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Terahertz Transceiver with Beamforming Function for Formation of Flexible Terahertz
Network
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Abstract

To realize future terahertz networks capable of large-capacity transmission, transceivers that are capable of
beamforming function and high-power radiation in high-frequency bands are strongly desired. In this research, we
focused on resonant tunneling diode oscillators, which have higher output power in a smaller device area than that
of transistors, and achieved phase control, coherent operation, and beam direction switching using the unique
operation of the array. We also developed basic technology for predicting the direction of arrival of electromagnetic

waves.
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Research and development of next-generation ultrahigh transmission rate
and wide-area formation using mobile relay stations
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Abstract

In this study, we investigate the relay method using mobile stations such as drones and vehicles by mobility
advantage. Therefore, we propose a new air mobile communication method that differs from conventional ground-
based communication. The proposed method achieves high transmission rate and wide-area formation in a limited
frequency band by utilizing inter-system handover of various radio systems at mobile relay stations. The purpose of
this study is the evaluation of the characteristics of these proposed methods in a realized environment using 5G and
Wi-Fi6 systems.
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Research and Development of Wireless Sensor Networks with Wide Coverage and Interference
Resistance in Mixed Standard Sub-GHz band
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Abstract

This research and development project is to develop wireless sensor networks with ultra-wide coverage and
interference resistance in the Sub-GHz band, where various wireless standards are intermingled. The objective is to
develop a wireless sensor network that can provide good information transmission even in environments where most
of the communication area is out-of-sight or where many wireless sensor networks are in disarray. Research and
development of technologies to avoid radio interference from both end devices and gateways are conducted, aiming
to realize a solid infrastructure for wireless sensor networks that support the IoT.
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Abstract

In response to the increase in heat generated by base station amplifier GaN HEMTs due to higher frequencies in
mobile communications, the following 3 research subjects (RS) were carried out.

(A) As a development to suppress heat generation itself,

RS2: High heat dissipation structure by direct bonding of high thermal conductivity substrates

RS3: Large-diameter thinning of GaN substrates

(B) As part of element and circuit development that takes into account the effects of heat generation,
RS1: Transient thermal analysis of GaN transistors on high thermal conductivity substrates under modulated

signal operation
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SAM image of bonded diamond/GaN by
SAB with Si nano-layer

0 Arlonbeam 1.3kV, 400 mA
0 Sinano-adhesion layer: <10 nm
0 Bonding pressure: ~10 MPa
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Schematics of Bonded Structures

Au/Ti/diamond - Au/PYTi/CC
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STEP1

Bonding of Au-sputtered Diamond (backside)
& Au-CC composite (front side)

STEP2
Bonding of GaN-N-side
& Au-sputtered Diamand/Au-CC composite
(front side)

Bonded interface

Bonded interface I

Au (300 rm)
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Figure. Cross section of a 3-
components-heterogeneous structure

(not to scale). Figure. Digital photography of a diamond-based-3-

components-structure bonded under 8 MPa, 280 °C and
10 min experimental conditions.
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Congestion Reduction Technique by Nonreciprocal Metamaterials for Wireless Communication
Networks with Huge Numbers of Connections
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Abstract

We have developed beam-scanning and polarization-plane-rotation controllable antennas, based on a new physical
mechanism inspired by the concept of nonreciprocal metamaterials. Voltage-controlled polarization plane rotation
was demonstrated by improving cross polarization discrimination. To realize high-speed beam scanning, we
experimentally demonstrated fundamental performance of voltage-controlled nonreciprocal metamaterial lines and
2-D beam-scanning antennas. In addition, the beam scanning nonreciprocal metamaterial antenna systems for full-
duplex communication systems were also proposed and numerically demonstrated.
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Abstract

This research addresses challenges in developing wirelessly powered medical implants, crucial for monitoring human
health conditions. These challenges included decreased efficiency and frequency shift due to the body's dielectric
constant. We proposed novel solutions: stacked metamaterial and a Frequency-Hopping Load-Shift Keying
modulation method for information transmission. Such advancements enable efficient power and information
transmission, achieving 50% efficiency with a receiver smaller than 50 mm?2. This breakthrough promises versatile
implantation and facilitates real-time health data transmission to the cloud. Also, the proposed methods alleviate
medical burdens and costs, notably eliminating the need for pacemaker battery replacement surgeries.

1. FANE vital signs reporting to an external unit. WPT and
Implanted sensors inside the human body can backscattering information have been realized based on
track vital signs such as lung function, glucose level, inductive links. However, the coils were bulky, WPT
body temperature, blood pressure, etc. Instead of bulky efficiency was degraded, and the data rate was limited.
batteries, the necessary energy for these sensors can use Also, additional active circuits were necessary for both
WPT from an external unit. Employing backscattering the transmitter and receiver sides for frequency
the external unit can gather vital signs information tracking resulting in additional complexity.
from the implanted sensors and report them for Besides the above-described limitations of the
appropriate decision-making by specialists. In such a current backscattering systems as described in the
case, the implant can be extremely miniaturized. previous paragraph, the human body is considered a
Ensuring continuous tracking of human health harsh environment for WPT, and two challenges do
information can be helpful from several societal exist: (i) Resonance change: occurs due to the dielectric
prospects. First, for seniors as well as adults, early properties of the biological tissue. (ii) Quality factor
detection of abnormalities/diseases is possible. Hence, degradation: results from the increased radiation into
necessary measures can be taken to secure health the biological tissue. Both of these issues lead to
services that guarantee appropriate treatment. degradation of the WPT efficiency. Also, when the
Moreover, in the case of a pandemic like COVID-19, resonance change phenomenon occurs; backscattering
timely detection of infected persons, and infection communication becomes impossible. So, solutions are
clusters based on the symptoms detected by implanted proposed to overcome these problems using a new
sensors can ensure on-time treatment as well as design theory for a compact inductor’s model using
avoidance of infection spread. Also, WPT allows the novel stacked metamaterials.

avoidance of supplementary surgery for a battery
replacement. This avoidance reduces the economic 2. EABRURER

burden on the patient as well as the risk associated with A.  Wireless power transfer

repeated surgery for battery r‘eplacenflent. To overcome the resonance shift issue, the defected
According to the above issues, implanted sensors ground structures (DGS) resonators have been modeled

require 1- w1re.less' POVZBT for cha.rglilg, and 2- a in terms of electrical length and their characteristics

backward combination “backscattering” channel for have been researched. A DGS or an inductive loop can
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be considered as a high-impedance line whose effective
inductance can be calculated as:

Lesr = ZosinBl/w (1)

where Z, and S are the characteristic impedance and
the phase constant, respectively, and [ is the overall
length of the DGS. For a small electrical length, sinpl
reduces to Sl. So, (1) can be rewritten as:

Lesr = Zopl/w =~ pl 2)

Hence, with a proper design of the electrical length of
the DGS, the resonance-shift phenomenon can be
avoided. This is possible by considering the surrounding
medium that has the most effect on the electrical length,
i.e., the tissue. For example, at 50 MHz, a small
electrical length can extend up to 18°, which
corresponds to 96 mm at the air-tissue interface where
the TX is placed as the effective dielectric constant
equals (e:+1)/2=39. The TXs of WPT systems in the
previous section have overall lengths of 77 mm (= 14.4°)
and 201 mm (= 37.3°). Hence, the TX designed using the
maximum efficiency method suffers from resonance-
shift because its effective inductance is medium-
dependent, which is not the case in the TX designed
using the medium-independent method.

Cross coupling between DGS resonators

Cs 4 - & * " ﬂ G:{T—Rl_
A
C Cp’ i ) Cp_ o

Coupllng between
TX and RX

8
5
. 4
45 _Beyond 3-cooperative DGS resonators,; | 4
P s the improvement is not significant
35 t 1 1 1 3
1 2 3 4 5 6
Number of DGS resonator (b)
P 20 mm L 4 20 mm -

Port
P Cgto ground

Top View Bottom View
Fig. 1. Proposed MISO WPT system. (a) Cooperative
DGS system. (b) KQuiso and nNpme. of a different
number of cooperative DGS resonators. (¢) The layout of
three cooperative DGS resonators WPT TX.

03

The proposed system is shown in Fig. 1(a). The TX
consists of an O number of cooperative DGS resonators
and a DGS RX. Each cooperative DGS resonator has a
small electrical length to avoid the resonance shift
problem. The proposed system can be considered as a
MISO WPT system. Hence, the overall kQ-product
(kQp1s0) of an Ocooperative DGS resonator is calculated
as (3) and is not affected by the intra-mutual coupling.
Where k; is the ith cooperative DGS resonator/RX
coupling coefficient, Qry; isthe unloaded quality factor
of the ith cooperative DGS resonator, and Qzy is the RX
unloaded quality factor. The corresponding maximum
obtainable efficiency is calculated as: Npq, = (1( Qumiso/

[1 + 1+ (KQuiso)? )2-

o
KQumiso = Zi=1(kiQTX,iQRX)2 3)

Fig. 1(b) shows KQus0 and 7,4, for 20 mm x 20
mm TX. The width of each cooperative DGS resonator is
0.75 mm and the spacing between two sub-TXs is 0.5 mm.
The RX has the same dimensions as the RX in Table I.
Nmax Increases as the number of cooperative DGS
resonators increases. Still, beyond three cooperative DGS
resonators, no significant improvement is achieved
because of the limited increase in the KQpso. So, we
decided to implement the MISO-WPT employing three
cooperative DGS resonators to avoid the additional
overhead cost by adding more capacitors. The layout of
the TX of the proposed system is shown in Fig. 1(c).

The proposed MISO WPT system was fabricated as
shown in Fig. 2(a). The measurement setup in chicken
breast is shown in Fig. 2(b). The RX was placed between
two layers of the chicken breast where each layer had a
thickness of 10 mm. These two chicken breast layers
were located inside polyethylene bags to ensure that
there was no physical contact between the WPT system
and the tissue. The lateral misalignment ( Ax )
performance in tissue was tested. The measured
efficiency was more than 50% for Ax < [6.5] mm in
tissue as shown in Fig. 2(c). Also, no resonance shift was
observed during measurements.

20mm

X 'I_30ttom

e

10mm

RX Top RX Bottom
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Fig. 2. Fabricated system and measurements. (a) Top
and bottom views of TX and RX. (b) Measurement
setup and system during measurement. (¢c) Measured
Efficiency during misalignment.

In order to further improve the performance of the
WPT system, a metamaterial director and isolator were
proposed. Also, it has been integrated with a rectifier to
have a usable DC voltage as shown in Fig. 3(a). The
metamaterial director has near zero permeability and
this directs the magnetic field into the RX following the
dispersion relation (4) where utilizing || <1, |u,| =1,
and |s¢| > 1 results in minimization of the variance of
the magnetic field in p-direction, i.e., k, = 0. Hence,
the magnetic field is enforced in the z-direction towards
the RX and TX/RX coupling is maximized.

2 2 2
bk _o

Hy  p,  C?

o @)

Moreover, the magnetic field in the backward side of
the TX is then forced to be parallel, i.e. a region of no
magnetic field leakage is realized. The resulting vector
magnetic field in the case of with/without isolator is
shown in Fig. 3(b) confirming its performance. Also, the
fabricated system is shown in Fig. 3(c) with a
comparison between the simulated and measured
results in Fig. 3(d), which confirms the overall system
performance. It is worth mentioning that the isolator
does not affect the efficiency. Still, it is very significant
in preventing any undesired coupling in the backward
side of the receiver. The integrated system achieves an
RF-DC efficiency of 40%.

04

Metamaterial
Isolator

Magnetic field

)’,/J:;‘:}v,

s
Without isolator >perpendicular magnetic

+ SRV e . X
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Fig. 3. The proposed metamaterial-assisted WPT
system with isolator. (a) Concept of the system. (b)
Simulated isolator performance. (c) Fabricated system
during measurements. (d) Measured RF-dc efficiency.
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B. Frequency-hopping Backscattering

Typically, back-data can be collected from an implant
utilizing load-shift-keying (LSK) modulation and
demodulation. The channel is a critically-coupled
inductors WPT system, which guarantees one possible
frequency of operation (fo). The LSK modulator consists
of a clock generator and a switched resistor. In case of
zero-bit, the switched resistor is high value and power
follow to the rectifier. Instead, in case of one-bit, the
switched resistor become with small value, which
results in mismatch loss, i.e. power is reflected. In the
TX side, reflected power follows to the LSK modulator,
power detector, through a circulator. The absence and
existence of power define the zero- and one-bits,
respectively. However, LSK result in 50% loss of the
power because no power is transmitted to the rectifier
in the one-bit state.

Instead, a frequency-hopping (FH) LSK is proposed.
First, the transmission medium needs to support two
different resonance frequencies. So, the WPT channel is
designed with over-coupled inductors. On the TX side,
the WPT transmitter acts as a load of the oscillator.
Hence, the oscillator can generate either fl1 or f2
depending on this loading state. The FH-LSK, on the
implant side, consists of a clock generator and a
switched capacitor, which appear with C1 or C2
depending on the zero- and one-bits states, respectively.
These C1 or C2 values will be designed such that the
oscillator in the source side is enforced to oscillate at f1
and f2, respectively. The FH-LSK demodulator is a
frequency detector. Hence, depending on the detected
frequency, zero- and one-bits can be defined. The
advantage of this is that there will be a continuous
power transmission either in fl or f2, and overall
rectification efficiency will be improved.

TH_OUT——— FSK_OUT

=43

0.7 mm

05

TX_OUT_BUFE BIMHz

SIMHz
—

RX_OUT

DATA

(c)

Fig. 4. Proposed FH-LSK demodulator. (a)Block

diagram and concept. (b) CMOS Chip photo. (c)

results.
The proposed FH-LSK demodulator consists of a
counter and a comparator as shown in Fig. 4(a). The
counter counts the number of cycles of the received
frequency. The comparator compares the output of the
counter with a fixed value that represents f,. When
one-bit is transmitted the frequency is larger than f
and the counter generates more count than the fixed
value. Likewise, when zero-bit is transmitted the
frequency is smaller than f;, and the counter generates
less count than the fixed value. In return, the data can
be restored at the output of the comparator. The
fabricated chip photo and the resulting performance are
shown in Fig. 4(b) and Fig. 4(c), respectively. The
proposed system achieved a data rate of 2 Mbps without
any effect on the power channel. Hence, a continuous
power and backscattering data system was realized.

SAR Field
W/ kgl

-0}

Fig. 5. EM Simulated 1-g average SAR distribution at
50 MHz of the proposed WPT system with integrated
rectifier with 21dBm input power.
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C. Safety consideration

Ensuring the safety of the body while interacting with
electromagnetic waves is of utmost importance to avoid
any potentially harmful effects on the tissue. The
specific absorption rate (SAR) is a parameter that
quantifies the rate at which electromagnetic waves are
absorbed by the human body. Equation (5) describes the
relationship between tissue conductivity (o), tissue
density (p), and the intensity of electric fields (E). In
compliance with the IEEE standard C95.1-1999, it is
recommended to keep SAR averaged over 1 gram of
tissue (1-g average SAR) below 1.6 W/kg to ensure the
safety of the human body. This requirement is
illustrated in Fig. 5. The maximum 1-g average SAR
level achieved by the proposed design is approximately
1.59 W/kg, which is below the specified limit of 1.6 W/kg.
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This indicates that integrated with the rectifier,
maintains a safe level of energy absorption by the
human body. By adhering to the specified SAR limit and
carefully managing the input power, the proposed
design ensures the safety of the human body during the
operation of the WPT system integrated with the
rectifier.

o X |E|?

SAR = (5)

3. SROMEEEDER
The research project has developed a compact and

efficient Wireless Power Transfer (WPT) system
tailored for biomedical implant applications with back
data function. This system boasts a low magnetic loss
stacked metamaterial director and isolator, along with
a compact embedded RX measuring 7X7 mm?. Through
testing on chicken breast tissue and phantom models,
the system has demonstrated high efficiency levels,
even during misalignment scenarios. Importantly, it
adheres to safety limits set by IEEE C95.1-1995 for SAR,
as confirmed by electromagnetic (EM) simulations.
Initiated contacts with medical professionals
specialized in pacemakers underscore the importance of
the prototypes.
The subsequent steps are as follows

Collaboration: Initiating collaborations with

biomedical device manufacturers and regulatory

bodies to ensure compliance and facilitate adoption.

Regulatory Approval: Pursuing regulatory

approval and certifications for medical device

usage.

Funding: Attracting funding opportunities to

transition achieved results and prototypes into a

product and commercialize them.
The commercialization of the proposed compact WPT
system holds significant promise for revolutionizing
biomedical implant technology, offering healthcare
providers and patients a safe, efficient, and reliable
solution for powering and communicating with
implanted devices.

4. LTIV
In this project, a compact and efficient WPT systems
that incorporates a low magnetic loss stacked

metamaterial director and isolator has been developed.
This system was designed to be integrated with a
compact embedded RX measuring 7x7 mm? for
biomedical implant applications. Additionally, an
uncomplicated matching circuit rectifier was positioned
on the backside of the RX substrate without additional
area adding to the overall system compactness. Our
proposed WPT system has undergone testing using
chicken breast tissue as well as phantom model, and it
has demonstrated good efficiency levels in both cases
proving the applicability for the desired application.
The system's performance has also been evaluated
during misalignment scenarios, showing satisfactory
results. Importantly, the proposed system adheres to
the safety limits set by IEEE C95.1-1995 for the 1-gram
average SAR as confirmed using the EM simulations.
Furthermore, a novel FH-FSK technique was proposed
for backscattering to collect the data from the implant
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without interrupting the power transfer. Hence, the
proposed system can provide continuous WPT and back
data communication at the same time with high
efficiency and data rate.
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Abstract

Due to the increase in wireless communication volume and the number of terminals for the utilization of big data,
IoT, etc., the processing of a huge volume of information communications is required to even lower-level trunk
networks. This project aims to expand the range of use of the same-frequency, large-capacity wireless multiplex
communication technology that utilizes the non-interference property between radio waves with different orbital
angular momenta generated by each antenna in a loop antenna array. Here, new antenna technologies, such as
antenna systems that realize one-to-many, an expansion of the transmission distance, etc. have been developed.
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Development of a Small-Start, Fully Wireless, Portable, Sub-Meter Accuracy, High-Capacity
Indoor Positioning Technology
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Abstract

Indoor positioning systems are increasingly anticipated for their potential in automation and manpower reduction,
yet their deployment remains limited. From the perspective that widespread adoption is possible if systems can be
scaled, we developed a scalable indoor positioning technology that is entirely wireless, accurate to sub-meter levels,
capable of accommodating numerous devices, and energy-efficient. By integrating the newly developed distance
measurement method MM-TWR, UNISONet which enables widespread microsecond-order time synchronization, and
LTE-M that achieves high-speed communication of several KB/s, these objectives have been fulfilled. The
effectiveness of this technology has been verified through a demonstration using 50 anchors and 200 tags.
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Research and Development of Construction and Demonstration of River Water Level and
Flow Measurement and Sluice Gate Management Control System Utilizing LPWA
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Abstract

In recent years, record-breaking rainfalls and typhoons have been occurring in many parts of Japan due to global
warming, causing frequent river overflows, floods, and internal flooding. In Nogata City, Fukuoka Prefecture, where
the Onga River, a first-class river, flows, such disasters have been occurring frequently. In the management of sluice
gates to prevent internal flooding, there are issues such as the aging of the managers who control the gates, lack of
successors, and the hazardous nature of work during sluice gate operation. In this paper, we report the results of the
construction of an LPWA network in Nogata City, and the results of our efforts to manage water levels, water direction,
and flooding using various sensors and actuators, as well as to remotely control flume gates during heavy rainfall.
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