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Recent advancements in millimeter wave (mmWave) and terahertz wave (THz wave)
technologies have garnered significant interest due to their wide bandwidth, high
transmission quality, and potential for enhancing wireless communications. However,
challenges such as signal attenuation, obstruction by obstacles, and limited coverage
due to short wavelengths persist. To address these limitations, a terahertz (THz) wireless
link operating at 300 GHz has been proposed to provide short-range, high-speed
wireless services. Significant strides have also been made in THz detection, imaging,
and localization applications. Additionally, the application of fifth-generation (5G)
technology in robotic surgery and cancer treatment has been explored, along with the
use of THz-wave-based sensing technology in the biomedical field. Moreover,
advancements in millimeter wave band technology for sixth-generation (6G)
communications have enabled data rates of up to 100 Gbps. To meet the growing
demand for higher data transmission speeds, developments in interfaces for connection
and signal modulation techniques have been pursued. Various antennas and radio
frequency (RF) circuits are being developed in the sub-terahertz band, yet the insertion
loss of connecting transmission lines remains a serious issue. Therefore, integrating
antennas within the dielectric substrate on which the RF chips are mounted is
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advantageous. Multilayer substrates are generally used to mount IC chips, allowing
space for a large number of signal lines, control lines, and power supply lines.
System-in-package (SiP) technology, which integrates all electronic components into
a single package, is experiencing rapid growth to meet the demand for cost-effective
and compact radio frequency (RF) modules. Similarly, antenna-in-package (AiP)
technology, which integrates antennas and RF transceivers, offers advantages such as
reduced delay, high speed, miniaturization, and cost-effectiveness. AiP exhibits
significant potential in millimeter-wave bands due to their short wavelengths. The
interconnection aspect of the antenna-in-package is critical in influencing RF circuit
performance. Proposed approaches, including transitions implemented within packages,
have the potential to achieve wide bandwidths, particularly in multi-layer substrate
packages. Various functions can be provided to the antennas with the feeding circuits.
By applying a beam-forming circuit to the antenna, multi-beam, and beam-scanning
functions can be performed. It is effective to locate the feeding circuit on the back of the
antenna to realize a compact RF module. Various circuits connecting the transmission
lines in different layers have been developed. A microstrip line (MSL) is popular for
composing array antennas, and design techniques for various microstrip array antennas
have already been established. However, a microstrip line is typically located on the top
plane of the multi-layer substrate due to its open structure. A substrate-integrated
waveguide (SIW) has become popular as a replacement for a solid waveguide in a
substrate. An SIW is generally a low-loss transmission line and can be formed in any
layer of the multi-layer substrate due to its closed structure, in contrast to the MSL. An
SIW is useful for feeding circuits on the back of microstrip antennas. Transitions play a
pivotal role in various applications. Planar microstrip-to-waveguide transitions are
commonly employed in waveguide connections between integrated circuits (ICs) and
horns and in the measurement of transmission lines without the need for prt;be stations.
This study presents a broadband planar line-to-waveguide transition in multi-layer
dielectric substrates within the terahertz-wave band. The design technique focuses on
wideband and low-loss transitions in the sub-terahertz band, providing a comprehensive
solution for addressing feeding circuits from IC chips to array antennas. Three main
objectives were identified and developed: broad-wall-inserted microstrip-to-waveguide
transitions (including single-end and differential-line-to-waveguide transitions),
narrow-wall-inserted microstrip-to-waveguide transitions, and SIW-to-SIW transitions
in multi-layer substrates. The proposed transitions feature eight copper patterns with a
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conductivity () of 5.8 x 107 S/m, and a copper plate thickness of 15 um with a variation
of less than £7 pum. A seven-layer dielectric substrate, HL972LF-LD (Mitsubishi Gas
Chemical Company, Inc.), with a dielectric constant (gr) of 3.5 and a loss tangent (tan J)
of 0.003, was used. Three prepreg layers with copper were placed on both sides of the
center core layer, forming seven dielectric layers. The thicknesses of the core and prepreg
substrates were 100 um and 30 um, respectively. The thickness variation of the core layer
is less than £15 pm, and the variations of the prepreg layers are less than £10 pum.

The broad-wall-inserted microstrip-to-waveguide transition is crucial for linking
planar transmission lines to waveguides, optimizing power {ransmission, and
minimizing loss. These transitions, designed for both differential and single-ended lines,
mitigate loss and achieve wideband performance. While single-ended transitions use
grounded suspended coplanar waveguide (GSCPW) and grounded coplanar waveguide
(GCPW), and differential transitions use GCPW. These transitions are analyzed through
electromagnetic simulations and validated experimentally within the WR-3 band (220
GHz-320 GHz). Corrugation structures are introduced to extend the bandwidth of
GSCPW-to-waveguide transitions in a multi-layer dielectric substrate, enhancing
transmission characteristics. The proposed transition achieves bandwidths of Si; below
—10 dB and S»; higher than —3 dB, measuring 58.9 GHz and 52.8 GHz, respectively,
with corrugations increasing bandwidth by up to 12.2%. Additionally, a
GCPW-to-waveguide transition covering the 250-290 GHz band uses a GCPW line and
double rectangular stacked patch, achieving a bandwidth of Si: below ~10 dB of 49.0
GHz. A broadband waveguide-to-differential-line transition with a triple-stacked patch
is proposed for the 300 GHz band, involving differential signal lines, and optimized via
hole arrangements to prevent electric field leakage and enhance transmission. The
measured result shows a bandwidth of Si1 below —10 dB exceeding 100 GHz and
bandwidths of S>1 higher than —3 dB, measuring 63 GHz.

The narrow-wall-inserted microstrip-to-waveguide transition is crucial for compact
transitions, enabling direct connections to waveguide-fed antennas placed closer than
A/2 apart. This design is ideal for closely arranged waveguides in an array or
multi-beam antennas linked to a 2D beam-scanning system. When the microstrip line is
positioned on the narrow wall, the probe becomes orthogonal to the E-plane, resulting
in limited coupling. To address limited coupling, a modified V-shaped patch replaces
the rectangular patch. A broadband tapered GCPW-to-waveguide transition was
designed for the 270 GHz band within multi-layer substrates, meticulously crafted to
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meet the fabrication constraints of the metal pattern and via-hole arrangement specific
to the sub-terahertz band. The broadband operation was achieved through a
combination of stacked patches and multiple resonance techniques within the cavity.
Excitation of the modified V-shaped patch was realized through a tapered GCPW feed
line inserted from the narrow wall of the waveguide, transforming the mode from a
single-end line to a waveguide and fostering strong coupling between the signal line and
the radiating patch. Simulation results indicated a bandwidth of reflections below ~10
dB measuring 63.25 GHz (22.7%). The measured bandwidth of reflections below —10
dB extended to 71.50 GHz (26.1%), with an insertion loss of 2.5 dB at the design
frequency of 270 GHz. Furthermore, the measured result shows a bandwidth of
transmission coefficient higher than —3 dB, measuring 48.60 GHz.

In addition, Substrate integrated waveguide (SIW) is a promising choice for
developing millimeter and terahertz wave circuits and components due to its low loss,
easy fabrication, cost-effectiveness, and design versatility. It accommodates active and
nonlinear elements like surface mounted MMICs, broadening its applications. However,
integrating SIW with structurally different components can cause loss and mismatches,
making transitions crucial for achieving impedance and field matching between SIW
and planar circuits. In this context, a broadband transition has been developed to
connect two SIWs formed in different layers of a multi-layer substrate, facilitating the
connection between an SIW-fed Rotman lens and an SIW slot array antenna at the 270
GHz band. The transition design was constrained by the fabrication limitations of the
metal pattern and via-hole arrangement in the sub-terahertz frequency band. Broadband
operation was achieved by combining techniques such as coupled patches, aperture
coupling, and a back-short structure. Performance evaluations of the transition were
conducted through both simulations and measurements, utilizing waveguide
measurements for evaluation. Simulations of the multi-layer SIW-to-SIW transition
showed a reflection coefficient bandwidth of less than —10 dB at 73.8 GHz, with a
transmission loss of 0.7 dB at the center frequency of 270 GHz. A WG-to-SIW-to-SIW
transition with a back-to-back configuration was designed, fabricated, and measured in
the sub-terahertz band. The measured results transmission coefficient for a single
multi-layer WG-to-SIW-to-SIW transition was —1.8 dB at 270 GHz. Furthermore, the
measured result shows a bandwidth of transmission coefficient higher than -3 dB,
measuring 57.4 GHz. The measured results revealed a reflection coefficient bandwidth
below —10 dB of 64.0 GHz (22.8%), spanning from 248.0 GHz to 312.0 GHz.
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This dissertation comprises six chapters. Chapter 1 describes the background and
motivation of the study, while Chapter 2 explains the basic theories behind transmission
lines and transitions. Chapter 3 presents a broadband broad-wall-inserted
planar-line-to-waveguide transition designed for sub-terahertz frequencies within
multi-layer substrates. Chapter 4 introduces a broadband tapered GCPW-to-waveguide
transition designed for the 270 GHz band within multi-layer substrates. Chapter 5
discusses a broadband transition between two SIWs formed in different layers of a
multi-layer substrate at the 270 GHz band. The performances and contributions of the
proposed transitions and techniques are concluded in Chapter 6.
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