the fixed value of the channel
of each grating reduces significantly far away from its owspacing. To estimate the rangeofor which the detrimental
stop band. To compensate for anomalous GVD of optical fibegfect of the adjacent grating is not excessive, we plot in Fig. 6
at communication wavelengths, the normal-dispersion sidetbe figure of meritZ” as a function of the coupling strength
grating spectrum should be used, ije;s| < |wp| where|wo| « for three values of channel spacidy = 200 GHz (solid
is the central frequency of the channel under consideratidite), 100 GHz (long dashed line}30 GHz (dot-dashed line).
The nearest adjacent grating centerefdat—(c/n)A| < |wo|, AS the channel spacing becomes smaller the recompressed
exhibiting anomalous dispersionag must also be consideredpulse is affected more and more by the third-order dispersion

as it will degrade the overall performance of the compensatéffects. Also, the range of detunings for which the third-order
In our model we consider propagation of an initiallydispersion is not excessive becomes narrowekaslecreases.

transform-limited Gaussian pulse of rms width, in an The cascaded-grating compensator proposed here should work
optical fiber of lengthL; with dispersionj]. A Gaussian quite well for channel spacings as small as 100 GHz (about
pulse maintains its shape with propagation through the fib&8 nm atA = 1.55 pm).
but its width increases because of GVD resulting in the rms
width [14] oy = UO\/WWhereLD = 20—3/|/3§| is B. Dispersion in Cascaded-Grating Based Add-Drop Filters
the dispersion length. The pulse also becomes linearly chirpedye now use the analytical results obtained in Section II
with the chirp parameter = L/p{[1/(L3 + L3,)]. to analyze the performance of a fiber-grating-based add—drop
Clearly, for an ideal dispersion compensator that recorfiters. Recently, it was theoretically predicted and experimen-
presses the dispersion-broadened pulse to its original widilly demonstrated that in dense WDM systems, with many
one must satisfy closely spaced channels, out-of-band dispersion of a single
fiber-grating filter may be detrimental for the adjacent channels
BLy=—pP{Ly (6) that are transmitted through the grating [8], [9]. Here, we
extend the analysis of [8] and consider the transmission of
whereL, is the grating length andy is given by (3). We use a given channel through cascaded gratings. As in previous
a graphical approach to find the optimum detuning parametgibsection, we examine the impact of two nearest gratings
dopt from (6). In Fig. 4 the left-hand side (solid line) andon the transmitted channel. The main difference here is that
right-hand side (dashed line) of (6) are plotted for= 4 the transmitted channel is located between the two stop bands
cm~ %, L, = 40 cm, /3{ = —20 ps¥/km, Ly = 100 km. The (corresponding to two added/dropped channels ) as shown in
intersection of two lines provides a solution #,:. Note that Fig. 7.
the stop band of one grating is centeredbat 0 and while We assume that the input pulse is a transform-limited
that of the other is centered &t= —A = —31.4 cm™ L. Gaussian pulse of rms-widthy. Pulse broadening induced
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Fig. 6. Figure of meritF" versus coupling coefficient with optimized detun-
ing for eachx for Ar = 200 GHz (solid line),100 GHz (dashed line), and
50 GHz (dot-dashed line).

T

—A

Fig. 7. Schematic illustration of the operation of an add—drop filter incorpo-
rating cascaded gratings. The channels locatedl atd —2A are added or
dropped, but the channel located-af\ is transmitted through both gratings.

Fig. 5. Ratioog /o> for two cascaded gratings (solid line) and for the singléThe broadening is negligible (|ess than 3%) if

grating case (dashed line).

by the third-order dispersion is given by [14]

1+ 1</3§]Lg>2.

o
oo 8 208’

(8)

1/3
oo > <&> . (9)

V2

For given values of the channel spacing and coupling strengths
(i.e., 51 is fixed and given by (4), wherA should be doubled

as shown in Fig. 7), minimum initial pulse width that can be
used for undistorted transmission is proportional to the cubic



LITCHINITSER et al. DISPERSION OF CASCADED FIBER GRATINGS 1527

20 1.0
& - 08 7 \ initial pulse
£ 15 ingle grati -
E single grating / o N recompressed

g 06
& e 7
= &
m H
z Z 0.4 1
2 10 — /
E broadened
Z
= 0.2 \
cascaded gratings . \
/ . N \ "
5 T T T T 0.0 T T T i T
2 4 6 8 10 -150  -100  -50 0 50 100 150
GRATING LENGTH (cm) TIME (ps)
@) Fig. 9. Numerically simulated shapes of the initial, broadened, and recom-
pressed pulses after transmission through 100 km of fiber and two 40-cm-long

20 \ apodized gratings withk = 12 cm™1, Ar = 200 GHz.
& \ single grating (dashed line). Fig. 8(b) shows that as channel
= 159 spacing increases, the restriction on the initial pulse width
g \ single grating becomes less severe. As an example, for a typical value of
= 75% for the bandwidth utilization parameter, defined as [4],
% 10 [B]IBWU = Asgp/A, whereAs gp = 2x is the channel 3 dB
£ bandwidth andA = 31.4 cm™?! the minimum allowed rms
§ ~— pulse width for cascaded gratings case is about 7.8 ps, while
S 5 cascaded gratings for the single grating case it is about 10.6 ps.
z
=

IV. NUMERICAL EXAMPLES
0 T T

50 100 150 200 A. Dispersion Compensation Using Cascaded Fiber Gratings

CHANNEL SPACING (GHz) To .check thg_val|d|ty of our analytical model qnder.reallsyc
) practical conditions we have performed numerical simulation
_ o o _ _ by using the coupled-mode equations and studied the effect of
Fig. 8. (a) Minimum allowed initial pulse width as a function of gratmgoglt-of-band grating dispersion on propagation of a Gaussian
length for two cascaded gratings (solid line) and a single grating (dashé . . . .
line). (b) Minimum allowed initial pulse width as a function of the channePUlse. We consider a dispersion compensator for simultaneous
spacing plotted under the same conditions. compensation of GVD in a WDM system with a channel

spacingAr = 200 GHz (62.8 cmi'!) and a channel bit rate

root of the grating length. Note that the optimal values of th%f 10 Gb/s. We assume propagation through a fiber length of

coupling strength and the grating length are imposed by tpigo km. As we desiré” to be as large as possible we choose

— —1 i i 1 i
system design. Fig. 8(a) shows minimum allowed initial pulsé ~ 12 cm from Fig. 6. Using (6) we f'T‘d the optimum
width defined by the equality in (i = (ﬁng/\/i)l/g as etqnlng of the central frequency of the_i)ptlcal pulse from the
a function of grating length and compares it to that defined rating até = 0o be &, = —22.2 cm™. We assume that

. : | gratings are apodized and have the same lengfh=( 40
- o=/ I _
[8] for the single-grating caseuwin = /203 L, for v =11.8 cm) and the same coupling coefficient We use apodization

cm, A =31.4cm 1 These results show that when gratingg, yemove the sidelobes in the grating reflection spectrum [3],
are cascaded the limitation on minimum pulse width (946). |t was shown previously that apodization does not change
maximum bit rate) is less strict for cascaded gratings. Thige amount of compression but improves the peak intensity of
is certainly a desirable feature of cascaded gratings and is gge recompressed pulse [3].
to the fact thai3j = 0 in the middle between two stop bands. | Fig. 9, the input pulse, dispersion-broadened pulse at
The minimum allowed pulse width is also limited bythe fiber output, and recompressed pulse are shown. The
the channel spacing of WDM system. In Fig. 8(b), we plaecompressed pulse is slightly asymmetric and contains small
minimum allowed initial pulse width as a function of channebscillations on its trailing edge, the features that indicate
spacing for givens = 11.8 cm™! and L, = 10 cm. the presence of some third-order dispersion at the optimal
Again, we compare cascaded gratings (solid line) with @ There is a tradeoff between the quality of the output
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10 grating. The broadened pulse is asymmetric with an oscillatory
structure near its trailing edge, which is typical for pulse
propagation in the medium with nonzero third-order dispersion
at the zero-GVD wavelength [14]. From Fig. 8(a) we find that
omin ~ 10.3 ps for this case. Equation (8) shows that the
initial pulse of width 6.5 ps will broaden by a factor gf2.

Finally, we simulated the transmission of 5.6 ps (rms-
width) super-Gaussian pulse through the system of gratings
described above. The initial (solid line) and broadened (dashed
line) pulses are shown in Fig. 10(b). These results show that
detrimental effect of the dispersion possessed by fiber grating
is stronger for such square-like pulses.

initial pulse
cascaded gratings

0.8

0.6

INTENSITY

0.4 single grating

0.2

0.0 T T i V. DiscussiON AND CONCLUSION

We have proposed a cascaded-grating-based dispersion com-
TIME (ps) pensator, operating in the transmission-mode, for dispersion
@ compensation of multiple channels WDM lightwave systems.
The performance of the compensator was analyzed using a
simple analytical model based on the coupled-mode equations.
The design of cascaded-grating-based dispersion compensator
is complicated because the parameters should be chosen such
that adjacent gratings do not significantly affect the perfor-
mance of each other, implying a channel spacg> 2x. As
the four grating parameters, 6, L, and A are coupled, they
single grating can not be chosen independently. It has been pointed out that
/ grating GVD is high only in a limited range of detunings close
to the edge of the stop band [3], of the order of the bandwidth
of the grating. In our scheme, this limitation becomes even
‘. more severe, especially for dense WDM systems. As the
\ /\\ chqnnel spacing becomes smaller, the G'VD.changes more
~ rapidly between the stop bands as shown in Fig. 1(a).
0.0 = T T T T T ,\ We also examined the dispersion properties of cascaded-
40 30 -20 -10 0 10 20 30 40 grating-based add-drop filters. We extended the analysis of
TIME (ps) [8] and considered the effect of the dispersion on the adjacent
) channels transmitted through such add-drop filters. We have
shown that for a channel transmitted at the zero-GVD wave-
Fig. 10. Comparison of transmitted pulses when a Gaussian pulse (a) ?@Hsgth, the performance is limited mostly by the third-order
a super-Gaussian pulse (b) propagated through the two cascaded grati . L .
(dashed line) and a single grating (dot-dashed line). The input pulse is af$Persion. However, the limitation on the minimum allowed
shown by a solid line. pulse width (which determines the maximum allowed bit rate)
is less strict when gratings are cascaded, compared with the
single-grating case. Combining these results with those from
é%lf we conclude that the grating dispersion can affect the
erformance of a WDM network in two ways. First, in dense
WDM systems with a single grating based add—drop filter the
] o ) transmitted channel may be broadened due to GVD dispersion
B. Dispersion in Add/Drop Filters and the maximum allowed bit rate is inversely proportional
In this example, we simulate numerically the transmissido the quadratic root of the grating length [8]. Second, in
of a channel equally spaced\(= 31.4 cm~?) from the two WDM networks incorporating cascaded gratings, the trans-
adjacent apodized fiber gratings with = 11.8 cm~! and mitted channel may be distorted due to cubic dispersion and
L, = 10 cm. In Fig. 10(a) we show the results of numericahnaximum achievable bit rate is inversely proportional to the
simulations for propagation of 6.5 ps (rms-width) pulse in eubic root of the grating length. We also showed numerically
system of two cascaded gratings (dashed line) and comptrat the impact of the grating dispersion is even more severe
it with a single grating case (dot-dashed line). Note that fior square-like (super-Gaussian) pulses, which are typically
the latter case the transmitted pulse is affected by both GMIBed in NRZ communication systems. These results suggest
and third-order dispersion of a single fiber grating, whiléhat the grating parameters should be carefully arranged to
in a system of cascaded gratings the GVD is zero but th@nimize the effect of out-of-band dispersion (both second
third-order dispersion is twice as much as that of a singénd third order).

1.0

initial pulse

0.8 _|cascaded gratings

0.6

04

INTENSITY

0.2

recompressed pulse, which improves for larger detunings
and the maximum compression ratio which decreases for lar
6 because of the detrimental effect of the second grating.
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Finally, we note that our results may be also important ins] L. R. Chen, S. D. Benjamin, P. W. E. Smith, J. E. Sipe, and S. Juma,

designing of recently proposed multiple-grating fiber struc- “Llé't‘tfa\slgfftzg“'zg pgggaggionlgggm'tip'e'graﬁng fiber structuresypt.

tures for combined wavelength- and time-division multipleXg) 1. Fathaliah, S. LaRochelle, and L. A. Rusch, “Analysis of an optical

ing and the photonic code-division multiple-access networks frequency-hop encoder with strain-tuned Bragg gratings Teich. Dig.

[18] [19] “Bragg Gratings, Photosensitivity, and Poling in Glass Fibers and
’ ) Waveguides: Applications and FundamentalBMG5, 1997.
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