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Design of High-Channel-Count Multichannel Fiber
Bragg Gratings Based on a Largely Chirped Structure
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Abstract—We propose a novel technique to design a high-
channel-count, multichannel fiber Bragg grating (FBG) based on
a largely chirped structure. The minimization of refractive-index
modulation has been widely discussed in the previously demon-
strated multichannel grating designs. The complexity of the
grating structure, however, is also important from the point of
view of practical fabrication. In this paper, the degree of grating
complexity (DGC) is defined. We show that the DGC of a multi-
channel grating can be significantly reduced by designing a grating
with a largely chirped structure. A detailed grating design process
based on this technique is discussed, by which four multichannel
gratings are designed and numerically studied, for applications
such as periodic and nonperiodic spectral filtering, chromatic
dispersion compensation and dispersion slope compensation. The
proposed theory and examples show that different gratings with
high-channel-count and multichannel responses can be designed
and fabricated using a single commercially available phase mask,
and all the gratings can be realized by a conventional FBG fabri-
cation facility since the gratings have a low DGC with low index
modulation.

Index Terms—Dispersion compensation, dispersion slope, fiber
Bragg grating (FBG), multichannel.

1. INTRODUCTION

IBER Bragg gratings (FBGs) have found important appli-
F cations in optical communications, sensors, and other op-
tical systems, thanks to the advantageous features such as small
size, low loss, high reliability, and compatibility with other fiber
components. An FBG with a multichannel spectral response is
highly desirable in a wavelength-division-multiplexing (WDM)
system, to perform functions such as multiwavelength filtering
and multichannel chromatic dispersion management. Therefore,
the design and realization of a multichannel high-channel-count
FBG have been topics of interest recently.
Although many design approaches have been proposed [1],
a high-channel-count multichannel FBG is very difficult to
realize due to the requirement for both a high index modulation
and a very complicated structure. The previously demonstrated
approaches are usually trying to optimize the grating structure,
to reduce the index modulation to a practically achievable
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value. An FBG based on the conventional amplitude sampling
technique has a simple structure, but the required index mod-
ulation is in proportion to the channel number N [2]. Buryak
et al. in [3] provided a solution by modeling a multichannel
grating as a superposition of many subgratings. They showed
that, by dephasing the subgratings, the required index modula-
tion will be proportional to v/ N, which is reduced significantly,
making the fabrication of the multichannel FBG practically
possible. For example, based on the phase-only sampling
technology, multichannel FBGs for multichannel filtering and
chromatic dispersion compensation have been proposed and
experimentally demonstrated [4]-[6]. Another problem that
limits the practical applications of multichannel FBGs is that a
multichannel grating usually has a very complicated structure.
For example, in the phase-only sampling technique, deep phase
modulation is required. Therefore, a very fine-scale structure is
required; the interval between two adjacent phase shifts is as
small as 10 pum, to achieve a grating with a 100-GHz channel
spacing and a channel number of 51 [7]. Such a grating cannot
be fabricated with a conventional FBG fabrication system,
unless a special phase mask is available. The realization of
such a fine-scale phase mask is also complicated [5], with
different gratings using different phase masks, making the
grating fabrication inflexible and costly.

The spectral Talbot effect provides another way to realize
high-channel-count multichannel gratings, which is based on
an interference effect among the individual overlapped chan-
nels [8]—-[11]. This technique has the flexibility and capability in
achieving multichannel FBGs with various channel spacing and
dispersions by using only one phase mask. The advantage of this
technique is that the designed grating has a much simpler struc-
ture than that designed by the phase-only sampling technique,
so that it can be fabricated by the conventional FBG fabrica-
tion technique. FBGs with a channel spacing of 100 GHz, and a
channel count of 40 for multichannel filtering and chromatic dis-
persion compensation have been experimentally demonstrated
[10], [11]. There are, however, two problems that have not yet
been resolved. First, in addition to the desired in-band channels,
there exist a large number of out-band channels which should
be eliminated. Second, the spectral responses of the channels
are identical or very similar. For many applications, however,
the spectral responses of the channels should not be identical.
For example, the filter used in an optical add-drop multiplexer
(OADM) should have a nonperiodic frequency response. A mul-
tichannel dispersion compensator should have different disper-
sion values in different channels, which has to be achieved by
slightly chirping the sampling period and will result in a nonflat
reflection response and nonuniform channel bandwidth. Design
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techniques based on various multichannel grating reconstruc-
tion algorithms [12], [13] have been proposed to solve the prob-
lems. However, the gratings are still too complicated to be fab-
ricated using the conventional FBG fabrication technique.

In this paper, we propose a novel approach to designing multi-
channel gratings based on a largely chirped structure. The prob-
lems discussed above can be eliminated by the proposed tech-
nique: a nonperiodic multichannel spectral response, or a spec-
tral response with the channels having different properties, can
be designed. Meanwhile, the out-band channels can be sup-
pressed. The key advantage of the proposed approach is that the
required index modulation is low, and the gratings can be fabri-
cated by the conventional FBG fabrication technique, with dif-
ferent gratings fabricated based on a single commercially avail-
able phase mask.

The remainder of this paper is organized as follows. The prin-
ciple of the proposed technique is described in Section II, which
is proposed from the point of view of practical fabrication. A
model to describe the conventional grating fabrication system
is established, and the degree of grating complexity (DGC) is
defined to describe the level of difficulty to fabricate a grating.
Then, the DGCs of a regular multichannel grating and a grating
based on the proposed design are theoretically analyzed, and
we conclude that the DGC can be decreased greatly when de-
signing a multichannel FBG with a largely chirped structure. In
Section III, four design examples including a periodic and a non-
periodic filters, a chromatic dispersion compensator, and a dis-
persion slope compensator, are numerically studied. All these
design are made based on a commercially available chirped
phase mask. The DGCs are small and the index modulations are
low, which enable the fabrication of the gratings using a conven-
tional FBG fabrication facility. In Section I'V, the required index
modulation is discussed, and a conclusion is drawn.

II. PRINCIPLE

A. Degree of Grating Complexity

One difficulty in the fabrication of a multichannel FBG is
the requirement for an ultralarge index modulation. Many ap-
proaches have been proposed recently to minimize the index
modulation [3], [12], [13]. The problem existing in these ap-
proaches is that a multichannel FBG with an optimized design
has a fine-scale and complicated structure when a high channel
count is required, which can be hardly fabricated using a con-
ventional FBG fabrication system.

To solve this problem, in this paper we proposed a novel tech-
nique to design a grating with a high channel count with a simple
structure and low index modulation, which can be fabricated
using a conventional FBG fabrication system. Before demon-
strating the novel approach, we define a new parameter called
degree of grating complexity (DGC). Mathematically, an FBG
that is fabricated based on the phase mask technology using a
UV light with side writing can be described by

2w

o) =nw e [ +ie)]

where « (z) is the coupling coefficient of the grating, A is the
mean grating period, and ¢ (z) is the phase modulation which

is introduced by the phase mask. For example, for a grating that
is based on a chirped phase mask, ¢ (z) is given

p(z) =——5= @)

where C is the chirp rate of the grating. <y (z) (which is usu-
ally a complex function containing both amplitude and phase)
is then the coupling coefficient profile which is actually imple-
mented during the fabrication. Clearly, the DGC should be de-
termined by ky (2) rather than & (2), in terms of the grating
fabrication. For example, to fabricate a grating for chromatic
dispersion compensation, ryy (2) is just a super-Gaussian func-
tion without any phase modulation, if a proper chirped phase
mask is used. An intuitive conclusion is that the DGC would be
high if Ky (z) changes rapidly versus z along the grating.

To describe the DGC in quantity, a model for the fabrication
platform is established. In many fabrication systems, especially
those in the laboratories, the UV light is from a frequency-dou-
bled argon-ion laser, with the beam focused so that the energy
can be much higher at the focus point, especially for the fabrica-
tion of a grating with a complicated structure, the UV light with
a fine UV beam should be used, as we will discuss below. As-
suming that the UV-beam-induced coupling coefficient profile
along the grating is normalized as ¢ (z), to form a long grating,
such a UV exposure should be made in a series of positions
along the fiber

M
fw (2) = q(2)* Y axb (z — kP) 3)
k=1

where M is the number of exposures, § (¢) is the unit impulse
function, P is the interval between the adjacent exposure points,
o, s the coupling coefficient strength, which can be controlled
by the exposure time, and * denotes the convolution operation.
To fabricate a complicated grating, phase shift should be intro-
duced so that o is a complex number. Usually, such a phase
modulation is not introduced by the phase mask; instead, it is
introduced during the fabrication by a high-precision transla-
tion stage, such as a piezoelectric transducer (PZT). A commer-
cially available PZT can have an effective resolution in the sub-
nanometer range [14]; a precise phase modulation can therefore
be achieved using such a PZT.

The fabrication process is actually to optimize «y, so that
Fw (z) can approach to the desired ryy (2)

M

(I(Z)*Zaké (Z— kp) — Kw (Z) )

k=1

Mathematically, this problem can be solved by taking the
Fourier transform on both sides of (4) to yield

M
. Kw (270)
kz:;ak exp (—jkP x 2mwo) — Qo) 5)

where Ky (270) and @ (270) are the Fourier transforms of
kw (z) and ¢ (z), respectively, and o is the spatial frequency.
From (5), we can see that the bandwidth of Ky (270), Bxw,
is determined by two factors. First, Bkyy should be less than
By, the bandwidth of Q) (270), since Ky (270) is the sum of
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Fig. 1. Multichannel grating design based on (a) a uniform phase mask and (b) a chirped phase mask.

Q (270). Second, (5) shows that the left-hand-side equation is
just the Fourier series expansion of the right-hand-side equation;
however, based on the Fourier series expansion theory, the band-
width of the right-hand side should be confined within 1/P. As
aresult, to fabricate a grating with a large Bxyy, a fine UV beam
is required as well as a small exposure interval. A grating that
can be fabricated should have a Bkyy that is smaller than the
maximum B, achievable by an FBG fabrication system. Since
it is required that Bxw < Bg, and the product of the length of
q (), Ly (i.e., the width of the UV beam), and B, is about one,
then we have

L

< 1
" Bgxw'

(6)

Equation (6) gives an upper limit of the width of the UV beam,
that is, the finesse that the beam of the fabrication system should
at least have. Then L, can be defined as the DGC of the desired
grating, which is a parameter that specifies the finesse of the
fabrication system that can fulfill the fabrication task.

The DGC can be used to measure the level of difficulty in
fabricating a multichannel grating. Many previously reported
multichannel grating design techniques, such as the phase-only
sampling technique and the techniques in [3], [12], [13], are
based on the use of a chirp-free phase mask, that is, ¢ (2) = 0in
(1). If a weak grating is considered, the grating spectrum is then
just the Fourier transform of (), which is precisely Ky (47o)
(note that ¢ (z) = 0 here). The relationship between o and the
light wavelength ) is

Neff _ i ~ AN
A 20 AnegA?

)

where n.g is the effective refractive index of the fiber and A\ is
the distance between the light wavelength and the Bragg wave-
length of the FBG. Based on (6) and (7), we can see that, if the
total bandwidth of the required multichannel grating is B¢, the
grating DGC should be

Bg
Bxw = I hZ
A2
Lq <53 (3
2N efr

As an example, if an FBG has a channel number of 51 with a
channel spacing of 100 GHz, the total bandwidth B¢ would be
about 40 nm, and then the beam width L, should be less than

20 pm. Such a fine-scale UV exposure is hard to achieve in the
core of a single-mode fiber since the standard single-mode fiber
has a large radius of 62.5 pum. To fabricate an FBG with a high
DGC, the fine-scale structures of the FBG are usually encoded
in the phase mask, such as the phase-only sampling technique
[4]-[7]. In terms of the DGC, the phase-only sampling moves
the required phase modulation from sy (z) to o (z), by which
the DGC is decreased greatly: £y (2) for a multichannel grating
is then the same as that for a single-channel grating.

In brief, any multichannel grating with ¢ (2) = 0 has a high
DGC and cannot be fabricated by the conventional FBG fab-
rication technique. In this paper, the design of a multichannel
FBG with a largely chirped structure to ease the fabrication dif-
ficulty is proposed, where the value of the DGC is significantly
decreased. Compared with the phase-only sampling technique,
a multichannel FBG designed based on the proposed technique
can be fabricated with a conventional FBG fabrication system
using a commercially available phase mask.

B. Design of a Multichannel Grating With a Largely Chirped
Structure

Fig. 1 shows the difference between the conventional mul-
tichannel grating design and the proposed technique which is
based on a largely chirped structure. Generally, a multichannel
grating can be designed by summing multiple single-channel

gratings
27
exp | j—=%
p JAl

,27FAA1
z)exp | —yj e

k (2)

z)
)

Q

z) X exp (J%Z) &)

where x; (z) and A; are the coupling coefficient profile and pe-
riod of the [th grating, respectively, A is the mean grating period,
and AA; = A; — A. In the conventional summing schemes,
such as the phase-only sampling, all the subgratings are super-
imposed at the same position, as shown in Fig. 1(a), which re-
sults in a high DGC. In the proposed grating design, however,
the subgratings are located at different positions

(10)

>
l;l
>
=1

2mAA .2
k(z) = Zm (z — z1) exp (—]%z) X exp (J%

=1



DAI AND YAO: DESIGN OF HIGH-CHANNEL-COUNT MULTICHANNEL FBGS BASED ON A LARGELY CHIRPED STRUCTURE 957

In our design, such a grating is fabricated based on a chirped
phase mask with a chirp rate of C. Therefore, based on (1), (2),
and (10), we have

2rAA 7wC
KW Zlil Z— z exp( J e lz—}— A2 )

(11
which is what we should actually fabricate, and the DGC of the
novel multichannel grating is then determined by (11). We take
the /th subgrating as the following example:

2mAN 7rC
kwi(z) =k (z—z1)exp | —J O +37 Iz ?

=y (v )eXP< A(‘jx +Jﬁz£+]91> (12)
where x = 2z — z; and
B=—= (Czl ANy)
b1 =1z T (Ca? - 200 z) . (13)

In our design, we select the grating structure parameters such
that 8; = 0 for each [, then

AN,
n=—g (14)
The bandwidth of kyy; (2) can be calculated by taking the
Fourier transform of (12) to get Ky (27o). To simplify the
analysis, we assume that r; (z) is a Gaussian function with
a full-width at half-maximum (FWHM) of L, ;, which is an
approximation of the length of the subgrating in a real case.

Then, by the Fourier transform, the bandwidth of Kyy; (270) is

L, 4m2\> [7C\’
mane =224 (722) + (57)

which could be further simplified when the following condi-
tions are considered. First, from (14), one can see that the whole
grating length should be in inverse proportion to the chirp rate.
In order to limit the grating length in an acceptable range (e.g.,
about 10 cm), the chirp rate should be large. Second, the lengths
of the subgratings are usually in the order of several centime-
ters. Then, in (15), the right term is much larger than the left
term under the radical sign. Therefore

Lg,C
Bxw, = A—;

15)

(16)

It should be noted that, once (14) is satisfied, the center spa-
tial frequency of Kyy; (270) is located at o = 0 for each sub-
grating, because 5; = 0 in (12). Since the multichannel grating
is the sum of N such subgratings, the DGC Bykyy is then the
bandwidth that all the subgratings will cover. Obviously, Bxw
is the maximum of Bk ;. Assuming that L, is the maximum
among L, ;, then we get

7)

Comparing with (8), one can see that the required finesse of the
system will be decreased by choosing a proper C' as

L, Bg

=— 18
qu 2negC Ly (18)
where qu is the required finesse for the original design
(¢ (2) = 0). In addition, the grating length is also changed.
From Fig. 1(a), we can see that, in the original design, the
grating length is actually L,; however, in the proposed design
in Fig. 1(b), the grating length should be L, plus the displace-
ment of the subgratings, which is Bg /2n.gC from (14). Then,
the grating length change can be expressed as

L Bg L

- =1 - 14 =4
LO + 2716{{0[/5 + qu

19)
where L and L° are the lengths for the proposed grating and the
original design, respectively.

From (18) and (19), one can see the advantage of a mul-
tichannel grating design based on a largely chirped structure:
with the chirped structure, the DGC can be decreased by in-
creasing the grating length. For example, for the grating with
100-GHz channel spacing and 51 channels, if we assume L is
4 cm and C' is 1.2 nm/cm, then L, is about 60 pm, which is
about three times the beam width in the original design and can
be realized by a conventional FBG fabrication system. How-
ever, the grating length is increased to about 16 cm. Currently,
largely chirped phase masks having alength of up to 14 cm (e.g.,
phase masks from StockerYale, Inc) are commercially available.
A long chirped grating fabricated by a long chirped mask has
been recently reported [11]. It can be seen that the proposed
technique to design a multichannel grating based on a largely
chirped structure is especially suitable for a grating with a spec-
tral response corresponding to a small L.

Another advantage of the proposed design is that the sub-
grating, i.e., the spectral responses of the channels, are not lim-
ited to be identical for all the channels, and the channel spacing
is not required to be uniform either. This is different from the
conventional grating design techniques, such as the technique
based on sampling, where the spectral responses of the channels
and the channel spacing should always be identical. Therefore,
the proposed technique shows great flexibility for grating design
and fabrication. To demonstrate the effectiveness of the propose
technique, a few design examples are provided in Section III.

III. SIMULATION EXAMPLES

To design a grating based on the proposed technique, one

should perform the following steps.

Step 1) Define the grating coupling coefficient.
The grating structure can be designed directly based
on (9), with each subgrating being defined sepa-
rately. A better way is to calculate « (z) by a recon-
struction algorithm from the desired multichannel
frequencyxresponse
H(w) =) H(w—w)x exp(—jwn)

1=1

(20)
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where H (w — wy) is the desired response in the /th
channel, which is a complex function with both the
amplitude and the phase responses, w is the center
angular frequency of the /th channel, and 7; is the
time delay of the [th channel, which is different for
different channels because the subgratings are su-
perimposed at different locations, as defined in (14).
Then

2neﬁzl - )\l — X

c T ex C @D

T —
where c is the light speed in vacuum, J; is the center
wavelength of the /th channel, and A is the mean
wavelength of all of the channels. By using an FBG
reconstruction algorithm, such as the discrete layer
peeling (DLP) method [15], the coupling coefficient
of the whole grating, & (z), can then be achieved.

Step 2) Calculate the coupling coefficient profile.
The coupling coefficient profile defines the FBG that
should be actually fabricated. Since the grating is
fabricated by a chirped phase mask, the desired cou-
pling coefficient profile, xyy (z), is then obtained
based on (2) to yield

kw (2) = K (2) exp (jf\—f%) .

Step 3) Select the proper ¢ (z) and P.
As discussed in Section II-A, 1/P and the band-
width of @ (27o) should be larger than the band-
width of Ky (270).

Step 4) Calculate .
Finally, the coupling coefficient strength and the
phase at each UV exposure position can be obtained
from (5). As discussed earlier, «v is the Fourier se-
ries expansion coefficients of Ky (270)/Q (270).
It should be noted that the considered bandwidth
should be confined within |o| < 1/2P.

Based on the above design process, four examples are numeri-
cally studied in this section, to show the capacity of the proposed
multichannel grating design technique. In the examples, the de-
sired spectral responses are defined by following parameters:
the channel number N is 51 and channel spacing is 100 GHz; in
each single channel, the reflection spectrum has a fourth-order
super-Gaussian profile with a reflectivity of 90% and a 3-dB
bandwidth of 50 GHz. In the first step of each example, the de-
sired frequency response is defined based on (20), and the cou-
pling coefficient is calculated based on the DLP algorithm. To
realize such gratings, the chirp rate C' is —2.0 nm/cm, which
means that the four gratings are designed and fabricated based
on the same commercially available phase mask. The UV beam
is assumed to have a Gaussian profile, which is a good approx-
imation for many practical fabrication systems.

(22)

A. Ideal Multichannel Filtering

To perform multichannel filtering, the grating should be free
of chromatic dispersion in each channel. Based on the design
process, the coupling coefficient strength and the phase at each
UV exposure position are calculated, which are shown in Fig. 2.
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Fig. 2. Coupling coefficient strength and phase, o, at each UV exposure po-
sition. The insert shows the details of «v;, at the center of the grating.
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Fig. 3. Reflection spectrum of the grating with its design shown in Fig. 2. (a)
The reflectivity and transmission spectra. (b) The group delay and dispersion.
(c) The zoom-in spectra of the channels at the left edge and at the center.

One can see that the channels have an identical reflectivity of
90%, a 3-dB bandwidth of 0.4 nm, and zero dispersion, which
are identical to the desired values. Fig. 3(c) shows the reflection
and group delay responses of the 1st and the center channels,
with identical channel performance demonstrated. A constant
group delay difference between the two channels is observed,
which is generated due to the largely chirped structure.

It should be noted that in the proposed multichannel grating
the out-of-band reflectivity is significantly suppressed, leading
to a diffraction efficiency of 100%, as shown in Fig. 3(a). This is
very different from the gratings designed based on the Talbot ef-
fect or the phase-only sampling technique where the diffraction
efficiency is always smaller than 100%. The reason of the excel-
lent out-of-band reflectivity suppression is due to the fact that
the grating structure is reconstructed directly from the desired
frequency response, but not based on the sampling technique in
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Fig. 4. Reflection spectrum of the grating with nonuniform channel spacing.
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Fig. 5. Coupling coefficient strength and phase, a ., at each UV exposure po-
sition. The insert shows the details of «v;, at the center of the grating.

which the diffraction efficiency is hard to reach 100% [1]. Fur-
thermore, the proposed technique can also be used to design a
multichannel grating with nonperiodic channel spacing. Fig. 4
shows the spectral response of a multichannel grating having 51
channels with the reflectivities of either 90% or zero.

In the design of this nonuniformly spaced multichannel
grating, the beam width L, is still 0.12 mm, P is 0.046 mm,
and the number of UV exposure points is 1703. The grating
length is about 78 mm. The maximum index modulation used
in our simulation is 6.9 x 1074,

B. Dispersion and Dispersion Slope Compensation

One of the important applications of a multichannel grating
is dispersion compensation in an optical communication
system. In our design, a multichannel grating with a dis-
persion of —660 ps/nm at 1550 nm and a dispersion slope
of —2.4 ps/nm?2, corresponding to the chromatic dispersion
of a length of 40 km single-mode fiber (dispersion param-
eter of 16.5 ps/mm/km at 1550 nm and a dispersion slope
of 0.06 ps/nm?/km). Based on the proposed grating design
process, the grating is designed with the distribution of oy
shown in Fig. 5.

Although the grating design, as shown in Fig. 5, is compli-
cated, it can be fabricated by a conventional FBG fabrication
system, since, in the design, the FWHM of the UV beam L, is
0.06 mm, and exposure position interval P is 0.027 mm, which
are practically implementable. The number of exposure points is
4438, and then the grating length is 120 mm. The maximum cou-
pling coefficient is 1335 m™?!, corresponding to an index mod-
ulation of 6.6 x 1074,

The grating is designed and the reflection spectrum is shown
in Fig. 6. As can be seen, the channels have an identical reflec-
tivity of 90% and a 3-dB bandwidth of 0.4 nm. The dispersion
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Fig. 6. Reflection spectrum of the grating with its design shown in Fig. 5.

(a) The reflectivity and transmission spectra. (b) The group delay and disper-
sion. (c) The zoom-in spectra of the channels at the left edge and at the center.

varies from —614 to —709 ps/nm, and the dispersion slope is
about 2.4 ps/nm?.

In general, the length of a grating for dispersion compensa-
tion is proportional to the desired bandwidth and the dispersion.
In our design, the length for each subgrating is about 2.7 cm.
However, the total grating length is 12 cm, which is about four
times the length of the subgrating. As can be seen, the DGC
is decreased by increasing the length of the grating. If a larger
dispersion in each channel is desired, the grating length will be
longer than 12 cm, which requires a longer chirped phase mask.
A grating with a short length is desirable for most of the appli-
cations. To realize a large dispersion in each channel (which is
used in long-haul optical fiber transmission systems) by a single
grating designed based on the proposed technique is difficult,
which is the main limitation of this technique. However, mul-
tichannel dispersion gratings based on the proposed technique
has other important applications [16], such as optical spectral
filtering and not-long-haul dispersion compensation, where a
grating with not-so-large dispersion value is required.

Another issue that should be addressed is the uniformity of
the reflectivity among channels. In a sampling-based multi-
channel grating, the dispersion slope is achieved by slightly
chirping the sampling period, which would result in the channel
nonuniformity, that is, the reflectivity among channels will
not be flat, and the bandwidths of the channels will not be
identical either. In a grating designed based on our proposed
technique, however, the uniformity is maintained throughout
the channels. In the proposed technique, the grating structure
is reconstructed directly from the desired spectral response, the
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Fig. 7. Reflection spectrum of the grating designed for dispersion slope com-
pensation. (a) The reflectivity and transmission spectra. (b) The group delay and

dispersion. (c) The zoom-in spectra of the channels at the left edge and at the
center.

dispersion slope will not show impact on the reflectivity profile,
and the channel spectral responses are identical, as shown in
Fig. 6(a) and (c). To demonstrate this property more clearly,
a grating for multichannel dispersion slope compensation is
designed. In this grating, the dispersion slope is 24 ps/nm?
and the dispersion at the center channel is zero. Therefore, the
grating can be used to compensate for the dispersion slope of
about 400 km of single-mode fiber.

In the design of the grating, L, is 0.80 mm, P is 0.043 mm,
and the number of UV exposure points is 2770, so the grating
length is about 120 mm. The maximum index modulation used
in our simulation is 7 x 10~%. The reflection spectrum is shown
in Fig. 7.

It can be seen that the dispersion in each channel changes
linearly from about —470 to 470 ps/nm within a bandwidth of
40 nm, which corresponds to a dispersion slope of 23.5 ps/nm?.
The reflectivity profile of all the channels is kept unchanged,
which is different from a multichannel grating designed based
on the sampling technique with no-flat reflectivity profile.

IV. DIscUSSION AND CONCLUSION

In Section II, we have introduced the concept of DGC and
have emphasized that DGC is an important factor that char-
acterizes the difficulty and complexity in designing a multi-
channel grating. It is known, however, the index modulation is
another factor that limits the number of channels of a multi-
channel grating. For the previously demonstrated multichannel
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grating designs [2]-[8], the index modulation is between VN x
Ang and N X Ang, depending on the degree of dephase of the
subgratings, where Ang is the index modulation of one of the
subgratings. In the proposed technique, however, the N subgrat-
ings are not superimposed at the same position. Because of the
largely chirped structure, there are only N subgratings written
at the same positions, as shown in Fig. 1(b). To calculate N, we
assume that the multichannel grating response is equally spaced.
Based on (14), the distance between any two adjacent subgrat-
ings is AX/2n.¢C, where A\ is the channel spacing. Then, we
have

~ 2neffCLS
N=——. 23
AN (23)
Note that B = N x AM; then, based on (18), we have
N  2ngCL, L
D ZMefttls _ Lg (24)

N Ba

which means the required index modulation will also be
decreased when L, is increased, since the number of the
superimposed subgratings is decreased. In the examples given
in Section III, we assume that all of the subgratings are super-
imposed in-phase. The required index modulation is easy to
be achieved. If an optimization algorithm is used to make the
subgratings dephase, less index modulation is then required,
and the required index modulation will be between \/ﬁ X Ang
and N x An,.

As a conclusion, we have proposed a novel approach to de-
signing a multichannel grating based on a largely chirped struc-
ture. We have defined a new measure, called DGC, to charac-
terize the difficulty in realizing a multichannel grating, which is
associated with the beam finesse of the FBG fabrication system.
We have shown that the DGC of a multichannel grating designed
based on the previous techniques is too high to be fabricated
by a conventional FBG fabrication system. In our proposed de-
sign, the DGC of a multichannel grating is reduced significantly
thanks to the use of a largely chirped structure, as can be seen
from (18). In addition, if the length of a grating is increased, the
index modulation is decreased, which also simplifies the fabri-
cation. Four gratings having 51 channels with a channel spacing
of 100 GHz were designed and numerically evaluated. The ad-
vantages of the proposed technique: 1) different multichannel
gratings can be fabricated using a single commercially avail-
able chirped phase mask; 2) no out-of-band channels are gener-
ated; 3) multichannel response with nonidentical subchannel re-
sponses and nonidentical channel spacing can be achieved; and
4) the multichannel gratings can be fabricated by a conventional
FBG fabrication system that has a practically achievable beam
finesse and low index modulation.
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