Vol 12 No 9, September 2003
1009-1963/2003/12(09)/1001-06

Chinese Physics

© 2003 Chin. Phys. Soc.
and IOP Publishing Ltd

Study of the behaviour of the fibre Bragg grating
fabricated with cladding mode suppression fibre’

Xu Xin-Hua(f#14€), Lii Chang-Gui(

E B %), and Cui Yi-Ping(f—F)"

Department of Electronic Engineering, Southeast University, Nanjing 210096, China

(Received 7 March 2003; revised manuscript received 31 March 2003)

One effective method for suppression of coupling from guided optical modes into cladding modes in an optical

fibre Bragg grating is to use cladding mode suppression fibre. In this specially engineered fibre, 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 fibre Bragg grating was experimentally fabricated with this kind
of photosensitive fibre (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 fibre
gratings including fibre Bragg gratings(! 3! and long-
period fibre gratings.[*? Up to now, much progress
has been made. In this research, fibre Bragg grat-
ings attract great attention due to its important ap-
plications in wavelength division multiplexing (WDM)
systems. However, in a fibre grating with a photo-
sensitive core, the forward-propagating guided core
mode (LPg; ) 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
reflection peak. These loss peaks restrict the use of
these gratings in WDM systems. In 1995, Delevaque
et al designed and fabricated a fibre with a photosen-
sitive inner cladding between the core and the outer
cladding.!! By using this kind of fibre, they success-
fully imprinted a highly reflective 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 fibre. Both the-
ory for understanding the principle and methods of
calculation are presented. Furthermore, we use the
cladding mode suppression fibre (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 fields

inner cladding

.....

outer cladding

surround n3

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

mode suppression fibre.
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Figure 1 shows the cross section of the cladding  radius as, with refractive index ns, surrounded by an
mode suppression fibre (PS-RMS-50). The fibre con- infinite uniform medium of refractive index ns.

sists of a core of radius a;, with refractive index np, . . .
. . . . Because the optical fibre Bragg gratings consid-
an inner cladding of radius a;,, and an outer cladding ] ) ) ’
. . . ered in this paper has a circularly symmetric pertur-
of radius as. The inner and the outer claddings have ] . ] .
. ] . bation, the coupling is limited to cladding modes with
the same refractive index ns, with the difference that . . .
the ; laddi has th hot ivit azimuthal order 1. Therefore, here we just list the

e inner cladding has the same photosensitivity as
& P Y fields and the dispersion relations of the core mode

th . So wh 1 th d d fields i
e core. So when we analyse the modes and fields in (LPo1 or HEy1) and the cladding modes HE,.

the fibre, we can still use the simple three-layer-model
which assumes that the fibre consists of a core of ra- The radial and azimuthal vector components of

dius aj, with refractive index n;, and a cladding of = the HE;; mode fields are given by

iESi’Mexp(lqﬁ)exp[ (Bz—wt)] (r<ay),

B = KOJ((;EZ; a1) o
i S L e igexpli(0z — wi)] (> an),
o(w)
—ES‘{%eXp(uﬁ)exp[ Bz —wt)] (r<ay),
By = Ko((;ur/al) (2)
-5y ST eplig)expli(Bz — b)) (7 > o),
0
where J is a Bessel function of the first kind, K is a |and
modified Bessel function of the second kind, g is the LU
propagation constant, given by 8 = (27/A)nS%, and Ey :Efu{b(ulr) — Jo(u1r)
w=ay(kin? — B2, w = ay(82 — K2nd)Y/2, and Egg ot
is the normalization constant, based on a total power - n—l[']2 (u1r) + Jo (ulr)]}
of 1 W carried by the mode, which is given by x exp(id)expli(Bz — wt)] (r <a1), (5)
K 0y 1172 where v is the cladding-mode number and Ff} is the
ES? v o(w) |: 0 :| field normalization constant, which is calculated by
V Ky (w) [main, assuming the cladding mode HES! carries a power of
~w Jo(w) { 27, }1/2 3 W
V Ji(u) [maine 7 The radial and azimuthal vector components of

the electric field for the cladding mode HE;, in the
fibre cladding region (a; < r < ay) are given byl]

c cl TA1U Jl(ulal) F2 1
gy =g, P £ By ) 4 L)

where Zg = \/uo—/sg = 377Q is the electromagnetic
impedance in vacuum. The z-axis is along the axis
of the fibre, V = ay(k2n? — k3n3)'/? is the V num-
ber of the fibre at a wavelength A\, kg = 27/X is the

wavenumber in vacuum.

Z)

02
_ = G _
n% [UQ 2r(r) ni

x exp(ig)expli(Bz — wt)] (a1 <7 < az), (6)

The radial and azimuthal vector components of
the electric field for the cladding mode HE;, in the

and
fibre core (r < a;) are given by!"] ,
o _ o T1uidi(ura1) [ o2 [ G2
gt 6,
cl U 2
By =iBy, o 2 {Jz(ulr) +Jo(uar) - 7;250 Ch(?“)} +ug Fory (r) — 51(7")}
n2ugr
PN [Ja(urr) — Jo(ulr)]} x exp(ig)expli(fz — wt)] (a1 <7 < az).(7)
nt
x exp(ig)exp[i(fz — wt)] (r <ay), (4) The following definitions have been used Egs.(4)—(7)



No.9 Study of the behaviour of the ... 1003
0102U21U 1
(T4 AT ) (a) = Ky )+ Ira(on) — o)
o=— 2t =, (8)
02 U32 U21 Us2 U21
— J - K
U2 <n§a2 n%al >p1 (a2) + n%az ql(a2) + n%al Tl(a2)
Kl (w3a2)
K=—1 , 18
F=J— u21202§o, (9) w3K1(w3a2) (18)
nia;
u210_1 P1 (7“) = Jl(UzT)Nl(ugal) — Jl(u2a1)N1 (’U,Q’I‘), (19)
=&+ —— . (10) / ,
! q1(r) = J1(uar)Ni (uza1) — Ji(uza1)Ni(uar),  (20)
. cl
01 = ingg/Zo, 11
1 IT/ i E ; ri(r) = J/1(U27")N1(u201) - Jl(u2al)N,1(u27")a (21)
g9 = ingffZ(), 12
11 13) s1(r) = J1(uar)Ny (uzar) — Jy(uzar )Ny (uar).  (22)
U221 = —5 — —5, 13
uy i The dispersion relation that we solve to obtain the
1 1 .. .
gy — = " . (14) LPg1 mode effective index is
3 2
Jl(u) _ I{l(uﬂ
= @/ — (n)D), G=12, (15) ot~ VKow)’ (2

wi = (21/A)*((ngh)? — n3), (16)
J

(
(ura1)

!
1
ulJ (ulal)

J =

u TL2U u (v
(20 T o)+ ) + )
1

as ’I’L%a]_

The dispersion relation of the cladding mode HE,,
isl]
is

§o = &, (24)

2

n3 n2aiaz

Cé - n3 0102U21U32
U <3JK + >P1(a2) -

2.2.Coupling coefficients

In this section we calculate the coupling coeffi-
cients for coupling between the LPj; core mode and
itself and between the LPj; core mode and the HEEIV
cladding mode, respectively.

Because both the core and the inner cladding are

n1(z) = ny + on(z)[1 + mcos(2wz/ A)],
no(z) = ng + on(2)[1 + mcos(2wz/A)],

n(r,z) = .
2,

ns,

Here n; and ny are the unperturbed core index and
cladding index, respectively, A is the period of the
grating, m is the fringe visibility of the index change,
and én(z) is the “dc¢” index change spatially averaged

over a grating period.

The transverse coupling coefficient between two

modes v and p is

2T oo

):% /qu/ rdrAe(r, z)E,t,(T, }) - EL*(Tv ¢),(27)

0

!
Kuu(z

2 (25)

2

n2 n2
—K J —

n? @ (a2) + Jri(az) n3usy

S1 (ag)

photosensitive, when a phase grating is induced in the
fibre, 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 ny(z)
and the outer cladding and surround indices are un-

changed:

TSala

a1 <71 < @iy,
(26)

ain <71 < ag,
r > as.

where the superscript t denotes transverse vector com-
ponents only (radial and azimuthal) and the quantity
Ae(r,z) describes the ultraviolet-induced perturba-
tion, here assumed to be independent of ¢. We neglect
the longitudinal coupling coefficients K7, (2) since it
is 2-4 orders of magnitude smaller than Kj  (z). As-
suming the perturbation to be a small fraction of the

refractive index, it follows that
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2egn16n(2)[1 + mcos(2nz/A)], r < ay,
Ae(r, z) = { 2egnadn(z)[1 +mcos(2nz/A)], a1 <7 < a, (28)
0, T > Qip.
Defining the coupling constant &,, through
K,tm(z) = Kyu(2)[1 + mcos(2mz/ A)], (29)

we can write the coupling constant for core-mode-core-mode coupling specifically as

27
jco—co weon1 n(2)
Ko1-01(2) = 2
0
wepnadn(z)
2

/dg{)/rdr |E'°°|2+|E'°°| )

Qin

/d(b/rdr (IELP + |EXP). (30)

ay

Using the expressions for fields (1)—(3) and performing the integrals, we obtain

2 2u? 1 1

x {ai, [K§ (wain /az)

— K (wai /a1)] — ai[KG(w)

|+ 505 Ve ey

- Kf(w)]}- (31)

The coupling constant for core-mode-cladding-mode coupling is

_ 27
6
Koo (2) :“% / d¢ / rdr(EQES* + ES ES)
0
67 27 Ain
%/d(ﬁ/rdr ECIECO*+E;1E;O*). (32)
0 ay

Using Egs.(1)—(5) and performing the integral in the first term in Eq.(29), we obtain

— 2mw 21

(e =) o

X |:’LL]_J]_(’U,]_CL]_)

Zong

1/2 niu; 1+ 0250 Eel
u? —Vu/a? n? v

Jo(w) _ iJo(ulal)]

Jl (u) ay
5_ 27 Qin
e n(2) / dg / rdr(ES B + E§ ES"). (33)
0 aiy
Note that the coupling constants are directly pro- eters: core radius a;=2.5pum, inner cladding radius

portional to the “dc¢” induced-index change dn(z).
The remaining factors in the coupling constant expres-
sions are determined entirely by the dielectric struc-
ture of the fibre as shown in Fig.1 and the resulting

mode characteristics at a wavelength A.

To explain why the photosensitive inner cladding
can suppress the coupling between the LPg; core
mode and the HES! cladding modes, we calculate the
coupling constants of the PS-RMS-50 fibre shown in
Fig.1. The fibre is described by the following param-

ain=4.9um, outer cladding radius a;=62.35pum, 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 B5O3 and GeOQOs, the outer cladding is

pure silica.
Figure 2 shows the coupling constant for the core-
mode-core-mode coupling in Eq.(31) divided by én(z)

versus the radius of the photosensitive inner cladding.



No.9

Study of the behaviour of the ...

1005

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.
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(2))/pm~"
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(g3 53/
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2.5 3.0 3.5 4.0 4.5 5.0

Radius of photosensitive inner cladding/pm

co—co

Fig.2. Coupling constant kgj_(] divided by on(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 dn(z) versus the radius of the photosensitive in-
ner cladding. We show the coupling between three
cladding modes (HE; 3, HE; ;3 and HE; o3) for exam-
ple. Opposite to Fig.2, the coupling constant for the
coupling of the LPy; core mode to the HE;, cladding
modes decreases with the radius of the photosensi-
tive inner cladding. That is to say, the better sup-
pression effect 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.
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Fig.3. Coupling constant ], _°7; divided by on(z)

versus the radius of photosensitive inner cladding.
In general, the photosensitive inner cladding can-
not only suppress the coupling from the LPy; core

mode to the HE{, cladding modes but also enhance

the coupling of the LPg; 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 byl

dACO —_ co—cCco [ef0) 'm CO—cCoO coO M 5007(30
dz =ikg 0 A4 +1§”017013 exp(—i2857_512)
m
+1) Rt i Blexp(—1265,G2),  (34)
174
dBc°
=g B
'm co—co co : CO—cCoO
— i kg A“exp(+i2057_¢12), (35)

2

dBI(J:l M m cl—co cO M cl—co
Z{ dz _13’{111/70114 exp(+12511,012)], (36)
where A°® and B are the amplitudes for the core
mode, A% and B¢ are the amplitudes for the vth

cladding mode, and the small-detuning parameters are

defined as
CO—CO 1 CcO 27(-
0101 = 5 2 o~ )

1 2
cl—co __
S—o1 = 2< o0+ BT, — A>'

The approximate centre wavelength of the LPg;-LPg;

(37)
(38)

Bragg reflection resonant can be found by

S + st =0 (39)
for the resonance associated with the HE;, cladding
mode and the LPg; core mode is given by

§sbco 4 kSO /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 fibre. The optical spectrum analyser used in
this experiment is Agilent 86142B. The structure
of the cladding mode suppression fibre (PS-RMS-
50) is shown in Fig.l. The grating is a uniform
Bragg grating with a length of L=8mm, a period of
A=535.295nm, a visibility of m=0.6 and a “dc” index
change of 0n(z) = dn = 2.17 x 1074, 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 LPy;-LPg; Bragg reflection; the peak reflectiv-
ity is —30.6dB. The resonances at shorter wavelengths
are caused by coupling to the v=1,3,5,--- cladding
modes. Figure 5 shows a theoretical calculation of

the transmission through such a grating.

Transmissivity /dB
o
S

-30
—40
1545 1548 1551 1554 1557 1560
A/nm

Fig.4. Experimentally measured transmission spec-
trum through a strong Bragg grating written in a PS-
RMS-50 fibre.

Transmissivity /dB
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S
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—40
1545 1548 1551 1554 1557 1560
A/nm
Fig.5. Theoretically calculated transmission spec-
trum through a strong Bragg grating written in a PS-
RMS-50 fibre.

In order to show the suppression effect of the PS-
RMS-50 fibre, we have written another grating in a
conventional fibre (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 fi-
bre (PS-RMS-50) does show a very obvious suppres-
sion effect of the coupling between the core mode and
the cladding modes.

0 MARGAR A A

Transmissivity /dB
o
S

30}
-0}
1530 1535 1540 1545 1550 1555
A/nm

Fig.6. Experimentally measured transmission spec-

trum through a strong Bragg grating written in a PS-
SMF-30 fibre.

Comparing Fig.4 with Fig.5, we find 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 fibre with a photo-
sensitive inner cladding. The theoretical results in-
dicate that the photosensitive inner cladding cannot
only suppress the coupling from the LPg; core mode to
the HE§,, cladding modes but also enhance the cou-
pling of the LPg; core mode to itself. Furthermore,
the excellent agreement between the experimental and
the theoretical results has testified the accuracy of the

theory.
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