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Abstract—A demultiplexer whose input waveguide intersects
perpendicularly to one of the output waveguides is proposed and
investigated by the finite-difference beam-propagation method. A
1.55-pm-pass/1.31-pm-reflection property is achieved regardless
of polarizations. Detailed study of power evaluation is also made
on the basis of the Poynting vector.

Index Terms—Beam-propagation method (BPM), multiple-layer
filter, optical waveguide, polarization dependence.

1. INTRODUCTION

ONSIDERABLE effort has been made to develop a low
C crosstalk wavelength-division-multiplexing bidirectional
transceiver. A multiple-layer filter has been used as a demul-
tiplexing element [1]-[5] because of its compactness and sim-
plicity. It should be noted that a multiple-layer filter has strong
polarization dependence when the light incident angle to the
filter is large. Consequently, we usually design the transceiver
so that the incident angle to the filter may be small, leading to
the fact that the input waveguide is nearly parallel to the output
waveguide. This arrangement, however, results in a long device
length.

In this study, we adopt another arrangement, in which the
input waveguide is perpendicular to one of the output wave-
guides, maintaining small polarization dependence. For this, we
employ two multiple-layer filters, in which the incident angle
to each filter remains to be 22.5°. Note that this type of con-
figuration can be efficiently analyzed by the finite-difference
beam-propagation method (BPM), when the multiple-layer in-
terface is placed parallel to the propagating beam direction [6].
We should, however, pay attention to the method for evaluating
power. Before investigating the demultiplexing property of the
filter, we reveal that the power can be calculated correctly by
including the effect of the first derivative of the field with re-
spect to the propagating beam direction. Simulation based on
the BPM demonstrates that a 1.55-pm-pass/1.31-um-reflection
property is achieved regardless of polarizations.

II. EVALUATION OF POWER IN THE BPM ANALYSIS

In this section, we clarify the relation between the exact
power defined by the Poynting vector and the approximate one
defined by the squared norm under the slowly varying envelope
approximation (SVEA).
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We assume a planar geometry and start from Maxwell’s
equations

Vx &€= —jwuH 1)
V X H = jwegn’E 2)

where ¢y and g are the free-space permittivity and perme-
ability, respectively. w is the angular frequency and n = n(z, 2)
is the refractive index profile of a planar waveguide. We derive
the expression for the exact power [7].

For the transverse-electric (TE) wave, the power is expressed
as

Prg = 1R EyHodr = ! Re [ j& 8g;d 3)

TE= 5 e' y e @l = 2wt e' Tev g, 4
After expressing the field &,(z,z) as &y(z,z2) =
E(z,z)exp(—jkonoz), where ng is some reference refractive
index yet to be chosen, we obtain

1 E*
Re/ <k0n0|E|2—ana >dx. 4)

Prrg =
TE ™ 2w 140 z

Similarly, for the transverse-magnetic (TM) wave, the power
is expressed as

1 1 - HIOH,
Pry= =Re | EHEidr = —Re [ j—2—2dz. (5
™=5 e/ Hyde 2weg e,/‘jn2 9z ©)
Again,  expressing the field  Hy(z,z2) =

H(z, z) exp(—jkonoz), we obtain

1 H|? H*OH
PTM = Re/ (k(]no | 2| +_j —> dx. (6)
2we n

n? Oz

It should be noted that typing errors of [7, egs. (8.5) and (8.6)]
are corrected in (5) and (6).

Within the framework of the SVEA, the F/-field satisfies the
relation |kgnoF| > |0E/0z|. The same is also true for the
H-field. This means that the second terms in (4) and (6) can
be neglected, provided that the SVEA is maintained, and hence,
the power is simply expressed as the squared norm. This fact,
however, suggests that the second terms in (4) and (6) should be
included for the case where the variation of the field cannot be
negligible in the propagation direction. In this letter, to obtain
the E- and H-fields, we employ the (1,1) Padé-operator-based
BPM [8] together with the power-conserving algorithm [7] and
the fourth-order finite-difference schemes [9], [10].

III. DISCUSSION

Before considering a modified demultiplexer, we first discuss
the characteristics of the conventional demultiplexer composed
of a multiple-layer filter with a vertex angle of §; = 45° shown
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Fig. 1. Configuration of the conventional demultiplexer (1., = 1.536, n =
1.532, nyg = 2.25(TiOs), n;, = 1.45(Si0»)).

in Fig. 1. We excite the field of either TE or TM wave from
Waveguide #1, and intend to extract a 1.55-um wave in Wave-
guide #2 and a 1.31-pm wave in Waveguide #3 for both po-
larizations. The refractive indexes of the core and cladding are
taken to be 1., = 1.536 and n¢; = 1.532, respectively. The nor-
malized frequency of the waveguide is almost equalto V = 1.5
at 1.31 pum. The number of layers is taken to be 20. The thick-
nesses of the layers are determined by

As

4Ny or L COS (971))

(N

tHorL:(

where n i and nf, are the corresponding refractive indexes in the
high- and low-index layers, respectively. In this analysis, Ag is
chosen to be 1.17 pm. The transverse and longitudinal sampling
widths are taken to be Az =ty /6 and Az = Ax/cot(61/2),
respectively.

The effective reflection distance designated as dg should be
chosen to maximize reflectivity. Preliminary calculation shows
that the maximum reflectivities for #; = 45° at 1.31 pym are
obtained at dg = 2(ty +tr,) for the TE wave and dg = 4(tg +
t1,) for the TM wave. It follows that d, is fixed to be 3(t i + 1)
to maintain reasonable reflectivities for both waves.

To assess the method for evaluating the power, we calculate
the normalized power as a function of propagation distance.
The results for both TE and TM waves are shown in Fig. 2, in
which the data obtained with and without the second (j) term
are shown for comparison. The reference refractive index ng
is fixed to be (3/ko)sin(61/2) (3 is the propagation constant
of the waveguide) or adaptively renewed as the field propagates
[11]. Itis observed that the power evaluated without the jth term
experiences variation, particularly during the propagation of the
filter region (this fact is more pronounced as f; is decreased). In
contrast, the normalized power is found to be stable, when the
jth term is included. It should also be noted that the result with
fixed ng is almost the same as that with adaptively determined
ng, provided the jth term is included for power evaluation.

To further validate the use of the BPM, we next evaluate
the demultiplexing characteristics and compare the results with
those obtained with the finite-difference time-domain method
[12]. Fig. 3 shows the reflectivity and transmissivity for the TM
wave as a function of wavelength. Good agreement is found to
exist between both results. We now adopt the BPM for the fol-
lowing analysis due to its computational efficiency.
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Fig. 2. Normalized power as a function of propagation distance at 1.55 pm
(f; = 45°). (a) TE wave. (b) TM wave.
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Fig. 3. Wavelength response of the conventional demultiplexer for TM wave
(6, = 45°).

We should also note in Fig. 3 that a 1.55-um-pass/1.31-um
-reflection property is achieved for the TM wave, which con-
trasts with that obtained with #; = 90°. This encourages us
to devise a configuration with two multiple-layer filters in such
a way that an input waveguide intersects perpendicularly to an
output waveguide.

Fig. 4 shows a proposed configuration with two multiple-
layer filters. This configuration leads to the advantage that the
characteristics of Filters #1 and #2 can be chosen arbitrarily,
depending on applications. In this letter, Filter #1 is taken to be
identical with Filter #2. The vertex angle is f; = 45°, so that
the input Waveguide #1 intersects perpendicularly to the output
Waveguide #4. In the BPM analysis, we first analyze Filter #1,
and then the output field from Filter #1 is used as an input field
for the analysis of Filter #2. Note that since the waveguides are
weakly guiding, the loss caused at the intersection is small. This
means that the overall properties may be approximately eval-
uated by the square of the result obtained with a single mul-
tiple-layer filter.

Wavelength responses of reflectivity and transmissivity
of the modified demultiplexer are shown in Fig. 5(a) and
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Fig. 4. Configuration of a modified demultiplexer (n., = 1.536, ng =
1.532, ny = 2.25(TiO2), n, = 1.45(Si02), 6, = 45°, 6> = 90°).
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Fig. 5. Wavelength responses of the modified demultiplexer. (a) TE wave.
(b) TM wave. For §; = 90°, the effective reflection distance is changed to
dr = ty + t., which provides the maximum reflectivity for the TE wave at
1.31 pm.

(b). It is found that the modified demultiplexer achieves a
1.55-pum-pass/1.31-um-reflection property for both TE and TM
waves. Both reflectivity and transmissivity are calculated to be
about 90% regardless of polarizations. In contrast, such charac-
teristics cannot be obtained for the conventional demultiplexer
with #; = 90°, particularly for the TM wave shown in Fig. 5(b).

To further improve the characteristics, we have also studied
the effects of introducing an absentee layer placed at the
middle of the multiple layers. As a result, both reflectivity and

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 17, NO. 2, FEBRUARY 2005

transmissivity are improved to be more than 94% regardless of
polarizations.

IV. CONCLUSION

The finite-difference BPM has been used to analyze a
multiple-layer-based demultiplexer whose input waveguide
intersects perpendicularly to one of the output waveguides.
The method for evaluating the power in the BPM is dis-
cussed on the basis of the Poynting vector. As a result, the
1.55-pum-pass/1.31-pm-reflection property is achieved regard-
less of polarizations.
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