
DOI:10.1587/transele.2024ECP5023

Publicized:2024/08/26

This advance publication article will be replaced by
the finalized version after proofreading.



IEICE TRANS. ??, VOL.Exx–??, NO.xx XXXX 200x
1

PAPER
A Study on Optimal Design of Magneto-Metasurface for THz
Isolator

Mio TANIGUCHI†, Student Member, Akito IGUCHI†, Member, and Yasuhide TSUJI†a), Senior Member

SUMMARY In this paper, we design one-dimensional (1D) magneto-
metasurface for THz isolator application. In this optimization, frequency
domain finite element method (FD-FEM) with periodic boundary condition
(PBC) is employed as a numerical simulation method and two kinds of
evolutionary algorithms were used to optimize design parameters. In or-
der to optimize two objectives to maximize unidirectional transmission and
isolation ratio, we propose a novel objective function using ELU function.
The results show that designed metasurface isolator with relatively simple
structure can realize unidirectional transmission. In addition, it is demon-
strated that angular characteristics is improved by optimizing DC magnetic
field and operating temperature.
key words: metasurface, magnetic material, THz band, isolator, optimal
design

1. Introduction

Metamaterials are attracting a lot of attention because they
can realize unique properties that cannot be achieved with
ordinary materials, such as, negative refractive index [1],
[2]. Especially, a lot of applications of metasurface have
been reported, such as, meta-holograms [3], [4], metalenses
[5], [6], invisibility cloaks [7]–[11] and intelligent reflecting
surfaces (IRS)[12], and so on[13]–[15], because metasur-
face with two-dimensional (2D) structure is easy to be fab-
ricated by existing semiconductor fabrication process com-
pared to three-dimensional metamaterials. Isolator is one of
the important components in various applications and isola-
tors utilizing magnetic/nonmagnetic metasurface have been
reported [16], [17]. We consider isolator because of their
important roles in source protection, impedance matching,
noise canceling, and decoupling. S. Chen, et al. have suc-
cessfully developed isolator by utilizing asymmetric struc-
ture in 2D surface. However, structures with cylindrical rods
may be difficult to fabricate with sufficient precision because
the large nonreciprocity is achieved utilizing resonance ef-
fect between rods. Our proposed structure utilize asymmetry
of the arrangement of SiO2 and InSb to obtain large nonre-
ciprocity. Therefore, fabrication tolerance and the resulting
angular characteristics is expected be improved. On the other
hand, the isolator proposed by Z. Tan, et al. has 1D periodic
structure and seems to be easy to fabricate compared to the
isolator proposed by S. Chen, et al., however, the isolation
ratio of this isolator is about only 13 dB.
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Fig. 1: Magneto-metasurface isolator with 1D periodic structure.

In this paper, we design metasurface isolator with sim-
ple 1D structure consists of InSb and SiO2 [18] to im-
prove isolator characteristics. In this design, we employ
frequency domain finite element method (FD-FEM) with
periodic boundary condition (PBC) [19], [20] to calculate
transmission characteristics and harmony search algorithm
(HSA) [21], [22] and genetic algorithm (GA) [23]–[25] to
optimize design variables. In order to realize high transmis-
sion and high isolation ratio simultaneously, a novel objec-
tive function using nonlinear exponential linear unit (ELU)
function is used [26].

In Section 2, we briefly describe our design strategy of
metasurface isolator. In Section 3, we show some design
examples and give some discussion about basic structure
and objective function to improve isolator characteristics.
Finally, in Section 4, we conclude the findings in this paper.
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2. Design of One-Dimensional Magneto-Metasurface

2.1 Basic structure of metasurface isolator

A schematic view of a 1D metasurface isolator is shown
in Fig. 1. DC magnetic field is applied along 𝑥-direction
and isolation of forward and backward propagation of 𝑦-
polarized THz wave is considered. The unit cell of meta-
surface is depicted in the inset and has asymmetric structure
along 𝑦-direction. In this paper, InSb is used as a magneto-
optic material [27], [28] and SiO2 is used as a substrate. SiO2
is also used to realize asymmetric structure. The relative per-
mittivity of InSb is expressed as the following tensor form
[16]:

[𝜀InSb] =

𝜀𝑥𝑥 0 0
0 𝜀𝑦𝑦 𝜀𝑦𝑧
0 −𝜀𝑦𝑧 𝜀𝑧𝑧

 (1)

𝜀𝑥𝑥 = 𝜀∞ −
𝜔2

𝑝

𝜔(𝜔 + 𝑗𝛾) , 𝜀𝑦𝑧 =
− 𝑗𝜔2

𝑝𝜔𝑐

𝜔{(𝜔 + 𝑗𝛾)2 − 𝜔2
𝑐}

,

𝜀𝑦𝑦 = 𝜀𝑧𝑧 = 𝜀∞ −
𝜔2

𝑝 (𝜔 + 𝑗𝛾)
𝜔{(𝜔 + 𝑗𝛾)2 − 𝜔2

𝑐}
,

where 𝜀∞ = 15.68 is the high-frequency limit permittivity.
𝜔𝑝 = (𝑁𝑒2/𝜀0𝑚

∗)1/2 and 𝜔𝑐 = 𝑒𝐵/𝑚∗ are the plasma and
cycrotron angular frequency, respectively, where 𝑒 is the
electron charge, 𝜀0 is the free-space permittivity, and 𝐵 is
the applied DC magnetic field. 𝑚∗ = 0.015𝑚𝑒 is the effective
mass of the carrier for the InSb where𝑚𝑒 is the electron mass.
𝑁 is the intrinsic carrier density and is expressed as follows:

𝑁 (cm−3) = 5.76 × 1014𝑇1.5 exp
[

−0.26
2 × 8.625 × 10−5 × 𝑇

]
(2)

where 𝑇 is the temperature. Therefore, permittivity tensor
for the InSb depends on 𝐵 and 𝑇 . We consider the basic
structure as a combination of rectangle blocks. The design
variables, 𝑤𝑖 (𝑖 = 1 ∼ 𝑁𝑤) and 𝑡 𝑗 ( 𝑗 = 1 ∼ 𝑁𝑡 ) in Fig 1, are
optimized by HSA or GA. By increasing the values of 𝑁𝑤

and 𝑁𝑡 , various structures can be designed. The search range
of each design variable is set to 5 ≤ 𝑤𝑖/𝜇m ≤ 40 and 10 ≤
𝑡 𝑗/𝜇m ≤ 200, respectively. When magnetic material with a
DC magnetic field applied in the 𝑥 direction is considered,
the wave equation is expressed as follows:

𝜕

𝜕𝑦

[
1
𝜎

(
𝜀𝑦𝑦

𝜕𝐻𝑥

𝜕𝑦
− 𝜀𝑦𝑧

𝜕𝐻𝑥

𝜕𝑧

)]
+ 𝜕

𝜕𝑧

[
1
𝜎

(
𝜀𝑧𝑧

𝜕𝐻𝑥

𝜕𝑧
− 𝜀𝑧𝑦

𝜕𝐻𝑥

𝜕𝑦

)]
+ 𝑘2

0𝐻𝑥 = 0

(3)

where 𝜎 = 𝜀𝑦𝑦𝜀𝑧𝑧 + 𝜀𝑦𝑧𝜀𝑦𝑧 , 𝑘0 is a free-space wavenum-
ber. We assume that the applied DC magnetic field affects
only the relative permittivity tensor and only high frequency

component is considered in 𝐻𝑥 . The analysis domain is dis-
cretized using second-order triangular nodal elements and
FD-FEM is applied to (3). The analytical solutions are con-
nected to Γ𝑒1 and Γ𝑒2 (xy-plane) in Fig. 1, and PBC is applied
between Γ𝑝1 and Γ𝑝2(xz-plane)[19]. Evolutionary methods,
HSA and GA, are used for size optimization. HSA and GA
are explained in the Appendix.

2.2 Optimization for multi-objective

In the design of isolators, it is necessary to maximize both
isolation ratio and one-way transmission. Therefore it is
required to optimize two or more different objectives simul-
taneously. For this reason, we introduce the ELU function,
which is a nonlinear function, to define the objective function
in this paper. At the first, the optimization behaviors when
using objective function based on weighted sum and non-
linear ELU function are compared. The objective function
usually used for multi-objective is expressed as follows:

Minimize 𝐶OF1 =
2∑
𝑖=1

(𝛼𝑖𝐶𝑖) (4)

where𝐶1 and𝐶2 are objective functions for maximizing iso-
lation ratio and transmittance, respectively. 𝛼1 and 𝛼2 are
weighting factor for each objective. Figure 2(a) shows the
color contour of 𝐶 as a function of 𝐶1 and 𝐶2. Minimum
target property (𝐶1 < 0 and 𝐶2 < 0) is shown by thick solid
line and search directions for different start points (𝑃1, 𝑃2,
𝑃3) are illustrated. The objective function is negative in
the hatched area, however, 𝐶1 or 𝐶2 have positive value and
minimum requirement is not satisfied. Therefore, we intro-
duce the ELU function to determine the objective function
for multi-objective as follows:

Minimize 𝐶OF2 =
2∑
𝑖=1

ELU(𝛼𝑖𝐶𝑖) (5)

ELU(𝑥) =
{
𝑥 (𝑥 ≥ 0)
𝑒𝑥 − 1 (𝑥 < 0) (6)

Figure 2(b) shows the color contour of 𝐶 as a function of 𝐶1
and 𝐶2. We can see that the objective with poor characteris-
tics is improved more. The usefulness of the ELU function
is discussed in detail in the Appendix.

3. Design Examples of Metasurface Isolator

3.1 Single frequency design

First, we will demonstrate the effect of the objective function
using the basic model, and then we will discuss whether op-
eration bandwidth can be expanded by increasing the design
parameters. We consider magneto-metasurface shown in
Fig. 1 and non-magnetic material (NMM), magnetic ma-
terial (MM), and surroundings are assumed to be SiO2,



TANIGUCHI et al.: A STUDY ON OPTIMAL DESIGN OF MAGNETO-METASURFACE FOR THZ ISOLATOR
3

−10 −5 0 5 10

−10

−5

0

5

10

−20

−15

−10

−5

0

5

10

15

20

C
2

C1

−20

−15

−10

−5

0

5

10

15

20

−10 −5 0 5 10

−10

−5

0

5

10

−20

−15

−10

−5

0

5

10

15

20

C
2

C1

−20

−15

−10

−5

0

5

10

15

20

(a) Weighted sum (b) ELU function
Fig. 2: Color contour of objective function distribution and search

directions at different points (𝛼1 = 𝛼2 = 1).

InSn, and air, respectively. Air and SiO2 are assumed to
be isotropic nondispersive media and their relative permit-
tivities are set to be 𝜀air = 1 and 𝜀SiO2 = 4. InSb has
a magneto-optical effect and its permittivity tensor is ex-
pressed by Eq. (1) [16]. The operating frequency is set to be
𝑓 = 0.6 THz and the normal incidence (𝜃in = 0) is assumed.
the temperature is set to be 𝑇 = 230 K and the applied DC
magnetic field is set to be 𝐵 = 0.4 T. The design variables in
this optimization are 𝑤1, 𝑤2, 𝑤3, 𝑡1, and 𝑡2. These values are
optimized by HSA.

First, in order to discuss the difference in optimal design
results depending on the objective function, we consider two
kinds of objective functions as follows:

• OF1 defined as Eq. (4) :{
𝐶1 = −𝑇 𝑓 , 𝐶2 = 𝑇𝑏 (𝑇 𝑓 > 𝑇𝑏)
𝐶1 = −𝑇𝑏, 𝐶2 = 𝑇 𝑓 (𝑇 𝑓 < 𝑇𝑏) (7)

where 𝑇 𝑓 and 𝑇𝑏 are the transmittance when the inci-
dence are from 𝑧 = −∞ and +∞, respectively, and in
this paper, we call these as forward and backward trans-
mittance, respectively. In this objective function, we
aim to achieve one-way transmission in either +𝑧 or −𝑧-
direction. If we want to obtain one-way transmission in
the opposite direction, that can be achieved by changing
the front and back side of the metasurface. To achieve
one-way transmission, smaller 𝐶1 and smaller 𝐶2 are
aimed.

• OF2 defined as Eq. (5):

𝐶1 = 𝑇aim − 𝑇𝑏 (8)

𝐶2 = 1 − IR
IRaim

, IR = 10 log10
𝑇𝑏
𝑇 𝑓

(9)

where 𝑇aim and IRaim represent minimum required backward
transmittance and isolation ratio (IR), respectively. In this
case, we define the transmission direction as the backward
direction based on the design results using OF1. We consider
different 𝐶1 and 𝐶2 in OF1 and OF2. 𝐶2 is possible to be
≃ −∞ when IR increases to be ∞, then only 𝐶2 may be
improved if Eq. (9) is used in OF1. On the other hand,
ELU(𝐶2) is larger than −1 if 𝐶2 = −∞. This is the reason
why we employ OF2.

Figure 3 shows the transmission and isolation ratio
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Fig. 3: Transmission and isolation ratio properties of magneto
metasurface designed at 0.6 THz. OF1a and OF1b denote
OF1 with (𝛼1, 𝛼2) = (1, 5), and (1, 1000), respectively.

properties of the optimally designed metasurface isolators.
In OF1, two sets of (𝛼1, 𝛼2) = (1, 5), (1, 1000) are used.
In OF2, (𝛼1, 𝛼2) are set to be (50, 20) and 𝑇aim and IRaim
is set to be 0.65 and −20 dB, respectively. When using
OF1 with (𝛼1, 𝛼2) = (1, 5), transmittance in pass direc-
tion achieve 0.76 at 𝑓 = 0.6 THz and IR slightly exceed
−20 dB within narrow spectral range. When using OF1 with
(𝛼1, 𝛼2) = (1, 1000), higher IR of 38 dB is obtained, how-
ever, transmittance is significantly degraded to 0.43. There-
fore, we can see that weighting factor (𝛼1, 𝛼2) has to be
carefully determined. On the other hand, the isolator de-
signed using OF2 achieve transmittance of 0.7 and IR of
23.5 dB at 𝑓 = 0.6 THz and both requirements of transmit-
tance and IR are satisfied within wider frequency range.

3.2 Design for broadband operation

In order to expand the operation bandwidth, we consider
three types of unit cell structures, as shown in Fig. 4. The
design variables are 𝑤𝑖 (𝑖 = 1 ∼ 𝑁𝑤), 𝑡 𝑗 ( 𝑗 = 1 ∼ 𝑁𝑡 ) and
these values are optimized by GA. In order to achieve one-
way transmission, an asymmetric arrangement of magnetic
and non-magnetic materials is required so that the electro-
magnetic waves feel different structure with respect to the
different direction of propagation. The simplest of these
asymmetric structures is that of Fig. 4(a). Therefore, we em-
ploy this structure first. After that, the structures in Fig. 4(b)
and (c) are considered to discuss if the characteristics can
be improved by considering structures with a higher degree
of freedom. Fig. 4(c) mimics trapezoidal structure. Figure
5 shows the results of size optimization at frequency of 0.6
THz using OF2 with 𝛼1 = 50, 𝛼2 = 20, 𝑇aim = 0.50, and
IRaim = 40 dB. Only structure #2 and #3 achieve IR ≥ 40 dB
and the structure #3 has better properties compared with the
structure #1 and #2. The bandwidth in which IR ≥ 20 dB
and 𝑇𝑏 ≥ 0.5 are satisfied is 32 GHz in the structure #3.

Next, in order to broaden operation bandwidth, we mod-
ify the objective function as follows:



4
IEICE TRANS. ??, VOL.Exx–??, NO.xx XXXX 200x

t2t1

w3

w2

w1

w1

air air

SiO2

InSb

0.5

0.5

zx

y

w3

w4

w2

t2t1

w10.5

w10.5

airair

InSb

SiO2

zx

y w10.5

w10.5 t3

6

w
w4
w3
w2

t1 t2

w

5

air air

SiO2

InSb

x
y

z

(a) Structure #1 (b) Structure #2 (c) Structure #3
(𝑁𝑤 = 3, 𝑁𝑡 = 2) (𝑁𝑤 = 4, 𝑁𝑡 = 2) (𝑁𝑤 = 6, 𝑁𝑡 = 3)

Fig. 4: Basic unit cell considered in this paper.
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Minimize 𝐶 𝑓 = max
𝑓 ∈ F

𝐶 ( 𝑓 ), (10)

F = {0.58, 0.59, 0.60, 0.61, 0.62 THz}

where 𝐶 𝑓 is defined by Eq. (10). In this optimization, re-
quirement for IR is relaxed to IRaim = 20 dB. Figure 6 shows
the forward and backward transmission properties of the op-
timized magneto metasurface isolator. Bandwidth which
satisfy IR ≥ 20 dB and 𝑇𝑏 ≥ 0.5 are 31.4 GHz, 18.4 GHz,
and 35.0 GHz in the structure #1, #2, and #3, respectively.
We can see that the operation bandwidth is improved by
broadband optimization. Especially, the broader operation
bandwidth is achieved in the structure #1 and #3.

3.3 Design for wide angle operation

Next, we design metasurface isolator which can work in wide
angle range. In order to use metasurface isolator within the
incidence angle of −40◦ ∼ 40◦, we define the objective
function as follows:

Minimize 𝐶𝜃 = max
𝜃in∈ 𝚯

2∑
𝑖=1

ELU(𝛼𝑖𝐶𝑖) (11)

𝚯 = {−40◦,−20◦, 0◦, 20◦, 40◦}

where 𝜃in is the incident angle in 𝑦𝑧-plane. We consider the
structure #1 and #3 and 𝛼1 = 50, 𝛼2 = 20, 𝑇aim = 0.7 and
IRaim = 20 dB are used. In addition, we employ the HSA
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Fig. 6: Forward and backward transmission properties of magneto
metasurface designed between 0.58 and 0.62 THz.

to optimize design variables because good search perfor-
mance has been reported in [22]. The operation frequency
is assumed to be 𝑓 = 0.6 THz. Figure 7 shows the an-
gular characteristics of the designed metasurface isolator at
𝑇 = 230 K and 𝐵 = 0.4 T. However, we can see that the
angle dependence is large and the aimed characteristics are
achieved only in a narrow angle range.

In order to improve the angular characteristics, we in-
clude the temperature and the DC magnetic field intensity
into the design variables. We set the search range for these
values as 210 ≤ 𝑇/K ≤ 250, −0.3 ≤ 𝐵/T ≤ 0.5. We
consider only the structure #1 because the performance is
almost same for both #1 and #3 in Fig. 7. Figure 8 shows the
results of the optimal design. We can see that the angular
characteristics is greatly improved by tuning the temperature
and the DC magnetic field intensity. Their optimized val-
ues are 𝐵 = 0.42 T and 𝑇 = 232.75 K and the optimized
structural parameters are 𝑤1 = 10.9 𝜇m, 𝑤3 = 17.9 𝜇m,
and 𝑤2 = 22.4 𝜇m, 𝑡1 = 200 𝜇m, and 𝑡2 = 99 𝜇m. Figure
9 shows the propagation field in the case of the incidence
angle of −40◦, 0◦, and 40◦. It is seen that this metasurface
works as an isolator in wide angle range. In this metasurface,
reflected wave is not completely suppressed when incidence
angle is large, therefore, interference between incidence and
reflected wave is observed. However, we can see that the
backward transmission is enough suppressed.

4. Conclusion

In this paper, we have designed 1D magneto-metasurfaces
consist of InSb and SiO2. In order to satisfy two different ob-
jectives simultaneously, we improved the objective function
by using nonlinear function. In order to realize metasurface
isolator, first, three kinds of basic structures were considered
and their structural parameters were optimized in the normal
incidence case. Then, in order to improve angular character-
istics, we designed the structural parameters together with
the temperature and the magnetic field intensity and achieved
wide angle operation. We believe that the ELU based ob-
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.

jective function is effective regardless of the optimization
method. In the future, we will apply topology optimal de-
sign [22], [29]–[31] to 2D metasurface design for achieving
higher performance metasurfaces.
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Appendix

A. Optimizatoin method

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

𝜃in = −40◦ 𝜃in = 0◦ 𝜃in = 40◦
(a) Forward

𝜃in = −40◦ 𝜃in = 0◦ 𝜃in = 40◦
(b) Backward

Fig. 9: Propagation field distribution in the case of plane wave inci-
dence to the metasurface designed for wide angle operation.

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 =


𝑥𝑖,min + (𝑥𝑖,max − 𝑥𝑖,min)𝐶

(𝐶ℎ ≤ (1 − 𝑅hmer))
𝑥𝑝𝑖 ,𝑖 + Δ (𝐶ℎ ≤ (1 − 𝑅hmer) + 𝑅hmer𝑅par)
𝑥𝑝𝑖 ,𝑖 (otherwise)

(A-1)

where 𝐶ℎ = 𝑈 (0, 1), 𝐶 = 𝑈 (0, 1), Δ = 𝛼BW𝑈 (−1, 1), 𝑅hmer
is a harmony memory considering rate, 𝑅par is a pitch adjust-
ing rate, and 𝛼BW is a bandwidth. 𝑈 (𝑎, 𝑏) is a function which
returns a random number in [0, 1], 𝑥𝑖,min and 𝑥𝑖,max are the
minimum and maximum values of the 𝑖-th design variable,
respectively. In the following optimization, 𝑅hmer = 0.98,
𝑅par = 0.3 is used, and 𝛼BW is determined by difference
value between arbitrary selected two harmonies [22].
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)

(A-2)

where 𝐶𝑚 = 𝑈 (0, 1), and 𝑅𝑚 is a mutation rate, 𝑅𝑚 is set to
be 𝑅𝑚 = 0.03 in the following optimization [22].
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B. Objective function

Here, the objective functions OF1 and OF2 are discussed in
detail. First, we consider 𝐶OF1 written as follows :

𝐶OF1 = −𝛼1𝑇𝑝 + 𝛼2𝑇𝑠 (B-1)

where 𝑇𝑝 and 𝑇𝑠 are the transmittance in the pass and stop
directions, respectively. As an example, we consider the case
where the desired property is (𝑇𝑝 , IR) = (0.7, 20 dB) and let
the value of 𝐶OF1 with (𝑇𝑝 , IR) = (0.7, 20 dB) is denoted
by 𝐶∗

OF1. Table 1 shows some examples of the transmission
properties with 𝐶OF1 smaller than 𝐶∗

OF1 for several values
of 𝛼1 and 𝛼2. From Table 1, it can be seen that even for a
smaller 𝐶OF1 than 𝐶∗

OF1, the characteristics is possible to be
much lower than the target value.

Table 1: Values of 𝐶OF1 for some cases of (𝛼1, 𝛼2).
(𝛼1, 𝛼2) 𝑇𝑝 𝑇𝑠 IR [dB] 𝐶OF1 𝐶∗

OF1
(10,1) 0.72 0.2 5.56 -7.0 -6.993
(1,1) 0.73 0.03 13.86 -0.7 -0.693
(1,10) 0.65 0.002 25.12 -0.63 -0.630
(1,100) 0.50 0.005 20.00 0.0 0.000
(1,1000) 0.20 0.0065 14.88 6.3 6.300
𝐶∗

OF1 is the value of 𝐶OF1 with (𝑇𝑝 , IR) = (0.7, 20 dB).

Next, we consider 𝐶OF2 written as follows :

𝐶OF2 = 𝛼1 (𝑇aim − 𝑇𝑝) + 𝛼2 (1 − IR/IRaim) (B-2)

where 𝑇aim = 0.7, IRaim = 20 dB, respectively. In this case,
the value of 𝐶OF2 is 𝐶∗

OF2 = 0 when the desired property
is satisfied. Table 2 shows the value of 𝐶OF2 for the same
transmission characteristics as in Table 1 when (𝛼1, 𝛼2) =
(50,20). As is clear from Table 2, the value of 𝐶OF2 is far
larger than 𝐶∗

OF2. Therefore, it is seen that these unaccept-
able transmission characteristics are correctly distinguished.

Table 2: Values of 𝐶OF2 for the same transmission properties as in
Table 1.

(𝛼1, 𝛼2) 𝑇𝑝 𝑇𝑠 IR [dB] 𝐶OF2 𝐶∗
OF2

(50,20) 0.72 0.2 5.56 13.8 0.0
(50,20) 0.73 0.03 13.86 5.36 0.0
(50,20) 0.65 0.002 25.12 1.51 0.0
(50,20) 0.50 0.005 20.00 10.0 0.0
(50,20) 0.20 0.0065 14.88 30.1 0.0
𝐶∗

OF2 is the value of 𝐶OF2 with (𝑇𝑝 , IR) = (0.7, 20 dB).

Table 3 shows some transmission properties when𝐶OF2 ≃ 0.
It can be seen that even if one characteristic greatly exceeds
the target property, the degradation of the other characteris-
tic from the target value has to be very small. From these
discussions, the proposed objective function𝐶OF2 is thought
to be superior to 𝐶OF1 in the present multi-objective design.
The difference of 𝐶OF1 and 𝐶OF2 is also illustrated in Fig. 2.

By the way, to ensure that the target property is always sat-
isfied when 𝐶OF2 = 0, the ELU function should be replaced
with the ReLU (Rectified Linear Unit) function. However, in
that case, 𝐶OF2 = 0 for both (𝑇𝑝 , IR) = (1.0, 30 dB) and (0.7,
20 dB). It is obvious that the former is better. Therefore, the
ELU function is employed to distinguish the difference like
this. As 𝛼1 and 𝛼2 increase, the ELU function approaches
the ReLU function and the target property is likely to be
satisfied, so relatively large values of 𝛼1 and 𝛼2 are used in
this paper. We can see that the sensitivity of the obtained
transmission property to 𝛼1 and 𝛼2 is not so significant from
Table 3.

Table 3: Dependence of tranmission properties that may be ob-
tained using OF2 on (𝛼1, 𝛼2).

(𝛼1, 𝛼2) 𝑇𝑝 𝑇𝑠 IR [dB] 𝐶OF2 𝐶∗
OF2

(50,20) 0.75 0.009265 19.08 ≃0.000 0.0
(50,20) 0.80 0.010056 19.01 ≃0.000 0.0
(50,20) 0.68 0.001 28.33 ≃0.000 0.0
(100,40) 0.75 0.008409 19.50 ≃0.000 0.0
(100,40) 0.80 0.008976 19.50 ≃0.000 0.0
(100,40) 0.69 0.001 28.39 ≃0.000 0.0
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