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Abstract

By theoretic analysis of the interleaved sampled fiber Bragg gratings (ISFBG), the

refractive index modulation expression of the ISFBG is deduced. It shows that the ISFBG can be

equivalent to a conventional sample fiber Bragg grating. The interleaving technique makes it

available that low refractive index modulation results in more channels with almost identical

reflectivity. For the first time, two SFBG are interleaved in a fiber and a 10-channels dispersion

compensator is fabricated with almost identical reflectivity. The group time delay ripples of each

channel are almost less than 20 ps.
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0 Introduction

Sampled fiber Bragg Grating ( SFBG) is
widely used in wavelength-division-multiplexed
(WDM) :
system” ", And these applications need the SFBG

=4 and semiconductor laser

systems-
have more channels with identical reflectivity.
However, according to the Fourier theory, the
rectangular sampling results in a sinc-shape
spectrum which has a little region with identical
reflectivity channels™ . To solve this problem,sinc-

sampling™® are

shape sampling'® and phase
proposed to generate flat-top shape spectrum. But
both of them need precision phase control of the
index modulation, therefore the ways to realize
them in the experiment are complicated.
Interleaving several SFBGs together to fabricate a
new SFBG is proposed theoretically by W. H. Loh
et al''. In this paper, the characteristics of the
ISFBG and its advantage are discussed in detail. It
is the first time that a 10-channels dispersion
compensator is fabricated with approximately 91 %
reflectivity by interleaving two SFBGs in a fiber.
The group time delay ripples of each channel are

almost less than 20ps.

1 Principle of interleaving techniques

The ISFBG consists of m SFBGs which have
specific grating periods. These SFBGs are orderly
interleaved in a fiber according to the grating
period’s increase. The SFBG which is interleaved
for the m™ time is named as the m™ SFBG. So the
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refractive index changes of the ISFBG along the

fiber could be presented as

— M z—0b
e (2) =8ny (2) +0nu; (2) 20 {rect (—)X)

m=1 a

N
>8(z—npexp [i 2n
n=0 A/n

where z is the position along the grating,dn,(2) is
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the spatially dependent average refractive index,
Snyr (z) is the maximum value of ac index
modulation,a is the grating section length, b,, and
A, are the initial position along 2 and the grating
period of the m™ SFBG respectively, p is the
sampling period of the SFBG, ¢(z) is the grating
chirp,and M is the total number of the interleaved
SFBG. Equation (1) shows that the ISFBG also can
be seen as a summation of the M specific SFBGs.
To a SFBG, the

separation of the reflection is the channel spacing
[8]

conventional frequency
which is given by
Av=c/2nup (2)
where n.; is the effective index and ¢ is the speed of
light. However, to an ISFBG designed with M
interleaved SFBG, the channel spacing is the
frequency difference between any SFBG and its
neighborhood. Hence to get the equal channel
spacing, the frequency difference has to be Ay, =c¢/
2nMp. Noting the above analysis and using the
equation (2), it can get the Bragg -central
wavelength (BCW) of the m™ SFBG.
< _ ¢ _ ZngMpa
v witn—DAy 2ngMp+(m—1A,
(m=1,2,3- M) (3)
where the y; and v, are the corresponding Bragg
central frequency of the first and the m* SFBG
Using the fiber

reflection condition A = 2n., A where A is the

Aw =

respectively. Bragg grating

grating period, Equation (3) becomes
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MPA,
Mp+(m—1)A,

Using Equation (4) in (1) and assuming that the

A, = (m=1,2,3e+ M) (4

M SFBGs are interleaved periodically,it arrives at

et (2) = 8my (2) + 0 (2) Z {rect ((’2771)[))(8
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where b is the interleaving period. Fig. 1 shows the

DA
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schematics of an ISFBG fabricated by interleaving
5 SFBGs. The above analysis shows that the
channel spacing of the ISFBG is Ay, = ¢/2n., Mp,
and obviously,it is equal to the channel spacing of
a conventional SFBG with sampling period Mp.
This means the ISFBG could be equivalent to a
conventional SFBG which is
SFBG (E-SFBG).

called equivalent
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Fig. 1 Schematic of an ISFBG designed with 5 SFBGs

Compared with the E-SPFB, the advantages of
ISFBG are obvious. If the fiber using efficiency of
the grating is defined as 7 = the length of the
grating exposed on/ the total length of the grating,
and given the same channel spacing AA;, and the
same grating section length a,then the E-SFBG's
= a/MP, but the
ISFBG' fiber using efficiency is mseee = Ma/P
(where M=1,2,3++ and M<p/a) which is M*
times better than the E-FBG’s. Another advantage

is that the interleaving technique can reduce the

fiber using efficiency is s

required refractive index modulation with the same

coupling coefficient. The coupling coefficient

corresponding to the n™ Fourier component of a

sampled grating is given by-*

/C(ﬂ) Sln C(j‘cna/P)C*lmmr’P (6)

Ko P
where the k, is the coupling coefficient of the
unsampled grating. From this expression it can be
easily seen that the reducing of the sample period P
would result in the increasing of the coupling
coefficient x(n). So given k, and a are constant, the
reducing of sampling period P by interleaving M
SFBGs would enable the ISFBG has more identical
channels compared to its E-SFBG. This makes the
more channels with low refractive index
modulation viable.

The above analysis shows that the increasing
of the number of the interleaved SFBG would
result in the increasing of both the fiber using

efficiency and the coupling coefficient. And this

shows a practical way to get more identical
reflectivity channels with low refractive index
modulation by periodically interleaving several
specific SFBGs in a fiber. Fig. 2 is a simulation
example of an ISFBG fabricated by interleaving
four SFBGs.

grating length 100 mm, sample period 260 pm,

The device parameters are: total

interleaving period 65 um, grating segment length
50 pm, effective index of the fiber 1. 447, and

refractive index modulation 7 X107*.
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Fig. 2 Reflection and group time delay characteristics
of ISFBG

2 Experimental results
Although the

improve the fiber use efficiency, it brings a new

interleaving technique can
challenge in the fabrication. When writing the
ISFBG, it should locate every SFBG accurately in
order to avoid the overlapping of the interleaved
SFBGs. The more SFBG interleaved, the higher
precision needed.

In the experiment, a 110mm length chirp
phase-mask and a metal rectangular sampled slit
are overlapped on the fiber. The metal rectangular
sampled slit is 100 mm long. The sampling period
10. The
photosensitive fiber is hydrogen-loaded. The step-

is 0. 5 mm,and sampling duty cycle is 3 :

scan exposure system is used. The channel spacing
of the ISFBG designed with two interleaved SFBG
is 100 GHz, and accordingly the
channel spacing is about 0. 8nm around 1556 nm.
The process of fabricating the ISFBG 1is as
following: firstly fabricate a SFBG with BCW of

1556. 6 nm by exposing a photosensitive fiber with

wavelength

a scanning UV light, then move the slit 0. 25 mm
along the fiber in order to avoid the overlapping
with the second SFBG, next strain the SFBG until
the BCW shift 0. 71 nm to the long wavelength
direction. The wavelength shift is not 0. 8 nm,
because the strain on the fiber will cause the strain-
optic effects and induce the BCW of the second
SFBG shift to the short wavelength direction''?!.
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At last, the second UV exposure result in the
second SFBG whose BCW is about 1556. 51 nm.
Both of the SFBGs, which are interleaved, are

apodized by half-cosine function on

wavelength-edge of gratings'*!. The corresponding
results of the first SFBG and the ISFBG are shown
in Fig. 3. The group delay characteristics of the
ISFBG are measured by ADVANTEST Q7760

ot Or 600
_ P T B e B P e o W B e W e 2 400t 4 T
EIOVI!I{\lll\ g ot IVl £ Ve o

-10F m \ |
UL Sy 2 =i
Z 20f z 20 ‘ g op| TRIRIRIATANE
Hnd 7 I T T - L I O O - IRIRIRTRIRIRIRYRIRY
& N A A A A A A 2 [ ? [ * 1 [ |'r = 200H k1R L\/ |‘ \}\ \ln
AT 2 0| Y RRRERRARE
. PO S L O R O A ) . § 4}?? | { Lﬁ

TSE 155 1558 1560 MU 1556 1558 1560 TS 1556 1558 1560

Wavelength/nm Wavelength/nm Wavelength/nm
(a) Measured reflection characteristics {b) Measured reflection characteristics {c)Measured group time delay characteristics
of the first SFBG of the ISFBG of the ISFBG
Fig.3 Measured characteristics of the SFBGs'

Fig. 4 shows the details of the 10-channel group
time delay and the time delay ripples. The dispersion of
theten channels are following: —1726. 8ps/nm,
—1751. 2 ps/nm, —1749. 7 ps/nm, —1752. 6 ps/nm,

th
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channel’s reflectivities is less than 0. 9 dB.
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optical spectrum analyzer. The first SFBG almost
has five equal reflectivity channels separated by
about 1. 6nm which can be easily seen from Fig. 3
(a). After interleaving the second SFBG,it obtains
a 10-channel ISFBG whose reflectivities are almost
equal to 91%. And the wavelength channel spacing

is about 0. 8 nm, the maximum difference of the

—1762. 3 ps/nm,—1717.5 ps/nm, —1727. 4 ps/nm.
The delay ripples of the former 9 channels are all
less than + 20 ps. The delay ripples of the 10"

channel are less than ps.
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Fig. 4 Group time delay details of each channel

3 Conclusions

In conclusion, the interleaving technique is a
practical way to fabricate an ISFBG with high fiber
use efficiency and more identical reflectivity
channels compared to its E-SFBG. By interleaving
two SFBG together, a 10-channel compensator is
fabricated with 0. 8 nm wavelength channel spacing

and the
channels’ are less than 1 dB. The time delay ripples

differences of the reflectivities of the

of all channels are almost less than =20 ps.
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