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Abstract

A conventional waveguide band rejection filter (BRF) has been well known as a
configuration to suppress a propagation of electromagnetic waves in a waveguide at a specific
frequency band. The conventional waveguide BRF is usually configured by arranging cavity
resonators outside the main waveguide at regular intervals along the waveguide axis. The
electromagnetic waves propagating in the waveguide couple to the cavity resonators via coupling slots
on the upper or lower wall of the waveguide, and as a result, the propagation of the electromagnetic
waves in the waveguide is suppressed at the resonant frequency of the cavity resonators. However, the
configuration is difficult to be made low-profile since the cavity resonators are arranged outside the
main waveguide, and is also difficult to be made with high precision at relatively high frequency bands,
millimeter wave bands for example, since wavelength at the bands becomes relatively small against
accuracy of machining process which is necessary for manufacturing the configuration.

As one of the solutions for these problems, a waveguide BRF using resonators-loaded
dielectric substrates is proposed. The waveguide BRF is configured with dielectric substrates those
are loaded with resonators at regular intervals and are located on the inner walls of the waveguide. In
this configuration, the electromagnetic waves propagating in the waveguide couple to the resonators
at their resonant frequency, and the propagation is suppressed at that frequency. This configuration has
lower-profile than the conventional waveguide BRF since nothing is located outside the waveguide.
Moreover, high-precision waveguide BRF can be expected at relatively high frequency bands, since
patterning process is available for the resonators loaded on the dielectric substrates instead of

machining process.
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In this dissertation, the design procedures for the waveguide BRFs using open-ended A/2
microstrip resonators and substrate integrated waveguide (SIW) resonators are shown, followed by
evaluated results of the waveguide BRFs designed according to the design procedures based on filter
theory and EM-analysis. Although the types of the resonators used in two configurations are different,
a steep and relatively high attenuation characteristic more than 50 dB at 47-GHz band were obtained
in measured results of both configurations. Because of the difference in assembly of the main
waveguide, lower insertion loss can be expected for the first configuration than the second one.
However, though its disadvantage in the insertion loss, the second configuration is preferrable when
the main waveguide is required to be separated at the side walls in the assembly process. The
configurations are suitable for use in systems where miniaturization and high attenuation at relatively
high frequency band are required, for example, the millimeter-wave frequency band wireless
communication system, automotive millimeter-wave radar systems, measuring systems for radio
astronomy, and so on.

As another application for applying resonators-loaded dielectric substrates, a gasket-free
electromagnetic shielding structure is proposed in this dissertation. The shielding structure is
configured by arranging cascaded SIW resonators having slightly different resonant frequencies on
dielectric substrates those located on the inner walls of a gap between a shielded door and a door frame.
In this configuration, the electromagnetic waves propagating through the gap couple to the SIW
resonators at their resonant frequencies, and the propagation is suppressed at those frequencies. As a
result, frequency selectivity can be realized at the gap. In addition, a high contact pressure is not
required when the door is closed since the structure is a non-contact type, which is contrary to the
conventional contact-type conductive shielding gaskets. Therefore, the structure is almost free from
deterioration caused by opening and closing operations of the door, and moreover, opening and closing

structure can be simplified compared with an ordinary shielded door. These characteristics are suitable
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for use in shielded environments with frequency selectivity, for example, an office in an urban area
where electromagnetic interference with outside and unauthorized access from outside should be
suppressed in wireless LAN bands, while communication with outside in cell phone bands is required
at the same time. Other possible examples are laboratories using local wireless LAN communication
systems inside, and broadcast studios and theaters where interferences of wireless microphones should
be prevented. For such shielded environments, shielding effectiveness (SE) of more than 40 dB is
generally required in the shield band.

In this dissertation, the design procedures for the gasket-free shielding structures for 12 -
15.5 GHz using conventional SIW resonators, for 2.4 GHz band using Folded Quarter-wavelength
(FQ)-SIW resonators, and for 2.4 GHz and 5 GHz bands using Dual Behavior (DB)-SIW resonators
are shown, followed by evaluated results of the structures designed according to the design procedures
based on EM-analysis and a polynomial approximation. The measured results showed 40 - 60 dB of
SE at specific frequency bands, those are improved by 20 - 30 dB from the gap alone by placing the
resonators-loaded dielectric substrates on the inner walls of the gap.

The author would like to expect that the configurations and structures described in this
dissertation contribute in some way to the radio communication technology field where higher

frequency and more complex environment are anticipated.
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Chapter 1

Introduction

1.1 Background of the study

Since Guglielmo Marconi invented the world’s first wireless communication system more
than 100 years ago, wireless communication has become an inseparable part in people’s lives for its
convenience. With the developments of the wireless communication equipment and technology, higher
speed and larger capacity have been always required, and now the GHz band and millimeter wave
band are in use. On the other hand, since radio resources are finite, an applicable bandwidth for each
application is strictly defined. Therefore, a structure for attenuating electromagnetic waves in a
specific frequency band is frequently required to suppress interference with other bands and
unnecessary Spurious responses.

In the case of a waveguide system, a configuration of conventional waveguide band rejection
filter (BRF) is well known which employs cavity resonators located outside the main waveguide with
periodic distance along the waveguide axis. However, the configuration is principally difficult to be
made low-profile since cavity resonators are located outside the main waveguide. In addition, accuracy
of the machining process necessary for manufacturing the cavity resonators is likely to be deteriorated
at relatively high frequency bands, such as millimeter wave bands, because the wavelength at the
bands becomes comparatively small against the accuracy of the machining process.

As one of the solutions for the problem, a configuration of waveguide BRF using resonators-



loaded dielectric substrates is proposed in this dissertation. In the configuration, resonators those
resonate at a stop band are loaded at regular intervals on dielectric substrates those are placed on the
inner walls of the waveguide. Since nothing is located outside the main waveguide, low-profile can
be expected for the configuration. Moreover, higher precision can be expected since high-precision
patterning process of the dielectric substrate is available for the resonators instead of machining
process. The works on the proposed configurations are part of the results of "Research and
Development on the Millimeter-wavelength High Speed Mobile Communication System" supported
by the Ministry of Internal Affairs and Communications (MIC) of Japan from 2005 to 2009. One of
the aims of the project was to establish a wireless communication system in the millimeter-wave
frequency band (40 GHz bands) using Tx- and Rx- active phased array antennas (APAAs). Fig. 1.1.1
shows the system developed in the project. The system was mounted on an airplane, and high-speed
wireless communication link in the millimeter-wave frequency band between the airplane in flight
and the system on the ground was demonstrated. Waveguide BRFs of the proposed configuration were

used in the system to ensure isolation between RF circuits in the Tx- and the Rx-systems. The

Fig. 1.1.1 The millimeter-wave frequency band wireless communication system where waveguide

BRFs of the proposed configuration are used. The system is mounted on an airplane.



configurations are also applicable for other systems where miniaturization and high attenuation at
relatively high frequency band are required, such as measuring systems for radio astronomy and
automotive millimeter-wave radar systems, for example.

As another configuration for using resonators-loaded dielectric substrate, a gasket-free
electromagnetic shielding structure for a shielded door is proposed in this dissertation. Currently,
wireless local area network (LAN) access points are densely populated, especially in urban areas, and
there is a problem that communication quality may deteriorates due to interferences and crosstalk from
other access points or devices. Moreover, threat of unauthorized access may become higher in such a
congested wireless communication environment. Therefore, it is sometimes required to suppress
unintentional electromagnetic waves from the outside in the wireless LAN band. Even in such a
situation, however, it is often required that communication devices using other frequency bands, cell
phones for example, are available as usual.

Although a general shielded room would be the solution for the former requirement, the
latter requirement cannot be met because the attenuation characteristics of the ordinal shielded room
are continuous with respect to the frequencies. Instead, a shielded room with frequency selectivity
would be a solution to satisfy the two requirements simultaneously. Fig. 1.1.2 shows a simplified
concept of the shielded room having frequency selectivity, where unintentional electromagnetic waves
from the outside in wireless LAN band, such as unauthorized access, interference, and crosstalk, are
shielded to realize safe and comfort wireless LAN network inside, while at the same time, cell phones
those use other frequency band are available inside as usual. Such frequency-selective shielded
environments may also be beneficial for broadcast studios and theaters, for example, where
interferences of wireless microphones should be prevented. For the frequency-selective shielded
environments above, SE of more than 40 dB is generally required in the shield band for a practical use.

The main propagation paths of electromagnetic waves from the outside to the inside of a
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Fig. 1.1.2 A simplified concept of the shielded room having frequency selectivity.

shielded room are walls, windows, and the gaps between a shielded door and a door frame. For the
walls and windows, some shielding structures with frequency selectivity, frequency selective surface
(FSS) for example, are reported. For the gaps, on the other hand, contact-type conductive gaskets are
usually used those physically connects the shielded door and the door frame when the door is closed
to completely shut out the propagation of electromagnetic waves through the gap. However, the
attenuation characteristics do not have frequency selectivity, and moreover, deterioration comes from
opening and closing operations of the door is inevitable since high contact pressure is required when
the door is closed. Applying resonators-loaded dielectric substrates would be a solution to realize
frequency selectivity at the gap, because propagation of electromagnetic waves through the gap is
suppressed only at resonant frequencies of the resonators. Furthermore, the structure is almost free
from deterioration because its non-contact type structure excludes the need for high contact pressure
when the door is closed.

The target of this dissertation is to establish a design process and confirm validity of the
waveguide BRF and the gasket-free electromagnetic shielding structure mentioned above, both using

the resonators-loaded dielectric substrates.



1.2 Qutline of the dissertation

Fig. 1.2.1 shows a flowchart of this dissertation. The dissertation mainly consists of 4
chapters, starting with introduction in section 1 of Chapter 1. Then, as an application of this study,
waveguide band BRFs and gasket-free electromagnetic shielding structures are proposed and
evaluated in Chapter 2 and Chapter 3, respectively. And finally, conclusions are summarized in
Chapter 4.

In Chapter 2, two configurations of the waveguide BRF using different type of resonators-

loaded dielectric substrates are proposed and evaluated after introductory remarks in section 1.

Chapter 1

Introduction

! y
Chapter 3

Gasket-free Electromagnetic
Shielding Structures

Chapter 2
Low-profile Waveguide BRFs

- Using microstrip resonators - For 12 -15.5GHz
- Using SIW resonators - For 2.4 GHz band
- For 2.4 GHz and 5 GHz bands

!

Chapter 4

Conclusions

Fig. 1.2.1 A flowchart indicating outline of this dissertation.
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Resonators-loaded dielectric substrates are placed on the inner walls of the waveguide in both
configurations. By this configuration, lower-profile than conventional waveguide BRF can be
expected which employs resonant cavities outside the waveguide.

In section 2 of Chapter 2, the configuration of the waveguide BRF using open-ended A/2
microstrip resonators is described. In the configuration, open-ended A/2 microstrip resonators those
resonate at the stop band are mounted at regular intervals on two dielectric substrates placed on the
both inner side walls of the waveguide. The electromagnetic waves propagating in the waveguide
couple to the resonators at their resonant frequency, and as a result, propagation of the electromagnetic
waves is suppressed at the stop band. After the design procedure based on filter theory and
electromagnetic (EM)-analysis is described, evaluated results of the fabricated waveguide BRF for Q-
band (47 GHz band) designed according to the procedure are shown.

In section 3 of Chapter 2, the configuration of the waveguide BRF using substrate integrated
waveguide (SIW) resonators is described. SIW resonator is kind of a cavity resonator embedded in a
dielectric substrate by conductive patterns and via holes. In the configuration, SIW resonators those
resonate at the stop band are embedded at regular intervals in two dielectric substrates placed on the
both upper and lower inner walls of the waveguide. As same with the previous configuration, the
electromagnetic waves propagating in the waveguide couple to the resonators at their resonant
frequency, and as a result, propagation of the electromagnetic waves is suppressed at the stop band.
After the design procedure based on filter theory and EM-analysis is described, evaluated results of
the fabricated waveguide BRF for Q-band (47 GHz band) designed according to the procedure are
shown.

In Chapter 3, gasket-free electromagnetic shielding structures having frequency selectivity
is proposed as another application using resonators-loaded dielectric substrates, and three

configurations of the shielding structures for different shield bands are proposed and evaluated after



introductory remarks in section 1. In the structures, SIW resonators having slightly different resonant
frequencies are arranged in a cascaded configuration along the direction of propagation of
electromagnetic waves and are embedded in dielectric substrates placed on inner walls of a gap
between a shielded door and a door frame. The electromagnetic waves propagating through the gap
couple to the resonators at their resonant frequencies and the propagation is suppressed at those
frequencies. As a result, the gap can be expected to have frequency selectivity with a non-contact type
structure at their resonant frequencies.

In section 2 of Chapter 3, a gasket-free electromagnetic shielding structure for 12 - 15.5 GHz
using conventional SIW resonators is described. A conventional SIW resonator has a coupling slot at
the center and the size of the SIW resonator along the direction of propagation is A/2 at its resonant
frequency in the substrate. After the design procedure based on EM-analysis and a polynomial
approximation is described, evaluated results of the fabricated shielding structure using cascaded SIW
resonators designed according to the procedure are shown.

In section 3 of Chapter 3, a gasket-free electromagnetic shielding structure for 2.4 GHz band
using folded quarter-wavelength (FQ)-SIW resonators is described. Conventional SIW resonator is
difficult to be applied for 2.4 GHz band, because A/2 inside the substrate becomes relatively large at
2.4 GHz band and the cascaded configuration is hard to be realized in a practical size. FQ-SIW
resonators are used in the structure instead, whose size along the direction of propagation is
miniaturized by applying a multilayered dielectric substrate. After the design procedure based on EM-
analysis and a polynomial approximation is described, evaluated results of the fabricated shielding
structure using cascaded FQ-SIW resonators designed according to the procedure are shown.

In section 4 of Chapter 3, a gasket-free electromagnetic shielding structure for 2.4 GHz and
5 GHz bands using dual behavior (DB)-SIW resonators is described. A DB-SIW resonator mainly

consists of two FQ-SIW resonators sharing one coupling slot, and contrary to a conventional SIW



resonator and an FQ-SIW resonator those have one independent resonant frequency, a DB-SIW
resonator has almost-independent two resonant frequencies. After the design procedure based on EM-
analysis and a polynomial approximation is described, evaluated results of the fabricated shielding
structure using cascaded DB-SIW resonators designed according to the procedure are shown.

Finally, in Chapter 4, conclusions of this dissertation are summarized and described.



Chapter 2

Configurations for a Low-profile
Waveguide BRF

2.1 Introductory Remarks

Since people’s demands for faster and larger capacities in communication systems never
ends, frequency band in use has become higher and higher. Recently, millimeter-wave frequency bands
are in practical use, and then, high performance BRF is sometimes required to obtain high spurious
suppression at the bands. Fig. 2.1.1 shows a configuration of a conventional waveguide BRF which
still can meet the requirement [2.1]. In the configuration, cavity resonators are located outside the main
waveguide with periodic distance along the waveguide axis. However, low-profile configuration is
difficult to be achieved by this configuration since the cavity resonators are located outside the main
waveguide. Moreover, the configuration is not preferable for use in relatively high frequency bands,
since the accuracy of the machining process necessary for manufacturing the cavity resonators is more
likely to be deteriorated at such high frequency bands. Applying dielectric resonators instead of the
cavity resonators may be another solution [2.2] - [2.5]. However, machining process is still necessary
for manufacturing the dielectric resonators and their supporting structures, and therefore, they are not
preferable for precise use in relatively high frequency bands as well.

To provide low-profile and high-precision waveguide filters at relatively high frequency

bands, configurations applying resonant elements fixed inside the waveguide at the central E-plane



are proposed as E-plane waveguide filters [2.6] — [2.9]. In [2.6], three pairs of resonators on a double-
sided dielectric substrate are applied for a dual-band waveguide BPF, and the measured result shows
dual band-pass characteristic in two adjacent frequency bands at 30-GHz with high-selectivity. In [2.7],
several lightning-shaped one-wavelength resonators of a metal plate are applied, and the measured
result shows high attenuation characteristics more than 50 dB at 48 GHz. In [2.8], split ring resonators
(SRRs), a kind of C-shaped microstrip resonator, on a double-sided dielectric substrate are applied,
and measured result shows relatively wide-band band-stop characteristics at X-band. In [2.9], folded
split ring resonators (FSRRs) on a dielectric substrate are applied, and simulated results demonstrated
dual band-stop characteristics at both Ka- and W-bands. The configuration of these E-plane waveguide
filters is rather simple; however, the resonant elements need to be fixed in the correct position on the
central E-plane of the waveguide. This condition requires fixing and alignment processes when
assembling like the conventional waveguide BRFs mentioned above.

In this chapter, two configurations employing resonators-loaded built-in dielectric substrates
are proposed. In the two configurations, resonators-loaded dielectric substrates are placed on inner
walls of the main waveguide, and the types of resonators are different; one is a microstrip resonator,
and the other is an SIW resonator. An SIW is kind of a dielectric waveguide configured in a dielectric
substrate by via-holes and metalized surfaces and has been gaining attentions recently for its affinity
for use in high frequencies [2.10] - [2.12]. Though the types of the resonators are different, both
configurations are low-profile compared with the conventional waveguide BRF since nothing is
located outside the waveguide. Moreover, relatively high-precision can be expected since high-
precision metal-patterning process of the dielectric substrates is available for the resonators in both
configurations instead of the machining process. In addition, fixing and alignment process for the
resonators are not needed when assembling since the resonator-loaded substrates are already

positioned on inner walls of the waveguide. Waveguide filters referred above are compared in Table
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2.1.1, showing the type of resonators, the location of the resonators, necessity of machining process
for the resonators, possibility of low-profile configuration, and necessity of fixing and alignment
processes in the assembly.

In each section of this chapter, the configuration of the proposed waveguide BRF is shown
first. Design process based on filter theory and electromagnetic (EM) analysis is shown next, and

finally, designed and measured results of fabricated waveguide BRFs for Q-band are shown.

Port2
Cavity
resonator
|+ “,;::::::::::::y,: WaVegUide
Portl

Fig. 2.1.1 A configuration of a conventional waveguide BRF.

Table 2.1.1 The comparison of the referred waveguide filters.

Type of Cavity Dielectric Microstrip or metal SIW or microstrip
resonators resonator resonator resonator resonator
[ref] [2.1] [2.2] - [2.5] [2.6] - [2.9] (This chapter)
Location of Outside the Outside the Inside _the waveguide - Inside the waveguide
. . (Fixed at the (Placed on Inner
the resonators waveguide  waveguide
center E-plane) walls)
Machining process Needed Needed Needed for metal Not needed
for the resonators resonators
Low-profile Principally e . .
configuration difficult Difficult Applicable Applicable
Fixing and alignment
Needed Needed Needed Not needed

process in assembly
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2.2 A Q-band Waveguide BRF Using Open-ended A/2

Microstrip Resonators

2.2.1 Design

Fig. 2.2.1 shows a configuration of the proposed waveguide BRF, which simply consists of
two dielectric substrates and a waveguide. The substrates are inserted inside the waveguide and placed
on the both inner side walls by a conductive adhesive. At the substrates-located part of the waveguide,
horizontal dimension is reduced from that of the 1/O ports. Fig. 2.2.2 shows the dielectric substrates
apart. On each substrate, four open-ended A/2 microstrip resonators of Amsi/2-length at fy (center
frequency of the stop band) are mounted Ay/4 at fo apart from each other along the waveguide axis,
where Avist is the wavelength of the microstrip line on the substrate and A is the guide wavelength in
the waveguide. Fig. 2.2.3 shows dominant resonant mode of the microstrip resonators at f, where E-
fields are directed perpendicular to the surface of the substrates and are the highest at their open ends.
The comparison of this mode with the main propagation mode of the waveguide suggests that two

modes are magnetically coupled, since their magnetic fields are in parallel with each other.

Waveguide

Dielectric
substrate

Open-ended 3/2
microstrip resonator

Fig. 2.2.1 A configuration of the waveguide BRF using open-ended A/2 microstrip resonators.
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Open-ended A/2
microstrip resonator

Dielectric
substrate

Fig.2.2.2 The dielectric substrates shown in Fig. 2.2.1.

Fig. 2.2.3 The dominant resonant mode of the microstrip resonators at the resonant frequency.

Fig. 2.2.4 shows an equivalent circuit (i) of the waveguide BRF, where each series-
connected parallel resonator represents opposing two open-ended A/2 microstrip resonators, and 90°
transmission lines connecting them in series represent Ag/4-length waveguides. The equivalent circuit
(i) can be simplified to equivalent circuit (ii) shown by Fig. 2.2.5, by converting 90° transmission lines
to ideal J-inverters. The equivalent circuit (ii) is the basic 4th order BRF, where, Ga and Gg are
terminating conductance, B;(w) is susceptance of the resonators, b; is susceptance slope parameter of
the resonators, and J;, j+1 are admittances of ideal J-inverters (note that Jo; and Jss are included in the

I/O ports). From filter theory, J; j+1 and b; can be obtained from well-known equations,

13
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(2.2.4)

where w is the fractional bandwidth, @ is the center angular frequency of the stop band, gj is g-values
for the prototype filter, and w/' is the cut-off angular frequency of the prototype filter [2.1]. In general,
a BRF can be also represented by other equivalent circuits different from that shown in Fig. 2.2.5, and
the other representations are described and summarized in Appendix A.

According to [2.13], when characteristic impedance of the 90° transmission lines in Fig.
2.2.4 are constant, coupling coefficients between the terminating conductance and each resonator can

be represented as external O-factors for individual resonators (Qcj) as

Qej = , (2.2.5)

which is applicable in this case.
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Fig.2.2.4 The equivalent circuit (i) of the waveguide BRF.

Series-connected )
parallel resonator J-inverter
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Fig. 2.2.5 The equivalent circuit (ii) of the waveguide BRF (basic 4th order BRF).
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Table 2.2.1 shows the design specification for the waveguide BRF. High attenuation
characteristic of 50 dB is required at the stopband (46.7 - 47.0 GHz), where f is 46.85 GHz and the
fractional bandwidth is 0.6 %. Steepness is also required since the passband (44.2 — 44.5 GHz) is near
the low frequency side of the stopband. An alumina substrate (relative dielectric constant (g;): 10.0,
tand: 0.0001, thickness: 0.25 mm) is applied for its high-precision metal-patterning process.
Dimension of cross-sectional areas of the I/O ports are 2.4x4.8 mm?, and the cut-off frequency is 31
GHz.

As shown in Fig. 2.2.2, length of the open-ended microstrip resonators is Amsr/2, and the
distance between them along the waveguide axis is Ag/4. Remained parameters to be determined in the
design are wres and wyg, Where wres s the width of the open-ended A/2 microstrip resonators, and wyg
is the horizontal dimension of the waveguide. They can be obtained from the following procedure by
EM-analysis, performed by a commercial Finite-Element-Method (FEM) software. Fig. 2.2.6 shows
an EM-analysis model for estimating external Q-factor (Qc) of the microstrip resonators. The model
consists of a waveguide and two dielectric substrates placed on both inner side walls of the waveguide,
and one open-ended A/2 microstrip resonator is mounted on each substrate. Width of the open-ended
A/2 resonators is wres, and horizontal dimension of the waveguide is wyw,. At the resonant frequency,
the electromagnetic wave would be more likely to resonate at the microstrip resonator than to
propagate through the waveguide. As a result, the transmission coefficient S>; forms an attenuation

pole at the resonant frequency. From the EM-analysis result, Q. can be obtained from

Table 2.2.1 The design specification for the waveguide BRF

using open-ended A/2 microstrip resonators.

Passband Stopband
44.2 - 445 GHz 46.7 - 47.0 GHz

S, [dB] > -2 < -50

16



Qe = &(1 + 1) (2.2.6)
and

IL
Be=1020—-1, (2.2.7)

where Af'is the half bandwidth of S>; and /L is the insertion loss in dB at the resonant frequency.
Relations between (Wres, Wwg) and Qe, can be obtained from the EM-analysis results with several values
of Wwres and wwg, as shown in Fig. 2.2.7. From the figure, suitable values of wres and wy, for required Q.

can be determined.

Open-ended A/2
microstrip resonator

Dielectric
substrate

Fig. 2.2.6 The EM-analysis model for estimating Q. of the microstrip resonators.
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Fig.2.2.7 The relations between (Wres, Wwg) and Q.

Table 2.2.2 shows the parameters of the prototype filter used in the design: a loss-less 4th
order Chebyshev filter with 0.05-dB of passband ripple. Fig. 2.2.8 shows calculated results of the
prototype filter which meets the specification well. By instituting the parameters shown in Table 2.2.2
into (2.2.5), required values for Q.; can be obtained. And from the obtained Q.; and Fig. 2.2.7,
WresXWywg Of the microstrip resonators can be determined as shown in Table 2.2.3. Though determined
WresXWyg are not the same, the differences were not so large and wresXwywg for the microstrip resonators
were supposed to be constant (0.2x3.8 mm?) this time to suppress manufacturing errors.

Full EM-analysis model of the waveguide BRF can be configured by cascading the EM-
analysis model shown in Fig. 2.2.6. Finally, designed values shown in Table 2.2.4 were obtained after
optimization with the full EM-analysis model. The EM-analysis results of the full EM-analysis model
of the waveguide BRF is shown in Fig. 2.2.9 which satisfies high attenuation characteristic at the 47

GHz band and meets well with the calculated results of the prototype filter.
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Table 2.2.2 The parameters of the prototype filter used in the design.

Chebyshev filter
(ripple: 0.05 dB, 4th order)

9o 1.0 fo 46.85 GHz
94 0.9333 w 8%

9, 1.3923

93 15795

94 0.7636

9s 1.2222

S-parameters [dB]

44 45 46 47 48
Frequency [GHz]

Fig. 2.2.8 Calculated results of the prototype filters.

Table 2.2.3 Required values of Q. and wresXwwg for the microstrip resonators.

Q el Q e2 Q e3 Q ed
Required value 26.8 19.3 15.8 32.7
W resXW g [MM] 0.1x3.9 0.2x3.8 0.2x3.7 0.1x4.1
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Table 2.2.4 Designed values.

Parameter Designed value [mm]
Length of the microstrip resonators 1.06
Distance between the microstrip resonators 35
W res 0.2
W g 3.8

o
S,
g
[<5)
£
o
s
h
| | —— : EM-analysis
— — : Prototype filter
-80 ' : ' :
44 45 46

Frequency [GHz]

Fig. 2.2.9 The EM-analysis results of the waveguide BRF.
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2.2.2 Experiment

Fig. 2.2.10 shows a fabricated waveguide BRF. The main waveguide is formed by assembled
aluminum flanges, and two alumina substrates are placed on both inner side walls by a conductive
adhesive, with four open-ended A/2 microstrip resonators mounted on each of them. Though the whole
size of the aluminum flanges is 30x30x30 mm?, the actual size of the fabricated BRF itself is
2.4x4.8x13.4 mm?®, which is relatively low-profile and compact.

Fig. 2.2.11 shows the experimental results, where EM-analysis results and calculated results
of the prototype filter are also represented by dotted and dashed lines, respectively. In the measurement
system, waveguide to coaxial adapters are connected to the I/O ports of the waveguide, and each port
of the adapters are connected to Portl and Port2 of a network analyzer. Though a slight frequency shift
to higher frequency range was present, relatively high attenuation more than 50 dB at 46.7 - 47.0 GHz
and low insertion loss less than 1.3 dB at 44.2 — 44.5 GHz were achieved.

One possible reason for the frequency shift in the measured results is the existence of the
conductive adhesive. The thickness of the adhesive was neglected in the EM-analyses, which may
have caused slight position fluctuation of the resonators from designed position. Other possible
reasons are production errors, such as manufacturing errors in the thickness and the dielectric constant

of the substrates.
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(a) Perspective view. (b) Exploded view.

Fig.2.2.10 The fabricated waveguide BRF.
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Fig. 2.2.11 The measured results of the fabricated waveguide BRF.

22



2.3 A Q-band Waveguide BRF Using SIW Resonators

2.3.1 Design

In this section, waveguide BRF based on the same concept as the previous section is
proposed, where SIW resonators are applied as resonators instead of microstrip resonators. Fig. 2.3.1
shows the configuration of the proposed waveguide BRF, which simply consists of two dielectric
substrates and a waveguide. The substrates are inserted inside the waveguide, and different from the
waveguide BRF in the previous section, they are placed on both upper and lower inner walls by a
conductive adhesive. Fig. 2.3.2 shows the dielectric substrates apart. All surfaces of the substrates are
metalized except rectangular coupling slots placed A¢/4 at fo apart along the waveguide axis, where A,
is the guide wavelength in the waveguide and 2 is the wavelength inside the substrate. Parallel via-
hole arrays inside the substrates are also placed along the waveguide axis, and the distance between
the coupling slot and the via-hole array is A/4 at fy. SIW resonators are then embedded in the substrates,
those resonate at fy with the resonant mode where E-fields are the highest around the coupling slots
and the lowest near the via-hole array. Fig. 2.3.3 shows the dominant resonant mode of the SIW

resonators at the resonant frequency, where E-fields intensity is the highest at the coupling slot and the

Port2

Waveguide

S Dielectric substrate

Fig. 2.3.1 A configuration of the waveguide BRF using SIW resonators.

aasrnan

Portl
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Fig. 2.3.2 The dielectric substrates shown in Fig. 2.3.1.

Waveguide axis

 —

Low High Via-hole Coupling slot
[0 : E-field intensity
A :E-field direction

Fig. 2.3.3 The dominant resonant mode of the SIW resonator at the resonant frequency.

lowest near the via-hole. Contrary to the waveguide BRF in the previous section, the comparison of
this mode with the main propagation mode in the waveguide suggests that two modes are electrically
coupled, since their electric fields are in parallel with each other.

Since the concept of the configuration of this waveguide BRF is same as the previous section,
which is to position resonators in a waveguide along the waveguide axis with equal intervals, the
equivalent circuit for the waveguide BRF in this section is basically the same with those shown in Fig.
2.2.4 and Fig. 2.2.5 in the previous section. Opposing two SIW resonators can be represented by a

series-connected parallel resonator and note that the number of the order is five in this section.
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Design specification for the waveguide BRF is shown in Table 2.3.1, which is same as the
table 2.2.1 shown in the previous section. An alumina substrate (g: 10.0, tand: 0.0001, thickness: 0.38
mm) is applied for its high-precision metal-patterning process. Same with the previous section,
dimension of cross-sectional areas of the I/O ports are 2.4x4.8 mm?, and the cut-off frequency is 31
GHz.

The distance between the coupling slots along the waveguide axis is A¢/4 as shown in Fig.
2.3.2. Though the distance between the coupling slot and the via-hole array in the SIW resonator is
denoted as A/4 in Fig. 2.3.2, detailed value needs to be obtained through the EM-analysis to consider
the diameter and pitch of the via holes. Remained parameters to be determined in the design are lengths
of short and long sides of the coupling slot; wso: and Lsior. These parameters can be obtained from
following procedures by EM-analysis, performed by commercial Finite-Element-Method (FEM)
software.

Fig. 2.3.4 shows an EM-analysis model of the SIW resonator, where two parallel via-hole
arrays (¢: 0.2 mm, pitch: 0.5 mm) are positioned inside the dielectric substrate and all surfaces of the
substrate are metallized. The distance between the two via-hole array along the waveguide axis is
defined as dyia. In the design, dyi, is used as a parameter in the EM-analysis to find suitable dyia that
demonstrates the dominant resonant mode shown in Fig. 2.3.3 at fo. The initial value for dyi, is 1.01

mm (A/2), and from the EM-analysis results, suitable d,i, was found to be 1.13 mm.

Table 2.3.1 The design specification for the waveguide BRF using SIW resonators.

Passbhand Stopband
442 - 445 GHz 46.7 - 47.0 GHz

S, [dB] > -2 < -50
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Via hole
(¢: 0.2 mm, pitch: 0.5 mm)

Fig.2.3.4 The EM-analysis model of the SIW resonator.

Fig. 2.3.5 shows EM-analysis model for estimating Q. of the SIW resonators. The model
consists of a waveguide and two dielectric substrates placed on both upper and lower inner walls of
the waveguide, and one SIW resonator is embedded in each substrate. All surfaces of the substrates
are metalized except rectangular coupling slots, whose lengths of short and long sides are wsioc and
Lsior. At the resonant frequency, the electromagnetic wave would be more likely to resonate in the SIW
resonators than to propagate through the waveguide. As a result, the transmission coefficient S»>; forms
an attenuation pole at the resonant frequency. From the EM-analysis result, Q. can be obtained from
(2.2.6) and (2.2.7), the equations already shown in the previous section. Fig. 2.3.6 shows obtained
relations between (Wsiot, Lsiot) and Qe from the EM-analysis results with several values of wgiot and Lgior.
Same as the previous section, suitable values of wqior and Lgio for required Qe can be determined from
the figure.

Table 2.3.2 shows the parameters of the prototype filter used in the design: a loss-less 5th
order Chebyshev filter with 0.05-dB of passband ripple. Fig. 2.3.6 shows calculated results of the

prototype filters, which meets the specification well. By instituting the parameters shown in
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Fig. 2.3.5 The EM-analysis model for estimating external O-factor of the SIW resonators.
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Fig. 2.3.6  The relations between (Wsiot, Lsiot) and Q.
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Table 2.3.2 into (2.2.5), required values for Q. can be obtained. And from the obtained Q.; and Fig.
2.3.7, wso*Lsior Of the SIW resonators can be determined as shown in Table 2.3.3. Although the
obtained wsiotXLsioc are not the same, however, the differences are not so large and wgioXLsior for the
SIW resonators were supposed to be constant (0.2x1.8 mm?) this time to suppress manufacturing
errors.

Full EM-analysis model of the waveguide BRF can be configured by cascading the EM-
analysis model shown in Fig. 2.3.5. Finally, designed values shown in Table 2.3.4 were obtained after
optimization with the full EM-analysis model. Fig. 2.3.8 shows the EM-analysis results of the full
EM-analysis model of the waveguide BRF which satisfies high attenuation characteristic at the 47

GHz band and meets well with the calculated result of the prototype filter.

Table 2.3.2 The parameters of the prototype filter used in the design.

Chebyshev filter
(ripple: 0.05 dB, 5th order)

go 1.0 fo 46.85 GHz
g1 0.9732 w 8%

g 1.3723

g3 1.8032

04 1.3723

Os 0.9732

Os 1.0
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S-parameters [dB]

44 45 46 47 48
Frequency [GHz]

Fig. 2.3.7 Calculated results of the prototype filters.

Table 2.3.3 Required values of Q. and wgioXLsiot for the SIW resonators.

Q el Q e2 Q e3 Q ed Q e5
Required value 25.7 18.2 13.9 18.2 25.7
W giotXL spot [mmz] 0.2x1.7 0.3x1.8 0.4x2.0 0.3x1.8 0.2x1.7
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Table 2.3.4 Designed values.

Parameter Designed value [mm]
d via 1.13
Distance between the coupling slots 25
Wisiot 0.2
L siot 18

48
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»H
——: EM-analysis
— — : Prototype filter \ /
-80 . L . L A L
44 45 46 47
Frequency [GHz]
Fig. 2.3.8 The EM-analysis results of the waveguide BRF.
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2.3.2 Experiment

A fabricated waveguide BRF is shown in Fig. 2.3.9. Five SIW resonators are embedded in
each of two alumina substrates placed on both upper and lower inner walls of the main waveguide
formed by assembled aluminum flanges. Though the whole size of the aluminum flanges is 30x30%30
mm?®, the actual size of the fabricated BRF itself is 2.4x4.8x12.0 mm?®, which is relatively low-profile
and compact.

Fig. 2.3.10 shows the experimental results, where EM-analysis results and calculated results
of the prototype filter are also represented by dotted and dashed lines, respectively. The measurement
system is same as that used in the previous section. Though a slight frequency shift to higher frequency
range was present, the measured results showed relatively high attenuation more than 50 dB at 46.7 -
47.0 GHz and low insertion loss less than 1.6 dB at 44.2 - 44.5 GHz,

The insertion loss was slightly higher than that of the configuration in the previous section.
This may come from the difference between the assemblies of the main waveguides. In the first
configuration, the main waveguide is separated at the middle of both upper and lower walls, where
current is relatively scarce even when electromagnetic wave propagates inside the main waveguide.
On the other hand, the main waveguide of the configuration in this section is separated at the middle
of side walls, where current is relatively concentrated when electromagnetic wave propagates inside
the main waveguide, resulting in deteriorating insertion loss due to the discontinuities.

The frequency shift is possibly caused by the manufacturing error of the via holes depending
on the accuracy of the laser process, which is generally worse than that of the patterning process for
alumina substrates. It can be expected that the diameter of fabricated via holes were larger than
designed, and the resonant frequency of the SIW resonators shifted to higher frequency. Other possible

reasons are production errors, such as errors in thickness and dielectric constant of the substrates.
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Dielectric substrate
(alumina)

(a) Perspective view. (b) Exploded view.

Fig.2.3.9 The fabricated waveguide BRF.
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Fig. 2.3.10 The measured results of the fabricated waveguide BRF.
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2.4 Summary

In this chapter, two configurations of low-profile waveguide BRF were proposed and
evaluated. Differ from the conventional waveguide BRF where cavity resonators are located outside
the main waveguide, resonators-loaded dielectric substrates are placed on inner walls of the main
waveguide in both configurations. At the resonant frequency of the resonator, an electromagnetic wave
propagating through the main waveguide would be more likely to resonate at the resonators than to
continue propagating through the main waveguide. As a result, propagation of the electromagnetic
wave is suppressed and the configurations work as a waveguide BRF.

In the first configuration, open-ended A/2 microstrip resonators are mounted on the dielectric
substrates those are inserted inside the waveguide and placed on both inner side walls. A comparison
of dominant resonant mode of the open-ended A/2 microstrip resonators with the main propagation
mode of the waveguide suggested that the two modes are magnetically coupled. A waveguide BRF of
this configuration for Q-band was designed by the design process based on filter theory and EM-
analysis. The 4th order waveguide BRF using open-ended A/2 microstrip resonators was fabricated
according to the design process, and the measured results showed steep band rejection characteristic
with relatively high attenuation more than 50 dB at 46.7 — 47.0 GHz with insertion loss less than 1.3
dB at 44.2 — 44.5 GHz.

In the second configuration, SIW resonators are embedded in the dielectric substrates those
are inserted inside the waveguide and placed on both upper and lower inner walls. A comparison of
dominant resonant mode of the SIW resonators with the main propagation mode of the waveguide
suggested that the two modes are electrically coupled, which is different from the previous
configuration. A waveguide BRF of this configuration for Q-band was designed by the design process

based on filter theory and EM-analysis. The 5th order waveguide BRF using SIW resonators was
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fabricated according to the design process, and the measured results showed steep band rejection
characteristic with relatively high attenuation more than 50 dB at 46.7 — 47.0 GHz and insertion loss
less than 1.6 dB at 44.2 — 44.5 GHz.

In the two configurations in this chapter, although type of the resonator and the coupling
manner from the electromagnetic wave propagating through the main waveguide to the resonators are
different, more than 50 dB attenuation at Q-band was obtained by both configurations. However,
insertion loss of the first configuration was slightly lower than that of the second configuration. This
may be caused by difference between the assemblies of the main waveguides. In the first configuration,
the main waveguide is separated at the middle of both upper and lower walls, where current is
relatively scarce even when electromagnetic wave propagates inside the main waveguide. On the other
hand, the main waveguide of the second configuration is separated at the middle of side walls, where
current is relatively concentrated when electromagnetic wave propagates inside the main waveguide,
resulting in deteriorating insertion loss due to the discontinuities. From this reason, lower insertion
loss can be expected for the first configuration than the second configuration. Nevertheless, the main
waveguide is sometimes necessary to be separated at the middle of side walls because of the assembly
of the whole system or combination with other components, patch array antennas and coaxial
waveguide adapter for example. In these cases, the second configuration is preferable though its
disadvantage in insertion loss.

Besides, since power capability of the waveguide BRF is not considered in this dissertation ,
power consumption and withstand power should be considered additionally for a practical use in high-

power applications.
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Chapter 3

Configurations for a Gasket-free
Electromagnetic Shielding Structure

3.1 Introductory Remarks

As wireless devices have been developed and spread widely in recent years, the risks of
radio-wave interferences and information leakage may sometimes become a problem. A shielded
enclosure is a common and conventional solution, which basically consists of metal walls and shielded
doors using contact-type conductive gaskets. However, communication devices are not available
inside, since shielding effectiveness (SE) of such a shielded enclosure is continuous in frequency. To
realize both SE at specific frequency bands and capability of other device using other frequency bands,
a shielded room having frequency selectivity is sometimes required. For such frequency-selective
shielded rooms, SE of more than 40 dB is generally required.

For this requirement, various types of shielding structures having SE at specific frequency
bands have been developed and reported. For walls and windows of a shielded room, frequency
selective surface (FSS) is a standard solution [3.1] - [3.9]. FSS basically consists of planar periodic
conductive pattern elements fabricated on a dielectric substrate, and mainly works as a kind of a band
stop filter at resonant frequencies of the elements. The FSS is usually designed for decreasing
electromagnetic wave whose direction of propagation is almost perpendicular to the surfaces of the

walls or the windows. For examples, square-loop periodic elements are used in [3.1] to obtain SE at
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2.4 GHz band, two different-sized “four-legged loaded” elements are used in [3.2] to obtain narrower
bandwidth, full and split ring elements with varactor diodes and surface mount resistors are used in
[3.3] to obtain reconfigurable SE at 2.4 GHz band, two-layered loop and square elements are used in
[3.4] to obtain wide-band SE at 7.5 — 16.2 GHz, and convoluted square loop elements with six meander
peaks on each arm are used on opaque walls in [3.5] to obtain narrow SE at 1.5 — 2.5 GHz. Moreover,
a combination of rings, loops, and slot elements are used in [3.6] to obtain either a reject or passband
single-layer filter at 2.4 GHz and 5.2 GHz bands for Wi-Fi applications, five resonant elements are
used in [3.7] to obtain SE at 2.4 GHz, 3.5 GHz, 4.5 GHz, and 5.5 GHz bands for the security purpose
in mobile communication, two-layered conductive and resistive FSSs are used in [3.8] to obtain low-
profile configuration and SE at 5 GHz band, and periodic double ring strip FSSs are used in [3.9] to
obtain SE at 2.45 GHz and 5.4 GHz bands.

A shielded room usually has a shielded door, where a gap exists between the door and the
door frame. In general, a contact-type conductive gasket is applied to realize SE at the gap, which
physically connect the door and the door frame when the door is closed. Though relatively high,
sometimes more than 100 dB, SE can be realized, the SE is continuous in frequency and not applicable
for realizing frequency selectivity. Furthermore, since high contact pressure is required when the door
is closed, aged deterioration mainly due to opening and closing operations of the door is inevitable in
principle and regular maintenance is necessary. Aged deterioration caused by corrosive environments
is reported in [3.10], and the reliability of a conductive gasket is assessed by using a TEM cell in [3.11]
or using a stripline setup in [3.12]. Several types of conductive gaskets in environmentally worst cases
are modeled and their SE are estimated and compared with simulated results in [3.13]. Contrary to the
contact-type conductive gaskets, some gasket-free shielding structures are reported in [3.14] and this
chapter. Since high contact pressure is not needed for such gasket-free shielding structures even when

the door is closed, opening and closing operations of the door do not induce the aged deterioration,
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and moreover, an ordinary simple door structure is applicable. In [3.14], several kinds of magnetic
materials, called magnetic absorbers, are placed on the inner walls of the gap and measured results
showed 15-dB improvement of SE in a wide frequency band from 100 MHz to 2.5 GHz.

In this chapter, gasket-free electromagnetic shielding structures using SIW resonators are
proposed and evaluated. Fig. 3.1.1 shows a simplified configuration of the structure. In the structures,
SIW resonators are embedded in dielectric substrates placed on the inner walls of the gap. The SIW
resonators are arranged in a cascaded configuration along the direction of propagation and designed
to have slightly different resonant frequencies. At the resonant frequencies of the SIW resonators,
electromagnetic wave propagating through the gap would be more likely to resonate at the SIW
resonators than to propagate through the gap. As a result, wide-band SE including the resonant
frequencies of the SIW resonators can be expected as shown in Fig. 3.1.2. A gasket-free shielding
structure for 12 - 15.5 GHz, for 2.4 GHz band, and for both 2.4 GHz and 5 GHz bands are proposed
in section 3.2, section 3.3, and section 3.4, respectively. In each section of this chapter, the
configuration of the proposed structure is shown first. Design process based on EM analysis is shown
next, and finally, measured results of SE of the fabricated structure is shown.

The shielding structures referred above are compared in Table 3.1.1, showing their
applicable places, applicable frequencies, and applicability of frequency selectivity. Some other
shielding techniques are reported in [3.15] - [3.17]. Magnetic materials are used in [3.15] to mitigate
the magnetic field leaked from the joint parts of a shielded enclosure at several kHz up to several
hundreds of kHz, showing 20-dB improvement of SE. Alternatives to conductive gaskets are studied
in [3.16], and experimental results showed that grounding points or lossy materials can be used instead
of conductive gaskets below 1 GHz, when required SE is less than 30 dB. A door-less access passage

to a shielded enclosure is studied in [3.17], indicating some design rules and limitations of the passage.
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Fig. 3.1.1
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A simplified configuration of the gasket-free shielding structure.
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Fig. 3.1.2 A simplified shielding effectiveness of the gasket-free shielding structure.

Table 3.1.1 The comparison of the referred shielding structures.
Shielding Conductive Magnetic Cascaded SIW
FSS
structures gasket absorber resonators
[ref] [3.1]-[3.9] [3.10] - [3.13] [3.14] (This chapter)
. Gap between Gap between Gap between
App:;izble Walls door and door and door and
P door frame door frame door frame
Applicable Several GHz All frequency kHz to Several GHz
frequenc to several- (ideally) several GHz to several-
q y tens GHz y tens GHz
Frequency . .
selectivity Applicable N/A N/A Applicable
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3.2 A gasket-free Electromagnetic Shielding Structure

for 12 — 15.5 GHz Using Cascaded SIW Resonators

3.2.1 Configuration

Fig. 3.2.1 shows cascaded SIW resonators embedded in a double-layered dielectric substrate.
The surfaces of the substrate are covered with conductive patterns except for coupling slots, and the
coupling slots and via-hole arrays are placed alternately along the direction of propagation. In cross
section of each SIW resonator, the coupling slot is positioned at the center, and the distance between
the via hole and the coupling slot is A,/4 at its own resonant frequency. Fig. 3.2.2 shows the dominant
resonant mode of an SIW resonator, where E-fields intensity is the highest at the coupling slot and the

lowest near the via hole.

Direction of propagation

, M4, A4, Couplingslot  Conductive pattern
' | !
Via hole
H_A) = - - ' Dielectric
substrate

SIW resonator

Fig.3.2.1 Cascaded SIW resonators embedded in a double-layered dielectric substrate.

Direction of propagation

Low High Via-hole Coupling slot
[ : E-field intensity
A :E-field direction

1 1 1
! e ! pwi !

Fig. 3.2.2 The dominant resonant mode of the SIW resonator at the resonant frequency.
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3.2.2 Design

The cascaded SIW resonators for the shield band of 12 — 15.5 GHz was design by following
design process. Before designing the cascaded configuration, a design process for a single SIW
resonator having arbitrary resonant frequency f; must be cleared first. The main design parameter of a
single SIW resonator is the distance between via-hole arrays, d(f;). As shown in Fig. 3.2.1, d(f;) can be

roughly estimated by

Cc

TR (3.2.1)

d(f,) =
where f; is a resonant frequency of an SIW resonator, & is a relative dielectric constant of the dielectric
substrate, and c is the speed of light. This equation indicates that d(f;) is equivalent to half wavelength
at its resonant frequency in the substrate. Though this equation is enough for a rough estimation, a
more accurate equation is preferable for the design, because some other parameters are not considered:
thickness of the substrate, diameter and pitch of the via holes, width of the coupling slots, for example.

An EM-analysis using the finite element method and a numerical approach can take these
parameters into account. Fig. 3.2.3 shows the EM-analysis model to obtain more accurate d(f;), where
a gap is modeled by a thin air box of 3-mm height and 1-mm width and note that the sidewalls are
defined as magnetic walls to work as symmetric boundaries. Double-sided FR4 substrates (s 4.3,
tand: 0.01, thickness: 0.6 mm) with a copper conductor (c: 5.8x107 Sie/m, thickness: 0.02 mm) and
via holes (¢: 0.15 mm, pitch: 0.5 mm) are placed on both upper and lower inner walls of the gap, and
one SIW resonator is embedded in each substrate. The distances between the via holes along the
direction of propagation are defined as d, and width of the coupling slot is fixed to d/3 to simplify the

design. Portl and Port2 are defined at the edges of the gap, and the source of the electromagnetic
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Fig. 3.2.3 The EM-analysis model to obtain more accurate d(f;).

wave propagating through the gap is modeled by a vertically excited E-field at Portl. In the EM

analysis results of this model, S»; forms an attenuation pole at resonant frequency of the SIW resonator,

from which one relation between d and f; can be obtained. Fig. 3.2.4 shows an example of the EM-

analysis result with d of 10 mm, where S$2; forms an attenuation pole at 8.9 GHz. By applying a
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Fig. 3.2.4 An example of the EM-analysis result (¢=10 mm).

polynomial approximation to the relations between d and f; obtained from EM-analysis results using
various values of d, a numerical expression of d(f;) can be obtained which is expected to be suitable
for the design.

By considering the rough estimation of (3.2.1), a 2nd order polynomial of 1/f; was adopted

this time, and the least square method was applied. The obtained approximate equation of d(f;) was

290 150
~ (lGHzD? T f[GHz]

a(fy) = -31 [mm] . (3.2.2)
Fig. 3.2.5 shows relations between d and f; obtained from the EM-analysis results, from the rough
estimation shown as (3.2.1), and from the approximate equation just shown above as (3.2.2). Since
approximate equation (3.2.2) correlates well with the EM-analysis results within wide frequency range

including the shield band, the equation can be expected to be suitable for the design.
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Fig. 3.2.5 Relations between d and f; obtained from the EM-analysis results, the rough estimation

of d(f; ) shown as (3.2.1), and the approximated equation shown as (3.2.2)

A cascaded configuration of SIW resonators can be designed by cascading SIW resonators
having resonant frequencies in the shield band. Before designing the individual SIW resonator, the
order number of the cascaded configuration should be determined. The initial value of the order

number Nini¢ can be obtained from

Ninit = [Lperm] ; (3.2.3)
dhigh

where Lyerm i permitted length for the design along the direction of propagation, and dhign is d of the

SIW resonator having the resonant frequency at the highest edge of the shield band. Resonant

frequencies of the SIW resonators can be then obtained by supposing that resonant frequencies of the

SIW resonators are within the shield band at equal frequency interval. The d of individual SIW

resonators can be obtained by substituting corresponding f; into d(f;), and total length of the cascaded
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configuration along the direction of propagation is sum of them. In the case that the total length
exceeds Lperm, the order number starting with Ny is required to be reduced by one till the total length
becomes less than Lperm. According to this process, 8th order cascaded configuration was adopted for
Lperm of 55 mm in this case.

Fig. 3.2.6 shows the EM-analysis model of the 8th order cascaded SIW resonators. Eight
SIW resonators (SIW; - SIW5g) simply cascaded along the direction of propagation are embedded in
the dielectric substrates placed on both upper and lower inner walls of the gap. Note that the side walls
are defined as magnetic walls those work as symmetric boundaries, which is same as the EM-analysis
model shown in Fig. 3.2.3. Table 3.2.1 shows designed values of f; and d of the cascaded SIW
resonators, where d is obtained by substituting f; into (3.2.2), and the total size along the direction of
propagation is 52 mm. Fig. 3.2.7 shows the EM-analysis result, demonstrating remarkable decrease of
the transmission coefficient S; at the shield band of 12 - 15.5 GHz. In the case that S; is not decreased
well in the shield band, design conditions should be reconsidered.

The design process described in this section is summarized by a flowchart shown in Fig.
3.2.8. In the process, the resonant frequencies of the SIW resonators are determined to have equal
frequency interval and lined up in order from the lowest frequency to the highest frequency, however,
establishing other process for determining the resonant frequencies of the SIW resonators to realize

better SE will be our future work.
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Direction of
propagation

Fig. 3.2.6 The EM-analysis model of the 8th order cascaded SIW resonators.

Table 3.2.1 Designed values of f; and d of the cascaded SIW resonators.

SIW; SIW, SIW; SIW, SIWs SIWs SIW;  SIW;
f [GHz] 12 12.5 13 135 14 145 15 155
d[mm] 7.6 7.3 6.9 6.6 6.3 6.0 5.8 5.5

Sz [dB]
A
S

Shield bandflj:.:.:.:.::

-100 —
5 10 15 20

Frequency [GHz]

Fig. 3.2.7 The EM-analysis result of the 8th order cascaded SIW resonators.
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Fig. 3.2.8 A flowchart of the design process for cascaded SIW resonators.
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3.2.3 Experiment

Fig. 3.2.9 shows a measurement system for evaluating SE. Tx- and Rx-antennas are
positioned face to face across the gap of 200x3 mm? aperture size located on the wall of a shielded
chamber. The Tx-antenna is connected to Port1 of a network analyzer and placed outside the chamber
1 m apart from the wall, while the Rx-antenna is connected to Port2 of the network analyzer via a pre-
amplifier of 40-dB gain and placed inside the chamber at also 1 m apart from the wall. With this
measurement system, SE can be evaluated by comparing measured results of S>; with and without the
substrates. Fig. 3.2.10 shows a simplified cross-sectional view of the gap and Fig. 3.2.11 shows the
gap seen from the Tx- and the Rx-antenna sides. The gap is filled with an elastic styrene foam to fix
the substrates on both upper and lower inner walls of the gap. The foam can be almost ignored
electromagnetically since the dielectric constant of the foam is almost same with that of the air. Fig.
3.2.12 shows the fabricated substrates whose dielectric constant and other parameters are the same as

those used in the EM-analyses in the design process.

Jlm
Tx-antenna = - Rx-antenna

S
) Ry )

Network
Analyzer
if
o o

Fig. 3.2.9 The measurement system for evaluating SE.
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Fig. 3.2.10 A simplified cross-sectional view of the gap.

i

\/\ 1\3 mm
Aperture Fixture
(200 x 3 mm?) : Fixture Fabricated substrate
(side block)

(a) Tx-antenna side. (b) Rx-antenna side.

Fig. 3.2.11 The gap seen from both antenna sides.

Via-hole array ] SIW resonator
Coupling slot

Fig. 3.2.12 The fabricated substrate.
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Fig. 3.2.13 shows measured results of S»; of a free space and the gap with/without the
substrates where cascaded SIW resonators are embedded. The measured frequency range is 5 - 18 GHz
at 12 MHz intervals, and the gain of the pre-amplifier (+40 dB) is included in the measured S»1. SE
can be evaluated by defining the measured S>; of a free space as a 0-dB reference. Fig. 3.2.14 shows
measured results of SE of the gap with/without the substrates. The measured results showed 40-dB SE
at the shield band, which is improved by 25 dB from SE of the gap alone by placing the cascaded SIW
resonators on the inner walls of the gap. Note that since these results did not change with the fixture
without the side blocks shown in Fig. 3.2.11 (b), the fixtures in the later sections are simplified to a
side-block-less configuration.

Besides, tilting the Tx-antenna vertically in this measurement system is not expected to
change the electromagnetic wave received at the Rx-antenna since excited E-field at the aperture and
the direction of propagation in the gap is basically the same. On the contrary, tilting the Tx-antenna
horizontally also tilts the direction of propagation horizontally in the gap. This change practically
stretches the wavelength of the electromagnetic wave along the axis of the Rx-antenna, resulting in a
shift in the frequency of the electromagnetic wave received at the Rx-antenna to a lower frequency.
Therefore, for a practical use, it is desirable for the shielding structure to be designed to have wider-

band characteristics on the low frequency side than the specifications.
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Fig.3.2.14 The measured results of SE.
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3.3 A Gasket-free Electromagnetic Shielding Structure

for 2.4 GHz band Using Folded A/4 SIW Resonators

3.3.1 Configuration

Since 2.4 GHz band is defined as one of the industrial, science, and medical radio bands
(ISM bands), many electrical devices use this band for its convenience of license-free use. Crosstalk
and information leakage are therefore more likely to be happened in this band, and a gasket-free
shielding structure for this band is sometimes required. Applying conventional SIW resonators
evaluated in the previous section at 2.4 GHz band is not practical, because the distance between via-
hole arrays is A/2 at its own resonant frequency which generally becomes too large for a cascaded
configuration in this band. For example, in the case of realizing the conventional SIW resonator at 2.4
GHz using an ordinal FR4 substrate, the distance becomes almost 30 mm, which indicates that
miniaturization is necessary to realize the cascaded configuration in practical size. A dielectric
substrate of high relative dielectric constant may become another solution for the miniaturization,
however, total cost will hardly meet the requirement because such substrates are generally expensive
and many substrates are generally required to cover the entire circumference of the shielded door and
the door frame.

In this section, a gasket-free shielding structure using folded quarter-wavelength (FQ)-SIW
resonators is proposed and evaluated. An FQ-SIW resonator is kind of an SIW resonator miniaturized
by applying a multilayered dielectric substrate and modifying the position of the coupling slot. Fig.
3.3.1 shows a cross-sectional view of an FQ-SIW resonator embedded in a five-layered substrate. In

contrast to the conventional SIW resonator shown in Fig. 3.2.1, whose coupling slot is placed at the
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center, the coupling slot of the FQ-SIW resonator is placed adjacent to a via-hole array. Inside the FQ-
SIW resonator, the inner path of the electromagnetic wave is folded three times by multilayered
structure, and the total length of the inner path is A/4. Fig. 3.3.2 shows the dominant resonant mode
of the FQ-SIW resonator at the resonant frequency, where E-fields intensity is the highest at the
coupling slot and the lowest at the end of the inner path. Compared with the conventional SIW
resonator, the distance between the via-hole arrays of the FQ-SIW resonator is miniaturized from A,/2
to A+/16, which is 1/8 of that of the conventional SIW resonator.

In general, the distance d between via-hole arrays of an FQ-SIW resonator can be roughly

estimated by

1 c

where N is the number of conductive layers of the multilayered dielectric substrate (V=5 in this case),
fris the resonant frequency, &; is the relative dielectric constant of the multilayered dielectric substrate,

and c is the speed of light.
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Fig.3.3.1 A cross-sectional view of an FQ-SIW resonator.
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Fig. 3.3.2 The dominant resonant mode of the FQ-SIW resonator at the resonant frequency.
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3.3.2 Design

The cascaded FQ-SIW resonators for the shield band of 2.4 GHz band (2.4 — 2.5 GHz) was
design by following design process which is almost the same as that shown in Fig. 3.2.8 in the previous
section. As with the case of the cascaded SIW resonators in the previous section, a design process for
a single FQ-SIW resonator having arbitrary resonant frequency, f;, must be cleared first before
designing the cascaded configuration. The main design parameter of a single FQ-SIW resonator is the
distance between via-hole arrays, d(f;). As shown in the previous subsection, d(f;) can be roughly
estimated by (3.3.1). Though this equation is enough for rough estimation, a more accurate equation
is preferable for the design, because some other parameters are not considered: thickness of the layers
of the substrate, diameter and pitch of the via holes, width of the coupling slots, for example.

To take these parameters into account, an EM-analysis using the finite element method and
a numerical approach are applied. Fig. 3.3.3 shows the EM-analysis model to obtain more accurate
d(f), where a gap is modeled by a thin air box of 3-mm height and 0.7-mm width and note that the
sidewalls are defined as magnetic walls to work as symmetric boundaries. A five-layered FR4 substrate
(thickness: 0.6x4 mm, &: 4.3, tand: 0.01) with a copper conductor (c: 5.8x107 Sie/m. thickness: 20
pum) and via holes (¢: 0.3 mm, pitch: 0.7 mm) are placed on both upper and lower inner walls of the
gap, and one FQ-SIW resonator is embedded in each substrate. The distances between the via holes
along the direction of propagation are defined as d, and width of the both coupling slots and the slots
of the inner-conductive layers are 0.5 mm. Port] and Port2 are defined at the edges of the gap, and the
source of the electromagnetic wave propagating through the gap is modeled by a vertically excited E-
field at Portl. In the EM-analysis results of this model, S>; forms an attenuation pole at resonant
frequency of the FQ-SIW resonator, from which one relation between d and f; can be obtained. Fig.

3.3.4 shows an example of the EM-analysis result with d of 4.75 mm, where S»; forms an attenuation
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Fig.3.3.4 An example of the EM-analysis result (¢=4.75 mm).

pole at 2.1 GHz. By applying a polynomial approximation to the relations between d and f; obtained
from EM-analysis results using various values of d, a numerical expression of d(f;) can be obtained
which is expected to be suitable for the design.

By considering the rough estimation of (3.3.1), a 1st order polynomial of 1/f was adopted

this time, and the least square method was applied. The obtained approximate equation of d(f;) was

72.32

d(fy) = FIGHZ] 0.54 [mm] (3.3.2)

Fig. 3.3.5 shows relations between d and f; obtained from the EM-analysis results, from the rough
estimation shown as (3.3.1), and from the approximate equation shown above as (3.3.2). Since
approximate equation (3.3.2) correlates well with the EM-analysis results widely including the shield
band, the equation would be suitable for the design in this case.

A cascaded configuration of FQ-SIW resonators can be designed by cascading FQ-SIW
resonators having resonant frequencies in the shield band. Before designing the individual FQ-SIW

resonator, the order number of the cascaded configuration should be estimated according to the process
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Fig. 3.3.5 Relations between d and f; obtained from the EM-analysis results, the rough estimation
of d(f; ) shown as (3.3.1), and the approximated equation shown as (3.3.2)

almost the same as that shown in Fig. 3.2.8 in the previous section. In this case, 6th order cascaded
configuration was adopted to meet the conditions that resonant frequencies of the FQ-SIW resonators
are within the shield band at equal frequency interval and sum of d(f;) is less than permitted size of 30
mm along the direction of propagation.

Fig. 3.3.6 shows the EM-analysis model of the 6th order cascaded FQ-SIW resonators. Six
FQ-SIW resonators (FQ-SIW; - FQ-SIWs) cascaded along the direction of propagation are embedded
in the multilayered dielectric substrates placed on both upper and lower inner walls of the gap. Note
that the side walls are defined as magnetic walls those work as symmetric boundaries, as same as the
EM-analysis models in the previous subsection. Table 3.3.1 shows designed values of f; and d of the
cascaded FQ-SIW resonators, where f; is selected to have equal frequency interval to simplify the
design and d is obtained by substituting f; into (3.3.2). With these designed values, total size along the
direction of propagation is 27.1 mm. Fig. 3.3.7 shows the EM-analysis result, demonstrating decrease
of the transmission coefficient S»; at the shield band and 7.5 GHz band: the former is the designed

response originates from the dominant resonant mode of the FQ-SIW resonators, while the latter is the
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Fig. 3.3.6 The EM-analysis model of the 6th order cascaded FQ-SIW resonators.

Table 3.3.1 Designed values of f; and d of the cascaded FQ-SIW resonators.

FQ-SIW, FQ-SIW, FQ-SIW; FQ-SIW, FQ-SIWs FQ-SIW;
f.[GHz]  2.40 2.42 2.44 2.46 2.48 2.50
d[mm]  4.26 4.23 4.20 4.17 4.14 4.11

21 [dB]
& 3

T 2Shield band
1 2 3 4 5 6 7 8 9
Frequency [GHZz]
Fig. 3.3.7 The EM-analysis result of the 6th order cascaded FQ-SIW resonators.
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spurious response caused by the higher-order resonant mode of the resonators. In the case that S»; is
not decreased well in the shield band, design conditions should be reconsidered. The design process
described in this section is summarized in a flowchart shown in Fig. 3.3.8, which is almost the same

with that shown in the previous section.

( Start )

Obtain relations between d and f,
from the EM-analysis results.

J

Obtain an approximate expression for d(f,) by
applying the least square method to the relations.

v

Calculate the initial value of the order
number of the cascaded configuration.

v

Calculate f. of FQ-SIW resonators supposing
that the resonant frequencies are within the
shield band at equal frequency interval.

Sum of d is less than Reduce the
. order number
permitted length.
by one

EM-analysis result
of S, is well-decreased
in the shield band. No

Reconsider the
design conditions

Yes

Fig. 3.3.8 A flowchart of the design process for cascaded FQ-SIW resonators.
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3.3.3 Experiment

Fig. 3.3.9 shows a measurement system for evaluating SE, which is almost the same with
what was shown in the previous section. Tx- and Rx-antennas are positioned face to face across the
gap of 200x3 mm? aperture size located on the wall of a shielded chamber. The Tx-antenna is
connected to Portl of a network analyzer and placed outside the chamber 1 m apart from the wall,
while the Rx-antenna is connected to Port2 of the network analyzer via a pre-amplifier of 40-dB gain
and placed inside the chamber at also 1 m apart from the wall. With this measurement system, SE can
be evaluated by comparing measured results of S>; with and without the substrates. Fig. 3.3.10 shows
a simplified cross-sectional view of the gap and Fig. 3.3.11 shows the gap seen from the Tx- and the
Rx-antenna sides. Two fabricated substrates are placed on both upper and lower inner walls of the gap
by L-shaped fixtures of copper plate, attached to the ground planes of the substrates by conductive
double-sided tapes. Fig. 3.3.12 shows the fabricated substrates whose dielectric constant and other

parameters are the same as those used in the EM-analyses in the design process.

Chamber

Tx-antenna WJLE: Rx-antenna

))) H\EGap% )))

Network RS
Analyzer <1 m—>

!

Q Q E

Fig. 3.3.9 The measurement system for evaluating SE.
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Fig. 3.3.13 shows measured results of S»; of a free space and the gap with/without the
substrates where cascaded FQ-SIW resonators are embedded. The measured frequency range is 1 - 9
GHz at 5.6 MHz intervals, and the gain of the pre-amplifier (+40 dB) is included in the measured S;.
SE can be evaluated by defining the measured S>; of a free space as a 0-dB reference. Fig. 3.3.14
shows measured results of SE of the gap with/without the substrates. The measured results showed
60-dB SE at 2.4 GHz band, which is improved by 30 dB from SE of the gap alone by placing the

cascaded FQ-SIW resonators on the inner walls of the gap.
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Fig. 3.3.13 The measured results of S>;.
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Fig. 3.3.14 The measured results of shielding effectiveness.
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3.4 A Gasket-free Electromagnetic Shielding
Structure for 2.4 GHz and 5 GHz Bands Using Dual-

Behavior SIW Resonators

3.4.1 Configuration

Although the previous section showed the validity of the gasket-free electromagnetic
shielding structure for 2.4 GHz band using FQ-SIW resonators, current wireless local area network
system uses not only 2.4 GHz band but also 5 GHz band, which is not covered by the structure. A
gasket-free electromagnetic shielding structure covering both 2.4 GHz and 5 GHz bands is therefore
worth to be studied.

In this section, a gasket-free shielding structure using dual-behavior (DB)-SIW resonators
is proposed and evaluated. A DB-SIW resonator mainly consists of two FQ-SIW resonators sharing
one coupling slot and has two almost-independent two resonant frequencies. Fig. 3.4.1 shows a cross-
sectional view of a DB-SIW resonator embedded in a five-layered substrate. Note that an interstitial
via hole (IVH) is positioned underneath the coupling slot. As shown in the figure, a DB-SIW resonator
has two independent inner paths, and hence, can realize almost-independent two resonant frequencies.
Fig. 3.4.2 shows the dominant resonant modes of the DB-SIW resonator at two resonant frequencies:
fiand f5. At fi, total length of the inner path1 becomes A/4 and the intensity of the E-field is the highest
at the coupling slot and the lowest at the end of the inner pathl. At f>, on the other hand, total length
of the inner path2 becomes A/4 and the intensity of the E-field is the highest at the coupling slot and
the lowest at the end of the inner path2. Compared with an FQ-SIW resonator, which has one

independent resonant frequency, a DB-SIW resonator can be expected to have two independent
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resonant frequencies. Compared with a configuration of simply cascaded two FQ-SIW resonators,
both have two independent resonant frequencies, however, some miniaturization can be expected for
a DB-SIW resonator since number of coupling slot is decreased from two to one.

In general, the distances d; (i=1,2) between via-hole arrays and the IVH of an DB-SIW

resonator can be roughly estimated by

1

c .
LD e T

, (3.4.1)
where N is the number of conductive layers of the multilayered dielectric substrate (V=5 in this case),
fiis the resonant frequencies, ; is the relative dielectric constant of the multilayered dielectric substrate,

and c is the speed of light.

Inner pathl Inner path2
(total length : A, /4 atf;)  (total length : A,/4 at f,)
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: 5 (IVH)
= ; o
1 1
< d, 1€ d, \
! (A/16 at f,) L (\16atfy)

Fig. 3.4.1 A cross-sectional view of a DB-SIW resonator.
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Fig. 3.4.2 The dominant resonant mode of the DB-SIW resonator at the resonant frequencies.
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3.4.2 Design

The cascaded DB-SIW resonators for the shield band of 2.4 GHz band (2.35 — 2.55 GHz)
and 5 GHz band (5.10 — 5.80 GHz) was design by following design process which is almost the same
as those shown in the previous sections. As with the case of the design processes for the cascaded SIW
resonators and cascaded FQ-SIW resonators shown in the previous sections, a design process for a
single DB-SIW resonator having arbitrary resonant frequencies, fi and f>, must be cleared first before
designing the cascaded configuration. The main design parameters of a single DB-SIW resonator is
the distances between the via-hole arrays and the IVH, di(f1) and dx(f2). As shown in the previous
subsection, di(f1) and da(f2) can be roughly estimated by (3.4.1). Though this equation is enough for
rough estimation, a more accurate equation is preferable for the design, because some other parameters
are not considered: thickness of the layers of the substrate, diameter and pitch of the via holes and the
IVH, width of the coupling slots, for example.

To take these parameters into account, an EM-analysis using the finite element method and
a numerical approach are applied. Fig. 3.4.3 shows the EM-analysis model to obtain more accurate
di(f1) and dx(f>), where a gap is modeled by a thin air box of 3-mm height and 0.8-mm width and note
that the sidewalls are defined as magnetic walls to work as symmetric boundaries. Eight-layered FR4
substrates [&: 4.3, tand: 0.016, thickness: 0.4 mm (dielectric layers), 18 pm (conductive layers)] are
placed on both upper and lower inner walls of the gap, and one DB-SIW resonator is embedded in
each substrate. The diameters of via hole and IVH are 0.4 mm and their pitches are 0.8 mm. The
distances between the via-holes and the IVH along the direction of propagation are defined as d; and
d>, and width of both the coupling slots and slots of the inner-conductive layers are 0.2 mm. Port] and
Port2 are defined at the edges of the gap, and the source of the electromagnetic wave propagating

through the gap is modeled by a vertically excited E-field at Portl. In the EM-analysis results of this
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Fig. 3.4.3 The EM-analysis model to obtain more accurate di(f1) and dx(f2).
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model, S>; forms attenuation poles at resonant frequencies of the DB-SIW resonators.

The initial values of di and d> can be roughly estimated from (3.4.1). For examples, by
substituting f1=2.35 GHz and /,=5.10 GHz into (3.4.1), d1=2.2 mm and d>=1.0 mm can be obtained.
From these results, d;=2.2 mm and d¢>=1.0 mm were chosen as initial values. Fig. 3.4.4 shows the EM-
analysis result of S»; with these initial values, where fi and f, are higher than expected and not in the
shield bands. To move f; into the 2.4 GHz band first, di was increased form 2.2 mm and it was cleared
that f; becomes 2.35 GHz when d;=2.6 mm. Fig. 3.4.5 shows the EM-analysis result of S»; with d1=2.6
mm and d>=1.0 mm, where f;=2.35 GHz and f; is almost stable. Note that the attenuation pole at 7
GHz can be comprehensible as a spurious response caused by the higher-order resonant mode at the
inner pathl. In the same way, d> was increased form 1.0 mm to move f into the 5 GHz band, and it
was cleared that /> becomes 5.10 GHz when d>=1.4 mm. Fig. 3.4.6 shows the EM-analysis result of
S21 with di=2.6 mm and d>=1.4 mm, accomplished both f;=2.35 GHz and f>=5.10 GHz within each

shield bands.
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Fig. 3.4.6 The EM-analysis result of $>; with d;=2.6 mm and d»



Before deriving the design equations, the independency of fi from d> and f; from d; should
be confirmed. Fig. 3.4.7 shows an extracted f; from the EM-analysis results with d; varied from 2.2
mm to 2.8 mm and ¢ varied from 1.0 mm to 2.0 mm both in 0.2 mm increments. In the figure, f; is
almost stable against varied d», which indicates the independency of fi from &> within the range.
Similarly, Fig. 3.4.8 shows an extracted f> from the EM-analysis results with d; varied from 2.0 mm
to 3.0 mm and d; varied from 1.2 mm to 1.6 mm both in 0.2 mm increments, indicating stability and

independency of > from d; within the range.

d, [mm]

Fig. 3.4.7 Extracted f; from the EM-analysis results.
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Fig. 3.4.8 Extracted f; from the EM-analysis results.
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Considering these results, di(f1) can be derived as an approximate equation from the EM-
analysis results when d; varies from 2.2 mm to 2.8 mm with d> fixed to 1.4 mm. In the same way,
da(f2) can be also derived as an approximate equation from the EM-analysis results when d, varies
from 1.2 mm to 1.6 mm with d; fixed to 2.6 mm. In the approximating process, a 1st order linear
equation of 1/f; (i=1, 2) was applied considering the rough estimation of (3.4.1) this time, and the least

square method was applied. The derived approximate equations were

5.20
di(f1) = £GHZ] +0.37 [mm] (d; = 1.4 mm) (3.4.2)
and
== +0. =2 : 343
d,(f2) 7,[GHz] +0.34 [mm] (d 2.6 mm) ( )

Fig. 3.4.9 and Fig. 3.4.10 show the relations between d; and f; (i=1, 2) obtained from the EM-analysis
results and from the approximate equations just shown above as (3.4.2) and (3.4.3). Since these
approximate equations correlates well with the EM-analysis results within the shield band, the
equations would be suitable for the design in this case.

A cascaded configuration of DB-SIW resonators can be designed by cascading DB-SIW
resonators having resonant frequencies in each shield band. Before designing the individual DB-SIW
resonator, the order number of the cascaded configuration must be estimated according to the process
almost same as those shown in the previous sections. The permitted size of the configuration along
the direction of propagation was 46 mm in this case. Resonant frequencies of the smallest DB-SIW
resonator in the configuration are the highest frequencies in the shield bands: /i=2.55 GHz and £>=5.80
GHz. Since d; and d- for these frequencies can be obtained from (3.4.2) and (3.4.3) as di=2.41 mm
and d>=1.26 mm, the smallest size of the DB-SIW resonator along the direction of propagation is 3.67

mm, which is sum of d; and d>. By comparing this size with the permitted size of 46 mm, the initial

74



——: Approximate equation (3.4.2)
35 0 :EM-alnaIysis
. (d2= 1.4 mm)
]
— 3 F St
IS . !
£ R
5 T
© 25 f .
o
1. |
2+ L
[ I |
R
"1 22,4 GHzband
15 1 1 1
15 2 25 3 3.5
fi [GHz]

Fig. 3.4.9 Relations between d; and f; obtained from the EM-analysis results and

the approximate equation shown as (3.4.2).
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Fig. 3.4.10 Relations between d» and f> obtained from the EM-analysis results and

the approximate equation shown as (3.4.2).
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value for the order number of the cascaded configuration was estimated to be 12. Supposing that the
numbers of resonant frequencies in each shield band are the same and that frequency interval is same
in each shield band to simplify the design, d; and @ can be estimated by substituting f; into (3.4.2) or
(3.4.3). Table 3.4.1 shows the obtained values of f; and d; (i=1, 2) of the cascaded DB-SIW resonators,
where total size along the direction of propagation, sum of d; and d>, is 45.79 mm which satisfies the
condition for the size along the direction of propagation.

Fig. 3.4.11 shows the EM-analysis model of the 12th order cascaded DB-SIW resonators.
Twelve DB-SIW resonators (DB-SIW | — DB-SIW ) are cascaded along the direction of propagation
and placed on both upper and lower inner walls of the gap. Note that the side walls are defined as
magnetic walls those work as symmetric boundaries, as same as the EM-analysis models shown in
previous sections. For a comparison, 24th order cascaded FQ-SIW resonators having the same 24
resonant frequencies on Table 3.4.1 were also designed by the design process in previous section using
the same substrate. Fig. 3.4.12 shows the EM-analysis results of $>; of designed configurations of 12th
order cascaded DB-SIW resonators and 24th order cascaded FQ-SIW resonators having the same
resonant frequencies. The results demonstrate that attenuation characteristics at 2.4 GHz and 5 GHz
bands are achieved by both configurations and that the two results are almost the same. In the case
that S»; is not decreased well in the shield bands, design conditions should be reconsidered. The design
process described in this section is summarized in a flowchart shown in Fig. 3.4.13, which is almost
the same with those shown in the previous sections.

The total size along the direction of propagation are 45.79 mm for the designed 12th order
cascaded DB-SIW resonators, and 47.82 mm for the designed 24th order cascaded FQ-SIW resonators.
The difference between them indicates that the cascaded DB-SIW resonators can realize attenuation
characteristics comparable to the cascaded FQ-SIW resonators in a configuration miniaturized along

the direction of propagation, 4%-miniaturization in this case.
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Fig. 3.4.11 The EM-analysis model of the 12th order cascaded DB-SIW resonators.

Table 3.4.1 Designed values of f; and d; (i=1, 2) of the cascaded DB-SIW resonators.

DB-SIW;,; DB-SIW, DB-SIW; DB-SIW, DB-SIWs DB-SIWg

f,[GHz  2.35 2.37 2.39 2.40 2.42 2.44

,[GHz]  5.10 5.16 5.23 5.29 5.35 5.42
d,[mm] 258 2.57 2.55 2.53 2.52 2.50
d, [mm]  1.39 1.38 1.36 1.35 1.34 1.33

DB-SIW; DB-SIWg DB-SIWy DB-SIW,;, DB-SIW;; DB-SIW;;

f,[GHz]  2.46 2.48 2.50 2.51 2.53 2.55
f,[GHz]  5.48 5.55 5.61 5.67 5.74 5.80
d; [mm] 248 2.47 2.45 2.44 2.42 2.41
d, [mm]  1.32 1.30 1.29 1.28 1.27 1.26
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Fig. 3.4.12 The EM-analysis results of S»; of designed configurations of 12th order cascaded DB-

SIW resonators and 24th order cascaded FQ-SIW resonators having the same resonant frequencies.
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Fig. 3.4.13 A flowchart of the design process for cascaded DB-SIW resonators.
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3.4.3 Experiment

Fig. 3.4.14 shows a measurement system for evaluating SE, which is almost the same with
what was shown in the previous sections. Tx- and Rx-antennas are positioned face to face across the
gap of 200x3 mm? aperture size located on the wall of a shielded chamber. The Tx-antenna is
connected to Portl of a network analyzer and placed outside the chamber 1 m apart from the wall,
while the Rx-antenna is connected to Port2 of the network analyzer and placed inside the chamber at
also 1 m apart from the wall. With this measurement system, SE can be evaluated by comparing
measured results of S>; with and without the substrates. Fig. 3.4.15 shows a simplified cross-sectional
view of the gap and Fig. 3.4.16 shows the gap seen from the Tx- and the Rx-antenna sides. Two
fabricated substrates are placed on both upper and lower inner walls of the gap by L-shaped fixtures
of copper plate, attached to the ground planes of the substrates by conductive double-sided tapes. Fig.
3.4.17 shows the fabricated substrates whose relative dielectric constant and other parameters are the
same as those used in the EM-analyses in the design process.

Fig. 3.4.18 shows measured results of S»; of a free space and the gap with/without the
substrates where cascaded DB-SIW resonators are embedded. The measured frequency range is 1 — 8

GHz at 5.6 MHz intervals. SE can be evaluated by defining the measured S>; of a free space as a 0-dB

1[Chamber
Tx-antenna Y Rx-antenna
))) i Gap% )))
Network ROy
Analyzer “—1m—>
(VIS
o ol
Port2

Fig. 3.4.14 The measurement system for evaluating SE.
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Fig. 3.4.15 A simplified cross-sectional view of the gap.
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Fig. 3.4.16 The gap seen from both antenna sides.
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Fig. 3.4.17 The fabricated substrate.
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reference. Fig. 3.4.19 shows measured results of SE of the gap with/without the substrates. Though
some frequency shift was presented, the measured results showed 50-dB SE near the higher frequency
sides of the shield bands, those are improved by 20 dB from SE of the gap alone by placing the
cascaded DB-SIW resonators on the inner walls of the gap.

A main cause of the frequency shift must be cleared for the practical use of this configuration,

which can be estimated by comparing the EM-analysis and the measured results. As previously shown
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Fig. 3.4.18 The measured results of S»;.
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Fig. 3.4.19 The measured results of shielding effectiveness.
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in Table 3.4.1, the lowest resonant frequency of the cascaded DB-SIW resonators in 5 GHz band was
designed to be 5.1 GHz. In the measured results, however, the lowest resonant frequency in 5 GHz
band which appears as the lowest attenuation pole in 5 GHz band was 5.6 GHz. From this discrepancy
between these two resonant frequencies, the frequency shift occurred in the measured results can be
estimated to be +9.8%.

This frequency shift could have been caused by manufacturing errors: (a) dielectric constant
(4.3 £0.1), (b) width of the coupling slots (0.2 = 0.03 mm), and (c) diameter of via holes (0.4 + 0.1
mm), for example. Potential frequency shifts due to these manufacturing errors can be estimated by
EM-analysis. Fig. 3.4.20 shows the EM-analysis results of the 1st order DB-SIW resonators
considering each of these manufacturing errors. This analysis can be performed using the EM-analysis
model previously shown in Fig. 3.4.3 with the DB-SIW resonator indicated as DB-SIW in Table 3.4.1
designed to have the resonant frequency f> at 5.1 GHz. Table 3.4.2 summarizes the amounts of
frequency shifts obtained from the EM-analysis results. Compared with the frequency shift presented
in the measured results, it can be inferred that the main reason for the frequency shift is the

manufacturing error in the diameter of via holes.

Table 3.4.2 The frequency shift obtained from the EM-analysis results.

Design Manufacturing  Frequency
Items .
value error shift
i 1 - 0,
@) Dielectric 43 0.1 +1.0%
constant +0.1 -1.1%
I - - 0,
(b) Width f’f the 0.2 mm 0.03 mm 4.6%
couploing slots +0.03 mm + 4.4%
©) Diameter of 0.4 mm -0.1 mm - 9.5%
the via holes ' +0.1mm +10.1%
Measured
- - + 0,
Result 9.8%
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The EM-analysis results of the 1st-order DB-SIW resonators considering

manufacturing errors.

84



3.5 Summary

In this chapter, three configurations of a gasket-free electromagnetic shielding structure were
proposed and evaluated. In the structures, three types of SIW resonators are embedded in dielectric
substrates, and the substrates are placed on the inner walls of a gap between a shielded door and a door
frame. The SIW resonators are arranged in a cascaded configuration along the direction of propagation
and designed to have slightly different resonant frequencies to realize wide band SE including the
resonant frequencies. Contrary to the ordinary contact-type conductive gaskets, the structures are
gasket-free and then high contact pressure is not required even when the door is closed, and therefore,
opening and closing operations of the door do not induce the aged deterioration.

In the first configuration, a gasket-free shielding structure using cascaded SIW resonators
for 12 — 15.5 GHz was designed with a design process based on EM-analysis. In the design result,
eight SIW resonators having resonant frequency within the shield band were cascaded along the
direction of propagation and the total size along the direction of propagation was 52 mm. The
measured result showed 40-dB SE at the shield band, which is improved by 25 dB from SE of the gap
alone by placing the cascaded SIW resonators on the inner walls of the gap.

The second configuration was designed for 2.4 GHz band (2.4 — 2.5 GHz) using folded
quarter-wavelength (FQ)-SIW resonators, which is kind of an SIW resonator miniaturized by applying
a multilayered dielectric substrate. In the configuration, FQ-SIW resonators were embedded in five-
layered dielectric substrates and the size of the FQ-SIW resonator along the direction of propagation
was A/16 in the substrate at its resonant frequency, which is one-eighth of that of the SIW resonator
used in the first configuration. A gasket-free shielding structure using cascaded FQ-SIW resonators
for 2.4 GHz band was designed with a design process based on EM-analysis. In the design result, six

FQ-SIW resonators having resonant frequency within the shield band were cascaded along the
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direction of propagation and the total size along the direction of propagation was 27.1 mm. The
measured results showed 60-dB SE at 2.4 GHz band, which is improved by 30 dB from SE of the gap
alone by placing the cascaded FQ-SIW resonators on the inner walls of the gap.

The third configuration was designed for 2.4 GHz band (2.35 — 2.55 GHz) and 5 GHz band
(5.10 — 5.80 GHz) using dual behavior (DB)-SIW resonators. The DB-SIW resonator mainly consists
of two FQ-SIW resonators sharing one coupling slot and has almost-independent two resonant
frequencies. In the configuration, DB-SIW resonators were embedded in eight-layered dielectric
substrates and designed to have one resonant frequency within each shield band. A gasket-free
shielding structure using cascaded DB-SIW resonators for 2.4 GHz and 5 GHz bands was designed
with a design process based on EM-analysis. In the design result, twelve DB-SIW resonators were
cascaded along the direction of propagation and the total size along the direction of propagation was
45.79 mm. Though some frequency shift of +9.8% was presented, the measured results showed 50-dB
SE near the shield bands, those are improved by 20 dB from SE of the gap alone by placing the
cascaded DB-SIW resonators on the inner walls of the gap. Afterward, EM-analysis results inferred
that the frequency shift was mainly caused by the manufacturing error in the diameter of the via holes.

Note that direction of the incident waves in this chapter was fixed vertical to the aperture of
the gap. Although a wideband design to the low frequency side is qualitatively expected to be effective
for the incident waves from the tilted direction, however, quantitatively analyses and measurements
against the incident waves from tilted directions should be considered for a practical use. In addition,
the resonant frequencies of resonators were almost uniquely determined according to the design
process shown in each section, however, to establish more optimized method for determining resonant

frequencies is another future issue.
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Chapter 4

Conclusions

This dissertation relates to studies on suppressing propagation of electromagnetic waves by
using resonators-loaded dielectric substrates. A waveguide BRF and a gasket-free electromagnetic
shielding structure were proposed as applications, and their design procedures and evaluated results
were summarized in two chapters.

In Chapter 2, two configurations of a waveguide BRF using resonators-loaded dielectric
substrates were described. Though different resonators are applied, both configurations have lower
profile than the conventional waveguide BRF has because nothing is located outside the waveguide.
Furthermore, high precision at relatively high frequency bands can be expected because machining
process is not required for manufacturing the resonators. The configurations described in this chapter
can be expected to contribute to the miniaturization and high-density fabrication of the entire
waveguide system, and are suitable for use in systems where miniaturization and high attenuation at
high frequency band are required, for example, the millimeter-wave frequency band wireless
communication system (shown in Fig. 1.1.1), automotive millimeter-wave radar systems, and
measuring systems for radio astronomy. However, it is necessary to clarify the factors that caused the
difference between the measured results and the design results to put the configurations into a practical
use.

In section 1 of Chapter 2, the configuration of the waveguide BRF using open-ended /2
microstrip resonators was proposed and evaluated. In the configuration, open-ended A/2 microstrip

resonators are mounted at regular intervals on two dielectric substrates placed on the inner side walls
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of the waveguide. The waveguide BRF using open-ended A/2 microstrip resonators for Q-band (47
GHz) was designed according to the design process based on filter theory and EM-analysis, and the
evaluated results of the fabricated waveguide BRF showed a steep and relatively high attenuation
characteristic more than 50 dB at 46.7 — 47.0 GHz.

In section 2 of Chapter 2, the configuration of the waveguide BRF using SIW resonators
was proposed and evaluated. In the configuration, SIW resonators are embedded at regular intervals
in two dielectric substrates placed on both upper and lower inner walls of the waveguide. The
waveguide BRF using SIW resonators for Q-band (47 GHz) was designed according to the design
process based on filter theory and EM-analysis, and the evaluated results of the fabricated waveguide
BRF also showed a steep and relatively high attenuation characteristic more than 50 dB at 46.7 — 47.0
GHz.

Comparing the two configurations, lower insertion loss can be expected for the first
configuration than the second configuration. This may be caused by difference between the
assemblies; while the first configuration is separated at the middle of upper and lower walls, the second
configuration is separated at the middle of side walls where current is relatively concentrated when
electromagnetic wave propagates through the main waveguide. However, although the second
configuration is disadvantageous in terms of insertion loss, it may become preferable in case when the
main waveguide is required to be separated at the middle of side walls considering assembly of the
whole system or combination with other components.

In Chapter 3, three configurations of a gasket-free electromagnetic shielding structure were
described as another application for using resonators-loaded dielectric substrates. The substrates are
placed on inner walls of a gap between a shielded door and a door frame. Contrary to the contact-type
conductive gasket, frequency selectivity can be realized in the structure, and moreover, the structure

is almost free from deterioration, because high contact pressure is not needed even when the door is
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closed. The configurations described in this chapter are suitable for use in shielded environments
having frequency selectivity, for example, offices and laboratories in an urban area where interference
with outside should be suppressed in bands of the wireless LAN while communication with outside is
possible in bands of other communication devices such as cell phones. The configurations are also
suitable for broadcast studios and theaters where interferences of wireless microphones should be
prevented. Note that for practical use, however, frequency-selective shielding structures for walls,
ceilings, floors, doors, and sometimes windows must be applied at the same time.

In section 1 of Chapter 3, the gasket-free electromagnetic shielding structure for 12 - 15.5
GHz using conventional SIW resonators was proposed and evaluated. SIW resonators having slightly
different resonant frequencies are arranged in a cascaded configuration along the direction of
propagation of electromagnetic waves and are embedded in dielectric substrates placed on inner walls
of the gap. The design process based on EM-analysis and polynomial approximation was described,
and the evaluated result showed more than 25-dB improvement of SE at 12 - 16 GHz by placing the
cascaded SIW resonators.

In section 2 of Chapter 3, the gasket-free electromagnetic shielding structure for 2.4 GHz
band using folded quarter-wavelength (FQ)-SIW resonators was proposed and evaluated. An FQ-SIW
resonator is kind of a miniaturized SIW resonator by applying a multilayered dielectric substrate, and
the miniaturization enables realizing cascaded configuration in a practical size for frequency bands of
several GHz. The design process based on EM-analysis and polynomial approximation was described,
and the evaluated result showed more than 30-dB improvement of SE at 2.4 GHz band by placing the
cascaded FQ-SIW resonators.

In section 3 of Chapter 3, the gasket-free electromagnetic shielding structure for 2.4 GHz
and 5 GHz bands using dual behavior (DB)-SIW resonators was proposed and evaluated. A DB-SIW

resonator mainly consists of two FQ-SIW resonators sharing one coupling slot and has almost-
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independent two resonant frequencies. The design process based on EM-analysis and polynomial
approximation was described, and the evaluated result showed more than 20-dB improvement of SE
at 2.4 GHz and 5 GHz bands by placing the cascaded DB-SIW resonators. The measured result
included +9.8%-frequency shift, however, EM-analysis results considering manufacturing errors
inferred that the main reason for the shift was the manufacturing error in the diameter of the via holes.

The author would like to expect that the configurations and the structures described in this
dissertation contribute in some way to the radio communication technology field where higher

frequency and more complex environment are anticipated.
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Appendix A: Representations of Equivalent

circuits for a BRF

In Fig. 2.2.5 in chapter 2, an equivalent circuit of the waveguide BRF was shown which
consists of ideal J-inverters and series-connected parallel resonators those alternately connected
between 1/O ports. However, a BRF can be represented by other equivalent circuits, since a BRF can
be generally represented by alternately connected ideal K- or J- inverters and two types of resonators:
series-connected parallel resonators or shunt-connected series resonators. As which inverters and
resonators to use depends on a designer, four types of equivalent circuits are available as a result in
principle. In this appendix, the four representations of equivalent circuits for a BRF are shown and
summarized. Note that /', the cut-off angular frequency of the prototype filter, is set to one through

this appendix to simplify the representations.
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As the first one, Fig. A.1 shows an equivalent circuit for a 4th order BRF using ideal K-
inverters and shunt-connected series resonators, those alternately connected between 1/O ports. In the
figure, Z and Zg are terminating impedance, X () is reactance of the resonators, y; is reactance slope
parameter of the resonators, and Kj, j+1 are impedance of ideal K-inverters (note that Ko; and Kys are

included in the I/O ports). These parameters can be obtained as

Ko1 = \WZpx19091 | (A.1)

Kys = \WX4ZBGags (A.2)

Kjj+1 i=1t03 = WNXiXi+1995+1 (A.3)

and

. : A4
5N de (A4)

where w is the fractional bandwidth, wy is the center angular frequency of the stop band, and g; is g-

values for the prototype filter [2.1].

Shunt-connected K-inverter

series resonator /\/
1

S o
Koy | K1z K, Kay | Ka
Za o le(w) sz(w) ? Px3(w) : PX4(Q)) LR S %
_? T T T T o
Portl Port2

Fig. A.1 The equivalent circuit for a 4th order BRF using alternately connected ideal K-inverters

and shunt-connected series resonators.
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As the second one, Fig. A.2 shows an equivalent circuit for a 4th order BRF using ideal K-

inverters and series-connected parallel resonators, those connected alternately between 1/O ports.

The parameters X, j+1 can be obtained as

Ky, = Za
ot wb19091
/ Zy
Kiye = |——
45 wb,g49s ’

and

p 1 1
Wtli=1t03 " w | bibj119i9j41

using the same variables previously denoted in this appendix and chapter 2.

Series-connected .
parallel resonator K-inverter

1
7,5 || B || Byo) [K2| Byo) |Mo| Byw) !
1
1

(A.5)

(A.6)

(A.7)

Fig. A2 The equivalent circuit for a 4th order BRF using alternately connected ideal K-inverters

and series-connected parallel resonators.
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As the third one, Fig. A.3 shows an equivalent circuit for a 4th order BRF using ideal J-

inverters and shunt-connected series resonators, those connected alternately between I/O ports. The

parameters J; j+1 can be obtained as

and

] | 1 1
Witli=1to3 — w XiXj+19i9j+1 "

using the same variables previously denoted in this appendix and chapter 2.

Shunt-connected J-inverter

series resonator /\/
1

O o
Jo | 1 J J J |
Ga ot ! Exl(w) @ PXZ(CU) 23 sz(w) 34 PXA((I)) !

_¢T T T T CIP_

(A.8)

(A.9)

(A.10)

Gg

Fig. A.3 The equivalent circuit for a 4th order BRF using alternately connected ideal J-inverters

and shunt-connected series resonators.
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As the last one, although which is already shown in chapter 2, Fig. A.4 shows the equivalent
circuit for a 4th order BRF using ideal J-inverters and series-connected parallel resonators, those

connected alternately between 1/O ports. The parameters J; j+1 can be obtained as

Jo1 = JWGab19091 (A.11)

Jas = JWb,Gpgags (A.12)

]j,j+1|j=1to3 =w /bjbj+1gjgj+1 , (A.13)

and

those are already shown in chapter 2.

Series-connected

parallel resonator J-inverter

G s [T ] 1B || Blo) |2 Bie) || Bi) 5 s | S,
< o
Port1 Port2

Fig. A4 The equivalent circuit for a 4th order BRF using alternately connected ideal J-inverters

and series-connected parallel resonators.
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Fig. A.5 shows calculated results of the prototype filter applying the four equivalent circuits
described in this appendix. The parameters for a loss-less 4th order Chebyshev filter with 0.05-dB of
passband ripple were used, those are already shown in Table 2.2.2 in chapter 2. The calculated results
were the same for the four equivalent circuits, showing Chebyshev characteristics as intended. This
result confirms the validity of the four equivalent circuits. The equations for K, j+1 and Jj, j+1 of the four

equivalent circuits of an n-th order BRF are summarized in Table A.1.

S-parameters [dB]

Frequency [GHZz]
(a) 40 — 50 GHz.

0
o
h=s
o r |
(&)
2 -0.05 521\/
<
g
o
Sll
'0.1 L L L L L L L L
0 10 20 30 40 50
Frequency [GHZz]
(b) 0 — 50 GHz.

Fig. A.5 Calculated results of the prototype filter applying the four equivalent circuits.
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Table A.1 The summary of Kj, j+1 and J;, j+1 of the four equivalent circuits for an n-th order BRF.

Ideal

inverters . o 0 j+*K .. © 0 j/

K -inverter ( . ) J-inverter J ( )
o K lo U/K 0 to \yxJ 0
Resonators
Shunt-connected Jo1 = Ga
series resonator Kor =vWZax1909: % waigeg:
Gy
Kn,n+1 = WXnZgIn9n+1 ]n,n+1 = W

-]

Kj,j+1|]__1 onet = WVAIX+18i95+1

J | 1 1
Wizt ton-1 w XiXj+19i9i+1

Series-connected
paralle resonator

| £

Koy = |—2A
o (whigogs
Zp
Kpnsr = |———2—
vt angngn+1
K | 1 1
Ji+l j=1ton-1 w b]b]+1g]g]+1

Jo1 =WGab1go9,
]n,n+1 = wb,GggnGn+1

]j,j+1|j=1to P/ ’bjbj+1gjgj+1
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(Note: w; = 1)




