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~ Abstract—it is shown, for the first time, how the group-delay thermal and mechanical variations. Another issue that still needs
ripple, due to a pair of identical unapodized dispersion compen- attention is how to control the oscillatory behavior of the disper-
sating gratings, can be affected by a small change in the physical sion, also known as group-delay ripple (GDR), which is induced

length of one of the gratings. It is theoretical and experimentally . . .
demonstrated that the ripple can be smoothened by a slight dif- by the nature of the reflection on the grating and by the fabri-

ference in length between the gratings. The pair is arranged in a Ccation process imperfections. In linearly chirped fiber gratings,
four-port optical circulator in a cascading configuration. System this ripple has a constant average slope, whereas its frequency

simulations indicate that the performance of the unapodized grat- pecomes smaller toward the end from which the reflection is
ings may be improved by using such a scheme. This has implica- 3yen [6]. Such an effect results in incomplete recompression
tions for dispersion compensation in high-speed long-haul trans- . -
mission systems. of a dlspersed_pulse S0 that a short-pulse, Wlth spectral com-
ponents sampling a major part of the bandwidth of the device,
develops a pedestal when it is recompressed [7]. The deleterious
consequences of this pedestal are crosstalk and inter-symbol
interference with a degradation in the eye opening and, thus,
I. INTRODUCTION a degradation of the bit-error-rate (BER) performance. It has

HIRPED fiber Bragg gratings, or dispersion compensatirﬁ)ee” shown that the_ eye—open?ng penalty is dependent on the

gratings (DCGs), are known to efficiently operate in highr-'Ppl? frequency, m_aunly when it becomes closer to the trans-
speed long-haul optical transmission systems [1]. They wdfkSSion frequency, i.e., at the longer Wav_elength side of.the_ de-
as low-loss highly dispersive reflective filters, where a linearlyice band [8]. Furthermore, when combined with polarization
chirped refractive index perturbation is directly written into thE0de dispersion (PMD), the ripple causes an additional disper-
core of optical fibers. There are several methods for their faBlon Penalty [4]. Another important aspect refers to the apodiza-
rication, but the most popular one is the phase mask technidifd Profile, necessary for the spectral sidelobes’ suppression
[2]. Although typical DCGs are more adequate for operation gnd the ripple smoot_henmg. A symmetrical apodization can re-
a band narrower than 10 nm, it has been shown that it is p&ice the GDR amplitude from +50 ps down to~ +10 ps
sible to fabricate long wide-band chirped gratings [3]. To fund®l- In this case, the profile of the index modulation along the
tion properly, a DCG requires an optical circulator, which is §rating length is given a bell-like functional shape [10], [11].
device that typically has an insertion loss as low as 1 dB pAbodization tec_hnlques still require improvements, but ha_lve al-
tween ports. Furthermore, regardless of being sensitive to s6dy allowed fiber Bragg gratings to become commercial de-
larization effects [4], DCGs have the advantages of short inté#¢€s- _ _
action lengths and low nonlinearities [5]. Based on such suitableTNiS paper describes a study on how a small change in the
aspects, chirped fiber Bragg gratings are a very good option Rfpysical length of_chlrped fiber Bragg gratmgs_ can influence
upgrading installed optical networks for broad-band operati¢fie SPectral behavior of the GDR. The purpose is to evaluate the
in single-mode standard fiber spans longer the® km. Bragg wave!ength shift as a function of the !er!gth reduptlon,

There are, however, some drawbacks that still challenge {p,%_th_ theoretical and e'xperlme_ntally. Such variations prqwde an

engineers such as the reliability of the grating packaging, necg§icient way of reducing the ripple amplitude. The grating ef-

sary for stable operation, since the gratings are very sensitivd@6Ve lengthl.s in terms of the phasel) of a reflected signal
(w, A) is afunction of the detuning from the Bragg condition and

. . _ _ is defined as [12]
Manuscript received May 21, 2000. This work was supported in part by the

Index Terms—Apodization, chirped fiber Bragg grating, disper-
sion compensating grating, group-delay ripple.

Brazilian Council for Scientific and Technological Development, CNPq. 9
M. L. Rocha, A. Paradisi, and M. R. X. Barros are with the CPgD Foundation, Luw = Vg o® - A o® 1
13.088-970 Campinas SP, Brazil. =12 oo =  \arn. | ox 1)
R. Kashyap was with the Corning Research Center, Ipswich IP5 3RE, U.K. g

He is now with the Corvis Corporation, Columbia, MD 21046-9400 USA. . ) . ) .
R. F. Souza is with the Electrical Engineering Department, State Universityherev, is the signal group velocity and, is the group index.

of Campinas, 13083-970 Campinas SP, Brazil. _ The effective length has a relatively simple interpretation: a
C. Coral was with the CPgD Foundation, 13.088-970 Campinas SP, Brazil. | | hed i h . « " . I mi

He is now with MRV, Chatsworth, CA 91311 USA. pulse launche into the grqtlng sees” a virtual mirror gt a
Publisher Item Identifier S 0018-9480(02)00758-5. distancel.g from the launching point; therefore, the relation

0018-9480/02$17.00 © 2002 IEEE



ROCHAet al: SYSTEM IMPACT OF PHYSICAL LENGTH OF UNAPODIZED CHIRPED FIBER BRAGG GRATINGS ON DISPERSION COMPENSATION 89

Ly Front end cut (mm)

Signal in VAR A AAAAA A A AL =0
> AAPANAARAAMRRAPNRANAS S s ] AL =1

A MM e AAA SRR A o AL = 2

AR ANARARAE A Ao A AN S e AL = 3

T AWM~ A o A i Sy ™ AA'L- = :

TAMANA - AVRAMAAAAAA A A AAARAAN A o SN e ™ f S
W AR A AR A ANt AN e SR N ST e o AL=#6
A AR A AR AR A AR /e e e AL = T
A~ AN A A AR AR AN S S et ~emomee AL = 8
T AR AAA A AR RIS AN A3 e e emend AL = 9
oA AN A A AN A A e /S T AL =10

lSignal out

Fig. 1. Configuration of a pair of DCGs.
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(2 Lo /v,) defines the group delay of the reflected pulse. Th ' " Wavelengih (0.2 nm/div)
GDR is strongly dependent on the state of the refractive index @)
modulation at the input end of the grating [6]. It has also been Back end cut (mm)

demonstrated that apodization may alter the ripple frequenc _
Changing the Bragg wavelength at the start of the gratin§
influences the ripple as well. The concept is intuitive: the phas
detuning can be changed by the physical length itself, whil
keeping the chirp rate constant. This principle establishes
simple method for controlling the ripple, with important systern
implications, as demonstrated below.
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II. NUMERICAL AND EXPERIMENTAL RESULTS

The broadest bandwidth available from a chirped grating is evelengtn ©.2 nmich)

achieved when it is unapodized [1], where the ripple is more ®)

pronounced. Thus, the gratings chosen as the basis of the pres Symmetrical cut (mm)
study were chirped, but unapodized. Once the relation betwe & VARV AA A A S ] AL =0
the GDR and grating length is optimized, the same principle ce é"i A RS ARMAAAAA AN N AL =1
be applied to apodized chirped gratings as well. Remember tr 3. | AV AAAAARARA A7 A et NN T ML= 2
the delay oscillations of unapodized dispersion compensatc § ”M@Jinf’Tffﬁfﬁﬁfx;fzjf::\"/z oL
have a periodicity that varies along the wavelength band, 8L, L. s AR A A A ——] AL = §
though their amplitude remains nearly constant. FUIthermor 2 buswwmse st AR~ AASYAS S Somme ™ AL = 6
as already stated, studies on the asymmetry in the apodizati § [ - A A e AL = 7
demonstrated that the input end apodization of the grating has® [ AW AN AN AL = 8

ORsRrsrraty A AN AR AR AL i 7 e AL = 9
strong effect on the GDR [6]. it oee OIS SRR AP 4
The simulations were based on the concatenated operati Wavelength (0.2 nmdiv)
of two 100-mm-long unapodized step-chirped fiber gratings (©

[2]’ DCG, andDC,GQ' In|t|aIIy identical, with a bandwujth of Fig. 2. Numerical results of the relative GDR, after the concatenation of
~0.7 nm, the gratings were connected to a four-port circulat@fyC G, andDCG. for different length reductiona\ L at: (a) the front end,

as indicated in Fig. 1, and the signal was launched into tf® the back end, and (c) both ends, whé&r& /2 corresponds to each end cut.
longer wavelength end of each grating. Here, the launching

side is also referred to dnt endor input end(the other side reducingL, in steps of 0.1 mm and by keepirdg constant

is namecback end)r QUtPUt endn reflection). , the effect of combining two slightly different grating lengths on
Although the pairing scheme reduces the available bangy ampiitude of the delay oscillations may then be observed.

width, due to filtering at the edges of the grating [1], it allowsr,q following three cases were considered, whereC, Ao,

the signal to see a dispersion of twice that of a single grating,q , stand for the length, the chirp parameter, and the initial
Furthermore, the reflectivity of both gratings should be as high,4 central Bragg wavelength BICG., respectively.
as possible in order to compensate the cumulative losses due t '

the double reflection and the insertion of the second circulatorease 1) Cutthe front end. The central Bragg wavelength of
; S DCG- shifts as

port. Nevertheless, a compromise between the refractive index
modulation depth, which defines the grating reflectivity, and CL,y
the insertion loss of the whole device is needed since the AB = ABo <1 ~ 5 ) (2)
amplitude of the oscillations increases with the reflectivity. The
increased reflectivity tends to remove the linear trend in the case 2) Cut the back end. The central Bragg wavelength of
group delay as well, thus, it is necessary to avoid reaching this DCG, shifts as
condition [13].

Initially, DCG; andDCG,, with spectral reflectivity of 95%, A ) 1 CLy 3
were numerically simulated with;, = L, = 100 mm. By B=Apo\ Lt~ | ©)
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Fig. 3. GDR ofDGC'y, which remained unchanged during the experimentsig. 4.  Group delay after combinifyCG, andDCG- both with no cut (each
and of DCG; andDCG?, before being cut. 100-mm long) and after cuts ef1 mm atDCG, front end,~1 mm atDCG’
back end, and finally, of~1 mm at each end dCG- (symmetrical case).

Case 3) Equally cut both ends (case also referred to a<
symmetrical ct The central Bragg wavelength of g0

DCG, does not shift in this case. u
Fig. 2 summarizes the GDRs resultant from the concatenatmu o9
of DCG; andDCG, in terms of the standard deviation (SD) § ..,ua-
from a linear slope 0£-2000 ps/nm for some of the length cut- g
tings. Fig. 2(a)—(c) shows the deviation from a linear slope, com""”‘

puted for areduction ab2(AL) upto 10 mmin the above Cases 3 o5 ~ RS EXPERIMENTAL RESULTS

1-3, respectively. It can be seen that, at certain wavelength r& = SYMMETRICAL W NOCUT A BACKEND CUT
gions of the gratings bandwidth, some combinations actin awa® g # FRONTENDCUT @ SYMMETRICAL CUT
to reduce the ripple amplitude, and in Cases 1and 2, formakin -~ * ' *  * o Vo om0 "

of stationary wave pattern with a variable period.

The same configuration was experimentally implementédh. 5. Numerical and experimental GDR SD, normalized to the “no-cut”
with a set of unapodized step-chirped fiber gratings, succg¥uation, forthe studied cases of length reduction.
sively manufactured by the phase-mask technique in the same
setup. For this experiment, three DCGs, nan#G;, DCG2, 1 mm) capable of reducing nearly 40% of the worst R0 (=
and DCG,’, were necessary due to the excluding nature 0f. From Fig. 5, it becomes clear that the front-end cut has a
the front and back-end cuts. The gratings, with reflectivity aftrong effect in order to get a minimum SD, confirming pre-
about 95%, were initially 100-mm long, with almost the saméous predictions related to the input end influence on the GDR
wavelength band of-0.7 nm. The group delay of each gratind6]. Although there are optimum points that can be achieved if
is presented in Fig. 3 in terms of the SD relative to the line#e cut is from the back end, the effect of cutting the output
fitting (slope of ~800 ps/nm). The characterization of theend can cause an oscillation amplitude of the same order of the
gratings, made with a resolution of 1 pm and 1 ps, is based one caused by the direct combination of two identical gratings.
the phase-delay technique, described in [14] and [15]. Furthermore, from the numerical results, it can be noticed that

Again, the length oDCG; was kept constant, whereas thehe minimum SD is achieved after a symmetrical cut of about
other length {.;) was reduced, first by &1-mm cut of the front ~1.2 mm 0.6 mm of length reduction at each end). Fig. 5
end only, second by a1-mm cut of the back end only, andalso presents the experimental results, in terms of relative SD,
third by a cut of~1 mm at both ends. It should be noticed thathowing a good agreement with the numerical predictions.
a slight inaccuracy occurred in relation to the exact location of One should note that it is possible to cancel the ripple in
each grating ends, implying that there is a small margin of erreome regions of the grating by taking two identical gratings
on the actual readings @k L. For each cut, special care wasand shifting a small amount of the central wavelength of one
taken to guarantee the good cleaving quality and to keep baththe gratings. Although the wavelength shift technique also
gratings (when in the cascading configuration) at the same rooepresents an improvement of the ripple SD, the ripple will be
temperature and not subjected to any mechanical stress. Sh®othened in small regions of the spectrum response, where
experimental results are presented in Fig. 4 in terms of SD frahe oscillations are in antiphase, whereas in other regions it will
a linear slope o~1600 ps/nm. A better method of acquiringoe worsened. The main advantage of the length cutting tech-
the correct lengths is to fabricate successively shorter gratingque is that it can provide an average smoothening everywhere,
using the fabrication setup rather than cutting them. although the ripple period is nonuniform. In addition to that,

Fig. 5 shows the relative SD of the ripple amplitudes fromandom variations in the grating profile may act to reduce the
the ideal case, i.e., a linear delay, as a function of the cut lengthsultant ripple. For that case, dynamic tuning mechanisms of
obtained from a linear fitting of the delay spectra seen in Fig. the DCGs [16] could be used as a way to improve even more
It indicates the existence of an optimum value foF, (around the cascading scheme performance.



ROCHAet al: SYSTEM IMPACT OF PHYSICAL LENGTH OF UNAPODIZED CHIRPED FIBER BRAGG GRATINGS ON DISPERSION COMPENSATION 91

7 # BASE LINE
A SYMMETRICAL CUT
8 W FRONT END CUT
9 <& BACKEND CUT
10 ® NOCUT
12
13

-22.0 -215 -21.0 -205 -20.0 -195
Recelived Power (dBm)

-log (BER)

Fig. 7. BER calculations, for the cascading of two unapodized DCGs, indicate
(d) (e) ® error-free transmission. In comparison to the baseline, the power penalties are

Fig. 6. Eye diagrams for: (a) the input baseline of a 10-Gb/s data stre@fy1-5: 0.8, 0.7, and 0.4 dB for the no-cut, back-end cut, front-end cut, and
and (b) after 160 km of a single-mode standard fiber without dispersi(§i¥rnmemcal'CUt cases, respectively.

compensation. For the same distance, eye diagrams after a pair of unapodized

DCGs in the: (c) no-cut case\. = 0), (d) back-end cutAL = 1 mm), . o .

(e) front-end cut AL = 1 mm), and (f) symmetrical cutYL/2 = 0.6 mm). Furthermore, despite limitations of the length-cutting tech-

nigue, the experimental results confirm the predictions reason-

Finall | h . h h 2 GDR red ably well, with a significant improvement on the GDR SD from
inally, to evaluate the system impact that such a redyfe linear delay (almost one-half of the deviation due to the

tion can cause, numerical simulations were made foranonretw rse case, i.eAL = 0). The optimum reduction of the length

to zero (NRZ) single channel, modulated at 10 Gb/s and tra ﬁL) for a minimum bandwidth reduction was numerical and
mitted through 160 km of a single-mode standard fiber. In ord f(perimentally estimated to bel mm on the front or back

to isolate the fiber dispersion effects, th? IOS.SeS z_;md nonline%rti‘-ds_ Although the dispersion efficiency can be doubled by the
ties were made equal to zero. The following five situations WeFﬁethod, further reductions of the lengths, to smooth the delay,

analyzgd: ) _ ) ) ) are less beneficial because they would penalize the bandwidth
1) without dispersion compensation and with a pair of ursf the compensators.

apodized step-chirped fiber gratings;
2) no-cut casAL = 0;
3) front-end AL = 1 mm) cuts;

In unapodized DCGs, the delay has a low-frequency ripple at
the wavelengths closest to the launch end, while the ripple am-
plitude remains approximately constant. The ripple is mainly

4) back-end 4L = 1 mm) cuts; due to the interference between the reflection sidebands, caused

5) symmetrical cutf Lrront = AlLpack = 0.6 MM).  py the unapodized edges and the point of reflection within the
Fig. 6 shows some results, obtained by using the optical Syating [6]. In fact, the front-end cut technique has been proven
tems numerical simulator LightDThe improvement in the eye to be more effective in reducing the SD of the ripple amplitude,
opening due to the combination of the pair of gratings slightbather than the back-end cut since the contribution to the inter-
different in lengths is confirmed by the BER calculations, a&rence from the sidebands is stronger at the input end (most of
seen in Fig. 7. For the best case, the symmetrical cut, in cotRe input energy is reflected before it reaches the output end of
parison to the worst one, i.e., the no-cut situation, the powgfe gratings). Therefore, it is expected that changes in the input

penalty improvement is approximately 1 dB. end will have a stronger effect on the GDR.
Currently, the best DCGs feature a delay ripple-aD ps and
[ll. DISCUSSION it has not yet been possible to reduce the GDR in gratings much

v\)gelow this value [9]. Therefore, a mode of operation that per-
gs error-free performance of a system using DCGs is useful.
e method suggested here can be combined with the existing
hniques for reducing the GDR, such as apodization [6], [11],
], linearity, and a writing process that do not induce bire-
Tingence [4], choice of a writing technique: holographic versus
e-beam written phase-masks [18], tuning mechanisms [16], and

on one of the gratings. That effect can be achieved by turni table package. This way, the system limitations imposed by

the identical (in physical length) compensators into two qua§ e delay ripple could b_e further reduced. _In fact, ".1 Iater_studies
identical compensators, where the length of one of the grg-BER versus bandwidth of the cascading configuration, we

ings differs from the other by a small amount. AIternativeI)F,onf'rmed the influence of the GDR on BER fluctuations, as

rather than cutting the length of one DCG, we observed, in Ia@?o observed n [8]. Our prehmmary results indicated th.at a
erature tuning of one of the gratings may lead to a ripple

experiments and simulations, almost equivalent improvemeﬁ?gnp

when applying either a temperature gradient or a mechaniégl]omh?ning glong a major part of the grat.ing bandwidth,'in
stretching on a 100-mm-long DCG. comparison with the other methods alone, i.e., length cutting

and mechanical tuning. Although requiring further investiga-
1[Online]. Available: http://www.cpgd.com.br/lightd tions, those studies suggest that, for better system performance,

The combination of two identical unapodized DCGs allo
one to compensate twice the dispersion that would be due
just one grating for almost the same wavelength band. The p;r -
posed cascading can be useful to increase the transmission di
tance in 10-Gb/s-long distance systems [17]. However, in or
to keep the amplitude of the delay ripple low, in that config
ration, it is necessary to apply a Bragg wavelength shift £)
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the signal bandwidth must be adjusted within the grating ban@lo] K. O. Hill and G. Meltz, “Fiber Bragg grating technology fundamen-

by some sort of fine-tuning mechanism. tals and overview,J. Lightwave Technalvol. 15, pp. 1263-1275, Aug.
1997.
[11] R. Kashyap, A. Swanton, and D. J. Armes, “Simple technigue for apo-
IV. CONCLUSION dising chirped and unchirped fiber Bragg gratingsléctron. Lett, vol.

. . . . 32, pp. 1226-1228, 1996.
In this paper, it has been demonstrated for the first time, t@12] M. Kuznetsov, “Theory of wavelength tuning in two-segment distributed

the authors’ knowledge, that an arrangement of two unapodized g?Edtbi%‘;gasefS"EEE J. Quantum Electronvol. 24, pp. 1837-1844,
Ch'rDEd fiber Bragg gratings can PrOV'O_'e a S|gn|f|cant rEdUCt!OrIlS] S. pBoninoet al, “Spectral behavior analysis of chirped fiber Bragg
of the GDR amplitude. The technique is based on the combina- ~ gratings for optical dispersion compensation,Rroc. ECOC'97 pp.
tion of two gratings, written with the same phase mask, thougr[114] &A94L-1R97-h 4R Kashvap. “Characterization of fiber B i

. . . . . . L. Rocha and R. Kashyap, aracterization of fiber Bragg gratings:
slightly differentin their physical lengths, connected to two con-"" x"sy,qy of accuracy and repeatability,” BFMC'97 Conf. Dig, pp.
secutive ports of a four-port optical circulator. In that configura- 14-17.
tion, the signal must be launched into the long wavelength sidg5] M.L.Rocha, R.Kashyap, and R. F. Souza, “Reflectivity and group delay

. . . . . characterization of chirped fiber Bragg gratings,”Hroc. SLA'97 pp.
of both gratings, for standard fiber dispersion compensation. 3235,

The gratings studied here were not subjected to any apodiz@s] A.E. Willneretal, “Tunable compensation of channel degrading effects
tion, but it is believed that the method should be useful in re-  using nonlinearly chirped passive fiber Bragg gratingSEE J. Select.
ducing he GDR of pocized raings o5 wel The suggestey LTIt G e L P o e
configuration can provide an increase in the “dispersion/band- ~ transmission systemsQpt. Fiber Technol.vol. 3, pp. 221237, 1997.
Wldth" rath, and Slnce |ts predomlnant |Osses are Only due to tha.S] S. J. Mihailovet aI., “C‘omparison Of fiber Bragg gratlng dispersion-

. . - - . - compensators made with holographic and e-beam written phase masks,”
circulator and the incomplete reflection, without introduction of - i'510¢ 'Ecoc'es pp. 283-284.
nonlinearities, they can be easily loss compensated by the use
of an optical amplifier.

The numerical simulation of a 10-Gb/s data stream, trans-
mitted in a linear regime through 160 km of standard fiber, col
firmed the technique efficiency. The improved system perfo
mance can be noticed from the estimated power penalty red
tion of ~1 dB. As stated before, the length-cutting techniqu
can be simply implemented during the fabrication of the gra
ings, which simplifies the whole setup. The impact of such
technique can be significant and it is likely to find applic g 128 Tochnics) Gentor (o). In 1987
. . . . . . H _ razilian Airspace lechnical Center .In ,
tions as passive d|spe_r5|on compensator operating in high-s she joined the staff of the CPGD Foundation, Camp-
long-haul systems with critical power constrains, where eveis SP, Brazil, where she has been involved in the investigation of various

decibels in sensitivity counts, such as repeaterless systems [##]ects of lightwave communication systems, including coherent systems and
short pulse generation. From 1993 to 1994 and 1996 to 1997, she was a Doc-

toral Research Student at British Telecom Laboratories, Ipswich, U.K. In recent
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