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ABSTRACT 

Techniques for using a nonlinearly-chirped ?ber Bragg 
Appl. No.: 09/757,414 grating to produce tunable dispersion-slope compensation. 
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TUNABLE OPTICAL DISPERSION-SLOPE 
COMPENSATION BASED ON A 

NONLINEARLY-CHIRPED BRAGG GRATING 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/175,146, ?led on Jan. 7, 2000. 

TECHNICAL FIELD 

[0002] This application relates to compensation for optical 
dispersion, and more speci?cally, to techniques and systems 
for reducing chromatic dispersion in optical media such as 
optic ?ber links. 

BACKGROUND 

[0003] Many optical ?bers and other optical transmission 
media can eXhibit chromatic dispersion When different spec 
tral components at different Wavelengths in an optical signal 
travel at different speeds. An optical pulse, Which comprises 
different optical spectral components, therefore, can be 
broadened or distorted in shape after propagation through a 
distance in such a dispersive optical medium. This disper 
sion effect can be undesirable and even adverse for certain 
applications such as optical communication systems Where 
information is encoded, processed, and transmitted through 
optical pulses. The pulse broadening caused by the disper 
sion can limit the transmission bit rate, the transmission 
bandWidth, and other performance factors of the optical 
communication systems. 

[0004] One Way to mitigate the chromatic dispersion in 
dispersive optical ?bers and other optical transmission 
media is dispersion compensation Which introduces disper 
sion in an optical signal to negate the dispersion accumu 
lated in that optical signal. In a Wavelength-division multi 
pleXed (WDM) optical systems, multiple WDM optical 
channels at different Wavelengths are simultaneously trans 
mitted through a ?ber system. Since the dispersion in 
different WDM channels may be different, it may be desir 
able to provide different amounts of dispersion compensa 
tion to different WDM channels at the same time. In addi 
tion, since the dispersion in the WDM channels may vary 
over time, it may also be desirable to adjust the dispersion 
compensation in time for different WDM channels. 

SUMMARY 

[0005] One embodiment of the present disclosure includes 
a ?ber grating formed in a ?ber and con?gured to have a 
spatial grating pattern that changes nonlinearly along the 
?ber to exhibit up to at least a third-order nonlinear disper 
sion effect so as to produce a tunable dispersion slope. A 
grating control unit may be coupled to the ?ber grating and 
is operable to adjust a grating parameter of the ?ber grating 
to tune both dispersion and dispersion slope produced by the 
?ber grating. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIGS. 1 and 2 illustrate tWo different modes of 
operation in a sampled nonlinearly-chirped ?ber grating. 

[0007] FIG. 3 illustrates dispersion slope compensation 
With a ?Xed dispersion slope but tunable amount of disper 
sion based on the second order nonlinear chirp effect. 

[0008] FIG. 4 illustrates tunable dispersion slope com 
pensation based on the third or higher order nonlinear chirp 
effect. 
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[0009] FIG. 5 shoWs one embodiment of a tunable dis 
persion slope compensator. 

[0010] FIGS. 6A, 6B, 7, 8A, 8B, 9A, and 9B shoW 
measured data from a 3-channel sampled nonlinearly 
chirped ?ber grating. 

DETAILED DESCRIPTION 

[0011] The techniques of this disclosure are based on 
nonlinearly-chirped Bragg gratings. See, US. Pat. No. 
5,982,963 to Feng et al. Anonlinearly-chirped Bragg grating 
is a grating that is formed along an optical Waveguide such 
as an optical ?ber and has a grating parameter Hne&(Z) A (Z) 
that changes nonlinearly With the position Z along the ?ber 
optic aXis, Where nne?f (Z) is the effective indeX of refraction 
and A(Z) is the period of the grating. In general, each of 
nne&(Z) and A(Z) may vary With the position Z along the ?ber. 
One Way to implement a nonlinearly-chirped grating param 
eter nne&(Z)/\(Z), for eXample, is to modulate the amplitude 
or phase of the refractive indeX of the ?ber. 

[0012] In operation, this nonlinearly-chirped grating 
re?ects optical Waves satisfying a Bragg condition of )\.(Z)= 
2I1ne&(Z)/\(Z). Hence, different spectral components are 
re?ected back at different positions in grating to produce 
different group delays, "Egg, Which is a function of Z and )t: 

[0013] A single Bragg re?ection band centered at a center 
Wavelength )to can be generated and the bandWidth, AKFBG, 
is determined by the chirping range of the grating parameter 

[0014] One distinct feature of the nonlinearly-chirped 
grating is that, the relative group delays for different spectral 
components at different Wavelengths are different, that is, 
the dispersion D of the grating is a function of the Wave 
length and is tunable by adjusting the grating parameter 
nne&(Z)A(Z). For eXample, a ?ber grating may be stretched or 
compressed to adjust its overall length to change the relative 
group delays of different re?ected spectral components. 

[0015] The nonlinear chirp in the grating parameter can be 
used to cause the grating dispersion, D, to vary With the 
Wavelength: 

[0016] Where D(1)()\.O) is the linear dispersion of the grat 
ing, D(2)()\,O), D(3)()t0), and other terms represent nonlinear 
dispersion terms of the grating caused by the nonlinear 
chirping. The dispersion slope With respect to Wavelength, 
hence, can be Written as: 

(3) 

[0017] The 2nd order nonlinear dispersion D(2))()\.O) pro 
vides a constant dispersion slope for all different spectral 
components, the 3rd order nonlinear dispersion D(3))()\.O) (or 
other high order nonlinear dispersion) provides a varying 
dispersion slope that changes With Wavelength. The folloW 
ing describes techniques that use one or more such nonlinear 
dispersion effects to produce tunable dispersion at multiple 
Wavelengths. 
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[0018] A nonlinearly-chirped grating can be sampled to 
produce multiple Bragg re?ection bands at multiple center 
Wavelengths. See, e.g., US. patent application Ser. No. 
09/253,645 by Jin-Xing Cai et al. In essence, a spatial 
sampling pattern is also formed in the ?ber to overlap With 
the underlying nonlinearly-chirped grating structure. The 
sampling pattern has a sampling period greater than the 
varying grating period A(Z) and may also be spatially 
chirped. The coupling of the nonlinearly-chirped grating and 
the sampling pattern produces multiple Bragg re?ection 
WindoWs or bands at different Wavelengths. The number of 
bands and the band spacing are determined by the modula 
tion of the spatial sampling pattern. The bandWidth of each 
band is determined by the chirping range of the grating 
parameter nne&(Z)/\(Z). 

[0019] FIG. 1 illustrates the dispersion of four adjacent 
Bragg re?ection bands 101, 102, 103, and 104 produced by 
a sampled nonlinearly-chirped grating that are centered at 
Wavelengths LE1, LE2, K133, and X34, respectively. Curves 
110, 120, 130, and 140 are essentially identical and represent 
the dispersion curves of the Bragg re?ection bands 101, 102, 
103, and 104 according to Eq. This sampled nonlinearly 
chirped grating can be used to simultaneously control the 
dispersion at multiple WDM channels by placing different 
WDM channels into different Bragg re?ection bands in the 
Wavelength domain. As illustrated by the eXample in FIG. 1, 
four adjacent WDM channels K1, K2, k3, and k4 are respec 
tively ?t into the different Bragg re?ection bands 101, 102, 
103, and 104. 

[0020] If each different WDM channel Were located at the 
same relative spectral position from the center of the respec 
tive Bragg re?ection band as With other WDM channels, 
then the dispersion produced at different channels Would be 
the same (e.g., D1=D2=D3=D4) because the dispersion 
curves in different bands are essentially the same. When the 
grating is stretched or compressed or otherWise tuned by 
controlling the grating parameter nne&(Z)A(Z), although the 
dispersions of spectral components Within each WDM chan 
nel are changed, the overall dispersions of different WDM 
channels are changed by approximately the same amount 
(e.g., D1‘=D2‘=D3‘=D4‘). This result may be undesirable in 
some applications because the dispersions of different WDM 
channels may be different and hence need to be compensated 
differently. In particular, different WDM channels, after 
transmission through some ?ber systems, may accumulate 
different ?ber dispersion slopes in additional to different 
dispersions. 

[0021] A sampled nonlinearly-chirped ?ber grating, When 
properly designed, can produce both tunable dispersion and 
tunable dispersion slope for different WDM channels. First, 
the ?ber grating is designed to place different WDM chan 
nels at different spectral positions With respect to the respec 
tive centers of the different Bragg re?ection bands. Sec 
ondly, the nonlinear chirp of the ?ber grating is designed to 
produce the third-order dispersion D(3))()\.O) or higher order 
nonlinear dispersion effects. 

[0022] FIG. 2 shoWs an eXample of the ?rst condition 
Where 4 different WDM channels K1, K2, X3, and k4 are at 4 
different positions relative to the respective band centers to 
produce different dispersions: D1¢D2¢D3¢D4 When the 
input WDM channels are evenly spaced in the Wavelength 
domain, this condition can, be achieved by using sampled 
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nonlinearly-chirped grating With evenly-spaced Bragg 
re?ection bands that has a band spacing AKFBG different 
from the channel spacing Akch. Alternatively, the sampling 
pattern of the grating may be designed to produce Bragg 
re?ection bands that are not uniformly spaced in the Wave 
length domain to have a varying band spacing that change 
from channel to channel. 

[0023] The second condition is illustrated by FIGS. 3 and 
4 Where different nonlinearly-chirped dispersion terms in the 
above sampled ?ber grating are shoWn to produce different 
effects on the tunability of dispersion. 

[0024] The ?rst nonlinear term, the 2nd order nonlinear 
dispersion D(2))()\.O) represents a constant dispersion slope 
for all Wavelengths. When the nonlinear chirp of the ?ber 
grating is speci?cally designed to primarily exhibit the D(2)) 
(k0) effect and the higher nonlinear dispersion effects are 
negligible, the dispersion curve in the Wavelength domain 
represented by Eq. (2) is a liner curve With a constant 
dispersion slope. Hence, as illustrated in FIG. 3, When the 
?ber grating is stretched or compressed, the Bragg re?ection 
band positions are shifted in the Wavelength domain. This 
shifts the dispersion produced on each channel. When the 
relative positions of different channels With respect to 
respective band centers are different, the total dispersions at 
different channels are different. The dispersion slope for 
different channels, hoWever, remains as a constant. There 
fore, the D(2)()\.O) effect can be used to produce a tunable 
dispersion With a constant dispersion slope. The dispersion 
slope is independent of the stretch or compression and is not 
tunable. 

[0025] In contrast, the D(3))()\.O) effect or higher nonlinear 
effects can provide not only a tunable dispersion as by the 
D(2)()\.O) effect but also a tunable dispersion slope as indi 
cated by Eq. FIG. 4 illustrates the operation of the 
tunable dispersion slope by the 3rd order or higher order 
nonlinear effect. Notably, the grating dispersion is noW a 
nonlinear curve due to the D(3)()\.O) effect or higher nonlinear 
chirp effects. As a result, When the ?ber grating is stretched 
or compressed, the dispersion at each channel changes due 
to the shifts of the re?ection bands. In addition, the disper 
sion slope changes With the ?ber stretching or compression. 
The D(3)()\.O) effect or higher nonlinear chirp effects hence 
can be used to adjust the dispersion slope produced by the 
?ber grating to negate the varying dispersion slope accu 
mulated in a received WDM channel after transmission 
through a dispersive ?ber system. 

[0026] FIG. 5 shoWs one eXample of a dispersion-slope 
compensator 500 for a WDM system based on a sampled 
nonlinearly-chirped ?ber grating 501. The input port 1 of the 
circulator 520 is coupled to receive an input signal 510 of 
multiple WDM channels from a dispersive WDM ?ber 
system 511. An optical coupler or a beam splitter 530 is used 
to tap a small fraction of the re?ected signal 512 With 
multiple channels for dispersion measurements in a disper 
sion monitor device 532. The device 532 measures the 
dispersion and the dispersion slope in the re?ected channels 
and produces a dispersion indicator. A grating control 534 is 
coupled to control the nonlinearly-chirped grating parameter 
nA as a function of the position Z. In addition, the control 
534 is operable to control the grating parameter nA accord 
ing to the dispersion monitor from the device 532. A number 
of implementations of the grating control 534 are described 
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in US. Pat. No. 5,982,963 to Feng et al., including a ?ber 
stretcher engaged to the ?ber grating and a control circuit 
that supplies a control signal to the ?ber stretcher to vary the 
total length of the ?ber. As the dispersion in the input signal 
510 varies, the device 500 can respond to the changing 
dispersion in the ?ber system 511 by dynamically adjusting 
the nonlinearly-chirped sarnpled grating 501 accordingly to 
change the amount of dispersion and associated dispersion 
slope for each re?ected WDM channel. 

[0027] A 3-channel sarnpled nonlinearly-chirped grating 
Was used to demonstrate the above dispersion slope corn 
pensation. FIGS. 6A and 6B shoW the measured re?ection 
bands and dispersion of the grating, respectively. The band 
spacing AKFBG of the three Bragg re?ection bands is about 
4 nrn. Three dispersive optical channels at 1559.7 nrn, 
1554.8 nrn, and 1549.2 nrn With a channel spacing Akch of 
about 5 nrn Were generated With a pseudorandorn bit stream 
(PRBS) 215-1 and modulated at a bit rate of 10 Gb/s. FIG. 
7 shoWs the dispersion map of the optical channels at 
different travel distances in a dispersive ?ber line. 

[0028] FIG. 8A shoW cornpensated output channels from 
the ?ber grating after the channels transmitted through a 
900-krn dispersive ?ber line. When the transmission ?ber 
line Was increased to 1200 km to add additional dispersion 
to the transmitted channels, the ?ber grating Was stretched to 
increase the grating dispersion by shifting each Bragg re?ec 
tion band by about 0.8 nrn. FIG. 8B shoWs the cornpensated 
output channels. FIGS. 9A and 9B respectively shoW the 
measured bit error rates. The measurements shoW that the 
3-channel grating is used to produce a high dispersion 
compensation for the most severely dispersed channel at 
1549.2 nrn and a 10W dispersion for the 1559.7 nrn channel 
close to the Zero-dispersion Wavelength for the ?ber line. 

[0029] Therefore, sarnpled nonlinearly-chirped ?ber grat 
ings may be designed to have desired nonlinear chirp and 
band spacing to alloW sensitive dispersion tuning of disper 
sion at different channels. The third or higher order nonlin 
ear effects of such gratings can be used to further improve 
the tuning sensitivity. In real ?ber systems where the Zero 
dispersion Wavelength is usually allocated near the center of 
the transmission band, tWo sarnpled nonlinearly-chirped 
gratings With opposite dispersions may be used to cornpen 
sate for channels beloW and above the Zero dispersion 
Wavelength, respectively. Hence, an optical ?lter may be 
used to separate the input channels and direct the proper 
channels to proper gratings for compensation. 

[0030] Although the present disclose only includes a few 
examples, it is understood that various rnodi?cations and 
enhancements may be made Without departing from the 
following claims. 

What is claimed is: 
1. A system, comprising: 

a ?ber grating formed in a ?ber and con?gured to have a 
spatial grating pattern that changes nonlinearly along 
said ?ber to exhibit up to at least a third-order nonlinear 
dispersion effect so as to produce a tunable dispersion 
slope; and 

a grating control unit coupled to said ?ber grating and 
operable to adjust a grating parameter of said ?ber 
grating to tune both dispersion and dispersion slope 
produced by said ?ber grating. 
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2. The system as in claim 1, Wherein said grating control 
unit includes a ?ber stretcher that changes a length of said 
?ber grating. 

3. The system as in claim 1, Wherein said ?ber grating 
further includes a spatial sarnpling pattern that is formed in 
said ?ber to overlap and rnodulate said spatial grating 
pattern to produce rnultiple Bragg re?ection bands at dif 
ferent band center frequencies each With a tunable disper 
sion slope. 

4. The system as in claim 3, Wherein said spatial sarnpling 
pattern is selected to produce a band spacing betWeen 
adjacent Bragg re?ection bands that is different from a 
channel spacing betWeen adjacent channels in multiple 
Wavelength-division rnultiplexed (WDM) channels. 

5. The system as in claim 3, Wherein said spatial sarnpling 
pattern is selected to produce a band spacing betWeen 
adjacent Bragg re?ection bands that changes from channel 
to channel. 

6. A system, comprising: 

a ?ber having a receiving end to a plurality of Wavelength 
division rnultiplexed (WDM) optical channels With a 
constant channel spacing in Wavelength; 

a ?ber grating formed in said ?ber and con?gured to have 
a spatial grating pattern that changes nonlinearly along 
said ?ber to exhibit up to at least a third-order nonlinear 
dispersion effect and a spatial sarnpling pattern that 
overlaps With and modulates said spatial grating pattern 
to produce a plurality of Bragg re?ection bands cen 
tered at different band center Wavelengths that are 
spaced differently from said constant channel spacing, 
said ?ber grating operable to produce a dispersion slope 
in each Bragg re?ection band that is adjustable When a 
grating parameter is changed; and 

a grating control unit coupled to said ?ber grating and 
operable to adjust said grating parameter of said ?ber 
grating to tune both dispersion and said dispersion 
slope produced by said ?ber grating. 

7. The system as in claim 6, Wherein said Bragg re?ection 
bands are evenly spaced from one another. 

8. The system as in claim 6, Wherein said Bragg re?ection 
bands have a varying band spacing. 

9. The system as in claim 6, Wherein said grating control 
unit includes a ?ber stretcher that changes a length of said 
?ber grating. 

10. The system as in claim 6, further comprising a 
dispersion detection unit that is operable to measure disper 
sion and dispersion slope of each optical channel re?ected 
by said ?ber grating, Wherein said grating control unit is 
operable to adjust said ?ber grating in response to said 
rneasurernent. 

11. A method, comprising: 

providing a ?ber grating formed in a ?ber and con?gured 
to have a spatial grating pattern that changes nonlin 
early along said ?ber to exhibit up to at least a third 
order nonlinear dispersion effect and a spatial sarnpling 
pattern that overlaps With and modulates said spatial 
grating pattern to produce a plurality of Bragg re?ec 
tion bands centered at different band center Wave 
lengths, said ?ber grating operable to produce a dis 
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persion slope in each Bragg re?ection band that is 
adjustable When a grating parameter is changed; 

directing multiple optical channels into said ?ber grating 
Where channel Wavelengths of different optical chan 
nels are respectively in different Bragg re?ection bands 
and are respectively positioned differently With respect 
to respective band center Wavelengths; 

adjusting a grating parameter of said ?ber grating to 
change dispersion slopes differently at respective dif 
ferent channel Wavelengths to negate different disper 
sions and different dispersion slopes With respect Wave 
length in different channels. 

12. The method as in claim 11, Wherein said grating 
pararneter includes a length of said ?ber grating. 

Dec. 6, 2001 

13. The method as in claim 11, further comprising: 

measuring a change in dispersions and dispersion slopes 
of in said optical channels re?ected from said ?ber 
grating; and 

further adjusting said grating pararneter accordingly to 
negate said change in said dispersions and said disper 
sion slopes. 

14. The method as in claim 11, Wherein said optical 
channels transrnit through a dispersive ?ber system before 
entering said ?ber grating, Wherein dispersions and disper 
sion slopes of said dispersive ?ber system are different for 
different channels and change over time. 

* * * * * 


