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Effects of Trench Location on the Attenuation Constant
in Bent Step-Index Optical Waveguides

Junji YAMAUCHI{, Takashi ANDOY, Morihiko IKEGAYAT

SUMMARY Pure bend loss of a fiber with a trench section
is calculated by the alternating-direction implicit finite-difference
method. The dependence of the loss on the trench location is
evaluated. The mechanism of the oscillatory behavior of the loss
is discussed in terms of a modal approach in a dielectric slab
waveguide.
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1. Introduction

Waveguide bends with small radii are indispensable
for increasing the packaging density of integrated
optical circuits [1], [2]. The introduction of a trench
section at the outer side of the bend is an effective
means to reduce bend loss. Although some theoretical
papers concerning the effects of the trench on the bend
loss have been published [3]-[7], the effects of the
trench location on the attenuation constant (pure bend
loss) have not been fully studied.

The purpose of this letter is to report on the
attenuation constant of a bent step-index fiber with a
trench. In the analysis, we use the alternating-direction
implicit finite-difference method (ADIM) [8], [9] with
a transparent boundary condition [10], since it is an
efficient means of analyzing the propagating beam in
three-dimensional optical waveguides, as compared
with the conventional FFT-beam-propagation
method. The mechanism of the oscillatory behavior of
the attenuation constant is discussed in terms of a
modal approach in a dielectric slab waveguide [11].

2. Bent Fiber with Trench Section

A single-mode fiber with a core radius of =5 um is
considered. A stepped approximation is used for the
circular core [7]. The refractive indices of the core and
cladding are Ncp=1.503 and N =1.5, respectively. A
wavelength of A=1.55 ym is used in this analysis.

To apply the ADIM to the analysis of the bent
fiber, we employ a technique in which the index profile
is transformed to that of an equivalent straight fiber
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[1]. A trench section is placed in the cladding at the
outer- side of the bend, as shown in Fig. 1. The re-
fractive index Ny of the trench is taken to be smaller
than N¢, i.e., Nig=1.497 in this analysis. Due to the
symmetry of the configuration with respect to the y
axis, the region is subdivided into 128 horizontal and
64 vertical zones. The spacings 4(=A4dx=A4y) and 4z
are chosen to be a/6=0.833 xm and 2 um, respectively

[9].

Figure 2 shows the attenuation constant ¢ (pure
bend loss) as a function of the spacing between the
core and the trench. Bending radius R is taken to be
1.75 cm. The attenuation constant is evaluated from the
steady-state differential-power-loss level [1], when the
fiber is excited with the fundamental mode LP,, of the
straight fiber. It is found that @ is small when the
trench is made near the core. The appropriate location
of the trench is close to the so-called radiation point
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Fig. 1 Configuration of bent fiber with trench.
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Fig.2 Attenuation constant vs. spacing between core and
trench.
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ye. The radiation point is the point in the cladding
where the propagation constant satisfies 3=koNz (¥),
in which k&=27/ and N; is the index profile of the
equivalent straight fiber. The radiation point on the y
axis corresponds to a normalized spacing of S/a=1.7
for a bending radius of R=1.75 cm. )

It is interesting to note that @ shows oscillatory
behavior as the spacing is further increased. Since this
behavior is very similar to that observed in two-
dimensional waveguides [6], we next interpret this
phenomenon using a modal approach in a dielectric
slab waveguide.

3. Mechanism of Oscillatory Behavior of Attenu-
ation Constant

Consider the bent slab waveguide with a trench which
has the same width as the core, shown in Fig. 3(a).
The refractive indices are taken to be Ngo=1.002, N
=1.000 and N7x=0.9994, respectively. The core width
of 2D is 7.546 ym and a wavelength is A=1 um, lead-
ing to a normalized frequency of V'=1.5. The bending
radius is R=1.26 cm. Numerical parameters for the
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Fig. 3 (a) Configuration of bent slab waveguide with trench
and (b) index profile.
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analysis are the same as those in Ref. [6]. The
waveguide is excited with the fundamental mode TE,
of the straight waveguide.

Using the equivalent straight waveguide, the index
profile is changed, as shown in Fig. 3(b). Tt is seen
that if the trench is made in the vicinity of the radia-
tion point, the cladding index close to the core is
suppressed to a value of less than the effective index 8/
ko of the bent waveguide. This leads to the evanescence
of the cladding field, as will be seen in Fig. 4 (b), with
a subsequent small attenuation constant. It should be
noted that, as the spacing S between the core and the
trench is increased, the sandwiched region between the
core and the trench turns to a quasi-waveguiding
region. Consequently, we can assume the effective
index in the sandwiched region. This means that a
first-mode-like field must propagate in the sandwiched
region, particularly when the effective index in the
sandwiched region is close to the effective index 8/ko of
the bent waveguide [11]. Since the index at the outer
side of the trench is large, the field must be a leaky
wave, leading to a large attenuation constant. As the
spacing S is further increased, the effective index in
the sandwiched region becomes again close to A/ko;
therefore, a second-mode-like field must propagate in
the sandwiched region, leading to a large attenuation
constant. When the trench is located midway between
the points where the attenuation constant shows the
first and second maxima, the difference between the
effective index of the sandwiched region and A3/ko of
the bent waveguide is large. Therefore, the evanescence
of the field is somewhat enhanced due to the depressed
index of the trench, as will be seen from Fig. 4(d),
leading to a relatively small attenuation constant.

Figure 4 shows the steady-state field observed at
large propagation distances in the bent slab waveguide.
Each field is normalized to unity at the center of the
core. It is found that the evanescence of the cladding
field is enhanced when the trench is properly placed.
(See Fig.4(b).) In contrast, in Fig. 4(c), the field
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Fig. 4 Steady-state field in bent slab waveguide with trench.
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propagates with a local maximum in the sandwiched
region, which suggests first-mode-like behavior. In
Fig.4(e), we can find two local maxima in the
propagating field of the sandwiched region, which
suggests second-mode-like behavior.

It can be said that the method of placing a trench
section is an effective means for reducing the pure bend
loss, provided the trench is located between the core
and the radiation point of the waveguide.

4. Conclusions

We have analyzed a bent step-index fiber with a trench
section using the alternating-direction implicit finite-
difference method. The dependence of the attenuation
constant on the trench location is studied in a three-
dimensional waveguide and the mechanism of its
oscillatory behavior is discussed in terms of a modal
approach in a two-dimensional waveguide.
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