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A new method to control the free spectral range of a long period fiber grating is proposed and
theoretically analyzed. As the refractive index decreases radially outward in the silica cladding due
to graded doping of fluorine, waveguide dispersion in the cladding modes was modified to result in
the effective indices change and subsequently the phase matching conditions for coupling with the
core mode in a long period fiber grating. Enlargement of the free spectral range in a long period

fiber grating was theoretically confirmed.

OCIS codes : 050.2770, 060.2340, 230.0230.

I. INTRODUCTION

Long period gratings (LPGs) have been intensively
studied for applications in optical communications
and sensor systems due to benefits such as all-fiber
configuration, low insertion loss, high flexibility in
spectral design, and low cost. LPG devices have been
developed in recent years as gain equalizers in erbium-
doped fiber amplifiers (EDFA) for wavelength-division
multiplexing (WDM) systems [1], bandpass filters, po-
larizers (2], demodulators [3] and sensing elements. In
an LPG, a periodic index structure with a pitch of
hundreds of microns imposes the phase-matching con-
dition between the fundamental core mode and for-
ward propagating cladding modes in an optical fiber,
shown below,
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Here A is the grating pitch. And nl}; and nl7, are the
effective index of the HE;; core mode and that of the
HE;,, cladding modes, respectively. Recently the gain
bandwidth of optical amplifiers is rapidly expanding
to fully exploit the bandwidth allowed in silica optical
fibers. Examples are thulium-doped fiber amplifier
(TDFA) for the S*-band (1450—1490 nm) [4], fiber
Raman amplifier (FRA) for the S-band (1490—1530
nm) [5], as well as combination of the conventional
EDFA for the C-band (1530—1570 nm) [6] and the
L-band (1570—1610 nm). [7] In spite of continuous
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development of ultra wide band amplifiers, an LPG
optimized for a certain gain equalization filter could
induce a high insertion loss in the neighboring gain
bands because of the relatively close-spaced resonance
peaks of the cladding modes. Fig. 1 shows this cir-
cumstance: Fig. 1 (a) shows a typical LPG’s trans-
mission spectrum used as a gain equalization filter in
C-band EDFA and Fig. 1 (b) shows the same LPG’s
transmission spectrum in a wider wavelength range.
Note that the gain equalization filter optimized for
the C-band incurs additional insertion loss over 10 dB
in 1.4 pm and 5 dB in 1.3 pm due to the closely spaced
resonance cladding modes. The ability to control the
free spectral range of the resonance peaks in LPGs,
thus, is needed for novel fiber filters in ultra wide band
optical communication systems.

There was a report about etching the fiber cladding
with a HF acid solution to tune continuously the
resonance wavelengths of long-period gratings. The
method is based on the dependence of the propaga-
tion constants of the cladding modes on the cladding
diameter. [8] And large resonance peak spacing based
on the cladding-etched fiber was demonstrated by Li
et al. in an acoustooptic tunable filter (AOTF). (9]
However, the etched fiber shows very weak and poor
long-term stability due to easy degradation by OH.
[10] Also there is a problem of mass production.

In this paper we propose a new method to control
the LPG spectrum by introducing waveguide disper-
sion into cladding modes. In previous studies in LPGs,
direct modification of cladding mode waveguide dis-
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FIG. 1. Transmission spectrum for a typical long-period
fiber grating for a C-band EDFA gain equalization fil-
ter in (a) 1500 nm—1600 nm wavelength range, (b) 1200
nm—1600 nm wavelength range.

persion and its subsequent effects on the spectra of
LPGs have not been fully investigated so far. Recently
the material dispersion change of cladding modes by
doping transition metals and its impact on the free
spectral ranges in LPG have been reported by the au-
thors. [11] By a proper design of the refractive in-
dex profile, the magnitude of change in the effective
indices of the cladding modes in the proposed fiber
could be made large enough to affect the phase match-
ing conditions for the coupling with the fundamental
core mode. The phase matching conditions will subse-

quently affect LPG transmission spectra and the free
spectral range. In this study the authors theoretically
analyzed the effect of the refractive index profile of the
cladding region on the LPG spectrum and proposed
a new technique to enhance the free spectral range of
LPG, for the first time to the best knowledge of the
authors.

II. NUMERICAL ANALYSIS

The dispersive characteristics of binary silica glass
doped with dopants such as GeOy and F have been
precisely calculated using the Sellmeier equation for
given ranges of concentrations. [12] The .sellmeier
equation for the refractive index n is given as below;

3
Cl,i/\2

2
n°—1= 3, (2)
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Scllmeicer coefficients, denoted by ai and bi, for binary
silica doped with GeOs and F are summarized in Ta-
ble 1.

In fiber devices such as LPG and fiber acousto-
optic filter, the main mechanism to generate a spec-
tral response is the coupling between the fundamen-
tal mode (HEi;) guided through the core and the
cladding modes guided through an air-silica multi-
mode waveguide. In the analysis the core was assumed
to be germanosilicate glass as in conventional single
mode fibers (SMF'). The refractive index of cladding
was assumed to be depressed by gradual doping of
fluorine (F) into silica glass to construct triangular
and trapezoidal refractive index profiles. The authors
strongly believe that fibers with a triangular or trape-
zoidal cladding waveguide could be fabricated by the
OVD (Outside Vapor Deposition) method in which
the refractive index profile of the cladding region can
be easily controlled. [13] Especially, a LPG with a
trapezoidal cladding waveguide is insensitive to the
environmental change of the outside of cladding re-
gion, which induces major problems during packaging
of a conventional LPG. The refractive index of air was
set to 1.0 independent of wavelength. The mode field

TABLE 1. Sellmeier coefficients of binary silica glass doped with GeOs or F[12]. The coefficients are valid for spectral

range of 0.4—1.7 pym.

mol% Sellmeier coefficients

SiOQ G802 F ai b1 as b2 as b:&

100 0.6961663 0.004679148 0.4079426 0.01351206 0.8974994 97.934002
98.1 1.9 0.697505 0.004187707 0.413531 0.01454822 0.890266 98.219695
95.9 4.1 0.700071 0.004596176 0.421598 0.01448869 0.888017 98.203859
92.9 7.1 0.702680 0.005390188 0.429438 0.01453037 0.903376 119.67966
96.9 3.1 0.69325 0.004521218 0.39720 0.01372178 0.86008 95.572131
93.9 6.1 0.67744 0.003763823 0.40101 0.01447209 0.87193 97.146650
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profiles of core and cladding modes could be calculated
by finite-difference analysis with the inverse power
iteration method. [14] With these assumptions, we
could calculate the mode field profiles and intensity
distributions of both the core and the cladding modes
defined by the proposed fiber structure. The coupling
coefficients between them could be calculated by the
overlap integral for a given index perturbation.

If we limit the calculation to gratings that consist of
perfect circular-symmetric index perturbation in the
transverse plane of the fiber, the only nonzero coupling
coefficients between the core mode and the cladding
modes involve cladding modes of azimuthal number [
= 1. [15] We will confine the calculation to only | = 1
cladding modes.

The coupled mode equation that describes interac-
tions in an LPG is given by [15]

dACO : co
prale jr(2)A
X ER(2) A exp(—j20°70z),  (3)
dA’IC'IgL - (] N CL—COo
=1 Z gn(z)Afn exp(+;20€7°°2). 4)

Here p stands for the induced-index fringe modula-
tion, where 0 < p < 1. And the coupling constant for
core mode and cladding modes, x(z), and the phase
shift, 6~<° can be expressed as

wenio(z)

Kk(z) =
27 a; . .
y 2/0 d¢f0 rx dr(ESE® + ESES), (5)

ct—co 1 Co Ci 27T
om0 = (882 ~ 5k, — ). (6)

Here o(z) is the normalized induced-index change in
the core. A® and AZ are the amplitudes of the core
mode and m-th cladding modes, respectively. Here we
assumed that the induced-index change was uniform
across the core such that o(z) was taken out of the
overlap integral. By the boundary conditions that are
A®(z=1/2) =1, and A% (z = ~L/2) = 0, where L is
the grating length, the transmission through the grat-
ing is simply given by A%(z = L/2}/A°(z = —L/2).
For propagation parameters u? = k?n? — 32 = —w?,
the electric fields of core and cladding modes for each
boundary could be obtained by numerically solving
Maxwell’s equation as in. [16]

III. CLADDING MODE ANALYSIS

The effective indices of the first ten cladding modes
were calculated for step, triangular and trapezoidal

refractive index profiles. The waveguide dispersion as
well as material dispersion calculated using the Sell-
meier equation was taken into account in the numeri-
cal analysis. In this study, we modify the refractive in-
dex profile of the cladding region from the step waveg-
uide to a triangular or a trapezoidal waveguide, as
shown in Fig. 2, in order to change waveguide dis-
persion of cladding modes. Note that the core param-
eters were set similar to those of conventional SMF.
In triangular profiles, Fig. 2(a), the refractive indices
in the cladding linearly decrease to the minimum val-
ues, 1.454, 1.451, 1.448. The profiles are designated
by the index difference relative to the pure silica clad
in conventional step SMF. The refractive index differ-
ence was set by the experimental results where a con-
ventional chemical vapor deposition process can work
achieve with Fluorine containing precursors such as
SiFy, C3Fs. [17] In trapezoidal profiles, the refractive
index decreases linearly after a certain radial position,
the upper pedestal of the trapezoid, in the cladding
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FIG. 2. Refractive index profile of the proposed fiber for
triangular structure, (a), and trapezoidal structure, (b),
evaluated at 0.6328 pum. Note that 0.003, 0.006 and 0.009
in (a) indicated the maximum clad-refractive index differ-
ence referenced to the step index profile. The minimum
refractive index in the trapezoidal profiles was set to 1.448
with the index difference of 0.009.
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affect the free spectral range. For example the effec-
tive index spacing between the third and fourth modes
increases by a factor over 2, for the 0.009-triangular
profile and Trapezoidal profile-2. These modifications
are attributed to the effects of waveguide dispersion
as well as the material dispersion due to fluorine dop-
ing. It is, therefore, expected from those observations
that the waveguide modification in the cladding in-
deed modifies the phase matching conditions and sub-
sequently the free-spectral range can be controlled.
Detailed analysis of the phase matching and spectral
response will be discussed in the following section.
The other important aspect in LPG spectrum anal-
ysis is the overlap integral between the core mode and
the cladding mode, which will determine the strength
of the resonant coupling as shown in Eq. (5). After
finding mode fields of the fundamental core mode and
the first ten cladding modes, the overlap integrals were
evaluated at 1.5 pm. The results are presented for
various index profiles in Fig. 4. In conventional step
index SMF the overlap integral, or equivalently the
coupling constant &, increases in higher order cladding
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FIG. 3. Effective indices of cladding modes for (a) trian-
gular refractive index profile, as shown in Fig. 2 (a), and
(b) trapezoidal refractive index profile, as shown in Fig.
2 (b). Both material dispersion and waveguide dispersion
are included in calculations.

the minimum index was set as 1.448, with the index
difference of 0.009 relative to the pure silica clad.

By solving the characteristic equations for the
guided modes [14-16] for different index profiles in
Fig. 2, effective indices of the first ten cladding modes
were numerically evaluated at 1.5 pym, and the cal-
culated results are plotted in Fig. 3. Two signifi-
cant modifications were observed. Firstly, the effec-
tive indices of the cladding modes decrease as much
as by ~1.7x1072 or by a factor of ~0.12 % refer-
enced to conventional step SMF, for the 0.009 trian-
gular waveguide at the cladding mode number of 1
as in Fig. 3(a). And the difference in effective in-
dices referenced to the step SMF gradually increases
for higher order cladding modes. Similar effects were
also observed in the trapezoidal waveguides as shown
in Fig. 3(b). Induced change in effective refractive in-
dex for both structures is significant enough to change
the phase matching conditions with the core mode.
Secondly, the spacing in the effective indices between
the adjacent modes does increases, which will directly
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FIG. 4. Overlap integral between the fundamental core
mode and cladding modes for triangular refractive index
profile, (a), and trapezoidal refractive index profile, (b).
The overlap integrals were evaluated at 1.5 pm.
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FIG. 5. Plots of the optical field as radial position for the first three cladding modes in a fiber having step index profile,

(a), and having 0.009-triangular index profile, (b).

modes and reaches the maximum around the 8th
mode, as reported in reference. [15] In the case of the
triangular and the trapezoidal waveguides, however,
the overlap integral shows contrasting characteristics.
Especially, in the triangular waveguide the overlap in-
tegral has its maximum at the 1st cladding mode and
decreases in higher order modes. Similarly in trape-
zoidal profiles, the overlap integral reaches its maxi-
mum in a lower order mode than for step index SMF.
To explain this feature, mode field distribution was
calculated for step and triangular index profile. Fig.
5 shows the calculated mode profiles of the first three
cladding modes for the step waveguide, (a), and the
0.009-triangular waveguide, (b). In the step waveg-
uide, the cladding modes exhibit an oscillatory be-
havior in the entire radial direction and the inten-
sity near the core increases for higher order modes, as
shown in Fig. 5 (a). In the case of the triangular in-
dex profile, however, the field is much more confined
to the core region for the lower order modes, which
contributes to the larger overlap integral in Eq. (5).
These confined cladding modes may introduce modal
interference with the core mode in the standard single
mode fiber. However it is easy to strip off the residual
cladding modes with an evanescent wave filter pro-
posed by the authors. [18]

IV. LONG PERIOD GRATING SPECTRAL
ANALYSIS

From Eq. (1), the phase matching grating pitch,
A, was calculated as a function of the coupling wave-
length and results are shown in Fig. 6 for the first 9
cladding modes. The results for the step index profile
are shown in Fig. 6 (a), those for the 0.009-triangular
index profile in Fig. 6 (b), and those for the trape-
zoidal (Trap-2) index profile in Fig. 6 (c), respec-
tively. Compared with the results of the step waveg-
uide, the phase matching conditions for the triangular
and trapezoidal index profiles show significant differ-

ences in terms of the slope in the plot of the grating
pitch versus the resonance wavelength. The slope is
shallower in the triangular and trapezoidal waveguide
compared with the step waveguide, which is attributed
to the modification of dispersion of cladding modes as
indicated in Fig. 3. Another notable feature is that
the spacing between the spectral resonances is signifi-
cantly wider in the proposed waveguides than that in
step waveguide, which directly indicates a wider free
spectral range. The results in Fig. 3 are consistent
with the observations in Fig. 6.

From the phase matching condition, Eq. (1), the
resonance wavelength of m-th order and (m + 1)-th
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FIG. 6. Plot of the phase matching grating pitch, A, ver-
sus the coupling wavelength for the first 9 cladding modes.
The results for the step waveguide are shown Fig. (a),
those for the 0.009 triangular waveguide in Fig. (b), and
those for the trapezoidal (Trap-2) waveguide in Fig. (c).
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order cladding modes can be expressed as ;

Am = A [n(f{f()\m) - {n;fnf(/\m) + Ani{nf()‘m)}} : (7)
At = A i i) = {08 Coni) + Ans2, O ] (®)
!

here ni{ 7 is the effective index of the fundamental modes due to refractive index change in the cladding.
core mode(HEq;), n{/f and n¢ff 41 are the effective Using Eqgs. (7) and (8), the wavelength separation be-
indices of m-th order (HEi1.,), and (m + 1)-th or- tween m-th and (m + 1)-th cladding mode, 6\, m1
der (HEy,41) cladding modes in step index cladding ; Or equivalently the free spectral range of a LPG can

fiber, and An(e){,{ and Ané{,{ +1 are the effective indices be expressed as;

change of m-th order and (m + 1)-th order cladding

5)‘m,M+1 =A [{ni{f()‘m+1> - ni{f(/\m)} - {nflifnf+1()‘m+l) - ni{nf()‘m)} + {Anifnf()‘m) - Anig-f-l()‘fmi-l)}] .
(9)

In order to solve this transcendental equation for the (9) was numerically solved to obtain the free spectral
resonance wavelengths, A, and A, 11, effective indices range, A; — A; as a function of the index difference in
of the first two cladding modes were numerically ob- the triangular profile. The grating pitch for the step
tained as shown in Fig. 7. In this figure, we focused index cladding, , was set to 470 pum. As the cladding
on the 1st cladding mode where the coupling was set index further suppressed from 0.003, 0.006, to 0.009
to take place at 1300 nm along with its nearest neigh- in the cladding, the grating pitches were varied from
boring 2nd mode for the step and triangular cladding 369, 329 and 316 pm, respectively. See Fig. 6 for
index profiles. Note that in Fig. 7, both the slopes phase matching conditions. The numerical results on
and the magnitude of the effective indices did change free spectral ranges are shown in Fig. 8. As the refrac-
as a function of degree of the refractive index sup- tive index difference in the triangular profile, the free
pression or the index differences given from 0.003 to spectral range monotonically increases from 37 nm to
0.009. Keeping the resonance of 1st mode at 1300 nm 322 nm, by a factor of ~9.

by adjusting grating pitches, the transcendental Eq. Transmission spectra of LPGs were numerically
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FIG. 7. Effective indices of Ist, (a), and 2nd, (b), cladding modes for step and triangular waveguides. Both material
dispersion, calculated from Eq. (2), and waveguide dispersion are included in calculations. Absolute effective index slopes
of 1st and 2nd cladding modes increased as much as by ~0.1082x107° (~8.7 %) and ~0.1457x 107° (~11.4 %) reference
to conventional step waveguide for the 0.009 triangular waveguide.
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simulated using the overlap integral equations,
(5)—(6), for various cladding index profiles. Induced
index change, An;nguceqd, Was assumed to be uniform
over the cross section of the fiber core. A uniform
step function was assumed for the periodic index grat-
ing structure along the core of the fibers in order to
simplify numerical analysis. In the grating structure
radial and angular dependence were not considered.
Neither chirping nor apodization were assumed to fo-
cus on the waveguide dispersion of cladding modes.
A periodic index modulation of a step function with
the amplitude of An;pgyced, with the duty cycle of C,
was assumed along the length of L in the core and
numerical values for these parameters are; Aninguced
=0.0003-0.0005, C=0.5, and L=25.4 mm, similar to
those previously reported in reference. [15] The grat-
ing pitch was adjusted as described in the previous
paragraph for different refractive index profile to keep
the resonance at 1300 nm. The results of numerical
simulation on the LPG transmission spectra are shown
in Fig. 9. By inducing triangular profile into the clad
region, and consequently changing the waveguide dis-
persion of cladding modes, we could isolate only one
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FIG. 9. Long period grating transmission spectra for
various cladding index profiles.

cladding mode resonance peak of LPG in the spec-
tral range from 1200 nm to 1600 nm at the 0.009-
triangular waveguide. The free spectral range was es-
timated about 330 nm as shown in Fig. 8. We, there-
fore, confirmed that the proposed technique to modify
the cladding index profile does control the free spec-
tral range. Selective flattening of a gain band without
incurring insertion loss in the neighboring bands can
be achieved using LPGs utilizing the proposed fiber
structures. For the trapezoidal profile, we couldn't
achieve isolation of only one cladding mode resonance
peak, but the free spectral range was increased to
about 200 nm. Novel filtering devices could be further
designed whose characteristics will be confined only to
the wavelength region of interests with negligible cross
talk among adjacent bands.

V. CONCLUSION

A new optical fiber structure that modifies the
cladding mode waveguide dispersion was proposed for
fiber filters based on coupling between the core and
cladding-modes. The effects of modification of the re-
fractive index profile in the cladding region on the
waveguide dispersion of cladding modes were theo-
retically analyzed using finite-difference analysis and
coupled mode theory. Effective index decrease of over
1.7x1073, or by a factor of ~0.12 % referenced to a
step waveguide was theoretically estimated for a trian-
gular waveguide. This change in waveguide dispersion
of the cladding mode induced significant modification
in the phase matching conditions. By coupling to 1st
symmetric cladding modes, enhancement of free spec-
tral range over 300 nm was theoretically predicted,
which could be applied for noble fiber filters in ultra-
wide band optical communication systems.
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