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Fiber Bragg Gratings for Dispersion Compensation
In Transmission: Theoretical Model and Design
Criteria for Nearly Ideal Pulse Recompression

Natalia M. Litchinitser, Benjamin J. Eggleton, and David B. Patterstember, IEEE

Abstract—We propose a transmission-based dispersion com- gratings in transmission. Dispersion compensation using a
pensator employing an apodized, unchirped fiber Bragg grat- uniform fiber Bragg grating in transmission was demonstrated
ing (FBG). A theoretical model for dispersion compensation in both experimentally and numerically [8], [9]. It was shown
transmission based on the dispersive properties of the periodic that th Its of Ouellette’ IVsi ' tricted to th
structure is developed. A figure of merit is defined for optimiza- at the results or Oue _e e_s analysis are restricted to the case
tion of the grating parameters for maximum recompression of Where the pulse bandW|dth IS Sma”er than or Compal’able to the
dispersion-broadened optical pulses in long-haul communication bandwidths of the sidelobes in the transmission spectrum of the
systems. Numerical examples confirm that nearly perfect compen- grating. The performance of the transmission-based dispersion
S?;';?C;‘l"tga‘s’ggyO';)‘i’;t'(';rseirtt'o” losses can be achieved for many ompensator was shown to be significantly improved when the
P ' pulse bandwidth is much greater than the bandwidths of the

Index Terms—Compensation, gratings, optical fiber dispersion, sidelobes in the transmission spectrum.
optical pulse compression. In this paper, we propose a transmission-based dispersion

compensator utilizing an apodized, unchirped fiber Bragg
|. INTRODUCTION grating. We demonstrate that this scheme is a viable alter-
IBER gratings are already key components in Optican|at|ve t.o.eX|st|ng d|sper5|on—compensgt|0|j systems, capable
A ! : f providing nearly perfect compensation in many practical
communication links as filters [1], gain flatteners [2], an8 : . ; . )

. . . : ., _cases of interest. We derive analytical design equations and

dispersion compensators [3]. Fiber Bragg gratings (FBG’s) are

X . défine a figure of merit to optimize the grating parameters for
very attractive components because as well as being passive, . .
ximum pulse recompression.

linear, and compact, they possess strong dispersion in bot he paper is structured as follows. In Section Il, we analyze
reflection and transmission. In reflection, the dispersion arist%% grating performance in terms (.)f the disperéion relation
when the edge of the band gap varies with axial position alo diside the reflection band: here. we replace the grating
the grating such as in linearly chirped or ramped gratings [ ith a highly dispersive meaium. We introduce a figure of
[4]. Different wavelengths in a dispersed pulse are reﬂectedrﬂgrit which allows prediction of the performance of the
different positions in the grating, leading to different Opticaéompensator and grating design for maximum recompression
path lengths and thus providing the possibility of compensating , gispersion-broadened pulse. Section Il discusses the
for dispersion in Iong—hau!fiber Iin_ks [5],[6].Wh_i|e the resgltsm'e of apodization on the performance of the dispersion
thus far have been quite impressive, the experiments typicglymhensator. We show that the oscillations in the transmission
require the use of an optical circulator or 3 dB coupler ang,ectrym associated with the finite length of the grating can be
the design and fabrication of complex grating structures.  omoyed almost entirely using apodization techniques, so that
A more attractive solution would be a transmission-basgde insertion losses in the compensator can be significantly
system in which the gratings are placed in line with thgsgyced. In Section IV, we discuss the results of numerical
fiber. Quellette [7] studied theoretically the use of uniforgjmylations based on coupled-mode equations, demonstrating
Bragg gratings for transmission dispersion compensation apg@t aimost perfect recompression of dispersed optical pulses
concluded that the maximum achievable compression raggn pe achieved by using a suitably designed grating. Fi-
is severely limited by the small bandwidth of the highly,g|ly, Section v discusses the limitations of our theoretical
dispersive regions in the transmission spectrum of the gratifledel and demonstrates that nearly ideal compensation can
Recently there has been renewed interest in using Bragigvays be achieved with sufficiently long, strong gratings, or

concatenated gratings.
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Fig. 1. Schematic diagram of transmission dispersion compensator. Fig. 2. Photonic band gap for infinite uniform Bragg grating.

A. Dispersion-Induced Pulse Broadening in Optical Fiber L|nkh erex = rAny/A\p is the coupling coefficient, defined

We first consider the problem of optimizing a uniformyy the refractive index modulationn, and the fraction of
grating for compression of an initially transform-limited pulsenergy in the corey. The dispersion curve of (4) is illustrated
of 1/e-width 7o, broadened by propagat|on through opticah Fig. 2, for both a uniform medium (dashed line) and a
fiber of lengthL ; with dispersion3{, as illustrated in Fig. 1. periodic medium (solid line). Recall that the group velocity
We only consider the second-order fiber dispersion, ignoriggispersion is given by the curvature of the dispersion relation.
higher order fiber dispersion. We also ignore any losses apgr the uniform medium the slope is constant, and thus the
nonlinear effects in both the fiber and the grating. dispersion is negligible. By introducing a grating, the dis-

A Gaussian pulse maintains its shape with propagatig@rsion relation is modified, with the most noticeable feature
through the fiber, but its width increases due to group-velociBing the “photonic band gap” in the dispersion relation: this
dispersion. The 1/e-width, after propagating a distande; corresponds to the range of detunings < § < «. For this
is related to the initial widthr, by the relation [10] range of detuning light cannot propagate through the grating

Lol and undergoes strong reflection.
T =704/ 14 # (1) Optical pulses detune(_j_out3|de of the gaf ¢ ﬁ).can
70 propagate, but at velocities that can be substantially less
and the pulse becomes chirped, so that the frequency charl§@g the speed of light in the uniform medium. The reduced
linearly across the pulse with chirp parameter velocity can be understood in terms of the multiple reflections
at the grating rulings with a resulting path length increase.

Ly . (2) The group velocityy, = (¢/n)/1 — x?/62, vanishes at the

af =

B. Dispersion Relations for the Grating

Bragg resonance. The range of wavelengths over which this
occurs is roughly equal to the bandwidth of the grating; for
the fiber gratings we consider in this paper this is of the order
of a nanometer. This extreme variation in the group velocity

Tg>2 bandedge and asymptotically approachksgs far from the

We now consider the propagation of this chirped Gaussiamer such a small range of wavelengths leads to strong group
pulse in a fiber Bragg grating. In the grating cubic dispersiorelocity dispersion. On the upper branch of the band gap the
is significant and cannot be ignored. For now, we ignore finigign of the dispersion is positive corresponding to anomalous
grating effects, which give rise to sidelobes in the reflectigispersion, where the existence of solitary waves has been
spectrum and oscillations in the delay spectrum. We alsgperimentally demonstrated [13], [14]. More importantly for
ignore fourth and higher order dispersion effects and nonlingis discussion, the normal dispersion exhibited by the grating
effects of the grating. While this is not exact, we discuss tt@# the lower side of the photonic band gap can be used to
conditions when this representation is accurate in Sections ¢giimpensate for anomalous dispersion effects caused by fiber
and IV. propagation at communication wavelengths.

To describe propagation through a Bragg grating, we needThe effects of this grating dispersion can be accounted for
to consider the dispersion relation, which is the relationshipathematically by expandingin a Taylor series about, [11]

between the frequency detuning parameter [11] . 1/ en2
3(6) =3¢ —)B7(6 =6 — (=) BI6 - 6)2
5= o wom) @ PO=8+ (1) - +5() BE -
¢ 1 g 3
and the propagation constant= /3 — 5. Here,w is the + 6(5) P56 = b0)" + -+ (5)
optical frequency andu; is the resonant Bragg frequencywhereﬁg is thenth derivative of3 with respect ta> evaluated
The dispersion relation is obtained by inserting plane wav ?

solutions into the coupled mode equations, yielding [12] We have only included the lowest three terms in this

62 = 42 4 K2 (4) expansion; the accuracy of this relation will be discussed later.
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The term35(6) is the (quadratic) group velocity dispersion
given by

A3(0) = —(2)2 m x sign(é) (6)

C

and 3§ (6) is the cubic dispersion which is given by

2
/35(5):3(2)3ﬁ_ @)

C

OPTIMAL GRATING LENGTH, cm

Clearly, bothg§ and 3§ diverge at the bandedgé & ).
In an ideal dispersion compensator, the dispersion of the
filter is matched to that of the fiber, i.e.,

Ly| 58| = Ls| 55| (8) 100 102 104 106 108 110 112 114
DETUNING, cm™
g - . . .

Wherefﬁ? is the quadrgtlc_dlsper_smn of the_gratmg given by (_q;ig. 3. Optimal grating length as a function éf for coupling strength
andg; is the quadratic dispersion of the fiber. Here we define= 100 cm=", fiber lengthZ; = 400 km (solid line), andZ; = 100
an ideal dispersion compensator to be that which recompressegdashed line); dispersiof! = —20 ps2/km andro = 24 ps.

the dispersion-broadened pulse to its transform-limited pulse

width. Of course, the cubic dispersion of the grating acts = Loy along the grating
to diminish the efficiency of compression and to distort the

S
pulse, and thus must be as small as possible for the grating %
to approach ideal behavior. Lop, = 2 (11)
N < s )2 70
C. Pulse Propagation in Fiber Bragg Grating 20510 ¢+ (Lf/}gc)2

We now model the grating structure by a highly dispersivgnd equals
uniform medium with the quadratic dispersi@ and cubic 5
dispersion 3. This allows us to use the wave equation <Lf/3§>

instead of solving coupled-mode equations to study pulse 72
propagation in the grating. As we neglect fourth and higher Copt = |1+ 0 5
order dispersion, the slowly varying amplitude of the pulse 1 < B )

envelope satisfies [10] 23370

o gl & Bl o In Fig. 3, we show the calculated value bf;, from (11) as
< + 22 a5 =2 —3)E(z, Ty=0 (9) a function ofé. Note that the optimum length of the grating
0z 2 oOr 6 or depends on detuning If now we fix z = L, then from (1),
(2), and (10) the compression ratio varies as

(12)

where z is the axial position along the grating.
Following Marcuse [15], [16] and Akhmanov [17], the com- g 2
. . ) : ; g 9 B35 Lg
pression ratio, defined as the ratio of the input to output root C =S (1=p55Lyay)" + 2
mean square (RMS) pulse widths, can be found analytically f

for the case including quadratic and cubic dispersion p 97y —1/2

1 : . 13

59\ T <2/3§To) ]} 43

C=q(1—aypiz)?*+ /2;
Ty D. Figure of Merit
2y —1/2 We now introduce a figure of merit, which is useful in
1+ (a2 Pz (10) analyzing and designing the compensator and represents the
i 2752’ relative effects of cubic and quadratic dispersion. Here we

analyze the second derivative of the wavenumbBewhich
We note that the RMS pulse width gives a good representatf§iPresents the group velocity dispersion. Differentiating the
of the actual pulse width if the pulse shape is nearly Gaussid@y!or expansion fori(6) in (5) one arrives at
] i i i i 1 2
but for non-Gaussian pulses with long, asymmetric leading or Ba(8) = 99 + %/33(5 —60) + (%) 89(5 — §0)2

trailing edges, the RMS width can be much larger than the 2!
full-width at half maximum (FWHM) width. Fixing= and§, 1 rey3 39085 — 513

: ; . ) . = (=) B(6— 14
we find that the compression ratio reaches its maximum at + 3! (n) Pl o) + (14
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Fig. 4. The calculated value dff3 as a function ofAé for pulse widths of Fig. 5. The approximate value off3 as a function ofAé for trans-
T = 10 ps (solid line),r = 20 ps (long dashed line); = 30 ps (dashed form-limited pulse widthro = 24 ps.
line), and7 = 40 ps (short dashed line).

our approximations invalid in this region. We shall discuss

Then we define a figure of merit as a the ratio between tHeese dispersion effects further in Section V.

third- and second-order dispersion terms in this expansion N Regions Il and lll, the reflection is no longer present;
however, Region Il still exhibits appreciable third-order, as

Ms = B _ " 36 (15) well as higher order, dispersion effects which cause nonideal
3570 cro 62 — k2’ recompression. The third-order dispersion limitation is clearly
, . ) _illustrated in Fig. 6, where we plot the optimal compression
Clearly, for optimum pulse compression the third-order digzig (in our third-order approximation) versig; for a pulse
persion must be small, and thus we desifg to be as small \hich has been broadened by a factor of 3.62 via propagation
as possible, i.e.Ms < 1. through a dispersive fiber. For this figure, we have used (12)

For copvenience, we now (_jefine the detuning offeet= 44 (17) to express the optimal compression verlys
|6 — x|, i.e., the detuning with respect to the edge of the

photonic band gap. Thefds can be written as L.t 2
< i )
3n  Abd+k 78
My= — ——————. 16 -
57 Toc AS2 + 2A6k (16) Cope = | 1+ M3\ ? (18)
1+ =~
We note that whem\é < &, (16) can be approximated by < 2 )
39 From Fig. 6, we observe that fakf; > 0.25 the opti-
3= ﬁgi mal compression decreases rapidly from the ideal transform-
32710 1 limited value (3.62), indicating that higher order dispersion
~ 2o NG (17) effects are present despite satisfying the conditidn < 1.
T0C

However, in Region lll, whereMs; < 0.25, the compres-

F|g 4 shows the calculated value of this approximMg sion approaCheS this value. In Sections IV and V, we shall
as a function ofAé for pulse widths ofrwin = 10 ps (solid also demonstrate, through numerical examples, that under the
line), 7ewmn = 20 ps (long dashed line)pywmv = 30 ps condition M3 < 0.25 the theory presented in this section is
(dashed line), andrwinv = 40 ps (short dashed line). At accurate and nearly ideal compensation is achievable. Thus,
detunings close to the band gap edgg diverges. we define the conditiod/s < 0.25 to be a goal for the design

Fig. 5 showsM; as a function of the detuning offsgts for  Of transmission-based compensators.

70 = 24 ps. The range of detuning is divided into three regions WWe now determine the optimal detuning offset for maxi-
for which the dispersion compensator behavior differs. RegiéaUm pulse recompression under the approximatn< .

| corresponds to the range of detunings in which the spectfgarranging (17), one finds
half-width of the transform-limited pulse is greater than the o 3n 1

detuning offsetAd. In this region, characterized bj§ < Ao~ 270c M3’

n/(cmo), two effects lead to nonideal recompression. First, 1o grating quadratic dispersion, (6), in termsof is
reflection of spectral components in the gap reduces pulse ) )

energy and may be misinterpreted as compression. Second, By = _(ﬁ) R (20)
higher order dispersion terms dominate near the edge, making c/ (A8 +2rA8)3/2

(19)
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sating large dispersion and that the quadratic dispersign,
increases close to the edge of the photonic band gap. In

limit that Aé < &, (20) can be approximated by

understood if we consider Fig. 8(a) which shows the calculated

5 cm™?! and length

(21) L, =1 cm. Itis calculated using the standard equation

delay for a uniform grating withs

(25)

9
Ow
where¢ is the phase of the complex reflectivity which can be

Tdelay

By rearranging (21) and using (8) one arrives at

found in closed form. The results of (25), though providing
an exact rather than approximate solution, must be interpreted

(22)

>2/3

which shows the detuning for maximum recompression of tff&

Lg
PyLy
dispersed pulse, under the approximatidf < . The exact

)4/3;&/3 <

(2

1
2

Ab =

First, note that at detunings far from the Bragg resonance

refully.

taken for light to travel through 1 cm of uniform medium.

At detunings closer to the edge of the band gap where the
grating is mostly transmitting, the delay oscillates rapidly.
0 (23) These oscillations in the delay spectrum are associated with

can be obtained by combining (6) and (8) to yield

reflections from the ends of the grating, giving rise to low

2

the positive real root of which represents the optimum detuni

S
2
for dispersion compensation. However, (22) is accurate

Lg
LB

4
§6 — 3642 + 3r6% — KO — (ﬁ) <
C

esse Fabry—Perot-like resonances [12]. The increased delay
n be attributed to the path length increase caused by multiple

o

flections in the Fabry—Perot cavity. The dashed line shows

e calculated delay ignoring end effects.

most cases of interest. It also follows from (17) and (22) th

M3 can be well approximated by

Now consider the case when the pulse bandwidth is larger

i

be easiest to consider using the transform relations between

than the resonance spacing. The effect of the fluctuations may
the frequency and time domain. The rapid oscillations in the

(24)

frequency domain may be considered to be energy that is

Finally, we note that these approximate equationg¥ér<«

x agree well with third

it is “pushed” out of the

equations will provide optimum compensation only undemain pulse. The slowly varying part of the spectrum, found

order dispersion theory. These desidocated at large time delays, i.e.,

conditions whereM; is kept small. In Section V, we showby smoothing or averaging over these ripples, represents the
that (24) can be used to scale the grating parameters for gigating effect on the frequency components within the main

pulse. Thus, if the energy in the fast oscillations is small

fiber length L.
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reflections which reduce the peak intensity of the trans-
mitted pulse. Apodization is a well-known technique which
effectively removes the sidelobes in the reflection spectrum
of a uniform grating by allowing the index modulation to
vanish smoothly at each end [18]. This largely removes the
Fabry—Perot reflections which occur at the boundary between
the grating and the surrounding medium, thus suppressing
the sidelobes and the oscillations in the delay spectrum. The
transmission spectrum corresponding to an apodized grating
of length 1 cm is shown in Fig. 8(b). The region of the
grating in which the coupling coefficient is constant is 0.5
cm (x = 5 cm™1). The delay for this apodized grating,
shown in Fig. 8(b), is similar to that shown by the dashed line
in Fig. 8(a). More importantly, however, is that the grating
(U —T 1 ] — reflection is negligible at detunings outside the photonic band
20 -10 0 10 20 gap.
DETUNING, cor’!

@)

200 —

150

100 -

DELAY, ps

IV. NUMERICAL RESULTS

100 = — -1 We now combine the results obtained in the previous
sections to study the dispersion compensation numerically for
three practical examples. This allows us to consider actual
finite uniform or nonuniform grating effects, avoiding any
approximations and, therefore, to predict where the theory
derived in Section Il is accurate. Here we use a fundamental
matrix approach [19] to solve the coupled-mode equations for
nonuniform gratings.

Example I: As a first example we consider a uniform
grating with x = 50 cm~! and lengthL, = 10 cm, for
compensating dispersion in a fiber link of length = 100
km. We consider a pulse withpwiy = 40 ps at 1.55um
\ / where the dispersion i/ = —20 ps/km. Solving (22)
numerically gives an optimum detuning offset A = 9.09
cm~?, corresponding to Region Il in Fig. 6. Note th&t <

-20 -10 0 10 20 so that the approximation leading to (17) is justified, with
DETUNING, cmr'! M3 ~ 0.33. This suggests that, although quadratic dispersion
(b) dominates cubic dispersion, the higher order effects are not
Fig. 8. (a) The calculated group delay for a uniform gratifig, (= 1 cm negligible in this case. . L .
andx = 5 cm1) in transmission (solid line) and the delay in transmission W€ now model the grating characteristics numerically.
(dashed line), ignoring end effects. (b) The calculated the delay in transmiss®hown in Fig. 9 are the results of recompression via
(solid line) for an apodized gratinglg = 1 cm ands = 5 cm™") and  transmission through the grating described above. The
transmission spectrum (dashed fine). transform-limited pulse is broadened to 144 ps (FWHM) upon
propagation through the dispersive fiber and compressed back
compared to the total energy, we may effectively average theseapproximately 46 ps upon transmission through the 10-cm-
out to expose the underlying dispersion relation of the infiniteng grating. The pulse is retarded in time by approximately
grating. The spacing of the oscillations for a uniform grating00 ps, indicating that the pulse propagates along the length
of length 1 cm withs = 5 cm™1 is approximately 0.01 nm, of the grating at an average velocity of 53% of the speed
while the bandwidth of typical pulses is of the order of 0.bf light in the uniform medium. The reduced peak intensity
nm. In the time domain this is equivalent to saying that thie associated with out of band reflections and residual cubic
length of the pulse is shorter than the length of the grating. tfispersion; note that the peak intensity of the compressed
this regime interference effects do not occur, thus renderipglse is approximately 40% of the transform-limited pulse.
the oscillations shown in Fig. 7 unimportant. Of course, if Fig. 10(a) and (b) shows, respectively, the compression ratio
the bandwidth of the pulse is smaller than or comparable and peak intensity versus the central detuning of the initial
the spacing of the oscillations, then the interference effeqislse. Note that the compression ratio peaks.gt ~ 59.09
become important, and thus Ouellette’s analysis [7] may lben~?!, consistent with our analytical results. For detunings
used to show that negligible compression is expected. & < bopy Close to the band gap, dispersion orders higher than

While the oscillations in the delay may not be detrimentalvo become large and reduce the efficiency of compression.

in terms of the compression they do result in out of barfor detunings) > 4, the group velocity dispersiofij is too

80 \ |

60 | \
1

DELAY, ps
.
o
| H
\
A\
s
ALIAILLINSNYYL
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Fig. 9. (a) Initial, broadened and recompressed pulses after transmisdtagn 10. (a) The compression ratio as a functionéofor a 40-ps pulse
through 100 km of fiber and 10 cm uniform grating with= 50 cm—! and  broadened to 144 ps by propagation through 100 km of fiber and recompressed
AS = 9.09 ecm—! and (b) recompressed pulse superimposed on transfoifi® transmission through a 10-cm long uniform (triangles) and apodized
limited pulse. (squares) grating witheg = 50 cm—1, compared with theoretical curve
(circles). (b) The peak intensity of recompressed pulse normalized to the
small, so that the grating length must be increased (for fix8gensity of initial transform-limited pulse as a function &f
k) to satisfy condition (8). Of interest is that the bandwidth
corresponding to compression ratios which are greater tharThe compression ratio and peak intensity versus the central
two is 5 cni"l. The bandwidth can always be improved byletuning of the initial pulse are also shown in Fig. 10(a)
either making the grating longer or stronger. and (b). We compare those optimization curves with the
We next suitably apodize the grating such that the couplinigeoretical one obtained from (13), observing that compres-
coefficient vanishes smoothly at each end of the grating, wision is relatively unchanged with apodization, while intensity

a form shown in (26) at the bottom of the page whege= 50 transmission is improved by a factor greater than two over the

cm™!, L; =4.75cm, Ly =5 cm, andAL = 0.125 cm. uniform grating.
" 2] < Ly
2 — L1)?
K(z) =Ko exp [—%} L1 2L Ly, Lo <2< —-1 (26)
|2 = L2

0
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Fig. 11. (a) Initial, broadened and recompressed pulses after transmission

through 100 km of fiber and 10-cm long apodized grating with= 50  Fig. 13. Compression ratio versus for Example II: numerical results
em~Land As = 9.09 cm—? and (b) recompressed pulse superimposed difauares) and theoretical values (circles).

transform limited pulse.

transform-limited pulse width to the recompressed pulse width

The results of recompression via transmission through tReedicted theoretically for this case. Here, we observe that the
apodized grating are shown in Fig. 11. We note that onpgtio approaches unity at the optimum detunifige 117.37
around 1% of the energy is reflected from the grating and thah—1.
the pulse is recompressed to 49 ps, nearly the transform limitedrig. 13 compares the theoretical and numerical results for
width. Note that the peak intensity is now approximately 85%e compression ratio. Here we note that the bandwidth
of the initial peak intensity, representing an insertion loss @brresponding to compression ratios which are greater than
0.7 dB. two is approximately 1.6 times greater than that for the weaker,

Example II: Now we consider the same fiber system as ighorter grating of Example I. If we now apodize this 20-cm-
Example | (g V™M = 40 ps, 7y WHM = 144 ps, Ly = 100 |ong grating ¢ = 100 cm™?), we find that the peak intensity
km), but increase the gratlng parametersste= 100 cm~—?! increases to 95% of the initial peak intensity, so that the
and L, = 20 cm. (Such strong gratings have been fabricatédsertion losses in the system are less than 0.25 dB. This
in laboratories, exhibiting index modulations as largel@s?  indicates that almost perfect recompression can be obtained
[20]). For this grating, the calculated value 8f; = 0.17, using longer and stronger apodized gratings in transmission.
corresponds to Region Il in Fig. 6 where nearly perfect Example Ill: We now consider an example more typical
compensation can be expected. This near-ideal behaviorofsfuture long-haul fiber communication systems where the
demonstrated in Fig. 12, where we plot the ratio of theepeater spans are expected to be 400 km. The 40 ps (FWHM)
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transform-limited pulse is broadened to 557 ps (FWHM) upon 16
propagation through a 400-km dispersive fiber. Now we can
scale the grating parameters in order to maintain the small 14 7 s
figure of merit M3. We note that the grating parameters can .
be scaled for any fiber length; using (24) in order to obtain 121 ./
Mz <« 1. Of course, we are limited by the refractive index
modulation depth and grating lengths that are available. In
this example, we again use a 20-cm-apodized grating with an
apodization function of the form of (26), with; = 9.5 cm,
L, =10 cm, AL = 0.25 cm, andkg = 100 cm™1.

Fig. 14(a) and (b) shows the compression ratio and peak
intensity versus the central detuning of the initial pulse. The /.

COMPRESSION RATIO
oo

transmitted pulse corresponding&e= 107.23 cm™1 is shown
in Fig. 15. Though the compression ratio in terms of RMS

width for this pulse is only 4.3, the FWHM compression 0 T I\\IUME}?ICALf{ESUL\TS i
is 8.7. The latter corresponds to a 64-ps pulse width if we 102 104 106 108 110 112 114 116
ignore the structure at the trailing edge of the pulse. We DETUNING, cm'!

discuss these results in more detail in the next section, but @)

here we simply note that it is misleading to use the FWHM
definition for the detuning$ < 107.23 cm™! (6,p,:) where 0.6
higher order dispersion and edge effects dominate and produce

highly asymmetric pulse shapes. 05 -

3
|

V. DISCUSSION 0.4

We now discuss the limitations of our analytical analysis.
Numerical Examples | and Il confirm that this model is
accurate for the case of a relatively strong grating used to
compensate for dispersion in a fiber length of 100 km. We
showed that apodization largely removes the sidelobes in the
transmission spectrum of a uniform grating and allows one
to achieve almost perfect recompression of dispersed optical
pulses, in terms of both pulse width and peak intensity.

INTENSITY, (I/o)
(=]
(U]
I

0.2

0.1 +

Next, we compare and discuss the theoretical and humerical 0.0 ’ \ 1 I N T
results obtained in the third example where a 20-cm long 102104 106 108 110 112 114 116
grating was used for dispersion compensation in a 400-km- DETUNING, cm!
long fiber. As we showed there, our numerical results for ()

compression ratio in terms of RMS DUIse width and FWHl\éig. 14. (a) The compression ratio verstisfor Example Ill: numerical

disagree by a factor of two at the optimal detuning of the pulggsuits (squares) and theoretical values (circles). (b) The peak intensity of the
central frequency_ We note that for a non-Gaussian pulse, thepmpressed pulse (normalized to the intensity of initial transform-limited
pulse width is not well defined and the RMS value does nBY!se) versus.
give a good representation of the actual pulse width. However,
even the compression ratio obtained based on the more liberal
FWHM measure is only 64% of the theoretically predicte@bviously to minimize the effect of the third and higher order
ratio, indicating the presence of dispersion effects higher theerms in (14), we desire all/,, to be as small as possible, i.e.,
third order. M, < 1. If we now calculatels,, for our examples af.;, we
To predict where the fourth and higher order dispersicarrive at the following values fors, A44): Example I: (0.33,
terms may become important, we again analyze the seca@nds); Example II: (0.17, 0.14); and Example llI: (0.42, 0.35).
derivative of the wavenumbe# given by (14). We define the Our results indicate that both FWHM and RMS measures agree
parameters\/,, as/g/[(n—2)35_, o] similar to the definition with the theoretical curve folZ, < 0.2, corresponding in
of M3 in (15) and plot them as functions éffor n = 3,4 our examples taA§ > 12 cm™?!, as illustrated in Fig. 16.
(Fig. 16). Using this condition forM, and (27), we obtain an empirical
ThenM, is given, in exact and approximatAd < «) form  the condition onAé for which fourth-order dispersion effects
may be neglectedAé > 25n/4cro. If, for given grating

2 2
= 467 strengthy:, one selects,,,. above this threshold, the dispersion
2toc 6(6% — K?) compensator performance will be close to ideal, as described
~ on 27) by (9). The corresponding optimal grating length can be

drocAS’ obtained from (11) or Fig. 3.
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Fig. 16. The calculated values 8f3 and M4 versusAé for 7o = 24 ps.

9.09 and 17.37 cm*, respectively; from Fig. 16 we observe
that though quartic and higher order dispersion are not negligi-
ble in the first example, their relative effect is less than for the
third example. Example 1l clearly illustrates that by making
gratings longer and stronger almost perfect recompression can
be obtained. In practice, of course, the design parameters are
restricted by the refractive index changes and grating lengths
that are available.

VI. CONCLUSIONS

We have proposed the use of apodized, unchirped fiber
Bragg gratings for dispersion compensation in transmission.
The problem of optimizing a grating structure for maximum
recompression of a dispersed pulse was analyzed using the
third-order approximation of dispersion theory. We discussed
the limitation of our analysis and considered three numerical

Fig. 15. (a) Initial, broadened and recompressed pulses after transmiss%@mples which demonstrated that by making gratings Ionger

through 400 km of fiber and 20 cm long apodized grating witk= 100

or stronger, we can keep the figure of mekif; small. In

cm~* and A = 7.23 cm~* and (b) recompressed pulse superimposed ofhis case, the third-order dispersion effects are negligible,

transform limite

d pulse.

and almost perfect recompression of dispersed optical pulses
can be achieved. We showed that apodization effectively

Fig. 16 shows that forA§ < 12 cm™! higher order suppresses the oscillations in the delay spectrum and the
dispersion terms become as significant as the third-ordsdelobes in the uniform grating spectrum so that the insertion

term. Therefore higher order termsa (> 3) in the Taylor

losses at the grating output could be reduced to less than 0.25

expansion of (5) should be taken into account to predict tiod.

grating performance. This explains the disagreement of thelt is worth comparing the transmission dispersion compen-
numerical results in Fig. 14(a) with the theoretical curves faator to reflection-based dispersion compensators. The chirped
the parameters of Example IIIA¢ = 7.23 cm™1). While grating which has attracted so much attention clearly has the
the analysis we have presented can be extended to treatatieantages of both larger bandwidth and larger dispersion.
case of higher order dispersion [21], this is beyond the scopbese properties make it attractive for use in a dispersion
of this paper, and the numerical solution is just as simple tmmpensation link. However, the component suffers from the
implement as the generalized theory. However, we note tltisadvantages of requiring complicated designs and requiring
(21) provides accurate design parameters, and the plots of dither a circulator or a 3 dB coupler. A transmission-based dis-
parameters/,, give a qualitative insight into the physics ofpersion compensator, as presented here, does have a limitation

the device.

in bandwidth imposed by the grating parameters. However,

It is worth discussing the results of Examples | and Il inve note that the performance of the transmission dispersion
Section IV interms of\/,, (n > 2). In these exampleg\é was compensator can always be improved by either making the
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grating longer or stronger. This allows not only improvement9] N. M. Litchinitser and D. B. Patterson, “Analysis of fiber Bragg gratings

in the compression ratio but also an increase in the bandwidth for dispersion compensation in reflective and transmissive geometries,”
hich thi . hi h . J. Lightwave Technolthis issue, pp. 1323-1328.
over which this compression can be achieved. These devigg§ . p. AgrawalNonlinear Fiber Optics. New York: Academic, 1995.

will also impart lower insertion losses than reflective designg,l] P. St. J. Russell. Mod. Opt.,vol. 38, p. 1599, 1991.

. . : : ; [12] J. E. Sipe, L. Poladian, and M. de SterkdeOpt Soc. Amer. Ajol. 11,
as they may be spliced in-line with the fiber link. p. 1307, 1994.

In addition, these devices could be used in wavelengtpis] B. J. Eggleton, R. E. Slusher, C. M. de Sterke, P. A. Krug, and J. E.

division multiplexing (WDM) applications [22], [23] if multi- Sipe, Phys. Rev. Lettyol. 76, p. 1627, 1996.
. . (,Ii14 B. J. Eggleton, C. M. de Sterke, and R. E. Sluslpf. Lett.,vol. 21,
ple compensators were used in a system with channel spacing ;" 1553”1996,

much greater than the grating band gaps. Our results may[i& D. Marcuse,Appl. Opt.,vol. 19, p. 1653, 1980.

; A : ; ; | , Appl. Opt.,vol. 20, p. 3573, 1981.
useful in other grating-based wavelength selective appllcatloﬁ% S A Akhmanov. V. A. Wsloukh, and A. S. ChirkinOptics of

such as add/drop filters [24], where apodized gratings can  Femtosecond Laser PulsesNew York: AIP, 1992.

be utilized to reduce the reflection outside the band gdég] B. Malo, S. Theriault, D. C. Johnson, F. Bilodeau, J. Albert, and K. O.

, Hill, Electron. Lett.vol. 31, p. 223, 1995,
Care should be taken to ensure that the grating produces ¥ w. vamada and K. Sakudappl. Opt.vol. 26, p. 3474, 1987.

dispersion broadening on adjacent channels. Therefore, th{®g V. Mizrahi et al., Appl. Phys. Lettyol. 63, p. 1727, 1993.

; [ % D. Anderson and M. J. Lisalhys. Rev. Ayol. 35, p. 184, 1987.
WDM systems should be designed so that each Channel[é G. P. Agrawal and S. Raditi-EE Photon. Technol. Lettvol. 6, p. 995,

truly noninteracting. 1994,

In this paper, we considered dispersion compensation [#$] V. Mizrahi, T. Erdogan, D. J. DiGiovanni, P. J. Lemaire, W. M.
transmission based only on the dispersion associated with yo?'cgg??%gd’Gl'ggfmk" S. Cabot, and J. E. Skigctron. Lett,
the band structure of the grating. In principle, the gratin@4] T. A. Strasser, P. J. Chandonnet, J. DeMarco, C. E. Soccolich, J. R.

dispersion can be tailored by using nonuniform grating designs Pedrazzani, D. J. DiGiovanni, M. J. Andrejco, and D. S. Shenk, in
. . . . . Proc. OFC’96,1996, postdeadline paper, PD8.
or by grating concatenation. In particular, dispersion compeps; . 3. Eggleton, P. A. Krug, L. Poladian, and F. Ouellefectron.

sation using a ramped fiber Bragg grating in transmission was Lett., vol. 30, p. 1620, 1994.
demonstrated experimentally [8]. However the grating was
not optimized for maximum compression. Another possibility
is the use of superstructure Bragg gratings [25] which could
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