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SUMMARY  We propose microwave heating via electromagnetic cou-
pling using zeroth-order resonators (ZORs) to extend the uniform heating
area. ZORs can generate resonant modes with a wavenumber of 0, which
corresponds to an infinite guide wavelength. Under this condition, uni-
form heating is expected because the resulting standing waves would not
have nodes or antinodes. In the design proposed in this paper, two ZORs
fabricated on dielectric substrates are arranged to face each other for elec-
tromagnetic coupling, and a sample placed between the resonators is heated.
A single ZOR was investigated using a 3D electromagnetic simulator, and
the resonant frequency and electric field distribution of the simulated ZOR
were confirmed to be in good agreement with those of the fabricated ZOR.
Simulations of two ZORs facing each other were then conducted to evaluate
the performance of the proposed system as a heating apparatus. It was found
that a resonator spacing of 25 mm is suitable for uniform heating. Heating
simulations of SiC and Al,O3 sheets were performed with the obtained
structure. The heating uniformity was evaluated by the width Lsgq, over
which the power loss distribution exceeds half the maximum value. This
evaluation index was equal to 0.397 g for SiC and 0.4092 for Al,O3, both
of which exceed 1 /4, the distance between a neighboring node and antin-
ode of a standing wave, where A is the free-space wavelength. Therefore,
the proposed heating apparatus is effective for uniform microwave heating.
Because of the different electrical parameters of the heated materials, SiC
can be easily heated, whereas Al,O3 heats little. Finally, heating exper-
iments were performed on each of these materials. Good uniformity in
temperature was obtained for both SiC and Al,O3 sheets.

key words: metamaterial, microwave heating, electromagnetic coupling,
wireless power transfer

1. Introduction

Microwave heating is widely used for processing food [1],
chemicals [2], wood [3], rubber [4], and ceramics [5], [6].
This method of heating is faster and more efficient than con-
ventional heating methods because microwaves do not re-
quire a medium for heat transfer [7]. In the field of ceramics,
research on sintering is of particular interest [8]. Nonuni-
form heating and thermal runaway are the main issues in the
sintering of ceramics, because thermal runaway leads to high
stress and material fracture [5], [9].

Microwave heating apparatuses can be classified into
two categories: multimode and single-mode applicators.
Multimode applicators, typified by microwave ovens, consist
of a metal cavity with dimensions larger than the wavelength.
Many modes are generated inside the cavity by the multiple
reflections of the microwaves. However, some parts have a
high electric or magnetic field intensity, depending on the
shape of the applicator, the shape and electric constants of
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the heated object, and the location of the object in the appli-
cator. Thus, nonuniform heating can occur easily, especially
when the heated object is large [10].

To improve heating uniformity, studies have been con-
ducted using stirrers [11], [12], turntables or conveyors [13],
[14], and multiple input ports [15], [16]. In addition, the in-
ternal electromagnetic field can vary greatly even with only
slight differences in the location of the heated object. It
is difficult to precisely calculate the internal electromag-
netic field distribution, and multimode applicators are not
suitable for microwave heating processes that require strict
temperature control [17]. Single-mode applicators gener-
ate standing waves inside the heating apparatus, making it
possible to select between electric and magnetic fields for
heating. In addition, the energy irradiated to the heated ob-
ject can be calculated from the internal electromagnetic field
distribution to enable strict temperature control. However,
nonuniform heating is caused by the nodes and antinodes
of the standing waves. When heating by an electric field,
the heating power exceeds 50% of the peak value only in a
region of width 1,/4 centered on the peak position, where
Ag is the guide wavelength. This is because dielectric heat-
ing proceeds in proportion to the square of the electric field
strength. The region is the same when heating by a magnetic
field. Therefore, the size of the heated sample should be
small for uniform heating.

In a previous study [18], the position of the standing
wave was changed by moving the short-circuit plate attached
to a waveguide in the range of A, /4 to make the time-averaged
irradiation energy uniform. In another study [19], a square
waveguide was partially filled with a dielectric to create a
uniform electric field distribution by generating transverse
electromagnetic (TEM) modes [20], and the resulting appa-
ratus was applied to microwave heating. The challenges this
approach poses, however, are the need for an object with an
optimal dielectric constant and the large losses in the dielec-
tric. In addition, no heating experiments were conducted in
this study. In another study [21], a metal plate was inserted
into a square waveguide to narrow the waveguide width and
elongate the guide wavelength. However, if the waveguide
width was too narrow, the resonant frequency was reduced
to below the cutoff frequency, limiting the uniform heating
area. Because of these characteristics, there is a need for
heating apparatuses that can heat objects over a wide area
with a single-mode applicator for various microwave heating
processes.

In addition, waveguides are commonly used as heating
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apparatuses, which can cause the apparatus to become too
large and can impede direct observation of the heating pro-
cess because it is covered by a metallic body. To solve these
problems, previous studies have proposed microwave heating
via electromagnetic coupling that does not use a waveguide
[22],[23]. This approach to microwave heating is inspired
by the electromagnetic field coupling [24], [25] developed
for wireless power transmission (WPT) [26]. Electromag-
netic resonators with the same resonant frequency become
coupled when they are placed in proximity to each other, and
this allows the transfer of electromagnetic energy between
them. In this method, a portion of the energy transferred
between the resonators irradiates the target object, heating
it. Because the electromagnetic field between the coupled
resonators is used, there is no need to enclose the resonators
with metal walls, which allows for the downsizing of the
apparatus and the direct observation of the heating process.
In addition, the modes generated between the resonators can
be calculated in advance, making it possible to use the sys-
tem for various microwave heating processes. In a previous
study [22], two half-wavelength resonators fabricated on di-
electric substrates have been used for this type of design.
However, the use of a half-wavelength resonator provides
uniform heating only in a narrow area.

To extend the range of uniform heating without
changing the operation frequency, we previously proposed
unifrom microwave heating via electromagnetic coupling us-
ing zeroth-order resonators (ZORs) with an infinite guide
wavelength [27]. In our previous study, the feasibility of
microwave heating via electromagnetically coupled ZORs
was investigated only through simulation, and experimen-
tal demonstration had not yet been conducted. Further-
more, the matching between the ZORs and the characteristic
impedance of 50 Q was insufficient.

In this paper, we propose an improvement on our pre-
vious ZOR design by the addition of a matching circuit to
the ZOR. We then report experimental results on the mi-
crowave heating of two types of ceramic sheets, composed
of SiC and Al,O3, using our proposed electromagnetically
coupled ZORs to demonstrate its effectiveness. Two typical
ceramics are selected and compared from the viewpoint of
electrical properties, as the dielectric constant and dielectric
loss tangent of SiC are much higher than Al;O3.

2. Principles and design of zeroth-order resonator

The ZOR is composed of a composite right/left-handed
transmission line (CRLH-TL) [28]. Figure 1 shows a
schematic of the resonant modes when a resonator with an
ideal CRLH-TL is excited with both ends open. A feature of
this resonator is that it can generate modes with wavenum-
bers below 0, which is not possible in resonators using solely
right-handed lines. Zeroth-order resonance is a resonant
mode with a wavenumber of 0. The amplitude and phase
in the resonator are uniform, and the guide wavelength in
the resonator is infinite. Therefore, neither nodes nor antin-
odes are generated in the standing wave, enabling uniform
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Fig. 2: Layout of the designed 6.5-cell MZOR

heating.

Figure 2 shows the designed ZOR. The dielectric sub-
strate of the ZOR was Nippon Pillar NPC-H220A with a
thickness of 1.57 mm, a relative permittivity of 2.17, and a
loss tangent of 0.0005. In a previous study [29], a 7-cell ZOR
with seven cascaded unit cells mounted on a dielectric sub-
strate was considered. In our previous study [27], the short
circuit stub in the final cell of the 7-cell ZOR was deleted
to achieve a more uniform field distribution by improving
the symmetry of the resonator. In both of these studies, the
ZOR was coupled to the feed line, which has a characteris-
tic impedance of 50 Q and a gap of 0.2 mm at both ends to
produce shunt-mode resonance by applying open boundary
conditions. However, within a few centimeters of the ZOR,
the electric field applied at the gaps is large, resulting in a less
uniform electric field. Therefore, the equivalent open con-
dition without a gap is considered. In a previous study [30],
an interdigital capacitor and an appropriate phase line were
used to create equivalent short-circuit conditions for series-
mode resonance. In the present study, a matching circuit
consisting of interdigital capacitors and stubs was added at
both ends of the ZOR to match the characteristic impedance
of a 50 Q system. The feeding was changed from coplanar
microstrip feeding to coaxial feeding from the backside of
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the substrate. This change was made to eliminate the inter-
ference of connectors when reducing the resonator distance
and to prevent unwanted coupling at the feeding line sections.
Hereafter, the layout with this matching circuit is referred to
as a 6.5-cell MZOR.

2.1 Simulations

Simulations of the designed 6.5-cell MZOR shown in Fig. 2
were conducted with CST Studio Suite. The frequency band
for the simulations was from 2.4 GHz to 2.5 GHz. The co-
ordinate axes are shown in Fig. 2. The origin was set at the
center of the 6.5-cell ZOR on the surface of the substrate.
By examining the frequency at which the imaginary part of
the Z;; component of the impedance matrix becomes zero,
we found the zeroth-order resonant frequency of the 6.5-cell
MZOR to be 2.48 GHz.

Figure 3 shows the phase of the z-component of the
electric field on the plane 5.0 mm from the ZOR in the z-
direction. The difference between the maximum and min-
imum phase values on the ZOR was 38.8°, which is small
enough to confirm that the designed ZOR was at or near the
zeroth-order resonant state. For comparison, when A, repre-
sents the effective wavelength of a normal microstrip line of
the same width, the resonator length is 0.954,, and the phase
difference at both ends of the resonator is 342°.

The electric field amplitude distributions were exam-
ined on planes 5.0 mm and 20 mm away from the ZOR in the
z-direction. Figure 4 shows the amplitude distributions of
electric field in the x-direction at y = 0, normalized by their
respective maximum values. The ratio between the mini-
mum and maximum were 72.9% and 78.5%, at z = 5.0 mm
and z = 20 mm, respectively. In both results, the range Lsgq,
in which the normalized electric field exceeded 1/ V2 cov-
ered the entire 6.5-cell MZOR (0.954,). The electric field
uniformity on the designed ZOR was superior to that of the
conventional standing wave (Lsoq, = Ag/4).

2.2 Experiments

We fabricated two 6.5-cell MZORs and measured S-
parameters and electric fields. The fabricated 6.5-cell
MZORs are shown in Fig. 5. The dielectric substrate was
Nippon Pillar NPC-H220A, as in the simulations. We only
evaluated the first ZOR for the measurements of the S-
parameters and the electric fields.

The measurement system for the electric field distribu-
tion is shown in Fig. 6. The S-parameters were measured
using a vector network analyzer (Keysight N9929A). Port 1
was connected to the microwave generator (TOKYO KEIKI
TZ3277DD), and Port 2 was connected to adummy load. An
optical electric field sensor (SEIKO GIKEN ES-130) and its
controller (SEIKO GIKEN C5-D1-A) were used to measure
the electric field. The measured electric field was monitored
by a signal analyzer (ROHDE & SCHWARZ FSV40). The
position of the optical electric field sensor was controlled by
an antenna tower (DEVICE D2532AV 1/0-S). The measure-
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ment steps were 2mm and 5 mm in the x- and y-directions,
respectively.

Figure 7 shows the simulation and measurement results
of the S-parameters. The results were in good agreement:
the zeroth-order resonant frequency was 2.48 GHz in the
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simulation and 2.45 GHz in the measurement, with an er-
ror of 1.22%. By evaluating the simulated electromagnetic
field distribution, we determined that the resonance near
2.65 GHz was first-order resonance.

Figure 8 shows the z-component of the normalized
electric field in the xy plane 20 mm from the ZOR in the
z-direction. The simulation and measurement results are ob-
tained at 2.48 GHz and 2.45 GHz, respectively. The white
frames in Fig. 8(a) indicates the transmission line area of the
ZOR. Both the measurement and simulation results reveal
an area of high field intensity on the short-circuit stub side
(y < 0). Around y = 15 mm, the z-component of the field
intensity is extremely small. This is because the main com-
ponent of the electric field in this area is in the y-direction.

Figure 8(b) shows the z-component of the simulated
and measured electric fields along the x-axis at three po-
sitions along the y-axis. The measurement results are less
uniform than the simulation results. The ranges where the
normalized z-component of the electric field exceeded 1/V?2
were calculated at each of the three considered y-positions.
In the simulation, almost the full range of the ZOR satisfied
this condition at the three positions. The measured ranges
were 62 mm, 67 mm, and 63 mm at y = —5mm, y = O mm,
and y = 5mm, respectively. Even in the worst case, the
experimental results confirm the effectiveness of using the
ZOR: the shortest length of 62 mm is equal to 0.511 at the
resonant frequency and is much longer than that of the con-
ventional standing wave (1o/4 = 31 mm), where A is the
free-space wavelength.

3. Evaluation of electromagnetic field distributions be-
tween electromagnetically coupled ZORs

The electromagnetic distribution between the electromagnet-
ically coupled ZORs was then evaluated. In the electromag-
netic coupling microwave heating system, two resonators are
placed facing each other for electromagnetic coupling, and a
sample placed between the resonators is heated. In this ini-
tial evaluation, two ZORs were placed facing each other for
electromagnetic coupling, but the heated object was omitted
for the sake of understanding the electromagnetic coupling
of the ZORs in the unloaded condition.

Figure 9 shows the proposed heating apparatus. The
structure of the two evaluated 6.5-cell MZORs is symmet-
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rical about the z = 0 plane. The input port was set at one
terminal of the first ZOR, and its other terminal was shorted
through a coaxial line. In the second ZOR, both termi-
nals were shorted through a coaxial line. These short-end
coaxial lines contribute to enhancing the microwave heating
efficiency by reusing the reflection of microwaves. Because
the electromagnetic field distribution between ZORs varies
with the ZOR spacing and the coaxial line length Lo, these
parameters were varied to obtain optimal values.

The evaluation index U was used to calculate the opti-
mal value and is given by

CrlaEl, 1
U_/LW'dX/Z/me)C, (1)

where L is the integral range and E is the electric field.
The evaluation index was defined with two objectives: the
uniformity of the electric field distribution and the heating
efficiency. In this way, it evaluates the effectiveness of the
electromagnetic field distribution in realizing uniform heat-
ing. From the viewpoint of the uniformity of the electric
field distribution, the fluctuation of the electric field inten-
sity should be small and constant within the heating range.
From the viewpoint of heating efficiency, the electric field
intensity should be high. As the uniformity increases, the
numerator of U decreases, whereas as the field intensity in-
creases, the denominator increases. Therefore, U should be
small for uniform heating.

The length of the ZOR in the x-direction is 85.4 mm,
and the integral range was set to —38.43mm < x <
38.43mm, which corresponds to 90% of the resonator
length. Arranging two identical ZORs to face each other
reduced the resonant frequency from 2.48 GHz in the single
two-port model to 2.45 GHz. Therefore, the electromagnetic
field distribution in this section was evaluated at 2.45 GHz.
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3.1 Coaxial line length

Under a fixed ZOR spacing of 25 mm, the coaxial line length
Lcoax was swept. The impedance from the substrate surface
to the short end of the coaxial line varied with L¢q,x, indicat-
ing that the phase of the reflected wave changes and affects
the resonant mode. We investigated this relationship in the
range 0 < Leoax < Ag/2, where Ay is the guide wavelength in
the coaxial line, because the imaginary part of the impedance
varies from —oo to co in this range.

Figure 10 shows the evaluation index U and its numer-
ator and denominator plotted against Lcox. U was small
when L¢oax Was approximately 22 mm + 2 mm. In this range,

+— Short-end

Short-end

OR spacing

~

Input port
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Fig. 9: Proposed heating apparatus
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Fig. 10: U and its components plotted against L¢oax

both the numerator and the denominator were confirmed to
take on optimal values. Because the guide wavelength of
the coaxial line at 2.45 GHz is 84.4mm, L¢y,x should be
approximately A, /4 at the resonant frequency. This result is
explained by the interference between the incident and re-
flected waves. When Loy is A¢/4, the incident wave returns
to the entrance of the coaxial line with a phase shift of 27
because of the round trip of the coaxial line and the reflection
at the short-circuit end. The resultant wave generated with-
out cancellation maintains the original waveform, resulting
in a resonance state that is uniform and has a large electric
field intensity.

3.2 ZOR spacing

Under a fixed Lcoax of A4/4, the ZOR spacing was swept
at Smm intervals. Figure 11 shows the evaluation index
U and its numerator and denominator plotted against the
ZOR spacing. The numerator of U tended to decrease as
the ZOR spacing was increased when the ZOR spacing was
less than 25 mm. However, when the ZOR spacing was
increased beyond 25 mm, the numerator remained approxi-
mately constant. The denominator monotonically decreased
with increasing ZOR spacing. From the above results, aZOR
spacing of 25 mm was selected to minimize the evaluation
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index U.
4. Simulations including heated objects

Simulations including heated objects were performed un-
der the optimal resonator spacing of 25 mm and coaxial line
length of 21.1 mm. Figure 12 shows the simulation model.
The heated object was placed in the center between the res-
onators, which was defined as the z = 0 plane, and aligned
with the ZORs and the central axis.

Sheets of SiC and Al, O3 were considered as the heated
objects. The values of the relative permittivity &, and loss
tangent tan¢ at 2.5 GHz used in the simulations of these
materials are listed in Table 1 [31]. The dimensions of the
heated objects were set to 50 mm in the x- and y-directions
and 1 mm in the z-direction.

To evaluate the performance of the heating apparatus,
the three power ratios Pa, P, and Po were calculated ac-
cording to the destination of the power consumption, where
Pa, P1, and Pg represent the proportions of the power ab-
sorbed by the heated object, leaked from the apparatus, and
consumed by the apparatus, respectively. These power ra-
tios were calculated as a percentage of the power received by
the apparatus, excluding the reflected power. To evaluate the
heating uniformity, the evaluation index Ls(q, was calculated
as the range within which the power loss density in the sheet
is greater than 50% of the maximum value. The power loss
density was calculated along the x-axis aty = z = 0.
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Table 1: Values of &; and tan § used in simulations

&r tan o
SiC 60 0.58

Al O3 9.9 | 0.0001

Table 2: Simulation results with SiC and Al,O3 heated ob-
jects

Pa PL Po Lsoo,
SiC 16.6% 62.1% | 21.3% | 48.6mm
Al O3 0.00103% | 70.6% | 29.4% 50 mm

Table 3: Proportion of Py, in various planes

—Y plane | +Y plane | —X plane | +X plane
SiC 66.5% 28.3% 2.19% 3.00%
AL O3 67.2% 27.7% 2.18% 2.86%

The simulation results of the power ratios are given in
Table 2. The power ratios for the SiC and Al,O3 objects
differed significantly from each other. The energy loss in the
dielectric Pp is given by

Pp = 2nfeoel EI?, 2)

where f is the operation frequency, & is the permittivity of
free space, and E is the electric field. From (2), dielectrics
with large &, and tan § are easily heated. A comparison of
the power ratios for SiC and Al,O3 reveals that whereas SiC
absorbs approximately Pp = 16%, this is reduced to near
zero for Al,O3, and this reduction in power absorption is
equally distributed to Py, and Po (Table 2). Therefore, the
Al,O3 object is heated with substantially lower efficiency,
and the apparatus itself generates heat. The breakdown of
Po was calculated to be approximately 20% and 78% for
the dielectric substrate and copper foil, respectively, and
approximately 2% for the dielectric (PTFE) in the coaxial
line for both heating materials.

Next, we considered Pp, which accounts for more than
60% of the total power for both heated objects. As shown in
Fig. 12, four planes were set up to surround the heating ap-
paratus, and the power leakage was examined by integrating
the normal component of the Poynting vector for each plane.
Table 3 gives the percentage for each plane. The leakage
was large in the +Y plane along the longitudinal direction of
the ZOR, and the ratio was especially high in the —Y plane,
which is the short-circuit stub side. This is explained by the
fact that the ZOR resonates in shunt mode and current flows
through the short-circuit stub, so that the stub behaves as a
radiation source.

Figure 13 shows the normalized power loss density dis-
tribution at the center of the heated object. For both heated
objects, nonuniform heating due to nodes and antinodes in
standing waves was never observed, and a power loss density
of more than 50% of the maximum value could be achieved
over a wide range. In the case of dielectric heating using a
waveguide, Lsoq, is equal to Ag/4. For each of the consid-
ered materials, the value of Lsyq, obtained from the simula-
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tion results was 0.397 1 for SiC and 0.4094 for Al,O3, and
Lsoq, > A¢p/4 for both heated objects. This result demon-
strates that the use of ZOR is effective in terms of uniform
heating.

Variations of the electric field distribution between the
resonators with the insertion of the heated object are evalu-
ated. Figure 14 shows the simulation results of electric field
amplitude distributions at y = —12.5 mm. While there was
only a slight change in the case of Al,O3, there was a differ-
ence in the electric field amplitude distributions in the case
of SiC. When SiC was inserted, the electric field amplitude
between the heated object and the second resonator became
smaller. This is because the large absorption of microwave
power in SiC weakens the coupling between the resonators.
In addition, the asymmetry properties of the power loss den-
sity distribution shown in Fig. 13 is caused by the asym-
metry properties of the electric field in the x—direction in
the heated object shown in Fig. 14. This asymmetry would

be attributed to the difference of the boundary conditions
between the tangential and normal components of the elec-
tric field. The z—component of the electric field, which is
the main component of uniform electric field, is the normal
component to the heated objects. Hence, the electric field
of the normal component inside the objects would decrease
on the boundary between the object and air, and the electric
field of the tangential components would relatively affect the
power loss density.

5. Heating experiments

Heating experiments were conducted to validate the simula-
tion results. The heated objects were 50 mm square sheets
of SiC and Al;Os3, as in the simulation. Bamboo tongs
were used to fix the position of the heated objects. The ex-
perimental system is shown in Fig. 15. With a fiber-optic
thermometer (ANRITSU FL-2400), four points were mea-
sured: the GND surface of the first ZOR, in which the input
port was set, the GND surface of the other ZOR, and the first
and second sides of the heated object. Fiber-optic probes
were used to measure the heated object (ANRITSU FS100-
M), the first ZOR (ANRITSU FSC150-2M), and the second
ZOR (FS400-3M). The input and reflected power were mea-
sured using power sensors (Agilent N§481H) connected to a
power meter (Agilent 1914A). Variable-length coaxial lines
were attached to the three ports other than the input port.
Based on the results in Sec. 3.1, Leoax = Ag/4 is appropriate,
so the impedance estimated from the connection to the end
was adjusted to be infinite.

Figure 16 shows the measurement results for 10 minutes
of heating at an input power of S0 W at 2.45 GHz. As in
the simulation results, the temperature of the SiC heated
object increased, whereas in the case of the Al,O3 object,
the first ZOR showed the greatest temperature increase, and
the temperature of the heated object did not increase at all.
The reflected power did not change significantly with the
SiC object but showed larger changes with the Al O3 object,
possibly due to the temperature rise of the first ZOR and
the change in input impedance caused by the temperature

- Matchil Heated
|r‘ }—lecuIatnrl—'Cnupler
1 2| 4

Power Sensor
(reflected power)
—

ower Sensor
nput power)

Fig. 15: Measurement setup for heating experiments
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Fig. 17: Temperature distribution before the heating and after
the 600-seconds heating (upper: SiC, lower: Al,O3)

difference between the two resonators.

Figure 17 shows the temperature distribution before the
heating and after the 600-seconds heating, as observed by
an infrared camera (FLIR C2EKJ). The white dotted frames
in Fig. 17 indicates the area of heating objects. Both heated
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objects have a uniform temperature distribution. The tem-
perature rise of the SiC heated object is apparent in this
figure, whereas the temperature of the Al,O3 heated object
did not change so much, and the change in the first ZOR was
large. These results are the same as other results obtained by
simulation and thermometer measurements.

6. Conclusion

In this study, we proposed microwave heating via electro-
magnetic coupling using zeroth-order resonators (ZORs) as
a microwave heating device capable of uniformly heating a
wide area. First, the characteristics of the zeroth-order reso-
nant state generated in a 6.5-cell ZOR including a matching
circuit (6.5-cell MZOR) were investigated by simulation.
After determining the optimal resonator spacing and coax-
ial line length under the electromagnetic coupling from the
simulation results, heating simulations of the ceramic sub-
strate were performed. The 6.5-cell MZORs were fabricated,
and the generation of zeroth-order resonance was confirmed
from the input—output characteristics and measured electric
field distribution. To investigate the feasibility of the simula-
tion results, heating experiments were performed on objects
composed of SiC and Al,O3 at 50 W for 10 minutes. A tem-
perature rise of more than 75 °C was confirmed for the SiC
object, which was easily heated, but only 18 °C was observed
for the Al,O3 object, reflecting the simulation results.

Extension of the ZOR length will be a future work for
practical applications. From electromagnetic simulations,
the evaluation indices U in (1) were 0.259, 0.263 and 2.40
in the cases of 6.5-cell ZOR fabricated in this study, 10-cell
ZOR and 15-cell ZOR, respectively. Therefore, the 10-cell
ZOR, the ZOR length of 120 mm, is available as the proposed
heating system, but the 15-cell ZOR, the ZOR length of
180 mm, is difficult to use in the current system. Other
types of ZORs including waveguides will be candidates for
practical use.
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