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Abstract. The design of a new multifunctional integrated optical device
capable of operating simultaneously as an optical switch and optical iso-
lator is presented. The device consists of a multilayer directional coupler
employing one nonlinear and one magneto-optic layer, with all other lay-
ers being linear and isotropic. Therefore, only phase matching conditions
are required for the device operation irrespective of the propagation di-
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1 Introduction

Optical isolators and switches are crucial components in
optical communication systems, employed fundamentally
as a protection against undesired reflections back into the
source, and as signal routers, respectively. So far, these de-
vices can only be found separately. Thin film optical isola-
tors normally require a precise control of its geometrical
parameters, and this requirement has been one of the major
causes for the relatively smaller effort in investigating this
configuration. A comprehensive review of the current status
of magnetooptic isolators can be found in Ref. 1. Most
integrated optics isolators currently available are based on
the nonreciprocal TE-TM mode conversion, which requires
a precise phase matching condition between both modes
�form birefringence�.2,3 A quite interesting isolator configu-
ration was proposed by Zhuromskyy et al.4,5 The device in
this case was based on a Mach-Zehnder configuration with
one branch operating as a nonreciprocal phase-shifter for
TE modes and the other as a nonreciprocal phase-shifter for
TM modes. Even though this structure is less sensitive to
geometrical variations, it still suffers from the different loss
magnitudes for TE and TM modes. A similar approach was
followed by Fujita et al.6 More recently, Lohmeyer et al.
have introduced the cross strip magnetooptic isolator.7 Dif-
ferently from previous configurations, this structure does
not require the use of additional components such as polar-
izers or power splitters.

Nonlinear waveguide devices, on the other hand, have
been extensively investigated in the literature in the last
years.8–11 The interest for optical switching in particular has
been driven by the continuously growing traffic of optical
o0091-3286/2005/$22.00 © 2005 SPIE
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etworks. Growing demand for traffic capacity exposes a
erious limitation of electronic based switching and high-
ights the need for all-optical switching, where optical-
lectronic and electro-optical conversions are no longer
ecessary.

In many cases, the insertion loss caused by the inclusion
f an optical isolator or switch in an optical communication
ink may be too severe. In this scenario, the design of mul-
ifunctional optical devices capable of performing multiple
asks simultaneously will allow a considerable increase in
fficiency, with a consequent reduction of costs and main-
enance in future optical communication systems. The fab-
ication of optical devices made of nonlinear and nonrecip-
ocal materials simultaneously paves the way for obtaining
uch functions in a single device.

The idea of combining nonlinear and nonreciprocal ma-
erials was originally proposed by Gnideck12 to obtain an
ptical isolator and switch on the same device. This analy-
is was based on a dispersion relation obtained for a three-
ayer planar waveguide. This allowed for the investigation
f the isolation and switching characteristics as a function
f the input optical power density. This concept was further
nvestigated by Hutchings,13 for different waveguide struc-
ures. The polarization evolution was computed via a
amiltonian formalism employing the Stokes parameters.
ore recently, the analysis of such media combination has

een carried out by a finite-difference �FD� based beam
ropagation method �BPM� by Alcantara et al.14 In this
ase, the FD-BPM formalism was extended to account for
ny nonlinear mechanisms.

This paper presents the design of a new multifunctional
ntegrated optical device capable of performing simulta-
eous optical isolation and optical switching. This device

perates at TM polarization and is basically a directional
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Alcantara et al.: Design of a multifunctional integrated optical isolator switch …
coupler. The energy transfer between the waveguides is
controlled by the optical power density launched at the in-
put port of the device via nonlinear effect. The field exci-
tation at the input port of the coupler is assumed as con-
tinuous wave �cw�. The hybrid characteristic of the
structure is provided by the nonreciprocal effect, which pre-
vents any reflection from reaching the optical source at the
input port. The analysis and design of this device is carried
out via the wide-angle FD-BPM, described in more detail
in Alcantara et al.,14 and a genetic algorithm �GA�. The
present FD-BPM formalism has the unique advantage of
taking into account any nonlinearity mechanism as well as
longitudinal variations in the refractive index. The GA is
utilized to optimize the geometry and performance of the
nonlinear/nonreciprocal directional coupler, for a fixed set
of material parameters.

2 Proposed Structure
The longitudinal view of the proposed structure is shown in
Fig. 1�a�, where P1,2,3,4 designates the ports of the device
and L� the coupling length. The physical and geometrical
parameters of the device are summarized in Table 1. The
parameters �, �, and n2S will be properly introduced in Sec.
3. In this structure, the magnetooptic layers n1 and n5 act as

Fig. 1 Longitudinal view of the proposed nonlinear-nonreciprocal
structure. P1,2,3,4 designates the ports of the device, L� is the cou-
pling length. Layers n3 and n4 are isotropic and linear.

Table 1 Physical and geometrical parameters for the structure de-
picted in Fig. 1. The wavelength �=1.55 �m.

Layer
Refractive

index
Thickness

��m� �
n2s

�m2/W�

n1 2.23 7.0 −0.019 0

n2 2.26 1.2 0 10−9

n3 2.00 To be optimized 0 0

n4 2.26 1.23 0 0

n5 2.23 7.0 −0.019 0

�
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ladding layers, layers n2 �nonlinear� and n4 �linear� act as
uiding layers, and layer n3 �linear� acts as a separation
ayer.

The intended behavior of this device for the forward and
ackward propagation directions is depicted in Fig. 2 for
wo distinct optical power levels. The operation of the cou-
ler can be summarized as follows, assuming that light is
aunched into port 1. Under low optical power density, P1,
he signal coming from port 1 is coupled to guide B and
merges on port 4. If, by any chance, light is reflected back
rom port 4, it will be deviated to port 2 via nonreciprocal
ffect. This procedure prevents the optical source in port 1
rom suffering any undesirable effect due to reflected
ower, such as frequency chirping. Under high optical
ower density, P2, guides A and B are phase mismatched
nd light is propagated from port 1 to port 3. If light is
eflected from port 3, the phase matching condition for
uides A and B will be enforced by the nonreciprocal effect
nd light will be deviated to port 2, keeping port 1 isolated.
herefore, this device works as an optical switching com-
uting light from port 1 to port 4 �for low power levels�, or

o port 3 �for high power levels�. Simultaneously, port 1 is
lways kept isolated from any reflections via nonreciprocal
ffect.

Material Parameters
he dielectric permittivity tensor for a magneto-optic me-
ium submitted to a dc magnetostatic field applied along
he y axis is given by:

�nr = �0 � nx
2 0 j�

0 ny
2 0

− j� 0 nz
2 � , �1�

here nx, ny, and nz are the refractive indices in the x, y,
nd z directions, respectively, � is the first-order magne-
ooptic effect, and �0 is the vacuum dielectric permittivity.
he permittivity tensor in the nonlinear medium depends
n the electric field intensity as follows,

nl nl 2 2

ig. 2 Requirements for the nonlinear and nonreciprocal coupler
esign.
xx = �c + ���Ex� + ��Ez� � , �2�
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�zz
nl = �c

nl + ����Ex�2 + �Ez�2� , �3�

where � is a coefficient that depends on the nonlinearity
mechanism5 ��=1 for thermal effects or electrostriction,
�=1/3 for electronic distortion, and �=−1/2 for molecular
orientation�. The �c

nl parameter is the nonlinear material
static permittivity, � is the nonlinear coefficient given by
�=�c

nln2sc�0, where c is the light velocity in vacuum and
the constant n2s=10−9 m2/W �focusing media�.6

In magnetooptic media, the anisotropy is introduced by
the presence of a magnetostatic field �HDC� that, when con-
veniently oriented, allows one to separate the solutions of
Maxwell equation in TE and TM modes.

It should be pointed out that the fabrication of the pro-
posed structure may pose some difficulties for the choice of
materials at this present moment, particularly for the non-
linear medium. Depending on the material combination, a
vertical structure such as in Fig. 1 may not be best choice
due to growth difficulties. Fortunately, it is well known that
any tri-dimensional optical waveguide structure can be re-
duced to a two-dimensional one by means of an effective
index approach. This approach can be visualized in Fig. 3
for a hypothetical configuration of the coupler. The buffer
layer is considered here for the case when the crystalline
structure of the top layers needs to be maintained, but it
should be made as thin as possible. This structure is divided
in five different regions, where each region is treated as an
isolated planar waveguide, resulting in five effective indi-
ces, neff=� /k0 �where � is the longitudinal propagation
constant and k0=2� /�0�. These five indices will now define
the index profile of the new two-dimensional structure
whose layer thicknesses are assumed as the width of each
individual region. This new structure configuration falls ex-
actly in the case of Fig. 1, and can be readily investigated

Fig. 3 Reduction of a three-dimensional structure to a two-
dimensional one. The new refractive indices �neff=� /k0� are as-
sumed to be invariant along the z axis. The layers A and B are
considered as nonlinear and linear media, respectively.
with the approach adopted in this work. Additionally, the c
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ormalism introduced in Sec. 5 is sufficiently general to
ccount for any combination of magnetooptic and linear
edia, i.e., the location of these layers may be chosen in

uch a way as to satisfy any given fabrication constraint.
his aspect is important when optimization of complex
aveguiding structures is required. The refractive indices

nd thicknesses adopted for the structure simulated in this
ork are intended to provide a proof of concept for the

ombined nonreciprocal and nonlinear effects.

FD-BPM Formalism for Nonreciprocal and
Nonlinear Media

he FD-BPM formalism is summarized in this section. A
ore detailed description can be found in Ref. 14. The
ave equation for the Hy component of the TM mode �Hy,
x, and Ez� propagating along the z direction with � /�y
0 can be obtained from Maxwell’s equations, and is writ-

en as

0
�2Hy

�t2 = 	xx
�2Hy

�z2 + � �	xx

�z
+

�	xz

�x
� �Hy

�z
+ 	zz

�2Hy

�x2

+ � �	zz

�x
−

�	xz

�z
� �Hy

�x
, �4�

here �0 is the vacuum magnetic permeability and 	u,v
u ,v=x ,z� are the elements of the inverse permittivity ma-
rix in each medium as listed in Table 2. A static magnetic
eld is present along the y direction to produce magnetoop-

ic effects. Equation �4� can be successfully applied to any
ombination of isotropic, magneto-optic, or nonlinear ma-
erials.

The Hy component can be written as Hy�x ,z , t�

�x ,z�exp	j��t−n0k0z�
, where � is the signal angular

requency, k0 is the propagation constant in free space, and
0 is a reference effective index. Therefore, Eq. �4� be-

Table 2 Inverse permittivity elements.

arameter Isotropic Magneto-optic Nonlinear

	xx

1

�0n2

1

�0

nz
2

nx
2nz

2 − �2

1

�0�xx
nl

	zz

1

�0n2

1

�0

nx
2

nx
2nz

2 − �2

1

�0�zz
nl

	xz 0 −
1

�0

j�

nx
2nz

2 − �2 0
omes
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�z2 − 2j�
�


�z
+ P
 = 0, �5�

where

� =  +
j

2
� �ln	xx

�z
+

1

	xx

�	xz

�x
� ,

P =
	zz

�xx

�2

�x2 +
1

	xx
� �	xx

�x
−

�	xz

�z
� �

�x
− j� �ln	xx

�z
+

1

	xx

�	xz

�x
�

+
�2�0

	xx
− 2,

with =k0n0. Equation �5� can be decomposed into two
independent equations, one for each propagation direction.
For the +z direction, one obtains

�


�z
= − j��P + �2 − ��
 . �6�

Unfortunately, the presence of the square root term on
the right-hand side �r.h.s.� of Eq. �6� poses an obstacle for
the finite-difference expansion. A possible way of circum-
venting this problem consists in expanding the r.h.s. in
terms of Padé approximants of order �1,1�. Therefore,

�P + �2 − � �
P

2�
�1 +

P

4�2� . �7�

Higher order approximants can also be used at the ex-
pense of significantly more complicated expressions. Sub-
stituting Eq. �7� into Eq. �6� results in an equation that can
be discretized by a finite-difference approach based on the
Crank-Nicolson �CN� scheme. An iterative procedure is
adopted in the formalism in order to accelerate convergence
of the electric field and the dielectric permittivity at z= �m
+1��z. This is necessary since the expressions for the per-
mittivity tensor in the nonlinear region depend on the field
intensity according to Eqs. �2� and �3�. The boundary con-
dition applied on the edge of the computational window is
the transparent boundary condition �TBC�, described in
more detail in Ref. 15.

The modal effective index �� /k0� can be directly calcu-
lated from the field profile obtained with the FD-BPM at
any position along the longitudinal direction. To do so, all it
needs to be done is to substitute the field in the following
characteristic equation for �,

�� 	xx�Hy�2dx��2 + � j� � �	xx

�z
+

�	xz

�x
��Hy�2dx��

− �� 	zz
�2Hy

�x2 Hy
*dx +� � �	zz

�x
+

�	xz

�z
� �Hy

�x
Hy

*dx

+ �2�0� �Hy�2dx� = 0.

Observe that this equation is nothing but a second-order

equation for the unknown �, which can also be written as c
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�2+b�−c=0, where a, b, and c are just constants. Only
he positive root for � has a physical meaning.

Nonreciprocal Multilayer Formalism
ptimization algorithms such as GA are more efficiently

pplied when a fitness function is obtained analytically.
herefore, this section presents an analytical formalism for

he calculation of the forward and backward propagation
onstants, which are utilized for obtaining the correspond-
ng coupling lengths. In order to make the formalism as
eneral as possible, the multilayer structure in Fig. 1 is
onsidered as a five-layer nonreciprocal coupler in this sec-
ion, with all layers assumed magnetooptic. This allows the
esigner to choose freely which of the five layers will ac-
ually be magneto-optic. In that case, the magnetooptical
arameters of the remaining layers should be set to zero.
onlinear media are not included at this stage. The nonlin-

arity will be properly considered in the coupler design via
he FD-BPM formalism as described in Sec. 7.

From Eq. �4� and assuming a time harmonic dependence
xp�j�t�, one obtains the following wave equation for non-
eciprocal media in terms of the Hy component

�2Hy

�x2 + � k0
2 − 	xx�

2

	zz
�Hy = 0, �8�

here

xx =
�zz

�xx�zz − �2 , 	zz =
�xx

�xx�zz − �2 .

Solving Eq. �8� in each layer and making use of the
roper radiation conditions, one obtains

y = A1 exp	− �1�x − S3 − d2�
, x � S3 + d2

y = A2 cos	2�x − S3 − d2/2�
 + A3 sin	2�x − S3

− d2/2�
, S3 + d2 � x � S3

y = A4 exp	− �3x
 + A5 exp	�3x
, − S3 � x � S3

y = A6 cos	4�x + S3 + d4/2�
 + A7 sin	4�x + S3

+ d4/2�
, − S3 − d4 � x � − S3

y = A8 exp	�5�x + S3 + d4�
, x � − S3 − d4,

here A1 through A8 are constants to be determined, i and
j are given by

i =�k0
2 − 	xx

�i��2

	zz
�i� , i = 2,4

j =�	xx
�j��2 − k0

2

	zz
�j� , j = 1,3,5

0 is the vacuum wavenumber, 	xx=�zz /�, and 	zz=�xx /�,
ith �=�xx�zz−�2. The electric field components Ex and Ez
an be directly obtained with

December 2005/Vol. 44�12�
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Ex =
1

�0
�	xx

�

�
Hy + j

	zx

�

�Hy

�x
�

and

Ez =
1

�0
�	zx

�

�
Hy − j

	zz

�

�Hy

�x
� ,

with 	zx= j� /�. Applying the boundary conditions for the
tangential components Hy and Ez, one obtains a system of
eight equations and eight unknowns, which can be conve-
niently written in matrix form as follows

	M���
	A
 = 0. �9�

Here, 	M���
 is 8�8 matrix that depends only on the un-
known longitudinal propagation constant �. The nonzero
elements of this matrix are listed in the appendix. The
propagation constant � can be easily found by solving the
Det	M���
=0.

6 Genetic Algorithm
The GA employed in this work utilizes simulated binary
crossover �SBX� operator without any mutation operator.16

In the present case, the propagation constants and the guide
separation 2S3 are represented as genes. Each gene is rep-
resented by a real valued system variable. The group of all
genes that composes an individual is illustrated in Fig. 4.
The objective function is related to the fitness function, and
its value reflects how adjusted is an individual with respect
to the solution of the problem. In a GA-based optimization,
one can obtain several different solutions. Therefore, it is
necessary to find the best solution in an acceptable time
interval. The total fitness function is calculated evaluating
the Det	M���
=0 for all propagation constants of interest,
that is

fittot = �Det	M��a
+�
� + �Det	M��b

+�
� + �Det	M��a
−�
�

+ �Det	M��b
−�
� . �10�

The fitness function 	Eq. �10�
 gives the error for a
group of values representing all propagation constants �for-
ward and backward directions� and the guide separation
2S3. The goal is to obtain a group of propagation constants
that makes Eq. �10� as close to zero as possible.

7 Nonlinear and Nonreciprocal Coupler Design
The FD-BPM formalism discussed in Sec. 4 is utilized here
on the design and simulation of a directional coupler con-
sisting of nonlinear and magneto-optic materials. The de-
sign of the coupler takes into account that material param-

Fig. 4 Representation of an individual formed by various genes.
Each gene represents a value corresponding to the propagation
constant and/or to the separation thickness. �a and �b are the
propagation constants for the symmetric and antisymmetric modes
for the multilayer structure in Fig. 1. The signs ��� and ��� indicate
the propagation direction.
eters �such as nonlinear coefficients, magneto-optic
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onstants, and refractive indices� cannot be varied at will.
herefore, only a set of commonly used values in the lit-
rature will be used here, and these values will not be op-
imized during the calculations. Guides A and B are both
ingle-moded if taken in isolation. It is noteworthy that the
efractive indices n1 and n5 are made slightly larger than n3
n order to increase the field interaction with the nonrecip-
ocal media. Since the coupler operation requires two dif-
erent power levels, the design will also be divided in two
eparate sections. Only the parallel section of the structure
s considered in the optimization procedure. The design al-
orithm is as follows.

.1 Linear Operation

1. Coupling length �+z direction�: defined as L��linear�
+ ,

guides A and B are phase matched.
2. Coupling length �−z direction�: L��linear�

− =0.5

�L��linear�
+ , guides A and B are not phase matched.

This coupling length guarantees that even if power is
partially transferred from guide B to guide A, it will
be coupled back to guide B, exiting on port 2. This
forward and backward L� combination relaxes the
optimization procedure and, in addition, maximizes
the optical isolation in port 1.

3. The optimization is carried out with GA utilizing the
analytical formalism for the multilayer structure. The
optimized parameters are: guide separation 2S3, and
guide thicknesses w1 and w2. The coupling lengths L�

±

are given by

L��linear�
± =

�

��a
± − �b

±�
. �11�

Equation �11� is utilized by the GA, together with Eq.
�10�, as a fitness function subjected to the constraints
defined in items 1 and 2 for the determination of the
device length. The coupling length L��linear�

+ will be
used as the actual device length.

.2 Nonlinear Operation

1. The nonlinear operation requires an extra care, and
for this purpose the fitness function will instead be
defined in terms of the power ratio PA/ PB, as dis-
cussed later on in this section.

2. Recall that all geometrical parameters have already
been defined during the optimization of the linear
case. The only parameter left to be optimized is the
nonlinear index increase, �. Moreover, note that the
analytical formalism described in Sec. 5 does not ac-
count for nonlinear materials. In this case, the layer
corresponding to the nonlinear material is considered
as having the refractive index dependence n̄2=n2+�,
where � is the refractive index increase due to the
nonlinear effect. The parameter � can be optimized
by the GA to produce the desired power ratio PA/ PB.
Once � is obtained, all that is left to be done is to find
the corresponding optical power density that pro-

duces this particular refractive index increase.

December 2005/Vol. 44�12�
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3. The optimization of the nonlinear operation can be
conveniently initiated in the −z direction. The fitness
function in this case is defined in terms of the com-
bination of the symmetric and antisymmetric modes
of the combined structure. Once both modes are
found, they must be combined to produce the excita-
tion field in guide A, i.e., Hy�exc�=Hy

sym+sgn
�Hy

antisym, sgn=1 or −1. This field is assumed at z
=L� �see Fig. 1�;

4. The excitation field must now be propagated towards
the input end of the coupler, Hy�in��z=0�, which can
be done as follows:

Hy
sym = Re�Hy

sym exp�j�1Lz�� ,

Hy
antisym = Re�sgn � Hy

antisym exp�j�2Lz�� ,

Hy�in� = Hy
sym + Hy

antisym.

The power density at z=0 is now obtained as follows

PA =
�

��0
�

0

�

	xxHy�in�
2 dx power in guide A,

PB =
�

��0
�

−�

0

	xxHy�in�
2 dx power in guide B,

	xx =
�zz

�xx�zz − �2 .

The fitness function in this case is defined as fit
= PA/ PB, where PA and PB are the optical power in
guides A and B, respectively, at z=0. A similar pro-
cedure is adopted in the forward direction.

8 Device Simulation
The physical and geometrical parameters of the device are
summarized in Table 1. In all simulations the laser opera-
tion condition is assumed as cw. According to the design
algorithm described in Secs. 7.1 and 7.2, the first step con-
sists in the design of the linear operation. Guides A and B
are initially considered in isolation and the thickness w1 is
fixed at 1.2 �m �maximum thickness for single-mode op-
eration�. Thickness w2 is calculated in such a way as to
allow perfect phase matching condition between both
guides, viz., w2=1.23 �m. This is the only situation where
guides A and B are considered in isolation, all other calcu-
lations assume the coupler as a compound structure. The
next step is the optimization of the guide separation 2S3
and the device length L�, using the formalism described in
Sec. 5. These parameters must necessarily be obtained via
the GA since their values must satisfy the operation re-
quirements for both propagation directions. The GA opti-
mized values for these parameters are 2S3=0.75 �m,
L�

+�linear�=1374.151 �m and L�
−�linear�=687 �m. At this

point, all pertinent parameters for linear operation are al-

ready known. Therefore, the optimized structure can now f
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e simulated with the FD-BPM formalism to verify its op-
ration condition. The FD-BPM computational domain has
imensions Lx=17.18 �m and Lz=1375 �m, and spatial
iscretization steps �x=0.01 �m and �z=0.2 �m. A quali-
ative plot of the results is shown in Fig. 5. Observe that in
ig. 5�a� there is total transfer of power to port 4, with a
oupling length L�

+�linear��1375 �m. In Fig. 5�b�, on the
ther hand, the power is partially transferred from guide B
o guide A, with the maximum occurring at z=L�

+�linear� /2 as
equired. The power density level for these simulations is
.1 mW/mm. The isolation obtained for port 1 is
30.66 dB.

Next we proceed with the optimization of the nonlinear
peration. This requires the minimization of the power ratio
A/ PB for the backward propagation. The nonlinear index
ariation that best satisfies this prerequisite is �=0.002
hich was found with the GA. The power density that
ives an average index increase of this magnitude is
0.5 mW/mm. The propagating field in guides A and B are
ssumed phase mismatched in the +z direction. The laser
xcitation is assumed as cw, therefore the backward propa-
ating wave must experience the refractive index increase
roduced by the forward wave plus the index increase pro-
uced by the backward wave itself as a result of reflection

ig. 5 Optical intensity distribution from the wide-angle FD-BPM
imulation of the optimized structure under linear operation condi-
ion. �a� +z direction, L�

+�linear�=1374.151 �m and �b� −z direction,

�
−�linear�=687 �m. Arrows indicate the propagation direction, parallel

ines indicate dielectric interfaces.
rom port 3. Therefore, the reflected power can affect con-
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siderably the isolation characteristics of the device and an
optimum operation point needs to be found. The isolation
dependence on the reflected power can be seen in Fig. 6.
This figure clearly shows that the best-case scenario re-
quires a 4% power reflection at port 3, resulting in a port 1
isolation of �−23.32 dB. The BPM simulations for this
case are shown in Fig. 7. All simulation parameters are kept

Fig. 6 Isolation of port 1 as a function of the reflected power at port
3.

Fig. 7 Optical intensity distribution from the wide-angle FD-BPM
simulation of the optimized structure under nonlinear operation con-
dition. �a� +z direction; �b� −z direction. Arrows indicate the propa-
cgation direction, parallel lines indicate dielectric interfaces.

Optical Engineering 124002-7
he same as in the previous case. The coupling lengths ob-
ained with the BPM simulation for the +z and −z direc-
ions are �583 �m, and �1322 �m, respectively, instead
f 687 �m and 1375 �m as one would expect. This differ-
nce arises since only one degree of freedom was left avail-
ble for the optimization procedure, namely the index
ariation �. We decided to keep the nonlinearity constant
2S fixed since this is a material parameter that can not be
ound at will. Even though the coupling lengths do not
otally satisfy the design criteria, the penalty imposed on
he device performance as an optical isolator is not com-
romised.

Another important parameter to be investigated for the
ptimized structure is the isolation sensitivity of port 1 with
espect to the wavelength. This dependence can be seen in
ig. 8 for linear and nonlinear operation conditions. As far
s linear operation condition is concerned, the structure per-
orms reasonably well for a large range of frequencies,
hich makes it a good candidate for optical isolator in
avelength division multiplexing �WDM� applications.
he nonlinear operation condition, on the other hand, pre-
ents a much shorter isolation range. Considering a
20-dB optical isolation as a satisfactory value, this leaves
n isolation window of about 20 nm, ranging from
.54 �m to 1.56 �m. Considering a typical channel sepa-
ation of 0.8 nm present in current WDM systems, the de-
ice should be able to accommodate up to 25 channels. If a
ybrid operation is desired, that is, a combined linear and
onlinear operation condition, the nonlinear case should be
et as an upper bound for the device capacity.

Conclusions
he design of a new integrated optical device capable of
perating simultaneously as an optical isolator and optical
witch was discussed in this paper. The device performance
as optimized with a GA and tested with a wide-angle
D-BPM. The optical isolation of the excitation port was
30.66 dB for linear operation, and −23.32 dB for nonlin-
ar operation. Under linear operation conditions, the device
roved to be reasonable insensitive to variations on the
avelength of operation. This is an especially attractive

ig. 8 Optical isolation of port 1 as a function of wavelength for the
inear and nonlinear operation conditions.
haracteristic for WDM applications. Under nonlinear op-

December 2005/Vol. 44�12�
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eration, the performance is more significantly affected by
variations on the wavelength. Using the latter case as upper
bound for the hybrid linear/nonlinear operation, the device
bandwidth becomes 20 nm, enough to accommodate up to
25 WDM channels.

Appendix
Nonzero elements for matrix 	M���
 in Eq. �9� are

M11 = 1; M12 = − cos�2d2/2�; M13 = − sin�2d2/2�

M21 = − j	zx
�1�� + �1	zz

�1�;

M22 = j	zx
�2�� cos�2d2/2� − 2	zz

�2� sin�2d2/2�

M23 = j	zx
�2�� sin�2d2/2� + 2	zz

�2� cos�2d2/2�

M32 = cos�2d2/2�; M33 = − sin�2d2/2�

M34 = − exp	− �3S3
; M35 = − exp	�3S3


M42 = − j	zx
�2�� cos�2d2/2� − 2	zz

�2� sin�2d2/2�

M43 = j	zx
�2�� sin�2d2/2� − 2	zz

�2� cos�2d2/2�

M44 = �j	zx
�3�� − 	zz

�3��3�exp	− �3s3


M45 = �j	zx
�3�� + 	zz

�3��3�exp	�3S3


M54 = exp	�3S3
; M55 = exp	− �3S3


M56 = − cos�4d4/2�; M57 = − sin�4d4/2�

M64 = − �j	zx
�3�� + 	zz

�3��3�exp	�3S3


M65 = − �j	zx
�3�� + 	zz

�3��3�exp	− �3S3


M66 = j	zx
�4�� cos�4d4/2� − 	zz

�4�4 sin�4d4/2�

M67 = j	zx
�4�� sin�4d4/2� + 	zz

�4�4 cos�4d4/2�

M76 = cos�4d4/2�; M77 = − sin�4d4/2�; M78 = − 1

M86 = − j	zx
�4�� cos�4d4/2� − 	zz

�4�4 sin�4d4/2�

M87 = j	zx
�4�� sin�4d4/2� − 	zz

�4�4 cos�4d4/2�

M88 = j	�5�� + 	�5��5.
zx zz
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