982

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 20, NO. 12, JUNE 15, 2008

Design of Optical Circuit Devices Using Topology
Optimization Method With Function-ExpansionBased Refractive Index Distribution
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Abstract—We propose a design method for optical waveguide devices based on topology optimization with alternative expression of
refractive index distribution. In our approach, a refractive index
distribution in a design region is expressed by an expansion with
some analytical functions and gray area, which has intermediate
refractive index between usable materials, does not appear. We can
obtain better results in the optimization of waveguide bends and
branches, compared with the widely used density method.
Index Terms—Finite-element method, optical circuit device,
topology optimization.

I. INTRODUCTION

Fig. 1. Design structure for 90 bend.

N THE recent progress of optical communication systems,
many kinds of high-performance optical waveguide devices
have been developed. Especially, photonic crystal waveguides
and silicon nanophotonic waveguides have great possibility to
improve device performance and compactness of photonic circuits and extensive researches on those waveguides are being
carried out.
In order to improve device performance of such high index
contrast waveguides, the design theory based on weakly guiding
[1] is not likely to be often used and the development of optimization technique is highly expected. Recently, in order to
find the optimum structure of photonic and microwave circuits,
topology optimization method begins to be used [2]–[14].
The topology optimization method is a class of optimization
methods that can simultaneously deal not only with geometric
form but also with topological configuration, so we can find
out optimized structures without predefining any geometry. In
general, the density method is used to express refractive index
distribution. However, in the topology optimization method
with the widely used density method, since the density parameters are continuous, those values can be intermediate values
between 0 and 1. This corresponds to an intermediate value
between the refractive indexes of usable materials and is not
desirable. To suppress these gray areas which have intermediate value of refractive index, the method based on imaginary
conductivity has been proposed and can improve optimized
structure [8], but it cannot completely eliminate gray areas. As
an alternative approach, a geometry projection method has been
reported [15]. In this method, through the optimization process,
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material boundaries are distinctly defined and are allowed to
move, merge, and disappear, but the new boundaries cannot be
created.
In this letter, we propose a topology optimization method
with alternative expression for refractive index distributions. In
this approach, the refractive index distribution is determined by
a projection of some continuous function, which is expressed
by the form of function expansion with primitive basis functions and the amplitude parameters of the basis functions are
optimized according to the sensitivity analysis. In this approach,
the material boundaries are distinctly defined and no gray area
appears in the design region. Moreover, any initial structure in
the design region is not required.
As numerical examples, we demonstrate how the method can
be used for 90 bends and 1 : 1 T-branching waveguides and
compare the results obtained by the present method and those
by the topology optimization with the density method.
II. EXPRESSION FOR REFRACTIVE INDEX DISTRIBUTION IN
TOPOLOGY OPTIMIZATION METHOD
As an example, we consider a waveguide bend as shown in
Fig. 1 and maximize the transmission power into the output port
2 using the topology optimization method based on the finiteelement method with a perfectly matched layer [16].
Using the widely used density method for the expression of
refractive index distribution, the permittivity in each element
within the design region is expressed as follows:
(1)
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where denotes the element number in the finite-element mesh,
and
are the relative permittivities of two usable material,
respectively, is the density parameter in the th element, is
the penalization parameter used to suppress gray areas, in which
the relative permittivity has the intermediate value between two
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usable values. Through an iteration process, according to the
sensitivity analysis, the density parameters are optimized to improve the objective function. However, in the most cases, some
of the density parameters have intermediate values between 0
and 1 and material boundaries cannot be distinctly defined.
In this letter, we propose an expression of refractive index
distribution based on a function expansion as follows:

Fig. 2. Optimized 90 bend by topology optimization. (a) Refractive index distribution; (b) field intensity.

(2)

where
is some function used to determine the refracis used to convert
tive index distribution. The function
into the one of the relative permittivities of
the value of
two usable materials. In order to make it possible to take differin the sensitivity analysis;
has a transient
ential of
region of width . In this letter, is set to be 0.02 for the sensitivity analysis and 0 for the optimized structure. In the following
calculations, there was little difference between the results for
and
.
is normalized so that its maximum
value may become one. Although several kinds of expressions
are available, in this letter, we employ following sifor
nusoidal-function-based expression:

Fig. 3. Convergence behavior of normalized output power.

Fig. 4. Optimized '(x; y ) and projected refractive index distribution.

where
,
are numbers of expansion functions
and
are set to be greater
along the and directions.
and
, respectively. The partial differential of relative
than
or
required in the sensitivity
permittivity with respect to
analysis can be easily calculated as follows:

In the density method, through the iteration process, the refractive index in each element is gradually updated toward the
one of the usable values. On the other hand, in the present approach, the shape of the boundaries between two usable materials is updated.
III. NUMERICAL EXAMPLES
As numerical examples of the present design method, first,
we consider the 90 bend as shown in Fig. 1, which is the same
example in [10]. The refractive indexes of cladding and core are
and
, respectively. The waveguide width
m, the design region widths are
m and
is

m, respectively,
m,
, and
m. The size of each element is 0.05 m. We
assume that the fundamental TE mode with wavelength
m is launched into port 1. Fig. 2 shows the optimized refractive index distribution and electric field intensity. As an inito be 0.01
tial condition for amplitude parameters, we set
and the others to be 0. The sequential linear programming is
and . The normalemployed to optimize the parameters,
ized transmission power into output port 2 is 0.96. This result is
slightly better than that in [10] and material boundary is clearly
defined. Fig. 3 shows the convergence behavior of the transmission powers until 20 iteration steps. The convergence property
is also improved in this problem compared with that in [10].
We think that this is because the numbers of optimized parameters in our approach are less than that in the density method
and the first iteration process provided similar structure to the
final optimized one by chance. However, in order to express
fine structures, more expansion functions may be needed and
more detailed discussion about the convergence behavior has to
and probe studied. Fig. 4 shows the obtained function
jected refractive index distribution.
Next, we consider the same example of T-branching waveguide in [10], as shown in Fig. 5. The design region widths are
m and
m, respectively, and the other parameters are the same as in the case of 90 bend. In this example,
considering 1 : 1 branching, we use the symmetric condition
along the direction and maximize the transmission power into
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IV. CONCLUSION
We proposed a topology optimization method with functionexpansion-based refractive index distribution. Compared with
the density method, in the present approach, no gray area appears in the optimized refractive index distribution and material boundaries are distinctly defined. In this approach, the optimized structure can be controlled by selection of the expansion function to some degree and other kinds of functions can
be also available. Extending this method to three-dimensional
structures is now under consideration.
Fig. 5. Design structure for T-branching waveguide.

Fig. 6. Optimized T-branching waveguide by topology optimization. (a) Refractive index distribution; (b) field intensity.

Fig. 7. Optimized T-branching waveguide with higher refractive index contrast
by topology optimization. (a) Refractive index distribution; (b) field intensity.

each output port. Fig. 6 shows the optimized refractive index
distribution and electric field intensity. The normalized transmission powers into output ports 2 and 3 are 0.46, respectively,
and these are the almost same as those in [10]. The optimized
structure in [10] is a little bit complicated and has a relatively
large gray area. On the other hand, the refractive index distribution obtained here has no gray area and has a relatively simpler
structure than that in [10].
Finally, we consider a 1 : 1 T-branching waveguide with
higher refractive index contrast between core and cladding.
Here, the cladding and core refractive indexes are assumed
to be 1.0 and 3.2, respectively. The structural parameters are
,
m, and
m.
m
The fundamental TE mode with wavelength
is launched into port 1. Fig. 7 shows the optimized refractive
index distribution and electric field intensity. The normalized
transmission powers into output ports 2 and 3 are 0.49, respectively. In the optimized structure, there is a wedge-shaped
indent between the design region and the exit ports. We think
this is caused by the selection of the expansion function and
has no physical meaning.
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