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Design of a Mode Filter Consisting of Two
Dual-Mode Highly Elliptical Core Fibers

ARUN KUMAR, U. K. DAS, R. K. VARSHNEY, AND I. C. GOYAL

Abstract—Coupling characteristics of directional couplers consisting
of two dual-mode highly elliptical-core fibers have been studied in de-
tail using a first-order perturbation approach, and two different de-
signs of a mode filter are proposed. The study shows that the fibers
should be polished normal to the minor axis of the core ellipse if the
first design principle is used, whereas they should be polished normal
to the major axis if the second design principle is used. It is also ob-
served that the later design is much easier to realize in practice.

I. INTRODUCTION

DUAL-MODE optical fibers have larger channel ca-
pacity and can form more compact interferometric

sensors/devices as compared with single-mode fibers [1],
[2]. However, the practical realization of such devices
using circular core dual-mode fibers is difficult because
they support four second-order modes (even HE2\, odd
HE21, TEQi, TMQI) having nearly the same phase veloci-
ties, and it is very difficult to excite only one second-order
mode. The coupling to more than one second-order mode
results in the instability of the intensity distribution of the
second-order mode at the output end. This difficulty can
be overcome by using highly elliptical-core fibers instead
of the circular-core fibers since it is possible to excite only
one second-order mode over a certain wavelength range
[3], [4]. As a result, there is a growing interest in the
fiber-optic devices using dual-mode highly elliptical-core
fibers [5], [6]. The practical implementation of such de-
vices would require some basic components such as di-
rectional couplers and mode fibers using dual-mode fibers
in order to combine or separate two spatial modes for sig-
nal processing. Sorin et al. [7] have reported a mode filter
consisting of two circular-core fibers; one of the fibers
supports two modes, whereas another supports a single
mode. However, as mentioned above, for two-mode fiber
devices, elliptical-core fibers should be preferred over the
circular-core fibers.

In the present paper, we have obtained the coupling
characteristics of directional couplers, consisting of two
dual-mode highly elliptical-core fibers, using a perturba-
tion approach similar to the one used earlier for single-
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mode elliptical-core fibers [8]. The results of this study
are then used to design a modal filter.

II. ANALYSIS

We consider two identical elliptical core fibers inter-
acting along their minor axes (case a) (see Fig. l(a)) and
major axes (case b) (see Fig. l(b)). The refractive indices
of the core and the cladding are «! and n2, respectively;
a' and b' are their semi-major and semi-minor axes. To
study these couplers, we use a perturbation approach sim-
ilar to the one discussed in [8], in which an elliptical-core
fiber is considered as a perturbed form of an appropriate
rectangular-core waveguide whose core area, aspect ratio,
and core-cladding refractive indices are the same as those
of an elliptical-core fiber. The dielectric constant distri-
bution of the unperturbed rectangular-core waveguide
structure (shown by dashed lines in Fig. l(a)) correspond-
ing to case a can be written as

n2
0(x,y) = n'\x) "\y) - n\ (1)

where

n' (x) = «! for | JC | < a
= n2 otherwise;

n"{y) = nx for d < \y\ < (d + 2b)
= n2 otherwise.

x \y
= n2 otherwise.

a/a' = b/b' =

and

d' = d - b'{\ - V^/2).

(2a)

(2b)

Equations (2a) and (2b), which relate the parameters of
the fiber with those of the corresponding unperturbed
waveguide, are obtained by assuming that the aspect ratio
r( = a' /b' = a/b) and core area of both fiber and wave-
guide are the same [8], [9]. Here, 2d' represents the sep-
aration between the two elliptical-core fibers along their
minor axes. The dielectric constant distributions of the
fiber structure shown by solid lines in Fig. l(a) and the
corresponding unperturbed waveguide structure differ only
in the regions marked 1 to 7 by a small amount 8n2, where

on — n i — AI 2,

8n2 = n \ - n\,

dn2 = 0,

in regions 1, 3, 5, 6, and 7

in regions 2 and 4

otherwise. (3)
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and

(a)

Fig. 1. Transverse cross section of the elliptical-core fiber coupler shown
by solid curves and the corresponding unperturbed rectangular-core
waveguide coupler shown by dashed lines: (a) interaction along their
minor axes (b) interaction along their major axes.

The effect of this difference is expected to be very small
because the fractional power in the marked regions is also
small and can be taken into account by the first-order per-
turbation approach [4], [8].

Modes of the unperturbed waveguide denned by (1) are
obtained by solving the following wave equation:

2 + d2/dy2 + k2
on

2
o(x, y) - 0l}{d2/dx2 + d2/dy2 + k2

on
2
o(x, y) - 0l}+(x, y) = 0.

(4)

Since nl(x, y) is separable in x and y coordinates, (4) can
be solved by putting 4>(x, y) = X(x) • Y(y) and using
the method of separation by variables. X(x) and Y(y)
satisfy the following one-dimensional equations:

d2X(x)/dx2 + (k2n'2(x) - B2) X(x) = 0

and

d2Y(y)/dy2 + (k2n"2(y) - 82) Y(y) = 0.

Bx and By are the separation constants such that

(5a)

(5b)

R — I R2 _i_ R2

P0 - (Px + Py - (6)

represents the propagation constant of the mode of the
unperturbed waveguide. The solutions of (5a) and (5b)
can be written as:

X(x)= A cos (kxx + a), for

= Bexp(-yx(\x\ - a)), for

x \ < a

where

Y(y) = A'(exp (yyy) + texp{-yyy))

for | y | < d

= B' cos (kyy) + C" sin (&y;y)

for d < \y \ < (d + 2b)

= D'exp(-7,(|y| - d - 2b))

for \y\ > (d + 2b)

*x(y) = kQtli — Px(y)> ~fx(y) ~ Px(y) ~ ^0

(8)

and a = 0 (or ir/2) for mode symmetric (or antisym-
metric) in x, and t = 1 (or - 1 ) for mode symmetric (or
antisymmetric) in y. By applying the appropriate bound-
ary conditions (see [10]), we obtain the following eigen-
value equations:

tan"1 [(1 + *,) Cv2/{vx{\ - tl{Cv1/vlf)}\

-2Vl+(q-f)v/2 = 0 (9a)

and

tan
- 1 - 1 ) T / 2 = 0

(9b)

where

m = a{kln\ - B; = a{Bx-kln\)

x\> a (7)

and f] = tanh(j'2^/^) {or coth(f2^/^)} for mode sym-
metric (or antisymmetric) in y; f = 1 (or 2) for odd
(or even) value of q, and C = n\/n\ (or 1) for the Ey

pq

(or Ex
pq) mode.

The relations between the coefficients of the modal field
are given as

B/A = n\/{Cn2
2) cos (m + a)

B'/A' = {h/C) cos (vid/b) - (M2A1) sin (vtd/b)

C'/A' = {h/C) sin (Pid/b) + (t3v2/"\) cos (vrf/b)

D'/A' = t2 cos (2i»,) (Ct3v2/vi) sin (2^)

where

h = cosh(v2d/b) {or sinh(v2d/b)} (10)

and r3 = sinh(v2d/b) {or cosh(v2d/b)} for the mode
symmetric (or antisymmetric) iny. Solution of eigenvalue
equations (9a) and (9b) provides the value of @x and By,
and hence /30. The propagation constant B of the mode of
the fiber structure can be obtained quite accurately by in-
corporating the effect of the bn2 through the first-order
perturbation approach [4], [8] and is given by

!32 = B2 + 8'2 (11)
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where 7-5

bn2 dx dy

II !*<*•>> f
(12)

dx dy

Since the fibers are dual moded, the structure shown in
Fig. l(a) can support E'u, E'n, E'2X, and £22 (» = x or y)
modes, whose propagation constants j3'n, @\2, @'2X, and
1822 can be obtained quite easily by using (3)-(12). The
coupling lengths Lx and L2 are defined as

- 0 i 2 ) , L2 = ir/( |8i1-/3 I
22). (13)

A similar analysis can be done for case b, in which two
fibers interact along their major axes (see Fig. l(b)).
Equations (1)—(12) apply to case b if x and y and a and b
are interchanged everywhere in the equations. The modes
of this structure are E'u, E'2X, E'3X, and E'4l with their prop-
agation constants as fi'u, (32i, &\x, and fi\x. In this case,
Lx and L2 are defined as

L, = fa), = */(fa-fa). (14)
III. DESIGN PRINCIPLES FOR A MODE FILTER

In a mode filter, if both the fundamental and first higher
order modes of one of the fibers are excited at the input
end, different modes should appear in different fibers at
the output end of the device. This can be achieved by
using the following two principles: i) If the ratio (Lx/L2)
of the coupling lengths is of the form m/n, where if m is
even (odd), n must be odd (even) (i.e., Lx/L2 = 2 / 1 ,
3/2, 4 /3 , • • •), then by selecting the interaction length
L of the device equal ton/,! (= mL2), the coupler would
work as a mode filter. A similar principle is used by Yo-
kohama et al. [11] to fabricate a polarizing beam splitter,
where the two modes of each fiber are taken to be the
orthogonally polarized fundamental modes instead of two
spatial (LPOX and LPXX) modes; ii) if the ratio (Lx/L2) is
very large, by selecting the interaction length equal to L2,
all the power corresponding to the LPXX mode would be
transferred to the other fiber, whereas the fractional power
F transferred corresponding to the LPOX mode would be
given by

(15)

By making Lx/L2 » 1, F can be made very small so
that the coupler works as a mode filter.

IV. RESULTS AND DISCUSSION

In order to obtain the optimum design for a dual-mode
elliptical-core fiber-mode filter, numerical calculations for
different fiber couplers were carried out. The results for
the structure shown in Fig. l(a) are presented in Figs. 2
and 3, whereas results corresponding to (case b) (Fig.

0.2

Fig. 2. Variation of the coupling length Lx (left side) and coupling-length
ratio L, /L2 (right side) as a function of the normalized separation d'/b'
between the fibers at V = K,, which is 10 percent above the cutoff of the
second-order mode of the fiber for the structure shown in Fig. l(a). The
solid and dashed curves correspond to the aspect ratio (a'/b1) = 2.0
and 2.5, respectively.

15.0

1.62 1.92 2.12

Fig. 3. Variation of d'/b' (left side) and Z., (right side) as a function of
normalized frequency V of the fiber with a'/b' = 2.0 for the structure
shown in Fig. l(a). The solid and dashed curves correspond to Li/L2 =
3/2 and 4 / 3 , respectively.

l(b)) are given in Fig. 4. In all the calculations, the values
of the operating wavelength, n2, and b' are taken as 0.633
fim, 1.4573, and 0.5642 /mi, respectively.

As mentioned earlier, the mode filter can be achieved
using two different design principles. We first discuss the
results using the first design principle according to which
Lx/L2 = m/n (i.e., 2 / 1 , 3/2, 4 /3 , etc.), and the in-
teraction length is equal to nLx. In Fig. 2, we have shown
the variation of the coupling length Lx (left side) and the
coupling-length ratio Lx/L2 (= /) (right side) with the
normalized separation d'/b' for two different values of
the aspect ratio r. Solid and dashed curves correspond to
r = 2.0 and 2.5, respectively. The value of the normal-
ized frequency V (- kob'(n2

x - nl)l/2) is taken as Vu

which is 10-percent larger than the cutoff V value Vc of
the first higher order mode of the corresponding fiber. As
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Fig. 4. Variation of coupling length Z., (left side) and coupling length ratio
Lt/L2 (right side) as a function of normalized separation {d'/b') be-
tween the fibers at V = F, for the structure shown in Fig. l(b). The solid
and dashed curves correspond to the aspect ratio (a'/b') = 2.0 and 2.5,
respectively.

expected, the coupling length increases with the increas-
ing d'. It may further be noted that the coupling length
ratio / varies almost linearly with d'. From these curves,
one can find the required depth and length of polishing to
achieve the mode-filtering operation. As an example, to
achieve the mode-filtering operation with dual-mode el-
liptical-core fibers having aspect ratio 2.0, one should
have d'/b' = 1.62 and the interaction length = 4.76 mm
for / = 3/2; similarly, d'/b' = 1.09 and nLx = 1.76
mm for / = 4 /3 . It is obvious from Fig. 2 that for the
same value of /, the larger value of d' can be obtained by
increasing a'/b'. Fig. 2 also indicates that both very large
and very small values of / are not suitable. For large /
(/ > 1.5), the coupling length, and hence the interaction
length, is very large, whereas for small /, the separation
between the two fibers is impractically small. Hence, an
optimum value of / should be chosen to achieve practical
values of d' and interaction length nLx of the device.

To see the effect of the normalized frequency V on the
interaction length of the device and the separation be-
tween the two fibers needed for the mode-filter operation,
the variation of d' and Lx with the V value of the fiber
having a'/b' = 2.0 is shown in Fig. 3. The solid and
dashed curves correspond to the coupling-length ratio / =
3/2 and 4 /3 , respectively. Fig. 3 indicates that d'/b'
varies only marginally with V, but the coupling length,
and hence, the required interaction length, increases rather
rapidly. Fig. 3 also indicates that at lower V values, / =
3/2 provides a reasonable value of the coupling length L,
and a relatively large value of d' compared with that for
/ = 4 /3 . However, at large V values, Lx is much larger
for / = 3/2 than that for / = 4 /3 , and hence, the required
interaction length would also be quite large, which may
be inconvenient to obtain. Thus, for larger V values, / =
4/3 should be preferred because it will give a reasonable
coupling length with better tolerance, even though the
separation d' will be relatively smaller.

In Fig. 4, we have plotted the variation of Lx (left side)
and coupling-length ratio I (right side) with the normal-
ized separation (d'/b') between the two identical ellip-
tical-core fibers, whose polished surfaces are normal to
their major axes (see Fig. l(b)). Comparing the results of
Fig. 4 with those of case a (see Fig. 2), one finds that for
the same value of depth of polishing d'/b', the value of
L2 is very small in this case, which results in large values
of I and tight fabrication tolerance. For example, for fi-
bers with aspect ratio 2, ford'/b' = 1.02, Lx is 3.39 mm,
and / = 8, indicating that L2 is just 0.424 mm. Although,
L2 can be increased by increasing d'/b', however, Lx in-
creases at a much faster rate than L2, resulting in very
large values of the required interaction lengths. Further,
in contrast to case a, the required values of d' in this case
(for a given value of I) decreases as the ellipticity a'/b'
of the fiber core increases. Therefore, in this case, the
fabrication of a mode filter with highly elliptical-core fi-
bers is very difficult as compared with case a. Thus, using
the first design principle, the results predict that for better
tolerances, the polished surface should be normal to the
minor axis of the fiber.

We now discuss the results using the second design
principle, according to which Ll/L2 should be quite large,
and the interaction length is equal to L2. Looking at the
results of both cases (Figs. 2 and 4), it is evident that for
the same value ofd'/b', / has a much higher value in case
b as compared with case a. For example, for d'/b ' = 1 . 5
and a'/b' = 2.0, the value of/ = 1.45 in case a, whereas
in case b, it is 13; for a'/b' = 2.5, the corresponding
values of / are 1.35 and 17. This clearly shows that if one
uses the second design principle, case b should be pre-
ferred, i.e., the fibers should be polished normal to their
major axis. This is also clear from Table I, where we have
given the calculated fractional powers F coupled with the
other fiber corresponding to the LPOi mode for two dif-
ferent values of d'/b' and a'/b' = 2.0 in the two cases
using the second design. Table I also gives an idea about
the isolation obtained in such a mode filter and shows that
as d'/b' increases, / also increases, and the isolation of
the two modes improves.

We would like to mention that in the second design
principle, there is only one constraint on the selection of
the interaction length L (namely L = L2), whereas in the
first design principle, there are two constraints on L
(namely L = nLx = mL2) and hence, the second design
principle should be much easier to realize in practice. It
may be noted that this design predicts the polishing of the
fibers in a manner as suggested by Kim et al. [3].

V. CONCLUSION

The coupling characteristics of directional couplers
consisting of two dual-mode highly elliptical-core fibers
have been studied in detail using a first-order perturbation
approach, and two different design principles for fabri-
cating a dual-mode highly elliptical-core fiber-mode filter
are proposed. It is observed that out of the two proposed
designs, the simpler one would give better isolation be-
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TABLE I
CALCULATED FRACTIONAL POWER COUPLED TO THE SECOND FIBER
CORRESPONDING TO THE FUNDAMENTAL MODE USING THE SECOND

DESIGN PRINCIPLE

d /b j case j L.,/1.2 j L (mm)

(a)

( b )

| 4 / 3 | 0 .44

-\ 1
| 6 .8 | 0 .50 I

I ( a ) | 3/2 | 1.59
1.62 | 1 1

1
0.7500 j

( b ) 0.0122

tween the two modes if the fibers are polished normal to
the major axes of the core ellipse.
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