IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 45, NO. 7, JULY 2009

769

Nonreciprocal Polarization Converter Consisting
of Asymmetric Waveguide With Magnetooptic
Cladding: Theory and Simulation
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Abstract—A nonreciprocal polarization converter compatible
with InP-based photonic integrated circuits is proposed. The device consists of an asymmetric InGaAsP waveguide combined with
a ferrimagnetic cerium-substituted yttrium iron garnet layer. It
makes use of the nonreciprocal conversion of the polarization state
in the waveguide. A nonreciprocal TE–TM conversion efficiency of
93% at 1.55 m wavelength can be obtained with a device length
of 0.27 mm.
Index Terms—Cerium-substituted yttrium iron garnet
(Ce:YIG), finite-difference method (FDM) method, magnetooptical effect, photonic integrated circuits (PICs), polarization
converter, waveguide optical isolator, III–V semiconductor.

I. INTRODUCTION

A

VOIDING the problems caused by undesired reflections
of light is a matter of great importance in photonic integrated circuits (PICs). For this purpose, this paper proposes a
waveguide-based nonreciprocal polarization converter that can
be monolithically combined with other optoelectronic devices
on a PIC.
A large-scale PIC incorporates a variety of waveguide-based
optical devices integrated monolithically on an InP substrate
to create desired optical functions in a single chip [1]–[3]. In
such integration, connecting optical devices without the back
reflection of light along a reverse direction is indispensable because the back reflection badly affects and destabilizes the operation of optical devices such as lasers and amplifiers. To cope
with this problem, a lot of effort has been expended in developing waveguide-based isolators that can be integrated monolithically with other optical devices. Leading examples are the
quasi-phase-matching (QPM) Faraday rotation isolator [4], [5],
the nonreciprocal-phase-shift (NRPS) isolator [6], [7], and the
nonreciprocal-loss (NRL) isolator [8]–[10]. They all make good
use of nonreciprocal phenomena observed in a combination of
semiconductor waveguides and magnetic materials. However,
they are still in the experimental stage and have various problems. The QPM Faraday rotation isolator has yet to achieve a
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Fig. 1. Function of nonreciprocal polarization converter.

sufficient isolation ratio because of difficulty in making a large
rotation of polarization; the NRPS isolator needs a large device
length ( 2 mm) and a complicated fabrication process because
it uses a Mach–Zehnder interferometer; the NRL device has a
large intrinsic loss caused by its operating principle, and therefore, needs a high-gain optical amplifier to reduce the insertion
loss.
In this paper, we propose a novel unilateral device to prevent
the detrimental effect of back reflected light in PICs. The device
is a nonreciprocal TE–TM polarization converter that is compatible with InP-based PICs. It makes use of the magnetooptical transverse Kerr effect and the change in the state of polarization in an asymmetric semiconductor waveguide combined
with a magnetic garnet. In most cases, disturbances caused by
back reflection of light can be prevented simply by TE–TM polarization conversion because optical devices designed for use
in one polarization is insensitive to the other. If necessary, we
can make a waveguide isolator by attaching a waveguide polarizer to the nonreciprocal polarization converter (NRPC). The
following sections first present the structure and the principle
of our device, and then explain the method of electromagnetic
analysis for the device. The operation of the device is confirmed
by numerical calculation based on the finite-difference method
(FDM). A nonreciprocal TE–TM conversion efficiency of 93%
at 1.55- m wavelength can be expected with a small device
length of 0.27 mm.
II. DEVICE STRUCTURE AND OPERATING PRINCIPLE OF NRPC
The basic function of NRPC is shown schematically in Fig. 1.
Incident light with TE-mode passing through the NRPC in the
forward direction maintains its TE mode and goes out from the
right end of NRPC. In contrast, backward propagating TE-mode
light is transformed into a TM mode in the NRPC and goes
out from the left end. By inserting a NRPC at the output port
of a laser, we can suppress the coherent interference between
the lasing light and back-reflected light, which generally causes
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Fig. 3. Principle of nonreciprocal TE–TM conversion. Incident TE mode is
resolved into two eigenmodes 1 and 2 with forward propagation constants
and
, and backward ones as
and
, then recombined into TE mode for
forward propagation and into TM mode for backward propagation.

Fig. 2. Nonreciprocal polarization converters consisting of asymmetric InGaAsP waveguide with ferrimagnetic Ce:YIG. (a) 3-D view (three converters
on an InP substrate are shown). (b) Cross-sectional view.

the instability of lasers. In addition, we can build a waveguide
isolator by combining the NRPC with a waveguide polarizer or
mode splitter [11], [12].
To create a waveguide NRPC compatible with InP-based
PICs, we propose a device shown in Fig. 2(a). The NRPC device
is formed on an InP substrate and consists of an asymmetric
InGaAsP waveguide and a ferrimagnetic cerium-substituted
yttrium iron garnet (Ce:YIG) layer attached on the top of the
waveguide. The waveguide has a cross section with a right
trapezoid shape, as shown in Fig. 2(b). The Ce:YIG layer is
magnetized in the -direction, and light travels in the -direction. Process technology to form asymmetric waveguides
[13]–[15] and wafer-bonding technology to attach garnet
crystals to III–V semiconductor substrates [6], [16] have been
established; this strongly supports the feasibility of our device.
To achieve polarization conversion, we make use of polarization rotation in the asymmetric waveguide. The orthogonal axes
for eigenmodes in the asymmetric waveguide are rotated by
with respect to the – axes, as shown by mode 1 and mode 2 in
Fig. 2(b). The value of depends on the cross-sectional structure of the waveguide and can be set to 45 by optimizing the
, an incident TE-postructure, as shown later. When
larized light excites the two eigenmodes equally. Because of
the difference in the propagation constant between mode 1 and
mode 2, the state of polarization changes periodically as the light
travels in the waveguide. The light is converted into a TM-polarized light after traveling the half-beat length. When the light
travels one more half-beat length, it returns back to TE-polarized light. The half-beat length is given by
(1)

and
are the propagation constants of two eigenwhere
and
are difmodes, mode1 and mode 2. The values of
ferent between forward and backward propagations because of
the magnetooptic transverse Kerr effect induced by the Ce:YIG
layer. Let us represent forward propagation constants by
and
, and backward ones by
and
. The necessary condition of our device is setting the half-beat length for backward
propagation twice as large as that for forward propagation, i.e.
(2)
This condition can be satisfied by optimizing the device structure, as described in the next section. After traveling a distance
of , the two excited eigenmodes recombine into a TE mode for
forward propagation and into a TM mode for backward propagation, as illustrated in Fig. 3. Therefore, the device with a length
of will operate as a nonreciprocal polarization converter.
In our NRPC device, only a small amount of propagating light
interacts with the Ce:YIG layer because the refractive index of
YIG is smaller than that of InGaAsP. However, as shown later,
the magnetooptical Kerr effect induced by the Ce:YIG layer is
large enough to make a sufficient difference in propagation constants to satisfy (2). Our device has two advantages over other
waveguide isolators reported so far [4]–[10]. First, it can be
smaller in length ( 0.3 mm), which is described quantitatively
through detailed analysis in the following sections. In addition,
the device can be operated without external magnetic fields because the Ce:YIG normally has large remanence; this means that
the device does not need electric power for operation.
The key to constructing our NRPC device is optimizing the
and satisfy (2). For
waveguide structure so as to set
this purpose, we performed electromagnetic calculation for the
device operation. We first calculated the distribution of electromagnetic field only in the – plane to determine the optimized
cross-sectional structure of the device, and then calculated the
propagation pattern of light in the -direction, using the vectorially corrected (VC) approach. The following sections describe
the details of our analysis.
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ALL THE PARAMETERS WE USED IN SIMULATION
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(4)

(5)

This value has a great effect on off-diagonal elements of dielectric tensor
for Ce:YIG.
The angle is the same as that of InP (1 1 1) plane.

III. DISTRIBUTION OF ELECTRIC FIELD IN THE CROSS SECTION
We first optimized the cross-sectional structure of our NRPC
device with the aid of electromagnetic simulation in the –
plane of the device. We used the FDM for the simulation.
The cross section of the device [see Fig. 2(b)] has three rem wavegions, i.e., an InP substrate, an InGaAsP
guide with a right trapezoid shape, and a ferrimagnetic Ce:YIG
layer magnetized parallel to the -axis. Let us represent the
height and upper base length of the waveguide trapezoid by
and . In simulations, we changed from 1.1 to 1.5 m and
from 0.9 to 1.4 m. The wavelength of light was fixed to
1.55 m. The refractive index was set to 3.16 for InP, 3.40 for
InGaAsP, and 2.2 for Ce:YIG. The base angle of the waveplane) because
guide trapezoid was set to 53 (angle for
we assumed the trapezoid-shaped waveguide to be made using
. We
orientation-dependent chemical etching of InGaAsP
assumed that the InP substrate and the Ce:YIG layer were sufficiently thick in the computation domain. All the parameters we
used are summarized in Table I.
Our device has the magnetized region, and therefore, we
have to establish mathematical formulation for full-vector wave
equations including the magnetooptical effect. The nonreciprocity is caused by the off-diagonal elements in the relative
dielectric tensor of the Ce:YIG region. The relative dielectric
tensor for each region in the device is given by
(3)
where is the relative permittivity in each region. The off-diagonal element is 0 except in the Ce:YIG. This element is related
,
to the Faraday rotation coefficient by equation
where is the wavenumber of light in vacuum and is a refractive index ( in Ce:YIG is 4500 /cm at a wavelength of 1.55
m). We set the relative magnetic permeability of the garnet
layer to 1 because macroscopic magnetization cannot follow a
magnetic field at the frequency of light.
Using the relative dielectric tensors and Maxwell’s equations,
we obtained full-vector wave equations including the magnetooptical effect induced by the Ce:YIG. The equations are

where is the propagation constant of light along the -direcand
are electric field
tion in the device, and
and magnetic field parallel to -axis. In the InGaAsP waveguide
and the InP substrate, the value of is 0, so (4) and (5) are reduced to normal full-vector wave equations for transverse field
and
. For the Ce:YIG region
, we
components
have to transform (4) and (5) into equations that involve only
and
. After laborious algebraic operations, we obtained
the transformed equations

(6)

(7)
where

(8)

(9)
Because of the nonzero off-diagonal element
in the
Ce:YIG relative dielectric tensor, (6) and (7) involve linear
terms in propagation constant ; this leads to a nonreciprocal
solution to the propagation of light. The nonreciprocal solution
gives a nonreciprocal polarization evolution (or a difference in
the half-beat length between forward and backward propagations).
Equations for the InGaAsP and InP regions (i.e., (4) and (5)
) and for the Ce:YIG region [(6)–(9)] can be solved
for
with the aid of computer calculation based on the FDM. To
solve these full-vector wave equations numerically, we partitioned the – plane into an 80 80 mesh with a mesh width
(the difference between two adjacent space points) of 50 nm.
Using the discrete form of the differential operators for normal
full-vector wave equations (see [17] for these operators), we obtained finite-difference equations for the wave equations. We,
then, solved these equations numerically to obtain forward- and
backward-propagation constants for the two eigenmodes and the
and . In our simulation, we aselectric field components
sumed that the electric field showed an exponential attenuation
m. We calculated
outside the computational domain of
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propagation constant and electric fields
and
for various
values of height and base length of the waveguide.
, and
, we calculated the efUsing the results for ,
fective index of refraction
in the waveguide for the
two eigenmodes [mode 1 and mode 2 in Fig. 2(b)]. Fig. 4(a)–(c)
shows the effective refractive index for forward and backward
propagations, as a function of , for different values of . A
significant difference between forward and backward propagation was observed only in mode 2. This is so because mode 2
in its electric field in the Ce:YIG region,
has -component
while mode 1 has not, as illustrated with Fig. 5(a-1) and (b-1).
and
The nonreciprocity is produced by interaction between
-directed magnetization in the Ce:YIG. Theory and experimental results for this interaction have been reported in [6], [10],
and [18]. In Fig. 5(a-1) and (b-1), length of arrows is not corresponding to field strength in order to make figures easy to see.
and
for each
Examples of actual calculated electric fields
mode are shown in Fig. 5(a-2), (a-3), (b-2), and (b-3).
Fig. 4(a)–(c) also shows that the difference in effective refractive index between forward and backward propagations increases with base length and decreases with height . The
reason is as follows. A larger increases the contact area between the waveguide and the Ce:YIG, and therefore, increases
the magnetooptic interaction. In contrast, a larger increases the
distance between the Ce:YIG and the center of the distribution
of light in the waveguide, and this decreases the magnetooptic
interaction.
Using the results for electric fields, we calculated the halfbeat length given by (1) and the rotation parameter (see [19]
for this parameter) defined by
(10)
for forward and backward propagations. In this equation,
and
are the - and -component of electric
, and
is the diagfield at each mesh point
onal element of the relative dielectric tensor at the point.
Fig. 6(a)–(c) depicts the calculated values of the half-beat
length and the rotation parameter as a function of , for
m
m
m. The rotation parameter gives the angles and (see Fig. 2) of eigenmodes
as
(11)
The efficiency of TE–TM conversion has a maximum at a distance of half-beat length, and the maximum value increases as
increases. A complete conversion can be obtained only when
, i.e., angle should be 45 . The rotation parameter decreases as and increase. This is so because light is mainly
distributed in the central part of the waveguide, and therefore,
an increase in cross-sectional size of the waveguide decreases
the asymmetry that light experiences during its propagation.
The necessary conditions for efficient nonreciprocal converto achieve a complete
sion are: 1) rotation parameter
TE–TM conversion and 2) backward half-beat length is twice

Fig. 4. Effective index of refraction in the waveguide for forward and backward propagations as a function of base length w , calculated for height h
: m;
: m;
: m.

(a) 1 1

(b) 1 3

and (c) 1 5

=

as large as forward one so as to satisfy (2). With the results of
Fig. 6, we determined the optimal cross section structure of the
m and
m. In this simuwaveguide to be
m,
m) were not
lation, smaller devices (
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Fig. 5. Electric field distributions in the device. (a-1) and (b-1): direction of electric field, indicated by arrows for eigenmodes 1 and 2 (length of arrows is not
corresponding to field strength in order to make figures easy to see). (a-2) and (b-2): jE j for eigenmodes 1 and 2. (a-3) and (b-3): jE j for eigenmodes 1 and 2.
Parameters used are w = 1 m and h = 1:1 m.

mentioned because they were not realistic when the limitation
of the production technology was taken into consideration.
IV. POWER DISTRIBUTION OF LIGHT ALONG THE WAVEGUIDE
Our next task is analyzing the propagation of light in the -direction in a waveguide with the optimized cross section. For this
purpose, we calculated the power distribution of light along the
axis as a function of propagation distance, using the VC approach [20]. In calculations, we assumed that the two orthogonal polarizations of eigenmodes in the waveguide took the following general form of
(12)
where
ponents

and
and

are the amplitude of the transverse comof electric field, and the parameter is

a scalar propagation constant (see [21] and [22] for this expression). The scalar propagation constant can be related to
, and the rotation parameter
the propagation constants
in our device. Here, let us represent the state of polarization
by
. In this section, we calculate the relation between and
. Then, we confirm the state
along z-axis.
of polarization
Using Maxwell’s equations with (3) and (12), we reached
in the
a differential equation that gives the evolution of
waveguide. The equation is
(13)
where
(14)
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Fig. 7. Power distribution of light for a 1.55-m TE-mode input, as a function
of propagation distance. (a) TE component. (b) TM component, calculated for
forward (solid curve) and backward (dashed curve) propagations. Maximum
efficiency of conversion is obtained at propagation distance of 0.27 mm (dashed
vertical line).

with a magnetooptical term of
. Because the direction
of the optical axes corresponds to the direction in which a linearly polarized light propagating along axis maintains its polarization state [i.e.,
in (13)]. Therefore, angles and
in Fig. 2(b) are given by
(16)
Fig. 6. Half-beat length and rotation parameter as a function of base length w ,
calculated for altitude h
: m;
: m;
: m, at 1.55
m wavelength.

= (a) 1 1

Parameters
pression

(

(b) 1 3

Using (10), (11), and (16), we can rewrite

as

and (c) 1 5

or ) in (14) are defined by the ex-

(15)

(17)
When TE-polarized light (polarized parallel to the -direction)
, its polarization state
is given as an input at
evolves with distance and is given by
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(18)
where
(19)
Parameter is the linear beat length (twice as large as half-beat
by using
length), so it can be rewritten as
propagation constants
for the two eigenmodes. In
consequence, the polarization state is given by
(20)
Using (20), we calculated the power distribution of light
along the axis as a function of propagation distance. In calculations, we used the values of and obtained in Section III,
and
calculated using (17). Fig. 7 shows the results
and
for an input of TE-polarized light, for forward (solid curve)
and backward (dashed curve) propagations. Fig. 7(a) is the
power distribution of the TE component of light, and Fig. 7(b)
is that of the TM component. There is no TM components at
because we assume TE-polarized light as an input. As
light travels in the waveguide, polarization conversion between
TE and TM is repeated periodically. The period for backward
propagation is twice as large as that for forward propagation,
and this produces the nonreciprocal conversion. Forward-propagating TE-mode light returns to a TE mode after traveling
0.27 mm (the position indicated by a dashed vertical line),
while backward-propagating TE-mode light is converted into
TM mode after traveling the same distance. A nonreciprocal
polarization conversion of 93% can be obtained with a device
length of 0.27 mm. This way, we can construct waveguide
NRPCs with high conversion efficiency.
V. CONCLUSION
We proposed a nonreciprocal TE–TM polarization converter
that can be used to eliminate the disturbances caused by back
reflection of light in InP-based PICs. Our device consists of an
asymmetric InGaAsP waveguide combined with a ferrimagnetic
Ce:YIG layer, making use of magnetooptical transverse Kerr effect and phase-mode mismatch in the waveguide. We described
the guiding principle to design the optimal structure of the device. We also confirmed the operation of nonreciprocal TE–TM
conversion by means of electromagnetic simulation. The results
showed that a nonreciprocal conversion efficiency of 93% could
be obtained with a device length of 0.27 mm at 1.55 m wavelength. Our device can be upgraded to a waveguide isolator
simply by combining with a polarizer or mode splitter. Our nonreciprocal polarization converter should be useful in integrating
variety of optical devices on a photonic integrated circuit.
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