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One e�ective method for suppression of coupling from guided optical modes into cladding modes in an optical

�bre Bragg grating is to use cladding mode suppression �bre. In this specially engineered �bre, the grating is written

into the core and the inner cladding, both of which are photosensitive. A theory is presented in this paper to analyse

the spectral characteristics of this kind of gratings. A �bre Bragg grating was experimentally fabricated with this kind

of photosensitive �bre (PS-RMS-50 from StockerYale). It is shown both theoretically and experimentally that such

gratings exhibit strong suppression of the coupling between core mode and cladding mode. The experimental result is

in good agreement with the theoretical analysis.
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1. Introduction

In recent years, extensive and in-depth studies

have been performed covering various kinds of �bre

gratings including �bre Bragg gratings[1�3] and long-

period �bre gratings.[4;5] Up to now, much progress

has been made. In this research, �bre Bragg grat-

ings attract great attention due to its important ap-

plications in wavelength division multiplexing (WDM)

systems. However, in a �bre grating with a photo-

sensitive core, the forward-propagating guided core

mode (LP01 ) does not only couple with the backward-

propagating guided core mode itself but also cou-

ple with the backward-propagating cladding modes.

These couplings generate a series of loss peaks in the

transmission spectrum at wavelengths below the main

re
ection peak. These loss peaks restrict the use of

these gratings in WDM systems. In 1995, Delevaque

et al designed and fabricated a �bre with a photosen-

sitive inner cladding between the core and the outer

cladding.[6] By using this kind of �bre, they success-

fully imprinted a highly re
ective Bragg grating with a

strong reduction of extra losses due to cladding mode

coupling. An experiment and a brief explanation were

given by them. In this paper, we consider the de-

tails of the suppression of coupling from guided mode

into cladding modes for the Bragg gratings fabricated

with the cladding mode suppression �bre. Both the-

ory for understanding the principle and methods of

calculation are presented. Furthermore, we use the

cladding mode suppression �bre (PS-RMS-50) to write

a Bragg grating and then compare the experimentally

measured transmission spectrum with the calculations

based on the theory.

2. Theory

2.1.Modes and �elds

Fig.1. Diagram of a cross section of the cladding

mode suppression �bre.
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Figure 1 shows the cross section of the cladding

mode suppression �bre (PS-RMS-50). The �bre con-

sists of a core of radius a1, with refractive index n1,

an inner cladding of radius ain, and an outer cladding

of radius a2. The inner and the outer claddings have

the same refractive index n2, with the di�erence that

the inner cladding has the same photosensitivity as

the core. So when we analyse the modes and �elds in

the �bre, we can still use the simple three-layer-model

which assumes that the �bre consists of a core of ra-

dius a1, with refractive index n1, and a cladding of

radius a2, with refractive index n2, surrounded by an

in�nite uniform medium of refractive index n3.

Because the optical �bre Bragg gratings consid-

ered in this paper has a circularly symmetric pertur-

bation, the coupling is limited to cladding modes with

azimuthal order 1. Therefore, here we just list the

�elds and the dispersion relations of the core mode

(LP01 or HE11) and the cladding modes HE1� .

The radial and azimuthal vector components of

the HE11 mode �elds are given by

||||||||||||||||||||||||||||
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where J is a Bessel function of the �rst kind, K is a

modi�ed Bessel function of the second kind, � is the
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where Z0 =
p
�0="0 = 377
 is the electromagnetic

impedance in vacuum. The z-axis is along the axis

of the �bre, V = a1(k
2
0n

2
1 � k20n

2
2)

1=2 is the V num-

ber of the �bre at a wavelength �, k0 = 2�=� is the

wavenumber in vacuum.

The radial and azimuthal vector components of

the electric �eld for the cladding mode HE1� in the

�bre core (r � a1) are given by[7]
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where � is the cladding-mode number and Ecl
1� is the

�eld normalization constant, which is calculated by

assuming the cladding mode HEcl
1� carries a power of

1W.

The radial and azimuthal vector components of

the electric �eld for the cladding mode HE1� in the

�bre cladding region (a1 � r � a2) are given by[7]
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The following de�nitions have been used Eqs.(4){(7)
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The dispersion relation that we solve to obtain the

LP01 mode e�ective index is

u
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The dispersion relation of the cladding mode HE1�

is[7]
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2.2.Coupling coeÆcients

In this section we calculate the coupling coeÆ-

cients for coupling between the LP01 core mode and

itself and between the LP01 core mode and the HEcl
1�

cladding mode, respectively.

Because both the core and the inner cladding are

photosensitive, when a phase grating is induced in the

�bre, it exists not only in the core but also in the in-

ner cladding. As a result, the core index is changed

to n1(z), the inner cladding index is changed to n2(z)

and the outer cladding and surround indices are un-

changed:

n(r; z) =

8>>>><
>>>>:

n1(z) = n1 + Æn(z)[1 +m cos(2�z=�)]; r � a1;

n2(z) = n2 + Æn(z)[1 +m cos(2�z=�)]; a1 < r � ain;

n2; ain < r � a2;

n3; r > a2:

(26)

Here n1 and n2 are the unperturbed core index and

cladding index, respectively, � is the period of the

grating, m is the fringe visibility of the index change,

and Æn(z) is the \dc" index change spatially averaged

over a grating period.

The transverse coupling coeÆcient between two

modes � and � is

K 0
��(z)=

!

4

2�Z
0

d�

1Z
0

rdr�"(r; z)Et
�(r; �) �E

t�
� (r; �); (27)

where the superscript t denotes transverse vector com-

ponents only (radial and azimuthal) and the quantity

�"(r; z) describes the ultraviolet-induced perturba-

tion, here assumed to be independent of �. We neglect

the longitudinal coupling coeÆcients Kz
��(z) since it

is 2{4 orders of magnitude smaller than Kt
��(z). As-

suming the perturbation to be a small fraction of the

refractive index, it follows that
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De�ning the coupling constant ��� through

Kt
��(z) = ���(z)[1 +m cos(2�z=�)]; (29)

we can write the coupling constant for core-mode-core-mode coupling speci�cally as
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Using the expressions for �elds (1){(3) and performing the integrals, we obtain
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The coupling constant for core-mode-cladding-mode coupling is
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Using Eqs.(1){(5) and performing the integral in the �rst term in Eq.(29), we obtain
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Note that the coupling constants are directly pro-

portional to the \dc" induced-index change Æn(z).

The remaining factors in the coupling constant expres-

sions are determined entirely by the dielectric struc-

ture of the �bre as shown in Fig.1 and the resulting

mode characteristics at a wavelength �.

To explain why the photosensitive inner cladding

can suppress the coupling between the LP01 core

mode and the HEcl
1� cladding modes, we calculate the

coupling constants of the PS-RMS-50 �bre shown in

Fig.1. The �bre is described by the following param-

eters: core radius a1=2.5�m, inner cladding radius

ain=4.9�m, outer cladding radius a2=62.35�m, nu-

merical aperture is 0.20, the core refractive index is

1.464 at 1550nm, the inner cladding refractive index

is the same as the outer, which is 1.444 at 1550nm.

The core is doped with germanium, the inner cladding

dopants are B2O3 and GeO2, the outer cladding is

pure silica.

Figure 2 shows the coupling constant for the core-

mode-core-mode coupling in Eq.(31) divided by Æn(z)

versus the radius of the photosensitive inner cladding.
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Obviously, the coupling constant for core-mode-core-

mode coupling increases with the radius of the photo-

sensitive inner cladding. In other words, the grating

induced in the photosensitive inner cladding strength-

ens the coupling between the core mode and itself.

Fig.2. Coupling constant �
co�co

01�01
divided by Æn(z)

versus the radius of photosensitive inner cladding.

Figure 3 shows the coupling constant for the

core-mode-cladding-mode coupling in Eq.(33) divided

by Æn(z) versus the radius of the photosensitive in-

ner cladding. We show the coupling between three

cladding modes (HE1;3, HE1;13 and HE1;23) for exam-

ple. Opposite to Fig.2, the coupling constant for the

coupling of the LP01 core mode to the HE1� cladding

modes decreases with the radius of the photosensi-

tive inner cladding. That is to say, the better sup-

pression e�ect will be obtained with greater radius of

the photosensitive inner cladding. So the grating in-

duced in the photosensitive inner cladding diminishes

the coupling interactions between the core mode and

the cladding modes.

Fig.3. Coupling constant �
cl�co

1��01
divided by Æn(z)

versus the radius of photosensitive inner cladding.

In general, the photosensitive inner cladding can-

not only suppress the coupling from the LP01 core

mode to the HEcl
1� cladding modes but also enhance

the coupling of the LP01 core mode to itself.

2.3.Coupled-mode equations

The coupled-mode equations that describe coun-

terpropagating interactions in a short-period grating

are given by[7]
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where Aco and Bco are the amplitudes for the core

mode, Acl
� and Bcl

� are the amplitudes for the �th

cladding mode, and the small-detuning parameters are

de�ned as
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The approximate centre wavelength of the LP01-LP01

Bragg re
ection resonant can be found by

Æco�co
01�01 + �co�co

01�01 = 0 (39)

for the resonance associated with the HE1� cladding

mode and the LP01 core mode is given by

Æcl�co
1��01 + �co�co

01�01=2 = 0: (40)

3. Comparison of theory and ex-

periment

In this section we compare experimentally mea-

sured transmission spectrum with theoretically calcu-

lated transmission spectrum to examine the accuracy

of the theory.

Figure 4 shows the measured transmission spec-

trum through a Bragg grating written in PS-RMS-

50 �bre. The optical spectrum analyser used in

this experiment is Agilent 86142B. The structure

of the cladding mode suppression �bre (PS-RMS-

50) is shown in Fig.1. The grating is a uniform

Bragg grating with a length of L=8mm, a period of

�=535.295nm, a visibility of m=0.6 and a \dc" index

change of Æn(z) = Æn = 2:17 � 10�4. It was written
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with a CW frequency-doubled argon laser (300C FreD

from Coherent). The strong resonance at 1557.65nm is

due to LP01-LP01 Bragg re
ection; the peak re
ectiv-

ity is {30.6dB. The resonances at shorter wavelengths

are caused by coupling to the �=1,3,5,� � � cladding

modes. Figure 5 shows a theoretical calculation of

the transmission through such a grating.

Fig.4. Experimentally measured transmission spec-

trum through a strong Bragg grating written in a PS-

RMS-50 �bre.

Fig.5. Theoretically calculated transmission spec-

trum through a strong Bragg grating written in a PS-

RMS-50 �bre.

In order to show the suppression e�ect of the PS-

RMS-50 �bre, we have written another grating in a

conventional �bre (PS-SMF-30) with a photosensitive

core. Figure 6 shows the measured transmission spec-

trum of it. There is a series of loss peaks with a max-

imum of 3.5dB at shorter wavelengths.

Compare Fig. 4 with Fig. 6, we see that the

maximum loss peak in Fig.6 is up to 3.5dB, whereas

in Fig.4 the loss peaks are suppressed to less than

0.5dB. We see that the cladding mode suppression �-

bre (PS-RMS-50) does show a very obvious suppres-

sion e�ect of the coupling between the core mode and

the cladding modes.

Fig.6. Experimentally measured transmission spec-

trum through a strong Bragg grating written in a PS-

SMF-30 �bre.

Comparing Fig.4 with Fig.5, we �nd that the loss

peaks in Fig.4 are suppressed to less than 0.5dB, but

in Fig.5 they are reduced to less than 0.3dB. This

is probably because the photosensitivity of the inner

cladding is a little weaker than that of the core. Con-

sidering this factor, we can say that there is excellent

agreement in terms of both the locations and strengths

of the resonances.

4. Conclusion

A theory has been presented to analyse the spec-

tral characteristics of optical Bragg gratings written

in the cladding mode suppression �bre with a photo-

sensitive inner cladding. The theoretical results in-

dicate that the photosensitive inner cladding cannot

only suppress the coupling from the LP01 core mode to

the HEcl
1� cladding modes but also enhance the cou-

pling of the LP01 core mode to itself. Furthermore,

the excellent agreement between the experimental and

the theoretical results has testi�ed the accuracy of the

theory.
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