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The electromagnetic wave enhanced transmission (ET) through the sub-wavelength aperture was an unconventional
physical phenomenon with great application potential. It was important to find a general design method which can real-
ize efficient ET for arbitrary-shaped apertures. For achieving ET with maximum efficiency at specific frequency through
arbitrary-shaped subwavelength aperture, a topology optimization method for designing metamaterials (MTM) microstruc-
ture was proposed in this study. The MTM was employed and inserted vertically in the aperture. The description function
for the arbitrary shape of the aperture was established. The optimization model was founded to search the optimal MTM
microstructure for maximum enhanced power transmission through the aperture at the demanded frequency. Several MTM
microstructures for ET through the apertures with different shapes at the demanded frequency were designed as exam-
ples. The simulation and experimental results validate the feasibility of the method. The regularity of the optimal ET
microstructures and their advantages over the existing configurations were discussed.

Keywords: metamaterial, enhanced transmission, topology optimization, arbitrary-shaped aperture

PACS: 78.67.Pt, 42.25.Bs

1. Introduction

Electromagnetic (EM) metamaterial (MTM) is a kind of
patterned artificial material with some special EM character-
istics, such as negative refraction, band gap, and anti or zero
Doppler effect, which the natural materials do not possess.!! =
The special EM characteristics of MTM can be engendered
by the resonance of single MTM microstructure, the coupling
between each MTM unit cell, or reasonable MTM unit cell
array arrangement. The researchers in the corresponding ar-
eas showed great interest in EM MTM in recent years. MTM
has been widely used in EM invisibility, sensors, antennas,

[4-10] 1t was also found that a rea-

wave absorbers, and so on.
sonable MTM unit cell or coupled MTM pair can be used to
achieve enhanced transmission (ET) of EM wave through a
sub-wavelength aperture on a metal plate.!!!=15]

According to Bethe’s theory, the proportion of EM wave
transmitting through a sub-wavelength hole on a metal plate
was limit, when the radius of the hole was much smaller than
the interested wave length.['®! However, Ebbesen’s research
It was found that the light

could transmit through the designed aperture array on the sil-

broke through this restriction.

ver film.['”] Enlightened by this report, researchers exposed
that wave could also transmit through a single aperture on the

DOI: 10.1088/1674-1056/acOcde

metallic plate if the resonator with proper form was placed in
or near the aperture.l'”-'8! So far, MTM-based ET has devel-
oped into a physical phenomenon across different frequency
bands.["211 It is of great significance to sensor, aperture
imaging and other corresponding fields.[>3! MTM resonators
based on different resonant mode or coupling mechanisms for
the efficient ET through the apertures with different shape and
parameters were also proposed successively.?*8! Zhou in-
serted the mirror symmetric split ring resonators orthogonally
in the circular aperture to enhance the localized field, and

[26] For rectangular and square aper-

achieved ET eventually.
tures respectively, Xiao et al. proposed to realize ET by ad-
justing the proportion of each part of coplanar T-shaped mi-
crostructure embedded in the apertures.”?’] In the above re-
search, the transmission characteristics were dependent on the
existing microstructures so that it was suitable for a limited
aperture shape. By making use of the strong local magnetic
resonance, Ramaccia used the connected split ring resonators
or omega-shaped resonators to realize ET, which enhanced the
transmission with a large enhancement factor and minimize

[28] If the resonator is too

the dependence on the aperture size.
close to the aperture, there would be a strong coupling between

the resonator and the aperture. It is uncertain whether a sin-
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gle configuration is suitable for all aperture shapes. It is still
necessary to find the exact corresponding microstructures for
different aperture shapes.

Previous studies have shown that the MTM is an effective
implementation of ET, but its form is related to the aperture

29301 There is the demand for the description model of

shape. !
the apertures with different shape. Furthermore, it is neces-
sary to discuss how to find a suitable MTM configuration un-
der the existing aperture description. In the recent years, more
and more unpredictable materials or structures with optimal
characteristics were designed through topology optimization,
which contained the EM MTM microstructures. *!-34 Topol-
ogy optimization has been proved to be a feasible method for
MTM microstructures design under different designing back-
grounds. It can also help to get the MTM with proper form
for ET with high efficiency through different apertures. Estab-
lishing the optimization model of MTM in the ET with high
transmission efficiency is also the key problem.

In this study, topology optimization method of MTM de-
sign for efficient ET through arbitrary-shaped sub-wavelength
aperture at specific frequency was proposed. The optimiza-
tion model for optimal MTM microstructure design and the
model for describing the aperture with different shapes were
established. Several numerical examples with different aper-
ture shapes and frequency demands were designed. The sim-
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ulation and experimental results verified the feasibility of the
method. The characteristics of the optimal ET microstructures
and their advantages over the existing configurations were dis-
cussed. This design method can also be extended to the ET

design in other frequency bands.

2. Mechanism analysis and optimization model
of MTM

The incident wave can propagate through the waveguide
system, but would be cut off if a metallic plate is blocked in
the middle. An aperture whose size was much smaller than
the working wavelength can not effectively guide the wave to
pass. A pair of EM MTM unit cell composed of dielectric sub-
strate and copper microstructures, was orthogonally inserted in
the aperture to guide the wave. It was mirror symmetric about

[24] Under the excitation

the metallic plate, as shown in Fig. 1.
of the incident wave, the microstructure at the incident side
engendered resonance at the corresponding frequency. The
strong electric field near the aperture can be coupled to the
neighbor microstructure and transmit the wave into next half
waveguide. The part of the microstructure near the aperture
can be regarded as an equivalent coupling capacitor or induc-
tor, which helped the wave with same guiding mode passing

through the whole waveguide.

(b)

metal plate

copper patch

[ substrate

X
Ly

Fig. 1. The aperture and the metamaterial in the waveguide. (a) The waveguide system. (b) The arrangement of MTM in the waveguide. (c)
The shape of the hole and the position of MTM. (d) The front view of MTM.

The resonant characteristics, which contained the reso-
nant frequency and the resonant strength, were determined by
the configuration of MTM and the coupling between the mi-
crostructures and the aperture. In the model establishing, in
order to define the arbitrary shape of the hole, the function of

the hole R(0;r) was defined in a two dimensional polar coor-

dinate. The expression of R(6;7) was

m n
R(G;r):roJrZr,-cos(iG)Jrersin(jG), (D
i=1 j=1
where angle 6 was the polar angle in the polar coordinate. r
was the settled weight factor to control the shape of the hole.
After modeling the waveguide and setting the material
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and size of MTM, we intended to design the proper mi-
crostructure of MTM to obtain maximum transmission at the
required frequency. Two copper rectangle regions on the
front side of the substrate were denoted as the design do-
main. Copper patch can be filled or etched in each sub
mesh of the periodically discretized design domain. Vector
S = (s1,52,53,.-.,5,) 7 was used as design variable. Each ele-
ment s; in .S was binary for presenting the absence or presence
of the copper patch in each sub mesh.

The design domain was mirror symmetric, so only half
of the vector S was coded and the other half was the same as
the coded part. This kind of coding ensured the arranging of
the patches in the whole design domain, and decreased twice
coding quantity simultaneously. It was helpful for improving
the optimization efficiency. Meanwhile, in order to avoid the
situation that too much computing resources were invested in
the infeasible solution of complex microstructure, the rough
finite element grid was used to calculate the numerical value
of the model at first. If there was ET characteristics, the grid
was refined to calculate the exact solution. Too much calcu-
lation on the unnecessary microstructure was avoided in order
to improve the optimization efficiency.

initialize the physical model and
the optimization parameters

in this generation
establish the transmission
system inserted by the MTM
microstructure, obtain the
transmission parameters

—_—

next individual

next
generation

select the microstructure with
maximum transmission in this
generation as the parents
design variable

[ the optimal microstructure]

Fig. 2. Flow chart of the optimization design.

The transmission efficiency of the model can be repre-
sented by S,; parameters of the two port networks, which can
be obtained by solving the transmission system (in this study,
FEM-based software HFSS was employed). Genetic algo-
rithm was chosen as the optimization algorithm. Matlab was

used to control the iteration and the convergence of the opti-
mization process. For high efficiency of ET at the demanded
frequency, the design object was to find the optimal design
variable S, to get the maximum Sy at the specific frequency
f;- The optimization function was as below:

find S = (sl,sz,S3,...7sn)T,
max F(S;f;) = 8. 2)

The flow chart of the optimization design was shown in Fig. 2.

3. MTM design for ET at specific frequency

Numerical examples were designed to validate the ro-
bustness of the method. In the first two examples, the in-
terested frequency range was 8 GHz to 12 GHz. The cross
section of waveguide was 22.86 mm x 10.16 mm. The 0.5-
mm thick metal plate was placed in the middle of the waveg-
The substrate of MTM was FR4, whose dimension
was 8.5 mm X 3.8 mm x 0.5 mm. Half of the design do-

uide.

main was 3.6 mm x 3.6 mm. It was discrete and each sub
mesh was 0.3 mm x 0.3 mm. The patch in the sub mesh was
0.31 mm x 0.31 mm. The distance between the two sub design
domain d was 0.5 mm.

In the first example, the hole was a 2-mm radius circle
and positioned at the center of the plate, as shown in Fig. 3(a).
The shape of the hole was defined by function (1), in which the
weight factor rp = 2 mm, and other elements in vector r were
zero. The maximum transmission at 11.5 GHz was required.
In different numerical examples, by using personal computer
with Intel Core 17-8700k 3.70-GHz CPU and 16-GHz mem-
ory, the optimization running time was about 48 hours to
168 hours. In this example, the optimization running time
was 94 hours. The transmission efficiency through the aper-
ture without the MTM was less than —30 dB, which meant the
wave could not pass the aperture in this situation. The topol-
ogy optimized configuration was shown in Figs. 3(a) and 3(b).
The maximum transmission at 11.5 GHz was —1.35 dB. Fig-
ure 3(e) illustrated that there was a peak of S; of the optimized
microstructure at 11.5 GHz. The power loss was also calcu-
lated according to the simulated reflection and transmission
coefficients as L = 1 — [S5;|> — |S11]>. There was about 20%
power loss near the ET frequency, which was mainly from the
dielectric loss of the substrate in resonance. Because at the mi-
crowave band the copper was approximated as perfect electri-
cal conductor, the conductor loss was limited. Selecting a kind
of substrate with low loss tangent can effectively decrease the
loss in resonance.

The designed MTM microstructure was validated exper-
imentally. The MTM microstructure was manufactured by
etching technique. The rectangle straight waveguide was con-
nected with vector network analyzer (VNA). The tested spec-
imen and experimental platform was shown in Figs. 3(c) and
3(d). The tested S parameters of the waveguide system with
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the designed MTM microstructure were shown in Fig. 3(f).
The tested S parameters coincided with the simulated results.
The transmission efficiency at 11.5 GHz was —1.87 dB. The

(ey O == 1.0
. ~1or 0.8
g
~ _20F
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maximum transmission was —1.84 dB at 11.505 GHz. With-
out MTM, the S, parameter was below —30 dB, so the trans-
mission was blocked in the whole frequency band.

metal plate

copper patch

[ substrate

waveguide B
«

4

~rary, \’\’w/-\/\l\\f;\,\l_.\

---= 511 MTM inserted
—— S5, MTM inserted
_ ——— Sy without MTM

\
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o= 2T TN AN N NN

12
Frequency (GHz)

Fig. 3. The designed MTM and its transmission characteristics. (a) The arrangement of MTM in the aperture. (b) The front view of the designed MTM. (c)
The specimen of MTM and (d) the experimental platform. The transmission characteristics (e) from simulation and (f) from experiment. The red solid line,
the blue dashed line and the grey dashed line were the S, S;1, and the loss of the transmission system inserted with the designed MTM microstructure. The
black dotted line was the S; of the transmission system without MTM.

(2)

E field (V/m)
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Fig. 4. The electric field distribution at 11.5 GHz. (a) The electric field distribution on the MTM. (b) The electric field distribution in the waveguide with the
designed MTM microstructure in the aperture.
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Fig. 5. The aperture, the designed MTM and the transmission characteristics. (a) The perspective and (b) the specimen of the aperture. (c) The front view
and (d) the specimen of the designed MTM microstructure. The transmission characteristics (e) from simulation and (f) from experiment. (g) The electric

field distribution on MTM.

A further study on the coupling between the two parts of
the MTM was carried out. Under the TE10 mode wave ex-
citation, time varying magnetic field excited local resonance
in the MTM. A strong electric field was generated under the
resonance near the aperture, as shown in Fig. 4(a). An equiva-
lent capacitance effect was created and coupled the two parts.
On the analysis of the electric field in the whole waveguide,
as shown in Fig. 4(b), there was a strong local field on both
sides of the metal plate engendered by MTM, which guided
the wave passing through the aperture.

In the

second example, an irregular shape was

chosen as the shape of the aperture. The maxi-
mum transmission at 10 GHz was required. The
indicator = in the function (1) was [ro;risrj] =

[0.002014;0.00076;0,0.00038, —0.000304,0.00038], and the
corresponding irregular shape of the hole was established by
the expression as

R(6;7) = 0.00038 x [5.3+2cos(6) +sin(6)

—0.8sin(360) +sin(46)]. 3)

The shape of the aperture was shown in Figs. 5(a) and 5(b).
The other parts in the transmission system were the same as the
ones in the first example. The designed MTM microstructure
and its specimen were shown in Figs. 5(c) and 5(d). The trans-
mission at 10 GHz was —1.826 dB in the simulation. From the
experiment, the maximum S; was —3.8 dB at 10.06 GHz, and
was —4.3 dB at 10 GHz. The electric field distribution indi-
cated that there was a strong electric coupling on the gap of the
microstructure near the aperture, where the electric field was
concentrated. The strong local coupling guided the efficient
transmission.

4. Discussion
4.1. Configuration analysis

Through the calculation of a certain number of examples,
it was found that under different design constraints, the opti-
mized microstructures showed a kind of regularity. The region
without metal or without continuous metal patches mainly
concentrated in the cental area, while the region outside was
surrounded by the continuous metal patches, as shown in
Figs. 3(b) and 5(c) in the numerical example 1 and numeri-
cal example 2. The surrounding continuous metal patches in
the microstructures were easy to exhibit a strong resonance in
a defined design domain. According to the equivalent circuit
theory, the two cavities formed by the surrounding continuous
metal patches on both sides of the MTM produced correspond-
ing equivalent parallel double tuned LC circuits. In different
microstructure forms, the circuits on both sides realized ca-
pacitive coupling with capacitor C; or inductive coupling with
mutual inductance M, as shown in Figs. 6(a) and 6(b). The
LC circuit realized the coupling between the primary and sec-
ondary circuits under its own resonant state. On this basis,
the adjustment of patch composition in the design domain was
the adjustment of the equivalent LC resonant circuit and the
coupling form.

@ T (b) =mes 1,
! ‘ [ M I
\ C ‘ L -
Lrl—c¢ ‘c——i<r C—FNL Lm—C
I
| } \ |
| [
o _—_— T L] |
coupling coupling

Fig. 6. The equivalent double tuned LC circuits of MTM. (a) The capacitive
coupling. (b) The inductive coupling.
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4.2. Comparison with the typical microstructure

The results of the above examples verified the feasibil-
ity and robustness of the proposed method for obtaining the
optimal ET MTM. The proposed design method was helpful
for finding a corresponding feasible solution for different de-
sign constraints and requirements. In order to highlight the
generality and advantages of the proposed method, the results
of topology optimization were compared with the ET perfor-
mance of the waveguide system inserted with the typical MTM
microstructure. A typical MTM microstructure, single split
ring (SSR), was selected as a comparison. According to the
aperture and required frequency of the example 1 and example
2, the optimal SSR was obtained in the same preparation pre-
cision. The corresponding ET characteristics were simulated,
as shown in Figs. 7(a) and 7(b). At the required frequency
11.5 GHz and 10 GHz, the corresponding S»; was —1.48 dB
and —2.19 dB respectively. The S»; of the waveguide system
inserted with the topology optimized MTM at the specific fre-
quency was slightly higher than that of the SSR-inserted one.
In the above two examples, despite the constraints of aper-
ture and design domain, the specified design domain and lo-
cation were sufficient to provide enough electric length space
and coupling coefficient for MTM resonance at the required
frequency, so the feasible solution of SSR can be obtained.

Under small irregular apertures, design domains and
weak coupling constraints, the existing microstructures may
not have feasible solutions, and the proposed method can be
employed to solve this kind of problems. A comparative ex-
ample was carried out. The aperture and design domain was
adjusted. The expression of the aperture was

R(6;7) = 0.00032 x [5.3+2cos(8) +sin(36)
—sin(46) 4 cos(50)]. “)

The required specific ET frequency was 9 GHz, and the size of
the inserted MTM substrate was 7.7 mm x 3.2 mm x 0.5 mm.
The scope of microstructure design domain was 3 mm x 3 mm,
which was discreted into 10 x 10 grid array. The distance be-
tween the two sub design domain d was 1.5 mm. The aperture
shape and the designed MTM microstructure were shown in
Figs. 8(a) and 8(b). The S parameters of the waveguide sys-
tem were shown in Fig. 8(c). At 9 GHz, the S»; of the waveg-
uide system inserted with the topology optimized MTM was
—5.16 dB. However, due to the limitation of the design do-
main and the weak coupling between the two SSR, resonance
could not be generated under the 9 GHz excitation. No rea-
sonable feasible solution of SSR can be found. The maximum
S>1 at 9 GHz of the optimal SSR was —28.12 dB. The pro-
posed method can improve the ET efficiency of the existing

typical microstructure, and can help to solve the problem that

the existing microstructures may have no feasible solution un-
der some specific constraints. It can avoid the dependence on
the aperture and the design domain, and showed stable perfor-
mance in feasible microstructures design.

0 =
(a)

s —10 |
jas)]
)
% —20 - —- S;; MTM inserted
‘g —— S5; MTM inserted
© —30
o]
2,
[95)

—40

—50 .

8 9
0 I —
_5}
)
) —10
Q 715 -
3]
)
£
3 —20 |
-
[
& -osf :
- —=S1; MTM inserted goimm o
-30¢ So1 MTM inserted

—35g 9 10 11 12

Frequency (GHz)

Fig. 7. The S parameters of the waveguide system with SSR. The S pa-
rameters of the waveguide system inserted with the optimal SSR with the
maximum S,; (a) at 11.5 GHz and (b) at 10 GHz.

(b)

a
metal plate metal plate
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hole o [ substrate
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—~
Q
~
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Frequency (GHz)

Fig. 8. The aperture, the designed MTM and the S parameters. (a) The
perspective of the aperture. (b) The front view of the designed MTM mi-
crostructure. (c) The S parameters of the waveguide system from simulation.
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5. Conclusion

The topology optimization method for designing MTM
microstructure in the ET through the aperture with arbitrary
shape was proposed. The arbitrary shape of the aperture was
described by the sum of a series in sine or cosine form. The
copper patch arrangement in the discrete design domain was
chosen as the design variable, and the highest power transmis-
sion through the aperture at a specific frequency was chosen
as the designing target. The numerical examples for different
transmission frequency demands were conducted respectively.
The electric field distribution illustrated that there was a strong
coupling on the microstructures near the metal plate at the de-
manded frequency, so that the designed microstructure can en-
gender efficient transmission enhancement. The experimental
results were consistent with the simulated ones, which also
validated the feasibility of the method. The regularity of the
optimal ET microstructures and the characteristic comparison
with the typical MTM microstructure were analyzed.
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