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Modal Characteristics of Bent Dual
Mode Planar Optical Waveguides

Arun Kumar, R. L. Gallawa, and I. C. Goyal

Abstract— Modal characteristics of bent dual-mode planar
optical waveguides are obtained. The bending-induced changes
in the modal power distribution is found to be quite different
for the two modes. Surprisingly, unlike the fundamental mode,
bending causes the fractional modal power for the second mode to
increase in the inner core-half and to decrease in the outer core-
half of the waveguide. Interestingly, this leads to a decrease in
effective index of the second mode due to bending at sufficiently
high F-values.

I. INTRODUCTION

DUAL mode waveguides are increasingly being used in
important fiber and integrated optic sensors and devices

[l]-[7]. Thus a knowledge of effect of external perturbations
such as bend, strain, stress, etc. on the modal characteristics
of such waveguides is required. A large number of theoret-
ical studies have been reported on bent optical waveguides
[8]—[13], but bending-induced phase shifts in dual mode
waveguide sensors are still not completely understood [4].
In a recent study [14], we observed that the bending-induced
phase shifts in dual mode planar optical waveguides may be
positive or negative, depending on the core- cladding contrast
and the T -̂value of the waveguide. In an effort to understand
the bending- induced changes in dual-mode waveguides more
clearly, we obtained the modal field and power distributions of
the first two modes in a bent planar waveguide. We find that
bending causes modal power to decrease in the inner cladding
region and increase in the outward cladding region for both
modes due to the outward shift of the field. However, unlike
the fundamental mode, the fractional modal power for the
second mode increases in the inner core half and decreases
in the outer core half of the waveguide due to the field
deformation. This plays an important role in the bending-
induced change in the effective index of the second mode
at large V-values. For the first time, it is observed that for
sufficiently large V-values, bending causes the effective index
of the second mode to decrease. The present study should be
useful in the design of dual-mode waveguide sensors based
on bending-induced phase shifts. We have considered only
a planar waveguide because a rigorous analysis is available.
However, the results presented here should also be applicable
qualitatively to the fiber geometries since planar geometries
are often used to model round optical fibers.
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Fig. 1. Geometry of the bent planar waveguide.

II. THEORY

We consider a planar waveguide having core and cladding
indices n\ and n2 and core thickness 2a, bent along the arc
of a circle of radius p (see Fig. 1). For p > a the governing
wave equation can be transformed to the following form [12]:

dPU

where (p + x)1^2 U(x) = tp(x) represents the modal field
pattern and x is the transverse distance from the waveguide
axis (positive or negative when measured away from or
towards the center of curvature), ne is the mode effective index
and Ne{x) represents the equivalent refractive index profile of
the bent waveguide, given by

N2{x) = n2(x) + An2(x)

and

An2(x) =
4R2

(2)

(3)

where R = pko, k0 = 2f and n(x) represents the index
profile of the straight waveguide. Bending the waveguide is
thus equivalent to perturbing the dielectric constant profile
n2{x) by An2(a;). The first term in An2(x) is extremely small
compared to the second term and hence the bending-induced
perturbation An2(x) is almost an asymmetric function of x;
that is negative in the region x < 0 and positive in region x >
0. This perturbation is responsible for the bending-induced
changes in the modal properties of the waveguide. In principle,
the effect of An2(x) on the effective indexes can be obtained
using a first order perturbation approach considering the bent
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Fig. 2. Normalized modal field distribution as a function of x/a for a/p =
0.0005 and V = 4.6 for a bent waveguide. Dashed curve is for the first mode
and the solid curve is for the second mode.

waveguide as a perturbed form of the straight waveguide.
However, it will predict almost zero change in the effective
indexes because An2(a;) is almost antisymmetric in x and
the field patterns of the unperturbed (i.e., straight) waveguide
are symmetric or antisymmetric in x. Thus a more rigorous
analysis is required to obtain the bending-induced changes in
the modal properties of such waveguides.

Goyal et al. [12] have given the exact analytical solutions
of (1), which in different regions i (i = 1,2,3) are given as

(4)

(5)

(6)

U{Z2) = C2Ai(Z2)
U{Z3) =

D2Bi{Z2)

where the Zi are given by

with

S3 = ^

(7)

(8)

(9)

and X = xk0. The values of constants C\, D j , C2 and D2

can be obtained by satisfying the continuity of U and dU/dx
at x = ±a and are given by [12]

y)] do)

>)] ( I D

C2 = v[Ai(6)Bi'{-y) -
D2 = •K[Ai'(6)Ai(-y) -

d = n\(C2Ai{P) + D2Bi'(/3))Bi'(a)

- (C2Ai'((3) + D2Bi'{p))Bi(a)

= Tr[(C2Ai(p) + D2Bi'(p))Ai(a)
-(C2Ai(P) + D2Bi(0))Ai'(a)]

(12)

(13)

(14)
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Fig. 3 Modal power distribution as a function x/a for the first mode (dashed
curve) and the second mode (solid curve) for a bent waveguide.

(R

(15)

The values of a, /3, 7 and 6 are incorrectly given in [12]. The
propagation constants of the two modes of the bent waveguide
are complex quantities since a bent waveguide supports only
leaky modes. These propagation constants are obtained by
plotting (C2 + D\)I(C\ + D\) as a function of ne. The plot
has Lorenzian peaks at values of ne that correspond to the
various modes. The value of ne at each peak gives the real
part and the width of each peak gives the imaginary part of
the effective index of that leaky mode [12].

HI. RESULTS AND DISCUSSIONS

We first obtained the modal field and power distributions
of the first two modes for V(= ^00^(^1 - rc§)) = 4-6 and
different values of curvature. Numerical values of n2 and n\
are taken to be 1.457 and 1.004 n2, respectively. This choice of
parameters is based on the following. The elliptic-core fiber
used recently by Castro et al. [4] in their experiment on a
fiber accelerometer had A(= {n\ - n2)/n2) = 0.4% and
core-dimensions of 3 x 8 fim. Following Kumar et al. [15]
we approximate this fiber by an equivalent rectangular-core
waveguide whose dimensions are 2.66 x 7.09 /xm. The value
of V corresponding to the larger dimension of the rectangle
with n2 = 1.457 is 4.6 at A = 0.63 /xm.

Fig. 2 shows the normalized modal field distributions
(if) versus x) for the first mode (dashed curve) and the second
mode (solid curve) for normalized curvature a a/p — 0.0005
and V = 4.6. The wave functions are normalized such that
the area under the curve tp2 versus x between x = —p and
xr is unity where xr, the radiation point, is determined by
Ne(xr) = ne. This figure shows that the modal field patterns
are shifted outwardly and are also deformed due to bending.
These two factors contribute to the change in the modal power
distributions in opposing ways. The shift in field patterns tends
to move the power outwardly but the deformation tends to
move the power inwardly. This is clear from Fig. 3, where we
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Fig. 4 Plot of ipf — tl as a function of xja showing the bending-induced
change in the cross sectional distribution of modal powers for ajp = 0.0005
and V = 4.6. Dashed curve is for the first mode and the solid curve is for
the second mode.
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Fig. 6. Plot of i>l - il>l as a function of xja for ajp = 0.0005 and V =
2.5. Dashed curve is for the first mode and the solid curve is for the second
mode. xr2 represents the radiation point for the second mode.
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Fig. 5. Variation of bending-induced changes An e i (dashed curve) and
Ane2 (solid curve) as a function of a/p for V = 4.6.
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Fig. 7. Variation of bending-induced changes Anei (dashed curve) and
Ane2 (solid curve) as a function of a/p for V — 2.5.

have plotted the modal power distributions (tp2 versus x/a)
for the first mode (dashed curve) and the second mode (solid
curve). The net effect on the modal power distribution is
quite different for the two modes. To show this difference
clearly we plot the difference between the modal power
distributions (ip2-i}>2 vs. xja) for bent and straight conditions
in Fig. 4, using subscripts b and s to designate bent and straight
waveguides. It is clear from this figure that for the fundamental
mode (dashed curve) power increases in the outer core half (0
< x/a < 1) but decreases in the inner core-half (—1 < x/a <
0) while the reverse is true for the second mode (solid curve).
This leads to interesting bending-induced changes in the two
effective indices. Since An 2( i ) is negative in the inner core
half and positive in the outer core-half, the bending-induced
changes in the effective indices for the first mode (Anei) and
the second mode (Ane2) are of the opposite signs. This is
clear from Fig. 5 where we have plotted the bending-induced
change in the effective indices of the two modes for V — 4.6.

In the above discussions, we have ignored the effect of the
modal power in the cladding regions because for V = 4.6 the
power in the cladding is very small compared to that in the
core. At low values of V, however, power is appreciable in the
cladding and its affect cannot be neglected. This is clear from

Fig. 6 which is a plot of the difference between the modal
power distributions [ip2 — ip2 versus x/a) for the two modes
at V = 2.5. This figure shows that power distribution for the
two modes in the inner and outer core-halves is qualitatively
the same as at V = 4.6, but at V = 2.5 the increase in the
modal power in the outer cladding (x/a > 1) is quite large
for the second mode. Since An2(a;) is positive in this region
and larger in magnitude than in the core region, its effect in
deciding the change in the effective index dominates. Thus
at low values of V the effective index of the second mode
also increases as shown in Fig. 7. In fact, at this value of V,
the change in effective index for the second mode (Ane2) is
more than the change in the effective index of the first mode
(Ariel). Similar results were obtained for fibers with large
core-cladding index contrasts.

IV. CONCLUSION

The principal results of this paper are illustrated in Figs. 5
and 7, which are for two different values of V. The figures
show a surprising difference in the nature of the bending-
induced phase shift as the value of V changes. For the first
time, it is seen that for sufficiently large F-values, bending
causes the effective index of the second mode to decrease.
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These results should be qualitatively applicable to dual-mode
elliptical fiber sensors where the fiber is bent in the plane
of the major axis. The present calculations show that the
bending induced sensitivity of such sensors will be large
for waveguides having large ^-values along the major axis.
This is due to the fact that at large V-values, the effective-
indices of the two modes change in the opposite directions
due to curvature, resulting in a larger bending induced phase
difference between the two modes. Figures 2, 3, 4 and 6
give a physical interpretation of reasons for these results. The
change in the distribution of power in a bent optical waveguide
obviously depends on the shift and the deformation of the
modal fields owing to bending. The net effect of the bend on
the first and second modes differs, however. The difference
stems from the manner in which the field distribution for each
of the modes is influenced by the equivalent refractive index
profile (see (2)-(3)).
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