Polarization-maintaining optical fibers with low
dispersion over a wide spectral range
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The total dispersion characteristics of the doubly clad Panda (or bow-tie) fibers have been investigated. It
is shown that the contribution of the photoelastic effect to the total dispersion becomes of the order of sever-
al psec/km - nm in the 1.5-1.7-um wavelength region. By careful adjustment of the cutoff wavelength, the
total dispersion is reduced to within 1 psec/km - nm over the 1.38-1.70-um wavelength region for the HE{,
mode and 1.38-1.68 um for the HE{; mode, respectively.

I. Introduction

Single-mode fibers that can maintain a state of po-
larization are desirable for use in coherent optical fiber
communication! and fiber-optic sensing systems.2 On
the other hand, double clad fibers, in which the wave-
guide dispersion is designed to cancel out the material
dispersion over an extended spectral range, are of in-
terest for use in wavelength division multiplexing sys-
tems and nonlinear optics.®> Several independent
theoretical and experimental investigations have been
reported on birefringent fibers*® and doubly clad fi-
bers.”-? However, birefringent double clad fibers have
to date not been investigated.

In this paper we describe propagation characteristics
of the double clad Panda5 or bow-tie® fibers which can
transmit optical signals in a stable, linear polarizaiton
state with minimum signal distortion over a wide
spectral range.

Il. Basic Equation

Figure 1 shows the waveguide configuration and re-
fractive-index profile of the fiber. The core and inner
cladding are circular and the refractive index in the
stress-applying part is matched with that of the cladd-
ing. Doubly clad Panda (or bow-tie) fibers will be called
{1 fibers, since the refractive-index profile of the fiber
resembles the Greek letter  [Fig. 1(b)]. The propa-
gation constants for the HE{, and HE}; modes in bire-
fringent single-mode fibers can be expressed as 10
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B1=p80-T, (1a)
B2 = O — Ty, (1b)

where 59 denotes the propagation constant of the HE;;
mode in the unstressed fiber. The I'; (i = 1,2) in Eq.
(1) are given by
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where E and X represent the electric field vector and the
small deviation of the dielectric tensor caused by an-
isotropic thermal stress, respectively. The stress con-
tributions, I';, are obtained from Eq. (2) as

Ty =Ek{(C1 + C2)ore X (v) + 2Ca0,,Y (V)] (3a)
Ty = k[2C2040X () + (C1 + Ca)ay,(Y()], (3b)

where C; and C; denote the photoelastic coefficients,!1
05, and oy, are the principal stresses at the core center.
In deriving Egs. (3), we have assumed that Poisson’s
ratio » and Young’s modulus E are constant in the entire
cross section of the fiber.!2 X (v) and Y(v) in Egs. (3)

are given by
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where p(r,0;v) denotes the power distribution and
a.(r,#)) and o,(r,0) represent the principal stress dis-
tributions in the fiber, respectively. The normalized
frequency V is defined as

X() =

(4a)

Y() = (4b)

"= kay ny—n3, (5)
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Fig. 1. Cross section (a) and refractive-index profile (b) of the )
fiber. The refractive index of the stress-applying part is matched with
the index of the cladding.
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where k = 27/X and A is the wavelength of light in vac-
uum. Using Eqgs. (1), (3), and (4), the total dispersion
in the fiber per unit length, per unit spectral width of
the light source can be given by
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where p'© denotes the total dispersion in the unstressed
fiber and v, and 79 represent the stress contribution to
the total dispersion for the HE}, and HEY; modes, re-
spectively. The total dispersion p{® in the unstressed
fiber is given by the sum of the material and waveguide
dispersion as”

p(O) =l[}\d_2n_lﬂ0b_)+ [1
Cl dN\? dv

d(Ub)] d2n3] N1A1 dz(Ub)
- A + v ,
do | " dnz] T N T dve

(7)

where n and n3 denote the refractive indices of the core
and cladding, and N and A, represent the group index
and the refractive-index difference of the core, respec-
tively. The parameter b(v) describes the dispersion
characteristics of the mode, which is defined by
(B/k]? — n§

n{—nj

bv) = (8)

Although the refractive index ny of the inner cladding
does not appear in Egs. (7) and (8) explicitly, it affects
the v-value dependence of 3 and therefore contributes
to p©. The stress contributions v, and v, are obtained
from Eqgs. (3) and (6) as

1
Y1 = ——; [(Cl + (‘Z)Gxnpvx(v) + 2(1'2”)‘111:‘.\'(L')], (93)
Y2 == (20200 F () + (Cy + Coday, Fo ()], (9h)

where
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Fig. 2. X(v)and Y{(v) in the § fiber with Ay = 0.7%, Ay = —0.5%, 2a
=53um (A =098 um), T'=04, R =62.5um,and ro = 0.5R. The
parameter ry is the inner radius of the stress-applying part.
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Since the dispersion of the photoelastic coefficients C
and Cs in the 1.0-1.7-um region are small compared
with the other terms,’3 they have been neglected in the
derivation of Eqgs. (9).

In the numerical analysis of X(v) and Y(v), the
principal stress distributions o,(r,f/) and o,(r.f/) are
calculated by the finite-element method,!* and F, (v)
and F, (v) are obtained by numerical differentiation.

lll. Dispersion Characteristics

In the following the contribution of the photoelastic
effect is first examined and the total dispersion of the
unstressed doubly clad fiber is briefly reviewed. The
dispersion characteristic of the €2 fiber is then investi-
gated taking the photoelastic effect into consider-
ation.

Figure 2 shows the v-value dependence of X (v) and
Y (v) for the Q fiber calculated by using the following
parameters: the index difference between core and
cladding A; = (n} — n3)/2n? = 0.7% and that between
the inner cladding and the outer Ay = (n — n3)/2n3 =
—0.5%, the diameter of the core 2a = 5.3 um, and the
thickness ratio of the inner cladding to the outer T = (d
—a)/d = 0.4. Cutoff v-value for the fundamental HE;;
mode is U, = 0.924 and that for the second-order mode
is v. = 2.940, respectively. In Fig. 2 and throughout this
paper, ryis varied fromry; = a/(1 = T) =d tor, = 5.5a
and rs is kept constant as ro = 0.5R where R(= 62.5 um)
is the radius of the fiber. The inner cladding and
stress-applying part consist of fluoride glass and
By035-Ge0s—Si05 glass, respectively. We have taken
C, = 7.42 X 107 mm2/kg, Cy = 4.10 X 107> mm?/kg,
E = 7830 kg/mm?2, and » = 0.186 in the calculation of the
photoelastic effect.

Since the thermal expansion coefficient and the
wavelength dispersion characteristics of the fluoride
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Fig. 3. Waveguide, material, and total dispersion for the € fiber
when the photoelastic effect is ignored [ X (v) = Y(v) = 0]. Parame-
ters are the same as those used in Fig. 2.
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Fig. 4. F.(v) aﬁd Fy(v) in the @ fiber with the waveguide structure
shown in Fig. 2.

glass are almost the same as those of silica glass, the data
of silica glass have been used.15:16

Figure 2 shows that X (v) and Y (v) vary considerably
in the small v-value region and that the dispersion of the
photoelastic effect cannot be neglected. Figure 3 shows
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the total dispersion of the unstressed fiber [X (v) = Y(v)
= 0] having the above waveguide parameters together
with material and waveguide dispersion.”® The total
dispersion is reduced to within £1 psec/km - nm over the
1.38-1.66-um wavelength range when the cutoff wave-
length A, = 0.98 um. The stress contribution functions
F.(v) and F\(v) are shown in Fig. 4. It is known from
Fig. 4 that F, (v) and F\ (v) are small and their influence
to the total dispersion can be neglected in the large v-
region. However, since the cutoff wavelength is de-
termined as A\, = (.98 um, the v-value becomes small in
the low-loss wavelength region of 1.5-1.7 um. Asshown
in Fig. 4, F,(v) and F\, (v) becomes fairly large in the
small v-region. Therefore, the influence of stress to the
total dispersion cannot be neglected in the  fibers.

Figures 5 and 6 show the total dispersion character-
istics for the HE}, and HE}; modes of the ! fibers hav-
ing the same waveguide parameters used in Fig. 2 except
for the core diameter (cutoff wavelength).

Figures 5 and 6 show that the stress contributions v,
and vy» are the order of several psec/km - nm in the
1.5-1.7-um wavelength region. In Figs. 5 and 6, the core
diameter is determined to be 2a = 5.4 um (A, = 1.0 um)
such that the total dispersion p; or ps is minimized
within £1 psec/km - nm for the inner radius of stress
part ry = 4a. Although the waveguide dispersion of the
unstressed fiber is very sensitive to the cutoff wave-
length, the wavelength dependence of stress contribu-
tions vy and vy is almost the same for two cutoff wave-
lengths. For the present cutoff wavelength, the abso-
lute value of total dispersion in the unstressed fiber p©
is larger than 1 psec/km - nm between the 1.44- and
1.63-um wavelength region. However, the total dis-
persion including the stress contribution is reduced to
within £1 psec/km - nm over the 1.38-1.70-um wave-
length range for the HE]; mode and over the 1.38-
1.68-um wavelength range for the HE}; mode, respec-
tively, for r; = 4a.

Although the total dispersion characteristics in Figs.
5 and 6 are optimized for the waveguide structure with
ri = 4a, it is possible to reduce the total dispersion below
+1 psec/km - nm for other waveguide structures with
different r by adjusting the cutoff wavelength properly.
The group velocity for the optimized Q fiber (r; = 4a)
is almost constant over the 1.38-1.70-um wavelength
range; that is, the maximum difference of the group
velocity is below 0.15 nsec/km in the above spectral re-
gion for both polarization modes. This gives a great
deal of advantage for use in nonlinear fiber optics be-
cause the stable polarization state and the group ve-
locity matching between the interacting waves make it
possible to obtain long, effective interactions in the
fiber.?

IV. Conclusion

In conclusion, we have reported the propagation
characteristics of the (! fibers (the doubly clad Panda
or bow-tie fibers) taking the photoelastic effect into
consideration. Since the cutoff wavelength of the €}
fibers is shorter than the conventional Panda or bow-tie
fibers, the influence of stress to the total dispersion
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Fig.5. Total dispersion characteristics for the HEf; mode in the
fiber. Core diameter is changed to 2a = 5.4 um (A, = 1.0 um) such
that the total dispersion is optimized for r; = 4a.
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Fig. 6. Total dispersion characteristics for the HEY; mode in the
fiber having the same parameters as Fig. 5.

cannot be neglected in the low-loss 1.5-1.7-um wave-
length region. We have investigated the total disper-
sion characteristics of the typical (2 fiber with A; = 0.7%,
As = —0.5%,2a = 5.4um,and T = 0.4. Itisshown that
the stress contribution becomes of the order of several
psec/km - nm in the 1.5-1.7-um wavelength region. By
determining the cutoff wavelength properly, the total
dispersions are reduced to within £1 psec/km - nm over
the 1.38-1.70-um wavelength region for the HE}; mode
and over the 1.38-1.68-um wavelength region for the
HEY; mode, respectively.
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