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Optimization of Phase Shifted Long-Period Fiber
Gratings for Multiband Rejection Filters

Isa Navruz and Ahmet Altuncu

Abstract—A new approach for designing multiband rejection fil-
ters is proposed based on the optimization of a periodically phase-
shifted long period fiber grating (LPG). The validity of the method
is demonstrated by performing simulations for the typical cases. It
is shown that using the proposed synthesis method, spectral posi-
tion, and bandwidth of the each reflection band can be controlled
by varying the grating length and the phase shifting period. In ad-
dition, a desired number of rejection bands within the transmission
spectrum can be generated using a phase-shifted LPG with an op-
timized phase shifting series. Furthermore, a number of unwanted
rejection bands can easily be removed from the transmission spec-
trum by optimizing the phase shifting series.

Index Terms—Long period grating (LPG), multiband rejection
filter, periodically phase-shifted grating, simulating annealing
algorithm.

1. INTRODUCTION

ONG period grating (LPG) which couple light from the

fundamental mode into cladding modes propagating in
the same direction has attracted great interest for fiber optical
communications and sensor systems. They have been used as
gain-flattening filters for erbium-doped fiber amplifiers [1]-[3],
band rejection filters [4], dispersion compensators [5], add-drop
multiplexers [6], [7], optical fiber polarizers [8] and also strain
and temperature sensors [9]. Similar to fiber Bragg grating
(FBG), one of the most significant properties of the LPGs is
its tunability for the desired transmission characteristics by
changing the grating parameters (refractive index modulation
depth, grating phase, grating length, grating period, etc.).

In order to analyze an LPG, a coupled mode equation system
must be solved using transfer matrix method. Using the appro-
priate grating parameters, the transmission characteristics of a
uniform or a nonuniform LPG can easily be obtained. On the
other hand, defining the required grating parameters leading to
adesired transmission spectrum is not an analysis problem but it
is a synthesis problem. In recent years, a lot of studies have been
reported in literature on the synthesis of fiber Bragg gratings
with long (LPG) or short period (FBG). The layer-peeling using
inverse scattering method [10], the synthesis with Gel’fand Lev-
itan—Marchenko coupled equations [11] and some optimization
methods such as genetic algorithm [12], evolutionary program-
ming [13], and simulated annealing [14] are the most popular
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synthesis methods suggested and widely used in this subject. In
the most of the studies reported on the synthesis of the LPGs,
some applications such as single flat-band filter and optical am-
plifier gain flattening filter have been realized by tuning the cou-
pling coefficient « along the grating length which varies propor-
tionally with the refractive index modulation depth. However,
any synthesis study for the multiband rejection filters has not
been reported in literature so far. A multiband rejection filter,
in fact, composes of many rejection bands similar to the struc-
ture of an optical comb filter. The desired spectral response
for such an optical filter can easily be obtained using the syn-
thesis method of a periodically phase-shifted LPG (PPSLPG)
proposed in this study. There are many analysis reported in
literature on the phase-shifted LPGs [15]-[18] and its appli-
cations such as gain flattening fiber filters [19]-[21], different
optical measurements [22]-[26] as bending curvature, temper-
ature, transverse load, and refractive index. However, they are
limited with constant phase applications and the spectra ob-
tained have uniformly and evenly distributed rejection bands in
an infinite bandwidth. In this paper, a new approach is proposed
based on the optimization of the grating period by the synthesis
of a periodically phase-shifted LPG including variable phase
shifts. The validity of the method is demonstrated by performing
simulations using the typical cases to compare the design with
the target spectrum.

II. THEORY

In a single-mode fiber LPG with a grating period of A, phase-
matching condition between the guided fundamental mode and
the forward propagating cladding modes is given by

—nep)A M

)\m = (nco

where n., and n]; are the effective refractive indexes of the
fundamental and mth-order cladding modes, respectively, and
Am is the resonance coupling wavelength. The refractive index
variation in an LPG can be described as

n(2) = neo(2) + Ang, cos (217{—2 + gb(z)) . 2)

Here, An,, is the modulation depth of the refractive index and
¢(z) is the grating phase. A uniform LPG has a single resonant
peak in the optical spectrum. The phase shifts added to a uniform
grating affect its transmission spectrum. In Fig. 1, a schematic
diagram of a periodically phase-shifted LPG which has [V phase
shifts in each phase shifting period is illustrated.

A phase shift through the LPG can be provided by inserting a
length of unperturbed region. For example, a phase shift of 27 or
7 can be obtained by adding a length of A or A/2 into the LPG,
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Fig. 1. Illustration of phase-shifted LPG.

respectively [19]. Alternatively, a phase shift can be provided
using partial-etching technique which is a simple method [27].
Consequently, the fabrication process of the phase-shifted LPG
is simpler than complex-structured fiber gratings.

The refractive index variation described in (2) can be rear-
ranged for a periodically phase-shifted LPG as

) = nes(e) + Snatte {en [i (B2 400 |} @)

Using the Fourier analysis, the effective index variation can be
expressed by

n(2) = Neo(2) + AngoRe {;Fm exp [z (217;—2 + ZXmﬂ}

“)
Here, A; is the period of the grating phase shift ¢(z) and F,,, is
the complex discrete Fourier coefficients of exp[i2m¢(z)] and
can be calculated using

1= 1k2mm
F, = i ];) [exp(i?m]ﬁ(k)) exp <— i )]
m=012...M-1. (5

In this paper, the number of Fourier coefficients M is assumed
to be equal to the number of segments N. Note that (4) does not
include the term ¢(z). Instead, the complex Fourier coefficients
F,, include ¢(z) and therefore represent the refractive index
variation. The coupling coefficient is defined by £ = nrAn/\
where 7 is the overall integral factor between the modes and
is proportional to the refractive index modulation amplitude for
a uniform LPG without phase shift. Therefore, the coupling co-
efficients of a periodically phase-shifted LPG can be rearranged
as a series given as follows:

[lim| = [Fnsl] . (6)

Here, k., and k are the coupling coefficients of the phase-shifted
and uniform LPG, respectively. All of the parameters except the
grating phase are the same in both types.

Using coupling coefficient x,,,, the maximum transmissivity
of the cladding mode (cross transmission) of the mth band in
the transmission spectrum for the phase-shifted LPG can be ex-
pressed as [28]

temax = Sin? [#, L] . (7)

Where L is the total grating length, ¢ is the normalized cross
transmission coefficient and subscript 2 denotes cross transmis-
sion in the cladding modes. At the wavelength in that the cross
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transmission reaches to a maximum, the transmission of the fun-
damental mode becomes minimum. Using this data, the syn-
thesis of the phase-shifted LPG can be realized by optimizing
the phase of the grating.

For this purpose, first, a minimization problem that is going
to get closer to a predefined target transmission spectrum for
a periodically phase-sampled LPG has to be set up. The mini-
mization problem can easily be set up using (7) as

1
C= M;Wm [£2278 < — (). (8)

Here, C'is the cost function in minimization problem and W,
is the weight factor of cross transmission for mth band and can
be selected as a positive number between O and 1. In order to
solve this optimization problem, a simulating annealing algo-
rithm [29] can be used. The simulating annealing algorithm is
one of the fast and most robust optimization methods searching
for global minima or maxima. The flowchart of the algorithm is
illustrated in Fig. 2.

At the beginning of the algorithm, a target transmission that
satisfies the desired spectral response should be defined. Since
the maxima of an LPG’s cross transmission wavelength spec-
trum can easily be calculated using (7), the cross mode trans-
mission has been selected as a target instead of the fundamental
mode transmission. When the target spectrum is going to be de-
fined, the desired number of rejection bands in the wavelength
spectrum and the cross transmission coefficients that are obtain-
able in practice for the related bands are considered. ¢* is the
phase shifting array with N components generated randomly
at iteration k, and this algorithm tries to find out the optimum
phase shifting array which gets it closer to the target at each it-
eration. 7' is the temperature control parameter and except the
Markov chain iterations, it reduces slowly by the increasing it-
eration number. In any iteration not getting the closer to the
target, the algorithm is rejected to converge to the local minima
and supported to continue searching for a global minimum ac-
cording to a probability defined by exp(—AC/T) > z. Here,
AC is the difference between the present cost and optimal cost.
The iteration number at that the temperature control parameter
remains constant is determined for the Markov chain transition
probabilities. In the each iteration of the algorithm, the cross
transmission spectrum of the phase-shifted LPG is calculated
for the values only leading to a maximum. In other words, in
contrast to the traditional grating synthesis methods, the whole
wavelength spectrum is not calculated. Because, it is sufficient
to make the maxima of the cross transmission spectrum corre-
spond one by one to the channels at target spectrum. There-
fore, this method is significantly fast and effective. The oper-
ation time of a phase-shifted LPG synthesis using simulation
annealing algorithm takes 1-2 s using a standard PC.

III. SIMULATION RESULTS

In this section, the simulation results are presented realized
for a phase-shifted LPG whose grating phase is optimized by
the optimization algorithm explained in the previous section.
The parameters of the grating used in the simulations are an
effective core mode index of 1.445, a cladding mode index of
1.4367, and a resonance wavelength of 1.55 pm. Transmission



NAVRUZ AND ALTUNCU: OPTIMIZATION OF PHASE SHIFTED LONG-PERIOD FIBER GRATINGS

specify the target transmission
£5550m) m=0,1,2,..M-1
i

Initial: generate random #2

gorimal — ) n=0,4,2,..N-1)
Initial temperature, =Ty, k=1

1
calculate the cost C*(#%

R
|

generate new random ¢
calculate the new cost C*(49)

generate a random number z
zZe [0,1]

Accept the present ¢k values as valid
porimel _ g and CPmel = C*

!

the iteraton number
enough for Markov
Chain

NO

k=k+1 |
1

Reduce the temperature
T=al

Fig. 2. Flowchart of the simulating annealing algorithm.

spectrum of the fundamental mode in an ordinary LPG having
no phase-shift has a minimum in only one resonant wavelength
and zero transmission exactly appears for the coupling coeffi-
cient ko = 7/(2L). However, the spectrum of an LPG having
phase-shifts can have minima at many wavelengths. However,
these minima may not reach to zero for the coupling coeffi-
cient K = rKg. In the numerical simulations of a periodically
phase-shifted LPG, first, a synthesis were realized using a phase
shifting array with a phase shift number of N = 10. This array is
separately optimized for each simulation regarding the desired
spectral properties such as the quantity, the depth and the spec-
tral positions of the rejection bands.

Fig. 3(a) illustrates the set of phase shifts per unit length of
phase-shift period obtained by the numerical optimization of
(8). The stairs in Fig. 3(a) represent the sudden phase shifts at
the positions equally separated along the fiber grating length. In
Fig. 3(b), the transmission spectrum of a phase-shifted LPG uti-
lizing the calculated phase shifts is shown for a spectrum having
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Fig. 3. Characteristics of a phase-shifted LPG synthesized specifically for four
rejection bands. (a) The set of phase shifts per unit length of phase shift period.
(b) The transmission spectrum without apodization (k = kg). (c) The trans-
mission spectrum with Gaussian apodization (¢ = 6, x = 3kg). The other
parameters: L = 12 cm, P = 2.4 cm, N = 10.

four rejection bands. In this synthesis, the length of the LPG is
5+ P and it includes 5 - N = 50 phase shifts in total. Four rejec-
tion bands positioned with 12.5 nm separations are shown in the
spectrum. In Fig. 3(b), the coupling coefficient is k = k¢ and
the rejection band depths are approximately —6 dB. The number
of ripples between two subsequent bands is 3 as clearly shown
in Fig. 3(b). In order to reduce the amplitude of the ripples, the
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Fig. 4. Characteristics of a phase-shifted LPG synthesized without one of the
rejection bands. (a) The set of phase shifts per unit length of phase shift period.
(b) The transmission spectrum. Parameters: L = 12 cm, P = 2.4cm, N = 10,
Kk = 3.3kg,a = 3.

refractive index of the grating can be apodized with a Gaussian
index profile as

f(z) =exp | —a 2 9)

L
where a is the Gauss width parameter so that the width of the
Gaussian index profile can be increased by increasing it. We
have also observed that the Gaussian index apodization used to
suppress the side lobes of the band in a single uniform grating
also gives constructive results in the periodically phase shifted
LPGs by suppressing the side lobes of the rejected channels. In
Fig. 3(c), the reductions provided in the amplitude of the ripples
as aresult of the apodization are clearly shown. On the other hand,
increasing the coupling coefficient to 3« has provided the depths
of the rejection bands to be smaller than —25 dB as shown in
Fig. 3(c) which is the required value for practical applications.

It may also be desired for the grating given in Fig. 3 that
the third rejection band overlaid in the 1.55-pum window is re-
moved. In this case, it is required to regenerate the shifting se-
ries. For this purpose, it is sufficient to re-optimize the phase-
shifting series by determining an appropriate target spectrum
fit to the desired spectrum. Fig. 4(a) and (b) illustrate the vari-
ation of the phase shift and the transmission spectrum of the
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Fig. 5. Transmission spectra of the phase-shifted LPG with different number
of rejection bands. (a) Six. (b) Seven. (c) Eight. Parameters: L = 12 cm, P =
2.4cm, N = 10,k = 3.3k9,a = 3.

grating obtained for the given synthesis example, respectively.
It is clearly shown from the transmission spectrum of the grating
that 1562.5-nm rejection band has been removed although the
other bands are not affected significantly.

In this simulation, it is assumed that M/ = N as it is used
before. Therefore, if the phase shifting series consists of ten el-
ements, the function of the target spectrum ¢, max Will be an
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Fig. 6. Transmission spectrum of the phase-shifted LPG with 16 rejection
bands. Parameters: L = 12 cm, P = 2.4cm, N = 20,k = 6Kg,a = 6 .

1.65

array with ten elements in which each of the elements corre-
sponds to a maximum value in the cross mode transmission. It
is thus understood that a maximum of ten rejection bands can
be generated at the spectrum for N = 10. However, it is not
usually desired to include the bands positioned at the right and
left ends for spectral discrimination. In Fig. 5, the spectra of the
phase-shifted LPG synthesis with six, seven, and eight rejection
bands are shown.

In order to increase the number of channels at the spectra,
phase shifting number IV per period can be increased. For ex-
ample, without changing the phase period P, it is possible to
obtain up to 18 rejection bands at the transmission spectrum for
the synthesis realized using N = 20. In Fig. 6, 16 similar rejec-
tion bands with equal spectral interval obtained by optimizing a
phase-shifting series with 20 elements are shown.

In this study, finally, the effects of the phase-shifting period
P and the grating length L on the transmission spectrum of a
phase-shifted LPG are investigated. It is understood that both
parameters have direct effects on the spectrum. The synthesis
illustrated in Fig. 6 for P = 2.4 cm was re-performed without
changing the total grating length and total phase-shift number
for P = P/2 and P’ = 2 - P, separately. Thus, the spectra
shown in Fig. 7(a) and (b) have been obtained. As shown, there
exists a linear inverse relationship between P and band intervals
since when P increases the rejection bands get closer to each
other leading to spectral densification. Fig. 7(c) illustrates the
variation of the rejection band interval as an inverse function of
the phase-shifting period, P, for N = 10 (dashed line) and N =
20 (solid line). Since two curves have coincided, the small graph
sketched in Fig. 7(c) is placed to detail the presentation. As seen
from Fig. 7(c), the band interval of the rejection bands changes
almost linear with the inverse ratio of the phase-shifting period
(1/P) for both N = 10 and N = 20. In addition, the variation
of the phase-shifting period does not effect the bandwidth and
the bandwidth of all rejection bands remains almost constant
while band interval changes.

Varying the grating length without changing the phase
shifting period has a linear effect on the rejection bandwidth.
The spectra shown in Fig. 8(a) and (b) were obtained for
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Fig. 7. (a) and (b) The phase-shifted LPG transmission spectra with 16 rejec-
tion bands in the case of N = 20 for P = 1.2 cm and P = 4.8 cm, respec-
tively, (c) band interval characteristics versus 1/ P for N = 10 (dashed line)
and N = 20 (solid line). The other parameters: L = 14.4 cm, k = 3.3ko,
a =3 for N =10 and k = 6kg, a = 6 for N = 20.

L = 14.4 cm and L = 7.2 cm, respectively, and P was 2.4
in both spectra. As can be notified from the spectra, reducing
grating length leads to an increase in bandwidth without ef-
fecting the spectral positions of the rejection bands or vice
versa. Fig. 8(c) shows the variation of the channel bandwidth
for the grating lengths changing from 7.2 to 19.2 cm and for
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Fig. 8. (a) and (b) Phase-shifted LPG spectra with 16 rejection bands for dif-
ferent L values (a) L = 14.4 cm, (b) L = 7.2 cm, (c) bandwidth characteristics
versus L for N = 10 (dashed line) and N = 20 (solid line). The other param-
eters: P = 2.4 cm, k = 3.3kg,a = 3 for N = 10, k = 6Kg,a = 6 for
N = 20.

a constant phase-shifting period. The dashed and solid curves
in the figure represent the bandwidth characteristics for the
phase-shifting numbers N = 10 and N = 20, respectively. It is
seen that the bandwidth characteristics changes nearly linearly
with the inverse of the grating length (1/L). It can also be
concluded from this figure that the band interval and the band
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position of each band in the spectrum almost remains constant
while bandwidth changes. Consequently, the grating length
and the phase-shifting period strongly affect the bandwidth and
band interval of rejection bands in the spectrum, respectively,
for both NV = 10 and N = 20.

IV. CONCLUSION

In conclusion, the spectral position and bandwidth of the re-
flection bands can be controlled by varying the grating length
and phase shifting period. In addition, a desired number of re-
jection bands within the transmission spectrum can be generated
with a phase-shifted LPG that uses optimized phase shifting se-
ries. By further optimization of the phase shifting series, the re-
jection band or bands that are not desired to be included within
the spectrum can easily be removed.
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