
652
IEICE TRANS. ELECTRON., VOL.E105–C, NO.11 NOVEMBER 2022

PAPER Special Section on Recent Advances in Simulation Techniques and Their Applications for Electronics

Topology Optimal Design of NRD Guide Devices Using Function
Expansion Method and Evolutionary Approaches

Naoya HIEDA†, Student Member, Keita MORIMOTO†, Akito IGUCHI†, Members,
Yasuhide TSUJI†a), Senior Member, and Tatsuya KASHIWA††, Fellow

SUMMARY In order to increase communication capacity, the use of
millimeter-wave and terahertz-wave bands are being actively explored.
Non-radiative dielectric waveguide known as NRD guide is one of promis-
ing platform of millimeter-wave integrated circuits thanks to its non-
radiative and low loss nature. In order to develop millimeter wave cir-
cuits with various functions, various circuit components have to be effi-
ciently designed to meet requirements from application side. In this paper,
for efficient design of NRD guide devices, we develop a topology opti-
mal design technique based on function-expansion-method which can ex-
press arbitrary structure with arbitrary geometric topology. In the present
approach, recently developed two-dimensional full-vectorial finite element
method (2D-FVFEM) for NRD guide devices is employed to improve com-
putational efficiency and several evolutionary approaches, which do not re-
quire appropriate initial structure depending on a given design problem,
are used to optimize design variables, thus, NRD guide devices having de-
sired functions are efficiently obtained without requiring designer’s special
knowledge.
key words: NRD guide device, finite element method, topology optimiza-
tion, function expansion method, evolutionary approach

1. Introduction

With the rapid spread of a variety of communication ser-
vices and increase of wireless communication traffic, the
use of millimeter-wave and terahertz-wave bands are be-
ing actively explored to increase communication capacity.
Non-radiative dielectric waveguide known as NRD guide [1]
is one of promising platform of millimeter-wave integrated
circuit thanks to its non-radiative and low loss nature. Al-
though several kinds of NRD guide devices have been re-
ported so far [1]–[13], a well established design methodol-
ogy for realizing optimal device having arbitrary given tar-
get property has not developed yet. In order to develop mil-
limeter wave circuits with various functions, various circuit
components have to be efficiently designed to meet require-
ments from application side.

In recent years, optimal design techniques have been
intensively studied for developing high performance elec-
tromagnetic devices [14]. These optimization techniques
are roughly categorized into size optimization, shape opti-
mization, and topology optimization. Among them, topol-
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ogy optimization has highest design freedom and can obtain
arbitrary structure with arbitrary geometric topology [14]–
[25]. Therefore, topology optimization has a possibility
to dramatically improve device performance beyond human
knowledge and efficient topology optimization method for
NRD devices is expected to be developed.

In this paper, we develop a topology optimal design
approach based on function-expansion-method [17] for de-
signing NRD guide devices without requiring designer’s
profound knowledge and experience. In our approach, by
employing evolutionary approaches to optimize design vari-
ables, appropriate initial structure depending on a given de-
sign problem is not required and NRD guide devices with
desired functions are efficiently obtained. A lot of kinds
of evolutionary approaches have been proposed and devel-
oped so far [26]–[29], however, the performances of these
approaches often depend on design problems. In this pa-
per, we employ four kinds of evolutionary approaches, ge-
netic algorithm (GA) [26], differential evolution (DE) [27],
hybrid firefly algorithm (HFA) [28], and harmony search
(HS) [29], and compare the results by these approaches.
In addition, we employ recently developed two-dimensional
full-vectorial finite element method (2D-FVFEM) for NRD
guide devices [30] to improve design efficiency. Using our
2D-FVFEM, NRD guide devices having three-dimensional
structure can be rigorously analyzed in two-dimensional
space if the dielectric between two metal plates is invari-
ant along the perpendicular direction to two metal plates.
Therefore, efficient simulation without requiring large com-
putational resources has become available and the overall
design efficiency can be dramatically improved.

In Sect. 2, we describe our topology optimization
framework. The numerical expression in design region, four
kinds of evolutionary approaches to optimize design vari-
ables, and the formulation of 2D-FVFEM for NRD guide
are briefly described. Then, we show some design examples
and give some discussions in Sect. 3 and summarize our re-
sults in Sect. 4.

2. Function-Expansion-Based Topology Optimization
of NRD Guide Devices

2.1 Design Problem of NRD Guide Devices

Figure 1 shows an image of millimeter-wave circuit based
on NRD guide and circuit components. We consider a de-
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Fig. 1 An image of millimeter-wave circuit.

sign problem of NRD guide devices as shown in Fig. 2.
The fixed structural parameters in our design are set to be
a = 2.25 mm, b = 2 mm, and computational domain is sur-
rounded by perfectly matched layer (PML) with the thick-
ness of dPML = 5 mm [31], [32]. An incidence of LSM01

mode with around 60 GHz to port 1 is considered. The
relative permittivities of air and dielectric are εair = 1 and
εd = 2.2, respectively. Number and position of input and
output ports are set depending on a design problem. The
structure in design region with size of Wx ×Wy is optimized
to achieve a desired transmission property. We assume that
the structure of the dielectric along the z-direction is invari-
ant between two metal plates.

2.2 Function Expansion Method for Expressing Device
Structure

In order to optimize a device structure with a desired prop-
erty, a structure in the design region is usually expressed
by a large number of numerical design variables. For this
numerical representation, several kinds of approaches have
been proposed so far. In this paper, we employ the function
expansion method [17] which is easy to express arbitrary
structure with arbitrary geometric topology by a relatively
small number of design variables. In the function expansion
method, a relative permittivity distribution in the design re-
gion is expressed as follows:

εr(x, y) = εair + (εd − εair)H(w(x, y)) (1)

w(x, y) =
Nd∑

m=1

cm fm(x, y) (2)

where H(w) is Heaviside step function to be used for bina-
rizing material constant, Nd is the number of design vari-
ables, fm(x, y) is m-th basis function, and coefficients cm

(m = 1, 2, · · · ,Nd) are the design variables in this optimiza-
tion problem. Various functions can be used as fi(x, y) [20].
We will give the specific form of fi(x, y) when we will show
actual numerical examples. Material boundaries which de-
fine device structure are obtained by zero-contour of the
function w(x, y), as shown in Fig. 3.

Fig. 2 Design model of a component of NRD circuit.

Fig. 3 An image of function-expansion-based representation of device
structure.

2.3 Evolutionary Methods for Optimizing Design Vari-
ables

In this topology optimization, we employ four kinds of evo-
lutionary algorithms to optimize the design variables be-
cause these approaches show relatively good performance in
our previous design problems of plasmonic devices. In the
followings, we briefly explain each evolutionary method.

2.3.1 Genetic Algorithm (GA)

Genetic Algorithm (GA) is one of popular evolutionary ap-
proaches and is widely used. In addition, various types of
variants have been developed so far. GA is based on ge-
netic process, such as, crossover between selected parents
and mutation. In this paper, both elite selection and ranking
selection are employed to select parents. From the selected
parents (xp1 , xp2 ), the i-th design variable of children (xc) in
the next generation is generated as follows:

xc,i =

{
Cxp1,i + (1 −C)xp2,i (Cm > Rm)
xi,min + (xi,max − xi,min)C (otherwise)

(3)

where C = U(0, 1), Cm = U(0, 1), U(a, b) is a function
which returns a random number in [0, 1]. Rm is a mutation
rate, and xi,min and xi,max are the minimum and maximum
values of the i-th design variable, respectively. Rm is set to
be Rm = 0.03 in the following optimization.

2.3.2 Differential Evolution (DE)

In DE algorithm, children (xc) in the next generation is gen-
erated by crossover between basis parent (xb) and mutated
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parent (xm). The mutated parent is generated from randomly
selected three parents (xp1 , xp2 , xp3 ). The mutated parent
and child in the next generation are generated as follows:

xm = xp1 + F(xp2 − xp3 ) (4)

xc,i =

{
xm,i (C > 0.5)
xb,i (otherwise)

(5)

where C = U(0, 1) and F is a scale factor and set to be
F = 0.7 in the following optimization. The search space
size depends on differential vectors, then, transition from
global search to local search is readily realized in DE search
process.

2.3.3 Hybrid Firefly Algorithm (HFA)

Hybrid firefly algorithm (HFA) is a hybrid scheme with the
firefly algorithm (FA) and DE. In order to generate children
in the next generation, individuals are divided into two sub-
groups and one is updated by DE and the other is updated
by the FA. After that, two subgroups are mixed with each
other and regrouped.

The FA is based on the fact that each firefly is attracted
to all the superior ones. The updating formula of i-th firefly
at n-th step in the optimization is expressed as follows:

x′i = xi +
∑

j

H(β0, j − β0,i)β0, je
−γr2

i j (x j − xi)

+αδnε (6)

where β0,k is an attractiveness of k-th firefly, ri j is a distance
from xi to x j, γ is a light absorption coefficient, α is a scale
factor, δ is a damping coefficient, and ε is a vector of random
number whose value lies in [−1, 1]. In this optimization,
γ = 1/(4Nd), α = 0.1, and δ = 0.99 are used where Nd is the
number of design variables.

2.3.4 Harmony Search (HS)

Harmony search is a scheme inspired by the improvisation
process of jazz musicians. A new harmony is generated
through selection and tuning process. Each design variable
is selected from harmony memory, in which past relatively
good harmonies are stored. The selected harmony is tuned
or replaced by a random number with a certain probability.
The new harmony xnew

h is generated as follows:

xnew
h,i =


xi,min + (xi,max − xi,min)C

(Ch < (1 − Rhmcr))
xpi,i + ∆ (Ch < (1 − Rhmcr) + RhmcrRpar

xpi,i (otherwise)

(7)

where Ch = U(0, 1), C = U(0, 1), ∆ = αBWU(−1, 1), Rhmcr

is a harmony memory considering rate, Rpar is a pitch ad-
justing rate, and αBW is a bandwidth. In the following op-
timization, Rhmcr = 0.98, Rpar = 0.3 is used, and αBW is
determined by difference value between arbitrary selected

two harmonies.

2.4 Efficient Finite Element Analysis for NRD Guide De-
vices

In order to realize efficient optimization scheme, to em-
ploy highly efficient and highly accurate numerical simu-
lation technique is one of crucial issues. In our recent work,
we have developed a novel 2D-FVFEM for analyzing NRD
guide devices [30]. In our simulation approach, when the
structure between two metal plates is invariant along the per-
pendicular direction to the metal, NRD guide devices with
three-dimensional structure can be rigorously analyzed in
two-dimensional framework. Using this formulation, effi-
cient simulation without requiring large computational re-
sources has become available. The finite element formula-
tion is briefly described and actual expression for calculat-
ing transmission power in each LSM and LSE mode is also
derived.

Propagating behavior of millimeter-wave in NRD
guide device is described by the following vector wave
equation:

∇ × (ε−1
r ∇ × H) − k2

0 H = 0 (8)

where H is a magnetic field vector and k0 is free-space
wavenumber. Considering boundary conditions on metal
plates, we can express each component of H is expressed
as follows:

Hξ = ψξ(x, y) cos(πz/a) (ξ = x, y) (9)

Hz = ψz(x, y) sin(πz/a) (10)

Substituting (9) and (10) into the functional of (8), dis-
cretizing xy-plane into hybrid edge/nodal triangular ele-
ments [33], [34], and integrating the functional in three-
dimensional space, we can get the following linear equation:(

[K] − k2
0 [M]

)
{ψz} = {u} (11)

where [K] and [M] are the finite element matrices and {u}
are the vector related to an incidence condition. The actual
expression of these matrices and vector can be referred in
[30]. In this formulation, z-dependence of H disappear by
being taken integral in the z-direction.

In order to calculate modal power of each LSM mode
and LSE mode, first, overlap integral with normalized modal
field is calculated to obtain modal amplitude as follows:

aLSMm1 =

∫
Γ

ε−1
r Ψ

∗
z,LSMm1

ψzdΓ (12)

aLSEm1 =

∫
Γ

Ψ∗t,LSEm1
ψtdΓ (13)

where t express the transverse direction to the propagat-
ing direction and perpendicular to the metal plates, Ψz,LSMm1

and Ψt,LSEm1 are the normalized modal fields of LSMm1 and
LSEm1 modes, respectively. After obtaining model ampli-
tudes aLSMm1 and aLSEm1 for LSM and LSE modes, respec-
tively, the normalized modal power for LSMm1 and LSEm1



HIEDA et al.: TOPOLOGY OPTIMAL DESIGN OF NRD GUIDE DEVICES USING FUNCTION EXPANSION METHOD AND EVOLUTIONARY APPROACHES
655

respectively are calculated as follows:

PLSMm1 =
βLSM01

{
(π/a)2 + β2

LSMm1

}
βLSMm1

{
(π/a)2 + β2

LSM01

} ∣∣∣aLSMm1

∣∣∣2 (14)

PLSEm1 =
k2

0βLSM01βLSEm1

∣∣∣aLSEm1

∣∣∣2{
(π/a)2 + β2

LSM01

} {
(π/a)2 + β2

LSE01

} (15)

where βLSMm1 and βLSEm1 are the propagation constants of
LSMm1 and LSEm1 modes, respectively.

3. Design Examples

3.1 Branching Waveguide

We consider a design problem of branching device as shown
in Fig. 4. The separation of two output waveguides is set
to 10 mm for getting enough separation. In order to re-
alize a compact branch, the design region size is set to
Wx ×Wy = 6 mm× 18 mm. LSM01 mode with frequency of
f = 60 GHz is assumed as an incident wave. In this paper,
we define the structure expressing function, w(x, y), in the
function expansion method as follows:

w(x, y) =
Nx−1∑

m=−Nx

Ny−1∑
n=0

{amn cos θmn + bmn sin θmn} ,

(16)

θmn =
2πm
Lx

x +
2πn
Ly

y. (17)

where amn and bmn are the design variables in the present
topology optimization. In order to avoid undesired peri-
odicities, the fundamental periods of Fourier series should
be greater than the design region sizes. Thus, we set Lx =

1.1Wx, Ly = 1.1Wy. Nx and Ny are better to be smaller for
avoiding complicated fine structures in optimized devices,
thus we set Nx = 2 and Ny = 4 in this design example. We
have to increase the number of design variables if the de-
sign freedom is insufficient to achieve desired characteris-
tics. In addition, the structural symmetry condition along
the y-direction is imposed to obtain symmetrical outputs.
An objective function of this design problem is set as fol-
lows:

Fig. 4 Design model of branching waveguide.

Minimize C = 1 − 2
∣∣∣S LSM01

21

∣∣∣2 (18)

where S MODE
i1 denotes scattering parameter into i-th port

as a given “MODE” when LSM01 mode is launched into
port 1. Because of the structural symmetry along y-
direction, S LSM01

31 = S LSM01

21 . Therefore, C corresponds to
an insertion loss including a reflection and a converted LSE
mode power. Four optimization methods described in the
previous section are applied and compared with each other.

Figure 5 shows the convergence behavior in each op-
timization method. Although GA and HFA seem to show
better design performance, every optimization method can
obtain sufficient device performance with less insertion loss
than −20 dB. Figure 6 shows the frequency characteristic,
optimized structure, and propagating field at f = 60 GHz
for each optimization result. We can see that the optimized
structures are greatly different with each other. It is consid-
ered that this difference is not due to the difference in the
optimization method, but to the difference in the initial pop-

Fig. 5 Convergence behavior of each optimization method for optimiza-
tion of branching waveguide at f = 60 GHz.

Fig. 6 Optimized results of branching waveguide at f = 60 GHz.
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Fig. 7 Convergence behavior of each optimization method for optimiza-
tion of wideband branching waveguide.

Fig. 8 Optimized result of wideband branching waveguide by GA.

ulation whose individuals are randomly generated. Conver-
gence behavior also partly depends on the initial population.
From these results, we can see that a lot of optimal structures
with almost same device performance exist in the current
optimization condition. On the other hand, the frequency
characteristics are dramatically different with each other be-
cause the optimization is carried out only at f = 60 GHz.
The results by HFA and DE have a relatively wider oper-
ation frequency band, while the results by GA has an ex-
tremely narrow operation frequency band. Therefore, we
have to design the branching waveguide considering wide-
band operation.

In order to achieve wideband operation, the objective
function is modified as follows:

Minimize C =
1

N f

N f∑
i=1

{
1 − 2

∣∣∣S LSM01

21 ( fi)
∣∣∣2} . (19)

Here, considering an operation within f = 58 ∼ 62 GHz, we
set N f = 5 and fi = (i + 57) GHz. The other design settings
are the same as the previous ones.

Figure 7 shows the convergence behavior in four dif-
ferent optimizations. In this design, GA achieved the best
results. Figure 8 shows the optimized result by GA. We can
see that the obtained branching waveguide has wider opera-

Fig. 9 Design model of bending waveguide.

Fig. 10 Convergence behavior of each optimization method for opti-
mization of bending waveguide.

tion band than those designed only at 60 GHz.

3.2 Bending Waveguide

Next, we consider a design example of bending waveguide
as shown in Fig. 9. The size of design region is set to be
Wx ×Wy = 8 mm × 8 mm. The parameters in (16) and (17)
are set to be Lx = 1.2Wx, Ly = 1.2Wy, Nx = 3, and Ny = 3.
An objective function is defined as follows:

Minimize C =
1

N f

N f∑
i=1

(
1 −
∣∣∣S LSM01

21 ( fi)
∣∣∣2)2 (20)

Operation frequency band is assumed to be 58 GHz∼62 GHz
and we set N f = 5 and fi = (i + 57) GHz. Figure 10 shows
the convergence behavior in four different optimizations. In
this design, HS achieved the best result in the view point of
the objective function. Figure 11 shows the optimized re-
sult by HS. We can see that the sharp dip is observed in the
frequency characteristic. The frequency where transmission
drops is not considered in this optimization, therefore, we
cannot avoid these phenomena in the present objective func-
tion. The non-radiative nature of NRD guide is an advantage
for realizing low loss devices. On the other hand, this some-
times cause unwanted resonance and make the optimal de-
sign difficult. Figure 12 shows the optimized result by HFA.
Such an unwanted resonance is not observed in this opti-
mized result although average transmission is slightly lower
than that obtained by HS.
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Fig. 11 Optimized result of bending waveguide by HS.

Fig. 12 Optimized result of bending waveguide by HFA.

3.3 Bandpass Filter

Finally, we consider a design example of bandpass filter as
shown in Fig. 13. The size of design region is set to be Wx ×
Wy = 20 mm × 6 mm. The parameters in (16) and (17)
are set to be Lx = 1.2Wx/2, Ly = 1.2Wy/2, Nx = 5, and
Ny = 2 and symmetry conditions are imposed along the x-
and y-directions. The transmission band is assumed to be
60±0.2 GHz and an objective function is defined as follows:

Minimize C =
1

N f

N f∑
i=1

(
P( fi) −

∣∣∣S LSM01

21 ( fi)
∣∣∣2)2 (21)

where N f = 31 and frequencies are considered at intervals
of 0.2 GHz within 57.0 ∼ 59.4 GHz and 60.6 ∼ 63.0 GHz,
and at intervals of 0.1 GHz within 59.8 ∼ 60.2 GHz. P( fi)
is set to be 1 within the transmission band and otherwise
0. In this design problem, we consider a lot of frequencies
in the objective function to suppress undesired resonance

Fig. 13 Design model of bandpass filter.

Fig. 14 Convergence behavior of each optimization method for opti-
mization of bandpass filter.

Fig. 15 Optimized result of wideband branching waveguide by HFA.

transmissions because such undesired transmissions are ob-
served in our preliminary optimization with a small number
of frequencies

Figure 14 shows the convergence behavior in four dif-
ferent optimizations. In this design, HFA achieved the best
result in the view point of the objective function. Figure 15
shows the optimized result by HFA. We can see that flat top
transmission band is obtained around 60 GHz.

4. Conclusion

In this paper, we proposed the function-expansion-based
topology optimization of NRD guide devices. In our ap-
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proach, characteristics of a given device can be efficiently
and rigorously simulated by 2D-FVFEM without requiring
3D analysis and design variables are optimized by an evolu-
tionary algorithm. In this paper, four different optimization
techniques are investigated and compared with each other.
Although we cannot say which optimization technique is
better in the proposed topology optimization than the oth-
ers, some of them or all of them could achieve sufficient op-
timization in every design problem. In general, the conver-
gence of optimization is faster when the number of design
variables is smaller. It is also shown that the function ex-
pansion method can express arbitrary device structure with
a relatively small number of design variables. We are now
considering to develop more robust optimization technique
combining these optimization techniques. In addition, in the
design of NRD guide devices, undesired frequency charac-
teristics are sometimes observed unlike the optimization in
photonic devices because the device property is evaluated at
discrete frequencies in the objective function. This phenom-
ena is originated from the existence of strong resonance due
to the intrinsic non-radiative nature of NRD guide. In or-
der to avoid these undesired frequency characteristics, some
improvement may be required in more sophisticated design
problems. We are thinking that an optimization method uti-
lizing time-domain analysis is also one candidate to over-
come this problem.
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