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Abstract—A coupler-type transverse electric/transverse mag-
netic (TE/TM) polarization splitter, in which a metal-loaded
core is slightly widened, is analyzed using the three-dimensional
beam-propagation method. Before analyzing the splitter with
the slightly different core widths, the performance of a splitter
with two identical cores is evaluated. The use of the two identical
cores results in a high crosstalk and a low extinction ratio due to
the phase mismatch between the waveguides with and without
the metal for the TE mode. Therefore, the core width in the
metal-loaded waveguide is slightly widened so as to restore the
phase-matching condition. In contrast to the conventional splitter
with the two identical cores, the present splitter is found to offer
a low crosstalk of less than 30 dB and a high extinction ratio of
more than 30 dB with a coupling efficiency of more than 97% at
a wavelength of 1.55 �. In addition, the wideband operation is
demonstrated over a wavelength range of 1.50 to 1.61 �.

Index Terms—Beam-propagation method (BPM), directional
coupler, metal-clad layer, polarization splitter.

I. INTRODUCTION

A TRANSVERSE electric/transverse magnetic (TE/TM)
polarization splitter is one of the important functional

devices required for polarization diversity receivers [1], [2] and
filters [3], [4]. There have been many investigations of polar-
ization splitters using a periodic multilayer [5], [6], a Y branch
[7]–[9], a directional coupler [10], [11], and a multimode-inter-
ference coupler [12], [13]. Birefringent properties are usually
employed to separate the TE and TM waves. For example,
polarization splitting has been achieved with branching waveg-
uides made by proton-exchange and Ti-indiffusion in
[7]. A polymeric polarization splitter has been demonstrated
using a low-loss polymer waveguide with a buried birefringent
polyimide [8]. In [11], a directional coupler-based polarization
splitter has been designed and realized using silicon-on-insu-
lator waveguides, in which geometry-induced birefringence is
utilized.

The birefringent properties can also be obtained by the use of
a metal line [14], [15]. In a coupler-type splitter, a metal-clad
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layer is loaded on one of the two rib waveguides placed in par-
allel. Rajarajan et al. [15] evaluated the eigenmode characteris-
tics of the splitter through the numerical analysis, and appropri-
ately selected the rib height and the spacing between the two rib
waveguides to separate the TE and TM waves. The loss of this
type of splitter remains relatively low even for the TM wave,
when the field is excited from the waveguide without the metal.
This is attributed to the fact that the TM-mode field mainly prop-
agates along the waveguide without the metal. As a result, this
type of splitter is expected to provide high coupling efficiencies
for both TE and TM modes.

From this viewpoint, we have recently studied a metal-loaded
splitter consisting of silica-based embedded waveguides [16],
[17], which have the advantages of low loss and easiness of fab-
rication [18]. To improve the splitting properties, we have em-
ployed two techniques. One is a technique for shifting the po-
sition of the metal [16]. The other is a technique for slightly
widening the core width of the metal-loaded waveguide [17].
Our preliminary calculation shows that the latter technique has
the possibility of offering a high extinction ratio.

In this paper, we focus our attention on the polarization
splitter, in which the metal-loaded core is slightly widened. The
three-dimensional beam-propagation method (BPM) is used to
numerically reveal the splitting properties in detail.

Before analyzing the splitter with the slightly different core
widths, we first evaluate the performance of the splitter with
two identical cores. It is shown that the use of the two identical
cores results in a low extinction ratio due to the phase mismatch
between the waveguides with and without the metal for the TE
mode.

Next, we slightly widen the core width of the metal-loaded
waveguide so that the phase-matching condition may be re-
stored for the TE mode. In contrast to the low extinction ratio of
the conventional splitter with the two identical cores, the present
splitter is found to offer a low crosstalk of less than 30 dB and
a high extinction ratio of more than 30 dB with a coupling ef-
ficiency of more than 97% at a wavelength of 1.55 . In ad-
dition, this splitter is found to operate over a wide wavelength
range of 1.50 to 1.61 .

II. CONFIGURATION AND NUMERICAL METHOD

Fig. 1 illustrates the basic configuration of the TE/TM po-
larization splitter, in which the metal is centered on the core of
waveguide #1. The field of either TE or TM mode is excited
from waveguide #2. The coupling length of the TE mode is
not sensitive to the metal width due to the slight influence of
the metal. In contrast, the coupling length of the TM mode is
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Fig. 1. Basic configuration of a TE/TM polarization splitter (� � ��� ��,
� � � ��).

more sensitive to the metal width than that of the TE mode. This
means that the appropriate choice of the metal width will lead to
the relation of the coupling lengths, , where
and are integers (one of them is even and the other odd). Con-
sequently, the TE and TM waves excited from waveguide #2 will
be extracted in waveguides #1 and #2, respectively. The similar
operation is also obtained when the TE and TM waves are ex-
cited from waveguide #1. It should be noted, however, that the
TM wave excited from waveguide #1 is significantly absorbed
by the metal. Therefore, the input port should be waveguide #2.

The refractive indexes of the silica-based core and substrate
are set to be and , respectively. The
core width of waveguide #2 is chosen to be 6 and that of
waveguide #1 is denoted as . In this paper, the spacing be-
tween waveguides #1 and #2 is typically fixed to be .
Silver is used as the metal and the refractive index is taken to be

[19], [20] at a wavelength of .
The coupling lengths of the TE and TM waves are not sensitive
to a metal thickness of . In addition, the TM-field ab-
sorption in the metal is almost constant for . Hence,
we adopt a metal thickness of .

To analyze the splitter, we employ the semi-vectorial BPM
using the electric field [21], [22]. The sampling widths are fixed
to be and . The perfectly
matched layer is imposed at the computational window edge
[23], [24].

As discussed later, we evaluate the coupling length
through the eigenmode analysis using the imaginary-dis-
tance BPM [25]–[27]. The coupling length is defined by

, where and are the phase
constants of the even and odd supermodes, respectively. The
phase constant is calculated from [24, Eq. (11)].

III. CONVENTIONAL SPLITTER WITH TWO IDENTICAL CORES

We first evaluate the properties of the splitter with two iden-
tical cores, i.e., . To obtain the relation of

, we determine the metal width using the imaginary-
distance BPM. Fig. 2 shows the coupling length against metal
width, where the coupling length of the TM mode is multiplied
by two. The coupling length of the TE mode is not sensitive
to the metal width. In contrast, the coupling length of the TM

Fig. 2. Coupling length against metal width for � � � ��. The coupling
length of the TM mode is multiplied by two.

Fig. 3. Field distributions at the output for � � � ��. (a) TE mode. (b) TM
mode.

mode decreases as the metal width is increased, resulting in a
shorter coupling length than that of the TE mode. As a result,
the choice of a metal width of 1.7 leads to the relation of

, which provides a minimum de-
vice length for .

We now evaluate the splitting properties for ,
using the propagating beam analysis. Fig. 3(a) and (b), respec-
tively, present the field distributions of the TE and TM
modes observed at the output , when waveguide
#2 is excited with the eigenmode fields of isolated waveguide
#2. The two polarizations are fairly separated into waveguides
#1 and #2.

Using the propagating field and the eigenmode field of the
embedded waveguide without the metal, we calculate the cou-
pling efficiencies of the TE and TM modes. The results are
shown in Fig. 4. Coupling efficiencies of more than 95% are
obtained for both modes at . It is also observed
that the TM-mode field does not sufficiently couple into wave-
guide #1 at and remains in waveguide #2. This
is because the phase constant in isolated waveguide #1
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Fig. 4. Coupling efficiency against propagation distance for � � � ��.

is appreciably different from that in isolated waveguide
#2 due to the metal effect.

A reduction in the coupling efficiency of the TM mode at the
output is mainly caused by the field absorption in the metal. Note
that the loss observed in Fig. 4 agrees well with that calculated
from the following:

(1)

where is the overlap integral between the even (odd)
supermode field and the eigenmode field of isolated waveguide
#2, and the loss of the even (odd) supermode, which
are obtained from the eigenmode analysis. Since the sum of the
overlap integral, , is very close to unity, no signif-
icant transition loss is observed when waveguide #2 is chosen
as an input port.

The crosstalk and the extinction ratio are defined by

(2)

(3)

where is the coupling efficiency. The crosstalks of the TE
and TM modes are calculated to be 13 dB and 28 dB, re-
spectively, while the extinction ratios are 28 dB in waveguide
#1 and 13 dB in waveguide #2.

Note that the crosstalk of the TE mode is higher than that of
the TM mode, and the extinction ratio in waveguide #2 is lower
than that in waveguide #1. This is because the TE-mode field
cannot sufficiently couple to waveguide #1 and remains in wave-
guide #2, as shown in Fig. 3(a). To clarify this reason, we sep-
arately evaluate the eigenmode characteristics of the TE mode
in isolated waveguides #1 and #2. Calculation shows that the
TE-mode field in isolated waveguide #1 is somewhat deformed
by the presence of the metal, i.e., the existence of the metal sup-
presses the extension of the field to the air region. As a result,
the field is slightly extended toward the substrate. Since the re-
fractive index of the substrate is lower than that of the core, the
phase constant of waveguide #1 becomes slightly
smaller than that of waveguide #2 , leading to the
phase mismatch between both waveguides. It is, therefore, desir-
able to increase the phase constant of waveguide #1 and restore
the phase-matching condition for the TE mode.

Fig. 5. Phase constant of the TE mode against core width.

IV. MODIFIED SPLITTER WITH SLIGHTLY DIFFERENT CORE

WIDTHS

We now consider a technique for satisfying the phase-
matching condition for the TE mode. As a preliminary inves-
tigation, we intentionally increase the refractive index of the
metal-loaded core (waveguide #1). Although a slight increase
in the refractive index gives rise to a slight increase in the phase
constant of waveguide #1 and restores the phase-matching
condition (see the Appendix), this approach requires the tight
fabrication tolerance of the core refractive index. The results
shown in the Appendix, however, encourage us to employ a
technique for slightly widening the core width, as a means
of obtaining the comparable increase in the phase constant.
Widening the core width avoids the tight fabrication tolerance
of the core refractive index, while satisfying the phase-matching
condition. Note that the waveguide is weakly guiding in the
direction (the relative refractive-index difference is calculated to
be between the core and substrate). Hence, slightly
widening the core width will hardly deform the TE-mode field
to be extracted in waveguide #1. It follows that a reduction in
the coupling efficiency is expected to be negligible between the
original (6- width) and the widened waveguides.

Fig. 5 shows the phase constant as a function of core width.
We separately calculate the phase constants of waveguides #1
and #2. The phase constant of waveguide #1 is close to that of
waveguide #2 over a range of .

We should note that widening the core width also changes
the coupling length of the TM mode slightly due to variation
in the phase constants of the even and odd supermodes. The
results for are shown in Fig. 6, where the coupling
length of the TM mode is multiplied by two. The relation of

is obtained for .
Since the widths of and have been determined, we next

assess the performance of the splitter. Fig. 7 shows the field
distributions of the TE and TM modes at . It

is observed in Fig. 7(a) that the extension of the TE-mode field
into waveguide #2 for is remarkably smaller than
that shown in Fig. 2(a) for .

Fig. 8 shows the coupling efficiencies against propagation
distance. The present splitter maintains high coupling efficien-
cies of more than 99% for the TE mode and more than 97% for
the TM mode around . It is noteworthy that as
compared with the results of the splitter with the two identical
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Fig. 6. Coupling length against metal width for � � ��� ��. The coupling
length of the TM mode is multiplied by two.

Fig. 7. Field distributions at the output for � � ��� ��. (a) TE mode and
(b) TM mode.

Fig. 8. Coupling efficiency against propagation distance for � � ��� ��.

cores, the crosstalk of the TE mode and the extinction ratio in
waveguide #2 are improved to be 34 dB and 34 dB, respec-
tively. It is found that crosstalks of 30 dB are obtained for the
TE and TM modes and extinction ratios of 30 dB are obtained in
waveguides #1 and #2. These properties are comparable to those
obtained from the splitter with the two identical cores whose re-
fractive index is slightly increased in the metal-loaded core (see
the Appendix).

Fig. 9. Coupling efficiency against wavelength for � � ��� ��.

Fig. 10. Crosstalk against wavelength for � � ��� ��.

Fig. 11. Extinction ratio against wavelength for � � ��� ��.

We finally evaluate the wavelength responses of the splitter.
Figs. 9–11, respectively, show the coupling efficiency, crosstalk,
and extinction ratio. The dispersion property of the metal refrac-
tive index is taken into account using the Drude model dielectric
function [19]. A crosstalk of less than 15 dB and an extinction
ratio of more than 15 dB are obtained over a wavelength range
of 1.50 to 1.61 , with the coupling efficiency being more than
95%.

So far, we have neglected the propagation loss of the silica-
based waveguide, which is expected to be 0.03 dB/mm [18].
We have also analyzed the splitter with the propagation loss,
and found that no significant effect is observed on the crosstalk
and the extinction ratio. It should be noted, however, that the
coupling efficiency is decreased in proportion to the length of
the waveguide.
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Fig. 12. Phase constant of the TE mode against refractive index of waveguide
#1. � � ��� ��.

In this paper, the spacing between the two parallel waveguides
has been typically fixed to be . One should note that
the technique for widening the metal-loaded core is effective
for any spacing (although the adjustment of is
required for a specific spacing), since the phase-matching con-
dition of the TE mode is satisfied between the isolated waveg-
uides with and without the metal.

V. CONCLUSION

The three-dimensional BPM has been used to analyze a
TE/TM polarization splitter consisting of silica-based em-
bedded waveguides, in which the core width of a metal-loaded
waveguide is slightly widened. Before slightly widening the
core, we have assessed the performance of the conventional
splitter with two identical cores. Numerical results show that
the use of the two identical cores causes a low extinction
ratio. This is because the phase constant of the TE mode in
waveguide #1 is slightly smaller than that in waveguide #2, so
that the TE-mode field cannot sufficiently couple to waveguide
#1 and remains in waveguide #2. To satisfy the phase-matching
condition, we slightly widen the core width in waveguide #1. In
contrast to the high crosstalk and the low extinction ratio of the
conventional splitter with the two identical cores, the present
splitter is found to offer a low crosstalk of less than 30 dB
and a high extinction ratio of more than 30 dB with a coupling
efficiency of more than 97% at a wavelength of 1.55 . In
addition, the wideband operation has been demonstrated over a
wavelength range of 1.50 to 1.61 .

APPENDIX

To investigate the effect of satisfying the phase-matching con-
dition for the TE mode, we intentionally increase the refractive
index of the metal-loaded core (waveguide #1) and evaluate the
splitting properties. The core width is fixed to be .
The phase constant as a function of refractive index of
the metal-loaded core is shown in Fig. 12. We separately calcu-
late the phase constants of isolated waveguides #1 and #2. The
phase constant of waveguide #1 is close to that of waveguide #2
over a range of .

We next readjust the metal width and obtain the relation
of , since increasing the core refractive index
slightly changes the coupling length of the TM mode due to

Fig. 13. Coupling length against metal width for � � ������. The cou-
pling length of the TM mode is multiplied by two.

variation in the phase constants of the even and odd super-
modes. The results for are shown in Fig. 13.
The relation of ) is obtained for

.
Calculation through the propagating beam analysis shows

that the use of a slight increase in the refractive index leads
to the improvement in the splitting properties. This splitter
provides a crosstalk of less than 30 dB and an extinction ratio
of more than 30 dB at a wavelength of 1.55 . It should be
noted, however, that the precise control of the core refractive
index is required for fabrication.
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