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Overview

Tokyo Institute of Technology (Tokyo Tech) is the top national university for science and technology in
Japan with a history spanning more than 130 years. Of the approximately 10,000 students at the
Ookayama, Suzukakedai, and Tamachi campuses, half are in their bachelor’s degree program while the
other half are in master’s and doctoral degree programs. International students number 1,200. There are
1,200 faculty and 600 administrative and technical staff members. In the 21st century, the role of science
and technology universities has become increasingly important. Tokyo Tech continues to develop global
leaders in the fields of science and technology, and contributes to the betterment of society through its
research, focusing on solutions to global issues. The Institute’s long-term goal is to become the world’s
leading science and technology university.

Mission

As one of Japan's top universities, Tokyo Tech secks to contribute to civilization, peace and prosperity
in the world, and aims at developing global human capabilities par excellence through pioneering research
and education in science and technology, including industrial and social management. To achieve this
mission, we have an eye on educating highly moral students to acquire not only scientific expertise but
also expertise in the liberal arts, and a balanced knowledge of the social sciences and humanities, all while
researching deeply from basics to practice with academic mastery. Through these activities, we wish to
contribute to global sustainability of the natural world and the support of human life.

Tokyo Tech Seal

The Tokyo Tech seal was designed in 1947 by Mr. Shinji Hori, who was at that time a
professor at the Tokyo Fine Arts School. The backdrop represents the Japanese
character “I”, which is the first character of “engineering, I 3%”. This part of the
seal also evokes the image in silhouette of a window opening out on the world. Window
is the second character of “school, % &”. The central figure of the seal depicts a
swallow and represents the Japanese character “X”, which is the first character of
“aniversity, K F”. In Japan, swallows traditionally portend good fortune.

(Source: Tokyo Institute of Technology Profile, https://www.titech.ac.jp/english/about/)




Mobile Communication Research Group
Home page: https://www.mcrg.ee.titech.ac.jp

Mobile Communication Research Group (MCRG) of Tokyo Tech was established in 2001. The objective
of the group is to conduct advanced research related to mobile communications. MCRG conducts
comprehensive research on the development of mobile communication systems covering a wide range
of cutting edge technologies in the field of the antenna design, wireless propagation, transmission
systems, hard ware development, signal processing, and integrated circuit development.

MCRG Members

MCRG includes 5 core and 5 cooperate laboratories. Totally 9 professors, 5 associate professors, and
5 assistant professors belong to MCRG, in which Prof. Jun-ichi Takada is the principal researcher. The
synergy in MCRG creates an ideal environment for cross-disciplinary discussions and tapping of
expertise resulting in various notable joint projects and developments.

Core Laboratories
* Takada Laboratory (Propagation Lab.):
Prof. Jun-ichi Takada, Assist. Prof. Kentaro Saito, Assist. Prof. Takuichi Hirano, and
Specially Appointed Assoc. Prof. (Lect.) Azril Haniz
*  Sakaguchi Laboratory (System Lab.):
Prof. Kei Sakaguchi, Assist. Prof. Gia Khanh Tran, and Emeritus Prof. Kiyomichi Araki
*  Hirokawa Laboratory (Antenna Lab.):
Prof. Jiro Hirokawa, and Specially Appointed Assist. Prof. Takashi Tomura
*  Fukawa Laboratory (Signal Processing Lab.):
Prof. Kazuhiko Fukawa, and Assist. Prof. Yuyuan Chang
*  Matsuzawa and Okada Laboratory (Device Lab.):
Prof. Akira Matsuzawa, and Assoc. Prof. Kenichi Okada

Cooperate Laboratories
*  Aoyagi Laboratory:
Assoc. Prof. Takahiro Aoyagi
*  Nishikata Laboratory:
Assoc. Prof. Atsuhiro Nishikata
*  Fuyjii and Omote Laboratory:
Specially Appointed Prof. Teruya Fujii, and
Specially Appointed Assoc. Prof. Hideki Omote
*  Watanabe Laboratory:
Visiting Prof. Fumio Watanabe
*  Okumura Laboratory:
Visiting Prof. Yukihiko Okumura
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Activities

Beside the general research activities, for encouraging closer cooperation within MCRG and with the
external companies, institutes and organizations, “Open House” and “Future Communication Research
Workshop” are holed regularly. In addition, irregular invited speeches and lectures are also hold to
broaden the horizons of MCRG members, especially the students.

Future Communication Research Workshop

An Future Communication Research Workshop (R sk Bl %8 &) is organized every two months to share
the latest research outcomes among internal laboratories and to gain insight on our research activities by
the presentation and discussing in the seminar and poster section of each workshop.

Open House

From 2005, an Open House is organized yearly in April to introduce MCRG activities and build a network
with external companies, institutes and organizations in the field of mobile communications.
Distinguished speakers from both the academe and industry are invited to give key note speeches and
lectures to contribute their visions and viewpoints for the future research and development of the mobile
communications. From 2016, the Open House is organized in the collaboration with Advanced Wireless

Communication Center (AWCC) of The University of Electro-Communications, and it brings on the
further active research activities of both MCRG and AWCC.
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Home page: http://www.ap.ide.titech.ac.jp

Professor Jun-ichi Takada

Prof. Jun-ichi Takada was born in 1964, Tokyo, Japan. He received the
B.E. and D.E. degree from Tokyo Institute of Technology in 1987 and
1992 respectively. From 1992 to 1994, he was a Research Associate at
Chiba University. From 1994 to 2006, he was an Associate Professor at
Tokyo Institute of Technology, where he has been a Professor since
2006. He is currently the Chair of the Department of Transdisciplinary
Science and Engineering, School of Environment and Society. He was
also a part time researcher in National Institute of Information and

Communications Technology from 2003 to 2007. His current research
interests are the radio wave propagation and channel modeling for
various wireless systems, applied radio measurements and information
technology for regional/rural development. He is fellow of IEICE, senior member of IEEE, and
member of Japan Society for International Development (JASID).

Assistant Professor Kentaro Saito

Assist. Prof. Kentaro Saito was born in Kanagawa, Japan, in 1977. He
received his B.S. and Ph.D. degrees from the University of Tokyo, Japan,
in 2002 and 2008, respectively. He joined NTT DOCOMO, Kanagawa,
Japan, in 2002. Since then, he has been engaged in the research of IP
networks, transport technologies, MAC technologies, and radio
propagation for mobile communication systems. He has been engaged
in the development of the LTE base station. He joined Tokyo Institute
of Technology, Japan in 2015. Since then, he has been engaged in
research of radio propagation measurements and MIMO channel
modeling. He is a senior member of IEICE and a member of IEEE.

Assistant Professor Takuichi Hirano

Assist. Prof. Takuichi Hirano received a B.S. in electrical and information
engineering from Nagoya Institute of Technology, Nagoya, Japan in
1998. He received his M.S. and D.E. degrees from the Tokyo Institute
of Technology, Tokyo, Japan, in 2000 and 2008, respectively. He is
currently an Assistant Professor with the Tokyo Institute of Technology.
He has been involved with electromagnetic theory, numerical analysis for
EM problems and antenna engineering such as slotted waveguide arrays.
He received the Young Engineer Award from IEICE Japan in 2004,
IEEE AP-S Japan Chapter Young Engineer Award in 2004 and IEEE
MTT-S Japan Chapter Young Engineer Award in 2011. He is a member
of IEICE, IEE] and IEEE.
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Specially Appointed Associate Professor (Lecturer) Azril Haniz

Dr. Azril Haniz received the B.E. degree in electrical and electronic
engineering in 2010, and the M.Eng and Dr.Eng. degrees from the Dept. of
International Development Engineering in Tokyo Institute of Technology,
Japan in 2012 and 2016, respectively. He is currently working as a specially
appointed associate professor in the same university. He won the best student
paper award in the Singapore-Japan International Workshop on Smart
Wireless Communications (SmartCom) in 2014, and is a recipient of the 2016

Tejima Seiichi Doctoral Dissertation Award. His research interests include
localization, cognitive radio, sensor networks and signal processing. He is
currently a member of IEEE and IEICE.

Recent Research Topics

/> Dolph-Chebyshev Beamforming for SHF bands Channel Characterization in Indoor \
Environment

» Development of SIMO Channel Sounding System in 12GHz by Utilizing Radio-on-Fiber
Technology

» Shadowing Effect of Obstacles on Millimeter-wave Band Propagation Channel in Indoor
Environment

» 11 GHz Urban Microcell Radio Channel Prediction Using Software Based Visual

Inspection for An Automatic Clustering Algorithm

Propagation Delay Analysis for VHF Band Broadband Mobile Communication Systems

VYV V¥V

Radio Propagation Measurement and Channel Modeling in Outdoor Agriculture
Environment for Wireless Sensor Network

Building Entry Loss Measurement in High-Rise Environment by Unmanned Aerial Vehicle
GPSDO based Synchronization Method for Channel Sounders using SDR Platform
Localization of Unknown Radios in Urban Environments

YV VYV YV

Pattern Recognition based Hand Motion Tracking System using Channel State Information
from Commodity Wi-Fi Devices

A4

Utilizing Cluster Computing for Generative Adversarial Networks of Deep Learning
Model to Extract and Reconstruct Signal Features

Device-free Localization utilizing low-cost devices in Indoor Environments

Path Loss Prediction by using Machine Learning for Wireless LAN Site Planning
Equivalence Between Orbital Angular Momentum (OAM) and Multiple-Input Multiple-
Output (MIMO) in Uniform Circular Arrays

» Representation Method of Wireless Network Area Quality by Augmented Reality

YV V VY

Technology
» Education in Asia (Internationalization of Higher Education through a Study Abroad
Program)
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Dolph-Chebyshev Beamforming for SHF bands Channel
Characterization in Indoor Environment

(A collaborative research with Aalborg University)
Due to increasing demand for higher data rate systems, 5G wireless systems utilizing a wide range of
frequency bands and massive number of antenna arrays have been considered. Because the performance
of the system depends on the environment, the accurate characterization of spatial-temporal multipath
channels becomes inevitable. However, by using massive number of antennas with omni-directional
elements, the sidelobe level (SLL) becomes very high, which degrades the characterization accuracy. Thus,
this study extends the Dolph-Chebyshev Beamforming (DCBF) for Uniform Circular Array (UCA) to
reduce the sidelobes in the actual measurement data, which is measured at three SHF bands: 3, 10 and
28 GHz. Figure 1 shows the DCF in comparison with conventional beamforming (CBF). It can be
observed that the extended DCBF can significantly reduce the SLL compared with CBE
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Fig 1. (Left) Measurement Environment, (Middle) CBF Results, (Right) DCBF Results

Development of SIMO Channel Sounding System in 12GHz by
Utilizing Radio-on-Fiber Technology
(Supported by JSPS KAKENHI No. 15H04003 and No. 16K18102)

From the channel sounding system point of view, cabling loss owing to coaxial cable in high frequency
bands is not negligible since it often limits propagation measurement distance. Also, as the number of
antennas increases, measurement set up such as calibration procedure becomes troublesome. In order to
solve these issues, Radio-on-Fiber (RoF) technology has been introduced to our Single Input Multiple
Output (SIMO) channel sounding system. Our sounding system utilizes VNA and switched array scheme
so that quasi-dynamic measurements can be conducted. In this work, stability of parameters such as
phase and amplitude against ambient temperature shift are verified since RoF is susceptible to such
change. Unlike most literature which investigate these impacts for antenna pattern measurement, impact
on AoA estimation result is revealed. As shown in Fig. 1, strong relationship between phase and
temperatute is confirmed. Fig. 2 shows the AoA estimation result before/after the temperature change.
Despite of strong relationship between phase and temperature, its impact on AoA estimation is
acceptably small due to similar characteristics of phase shift among antenna elements.
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Shadowing Effect of Obstacles on Millimeter-wave Band

Propagation Channel in Indoor Environment
(A collaborative research with N'TT)

In next generation 5G systems, millimeter wave bands (24GHz — 86GHz) can provide the additional
bandwidth to meet these data traffic demands. However, at higher frequency bands, since beam width is
narrower, huge shadowing loss will result from object blockage. In this work, the shadowing loss caused
by multiple obstacles in different places at 20GHz and 66 GHz frequency bands in an indoor environment
was measured and evaluated. This experiment focused on the characteristics of the direct wave. On the
Rx side, a directional antenna was rotated to measure the directional characteristics of channel. With the

rotating Rx antenna, power delay profile 60 . . .
(PDP) was measured in all directions, and ~ o Human 26GHz

merged to obtain the angle delay power %50’ \ ettt 1
spectrum (ADPS). From the ADPS, path "3’407 \ o Human 000Hz |
gain of the direct wave could be analyzed. a —— Metal 66GHz

The shadowing quantity was calculated by Sa0l |
comparing the path gain of direct wave with Z:

and without the existence of the obstacle. @20 1
Results show the shadowing characteristics

for several frequencies and obstacles. Results "% 50 160 240 320 400 480 560 640 720 800 880 9(*
from this work is expected to be useful in @ 0~~0————0~~D‘S¢*t§¥5 CTI‘,)',,,,.,,,,',,,,.,,,,.,,
designing wireless systems and cells. Rx al2 all al0 a9 a8 a7 a6 a5 a4 a3 a2 al Tx

Fig.: Shadowing Loss in indoor environment

11 GHz Urban Microcell Radio Channel Prediction Using Software
Based Visual Inspection for An Automatic Clustering Algorithm
The accuracy of the model is necessary for the design of the wireless system, as the performance of the
wireless communication depends on the propagation environment. In the physical channel model, the
characterization of the propagation environment relies the electromagnetic wave propagation. The path
parameters of the radio waves that are the direction-of-depart (DOD), the direction-of-arrival (IDOA),
and delay for each MPC are determined using the SAGE algorithm. The geometry based stochastic
channel model (GSCM) characterizes the propagation channel model by placing typical scatterers
randomly to the simulation environment. Accurate description of the environment including the
geometry, material characteristic becomes necessary to identify the dominant propagation paths and
scattering objects of the multipath components. The geometry based stochastic channel model (GSCM)
characterizes the propagation channel by placing typical scatterers randomly to the simulation
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. . . . . el e T IV IE]
The visual inspection of the scattering objects A

using the S2-lite as extension of the ArcGIS software . . — ;—ﬂsﬂm@
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channel parameters provided by the SAGE
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of the measurement based ray tracing, to create ik L

lot. - I
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accurate cluster based channel model which et
contributes to the development of the GSCMs.

Fig.: Visualization of the measurement path
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Propagation Delay Analysis for VHF Band Broadband Mobile
Communication Systems (A collaborative research with National Institute of
Information and Communications Technology (NICT))

The public broadband mobile communication (PBB) system in the
VHF band is expected to be a flexible wireless communication
system suitable to share critical information using real time video
streaming for disaster relief purpose. Recently, the PBB system has
been developed and the performance was evaluated. For the
improvement of the current system and developing future PBB
systems, the characterization of delay profiles in various
environments are important for system design. Figure 1 shows an
example of a measured channel impulse response (CIR) in an
urban environment and multiple delay paths were observed. Figure
2 shows the measured fading characteristics in both frequency and
excess time domain and frequency selectivity was observed.
However, its varies slowly with time. From these delay properties

we are trying to develop a more accurate statistical channel model.
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Fig. 1 Channel Impulse Response
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Radio Propagation Measurement and Channel Modeling in Outdoor
Agriculture Environment for Wireless Sensor Network

(A collaborative research with National Electronics and Computer Technology Center,

Thailand. The work is partly supported by Fujikura Foundation)

A measurement campaign in two common types of tropical agriculture environments, which have the
forest characteristic (vegetation dominated by tree with a single trunk: jackfruit orchard) and not (a tall
food grass: sugarcane field) was conducted by using a developed channel sounder [24] having a bandwidth
of 45.6 MHz at 2.45 GHz. The location of Tx was fixed and then the Rx was moved over the vegetation
depth and angular direction as shown in Fig 1. The results reveal that the number of trees/ridges which
exist between Tx and Rx is the reason behind of the variation of the excess loss caused by the vegetation
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Fig. 2. The excess loss over the

number of ridges between Tx

¢ over

angular direction. Therefore, the
modified maximum attenuation (MA) model,
which is a function of number of ridges, is
proposed to better represent the vegetation
attenuation of the
parameter shown as Fig 2. Utilizing such

proposed model, the procedure of predicting

regardless angular

the received power at any point in the
agriculture field by using a few measurement
data is proposed.



Building Entry Loss Measurement in High-Rise Environment By
Unmanned Aerial Vehicle

(Supported by Support Center for Advanced Telecommunications

BS
. (UAV) Ms
(SCAT) Foundation.) —|—:—— (Indoor)
Since the user traffic in the mobile wireless communication is A .

22m

rapidly increasing, and the more optimized service area planning

is needed to solve the issue. Especially in the high-rise 05

environments, the knowledge of the outdoor-to-indoor radio |
Measurement plane

1 A
2m, .5
" 20M 50 m x 15m

. . ... .. Horj
propagation characteristics is indispensable to optimize the Iz‘;’)’ta’ Meas o
. . . Ursa %) Meng
service area, because radio waves enter the indoor from many 20m)

directions from outside in those areas. dBm
-90

In this research, we propose the radio measurement method
by using the Unmanned Aerial Vehicle (UAV). The lightweight
radio equipment was implemented on the commercial software-
defined radio platform. The building entry loss (BLE)
characteristics were measured in the university's campus. And the
results showed that the BLE ranged from 15 dB to 20 dB in the
research building, The results are expected to be utilized for the

-100
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improvement of BLE model. Horizontal position (m)
Fig. 2 Horizontal-Height profile of Received power

GPSDO based Synchronization Method for Channel Sounders using
SDR Platform

Accuracy of channel characteristics measured by the channel 400

Measurement data
Linear fit

sounder depends on accuracy of time and phase synchronization
between transmitter (Tx) and receive (Rx). In this work, GPSDO
based synchronization is considered because of its cheaper price

and flexibility compared to conventional channel sounders. Carrier
synchronization of 4.85 GHz signal in the indoor environment

Phase Difference(Degree)

using GPS signals is examined by installing a GPS antenna on the

roof top and extending it to an indoor room using a low loss

Time (sec)

coaxial cable. Experiment was conducted with back to back
connection between Tx and Rx in a SDR platform using USRP
and GNU Radio and a 10 MHz output signal from two GPSDOs

Fig. 1 Phase coherency of
4.85 GHz signal

disciplined with same 1PPS GPS signal are fed to Tx and Rx. Itis % O(g;

found that the phase follows as predictable behavior when %0'96

measured for 8 seconds. Also, from the calculation of auto §0_94

correlation, phase is found to be highly correlated within 4 §0,92

seconds. In the future, phase synchronization will be tested using § 0.9

two GPS antennas feeding to the GPSDO separately and for 088 1 : : "
longer time to find out the exact coherence time. Time lag(Sec)

Fig. 2 Autocorrelation of

received signal
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Localization of Unknown Radios in Urban Environments

(A collaborative research with Koden Electronics)

Unknown radios have the potential to cause harmful interference to existing radio systems, thus it is
crucial to localize these radios in order to stop their transmission and prevent service disruption. In this
research, a novel algorithm to localize unknown radios in urban environments is proposed. The
fingerprinting technique is employed, which is expected to perform better than conventional localization
techniques such as triangulation in urban environments where there may be many obstacles obstructing
the direct line-of-sight path between the unknown radio and the receiver sensor.

The phase-difference between two antenna elements on an array is utilized as the location

¥ e
73 i @ Fusion
a ' ' \f - Center
\5‘

fingerprint. One advantage of using this

fingerprint is that it contains information
regarding the dominant multipath’s AOA

Tramnmng
(angle-of-arrival) without explicitly estimating Vehicle
: : Sensor
the unknown radio’s AOA. This enables the o o
Phase-difference between O o T — ; Unknown

system to localize radios at a wide range of antenna elements Radio

By, |

antenna elements

Spatial

frequencies without changing the array

geometry. The training fingerprints in the —

Frequency

database are interpolated in the frequency and
Weigh- Pattern Estimated

spatial domains before performing pattern | Bstmation | | PO ing [ IERORE P b iching [ location

on on

2
v
v

matching. Simulation results indicated that it
could achieve much higher localization Fig. 1 Flowchart of proposed algorithm
accuracy  compared  to  conventional

techniques.

Pattern Recognition based Hand Motion Tracking System using
Channel State Information from Commodity Wi-Fi Devices
Device-free hand motion tracking in the air becomes an essential tool for today’s human-computing
interaction applications such as smart home, virtual and augmented reality. Typical tracking systems,
mostly camera-based, have some limitations; small tracking coverage, surrounding light dependency,
privacy issue, and requirement of obstacle-free area. Because RF is not affected by the limitations of the

conventional system, an alternative hand motion tracking

r

3

system using commercial Wi-Fi devices is proposed.
Although it is very challenging to directly trace hand

Wavelet scale
Wavelet scale

motion trajectory with Wi-Fi systems, utilizing channel

b & ko n e e e

characteristics provided by Wi-Fi channel state information

=

bE 1 15 2 z& 3 35 4 45 o

Time (s)

08 1 18 2 285 3 35 4 45 B

Time (s)

(CSI) allows us indirectly to perceive motion via the Doppler

frequency shift. Our proposed technique arises from the @,._ }\“;
concept that any motion is a combination of hand moving vd@; /;\\ﬁ

in different angles. Therefore, by recognizing these motions /A i q
consecutively as Doppler shifts, trajectory of hand motion . [ ;/va

could be implicitly inferred. Currently, our experiment Rx A2 R

shows that after applying Wavelet transform to calibrated ~ Fig: 1D hand motion reflected as power
CSI, 1D hand motion when moving toward and away from concentration in Doppler shift

the Wi-Fi receiver are detected. domain during 1-1.5 sec
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Utilizing Cluster Computing for Generative Adversarial Networks of
Deep Learning Model to Extract and Reconstruct Signal Features

(Part of the joint research projects between Tokyo Institute of Technology and
National Taiwan University of Science and Technology)

Deep learning is a branch of machine learning with rising popularity in recent years. It performs
exceptionally well in visual recognition tasks, and in finding complex patterns directly from raw data. One
applicable problem is reconstructing sensing data gathered sparsely in a complex environment which is
usually difficult to extract features for further processing. By treating signal compositions as spatial
patterns, the strength of deep learning can be applied to reconstruct signal maps given conditions and
environment setups, similar to the task of applying colors to sketches. Conditional Generative Adversarial
Network, one of the

recent deep learning

models, is applied to Signal R
L Simulation b= o B
generate realistic signal e

maps. And since neural ...l

networks are embarrass- i e @
b H a8 ¢ \' +—>| Encoder
singly parallel in nature,  =:' g

cluster computing such .
as TSUBAME 3.0 of i Txtpeetc’
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Tokyo Tech, can be z
d to d ticall

Hee J © .tranza ,C? Y Fig. Adversarial Model of Generator and Discriminator for
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phase.

Device-free Localization utilizing low-cost devices
in Indoor Environments

Due to the increasing demand for the localization Based Service (LLBS),
wireless localization technologies have become very popular. Because
GPS does not work well in indoor environments, indoor localization
has become a focus of research and development recently. In this
research, a low-cost device-free indoor localization system by using
Raspberry Pi is established. And now we are trying to realize it with
high accuracy. The fingerprinting technique is employed. In our
proposed system, the Received Signal Strength (RSS) of Bluetooth Low
Energy (BLE) is used as fingerprints. Raspberry Pi is utilized as BLE

beacons to implement the indoor localization system. Raspberry Pi is

Fig. Photo of Raspberry Pi

a low-cost small single-board computer. It can transmit and receive
BLE signals by mounting BLE USB dongle. Using this property, we
can make algorithm of Indoor Localization more flexible. We also constructed the automatic measuring
system to make indoor localization experiment more smoothly.

11
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Path Loss Prediction by using Machine Learning
for Wireless LAN Site Planning

5

Wireless local area networks (WLAN) draw growing

‘a—mmU

interests due to the demand for ubiquity and better 7
R

quality of services (QoS) with lower costs. WLAN site

planning, to determine the location of access point Tatle

(AP) so as to cover the designated areas with the

. . . " b Egd point
sufficient QoS, has been an important topic. Many ] o =

research works as well as the commercial planning

tools are already available. Most of such tools rely on
25

the propagation simulation, but there are two

m—True Value
X . . O ANN prediction
challenges, i.e. the accuracy of the simulation, and the I # GARpradeiin
prediction
x % ITU-R prediction
% LR prediction

availability of detailed building. This study proposes a
propagation path loss model based on a small amount
of measurements and machine learning to improve

Path loss (dB)

the accuracy of propagation prediction.

Rx route (distance=24.34m)

Fig. Path loss prediction by machine learning

Equivalence Between Orbital Angular Momentum (OAM) and
Multiple-Input Multiple-Output (MIMO) in Uniform Circular Arrays
- Investigation by Eigenvalues -

Communication using orbital angular momentum (OAM) was demonstrated in the optical field using
fiber. In the OAM, Gaussian beam with linear phase taper 2z7 (n: integer; the OAM state) around the
beam axis is used. Different OAM states can carry independent signals simultaneously. The OAM is
analogy to the state of electrons in quantum theory. Equivalence between the OAM and MIMO was

investigated by UCAs.s It was found that the array excitation vectors in the MIMO become helical phase
distribution used in the OAM,

and equivalence between the . . u

OAM and MIMO was proved ? >

for UCAs. The radius and ¢ ¢ ¢, 008 1 %

distance  characteristics  of \’b R m=14g ‘E N

eigenvalues were also g Ej’ e W
investigated. It was found that d=51 i% 000 | % %
MIMO and/or OAM el e | f A
performance improves in the : Ty | %ooz- w
near-field region. It was also ¢ l¢ 8

found that the performance LA 5 B 4 s 6 ; R

improves when radius of UCAs
Fig: Two uniform circular arrays and eigenvalues of

becomes large.
MIMO
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Representation Method of Wireless Network Area Quality By
Augmented Reality Technology

Wireless networks are expected to be utilized in variety

Simulation parameters

Carrier Frequency 4.9 GHz

Transmission power 0dBm

of scenes and by users in the future Internet of Things

Antenna Dipole

(IoT) systems. In case of the service area planning of

BS antenna height 2m

Receiver mesh size im

wireless networks, it is necessary to place base stations
(BSs) densely to satisfy the user traffic demands while
suppressing the wunnecessary radio interferences.

However, it is difficult for the users who are not familiar
with the radio communication system. We propose the

managing method of wireless network area planning

instinctively by the augmented reality (AR) technology.

In the proposal, the area quality is predicted by the
raytracing simulation which is calculated. And then the
service area and that quality information are displayed in
the user camera view. By presenting the area quality with
the physical view of user, the problems of the service
area are grasped more clearly and instinctively. The
system is expected to improve the service area planning,

Result Clear Record Positiol

Fig. 2 User’s camera view

Education in Asia
(Internationalization of Higher Education through a Study Abroad Program)

Internationalization of higher education through a student mobility/study abroad program in the
Southeast Asian region is expected to be the major component to facilitate the development of the
common space of higher education within the region, and thus supporting the development of the
Association of Southeast Asian Nations (ASEAN). However, due to the lack of systematic studies and
literature on the effects of the study abroad program in ASEAN on students, it is difficult to indicate if
the program is successful in fostering ASEAN students and graduates with ASEAN awareness and
appreciation for cultural and religious differences within the region.
This research aims to explore the relationship

and influence between different experiences and Study Abroad
. . Program in ASEAN
learning environment of students at ASEAN host
. . . . *  Study & livi
institutions and students’ attitude towards ASEAN, i i
) ] ] . Students Il *  Extra-curricular I v eoa
friendship formation, as well as their future careers eytes
e raveling
related with ASEAN. Online questionnaire and in- gt o S

depth interview will be utilized for data collection.

Results and findings from this study are hoped
to be policy recommendations for ASEAN  Fig. The study abroad program to fostering
governments and higher education institutions to ASEAN students/graduates
provide appropriate and  favorable learning
environment for participants during their study abroad in an ASEAN country. This, if appropriately
adopted, will help equip students/graduates with an ASEAN-oriented awareness so that they will become
the future human resource of ASEAN economically and socio-culturally.
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Home page: http://www.sakaguchi-lab.net/ja/index

. Professor Kei Sakaguchi

Prof. Kei Sakaguchi received the M.E. degree in
Information Processing from Tokyo Institute
Technology in 1998, and the Ph.D. degree in Electrical
& Electronics Engineering from Tokyo Institute
Technology in 2006. Currently, he is working at Tokyo
Institute of Technology in Japan as a Professor and at
the same time he is a Senior Scientist at Fraunhofer
HHI in Germany. He received the Outstanding Paper
Awards from SDR Forum and IEICE in 2004 and 2005
respectively, and three Best Paper Awards from IEICE
communication society in 2012, 2013, and 2015. He
also received the Tutorial Paper Award from IEICE

communication society in 2006. He served as a TPC co-
chair in the IEEE 5G Summit in 2016, a General co-
chair in the IEEE WDN-5G in 2017, and an Industrial
Workshop co-chair in the IEEE Globecom in 2017. His
current research interests are in 5G cellular networks,
millimeter-wave communications, and wireless energy
transmission. He is a member of IEICE and TEEE.

. Assistant Professor Gia Khanh Tran

‘ — Assist. Prof. Tran was born in Hanoi, Vietham, on
February 18, 1982. He received the B.E., M.E. and D.E.
degrees in electrical and electronic engineering from
Tokyo Institute of Technology, Japan, in 2006, 2008 and
2010 respectively. He became a faculty member of the
Department of Electrical and Electronic Engineering,
Tokyo Institute of Technology since 2012. He received
IEEE VTS Japan 2006 Young Resecarcher's
Encouragement Award from IEEE VTS Japan Chapter
in 2006 and the Best Paper Awards in Software Radio
from IEICE SR technical committee in 2009 and 2012.
His research interests are MIMO transmission
algorithms, multiuser MIMO, MIMO mesh network,
wireless power transmission, cooperative cellular
networks, sensor networks, digital predistortion RF and
mm-waves. He is a member of IEEE and IEICE.
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Emeritus Professor Kiyomichi Araki

Prof. Araki was born in 1949. He received the B.S.
degree in electrical engineering from Saitama University,
in 1971, and the M.S. and Ph.D. degrees in physical
electronics both from Tokyo Institute of Technology in
1973 and 1978 respectively. In 1973-1975, and 1978-
1985, he was a Research Associate at Tokyo Institute of
Technology, and in 1985-1995 he was an Associate
Professor at Saitama University. In 1979-1980 and
1993-1994 he was a visiting research scholar at
University of Texas, Austin and University of Illinois,
Urbana, respectively. From 1995 to 2014 he was a
Professor at Tokyo Institute of Technology. His
research interests are in information security, coding
theory, communication theory, ferrite devices, RF
circuit theory, electromagnetic theory, software defined
radio, array signal processing, UWB technologies,
wireless channel modeling and so on. Prof. Araki is a
life member of IEEE, and fellow of IEICE.

Postdoctoral Researcher Tao Yu

Dr. Tao Yu received the B.E. degree in Communication
Engineering from Taiyuan Institute of Technology,
China, in 2008, the M.E. degree in Signal and
Information  Processing from  Communication
University of China, in 2010, and Dr.Eng. degree from
Electrical and Electronic Engineering Department,
Tokyo Institute of Technology in 2017. He has been
with Sakaguchi-lab, Tokyo Institute of Technology
from 2017 as a postdoctoral researcher. His research
interests include wireless sensor networks, localization,
distributed control, and building energy management.
He is a member of IEICE.
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mmWave Edge Cloud System for 5G (5G-MiEdge)

Introduction - What’s 5G-MiEdge ?

In future wireless systems, e.g. 5G & beyond, realization of low latency under restricted backhauling
constraints are key problems. As a solution, this research project attempts to establish a new concept
based on the combination of ultra-broadband mmWave communications and mobile edge computing
(MEC). This project on 5G cellular networks employing mmWave edge clouds is under the collaborative
research between Japan and Europe.

System Architecture of 5G-MiEdge

Figure 1 presents the overall view of the 5G-MiEdge system architecture where the selected five use
cases and three key technologies are highlighted and inter-connected. All use cases take advantage of
three key technologies, namely the mmWave edge cloud, liquid RAN C-plane, and user/application
centric orchestration to fulfill their requirements of ultra-high speed jointly with low latency.

Key technologies

Massive MiEdge HaE e Coordinated MiEdge

'y

21 & Qi —

Jn;_m.—F

Millimeter Wave Edge cloud
Prefetch/cach user
data/application and tranfer them
instantaneously between MiEdge

Digital signage

AP & UE
| Provide contents
Deploy MiEdge RAN / proactively based on Liquid RAN C-plane
proactively basedon | | e () =7\ o Teel s location/acti ) i
trafficforecast | |/ —=v M ~ "ve.. » HSEE 3 1GEATL ALLOn Collect context (location, action,
Reduce CAPEX/OPEX 2 Tre, | Reduce latency etc.) and provide traffic information

@ A oo

MiEdge Relay MmWave V2X

REL—-'!M‘ e O L
RNy
e S

m— Control signal (up link, location/action information)
@—P Control signal (down link, traffic forecast)

Co n
resourcemap

Traffic Mbp -_— P g™, Relaying

User/Application centric
orchestration
MiEdge (VM) and SDN are
orchestrated by user or application
provider

MiEdge DB @
SDN router (application
O oriented dynamic route/
slice construction)

Fig. 1. Overall system architecture (left) describing how to integrate key technologies (right) to
fulfil requirements in the five use cases.

In all use cases, the mmWave edge clouds are deployed inside of the scenarios with dense traffic to
enhance user experienced data rate and latency by exploiting advantages of both mmWave access and
edge cloud at the same time. The MEC relaxes requirements on backhaul capacity by prefetching or
caching popular contents and also by running scenario specific applications. To efficiently implement
these edge cloud functionalities, our architecture uses a novel liquid RAN C-plane, which collects network
and user context, such as user position, network load, and data popularity, and enables the network to
orchestrate its radio and cloud resources.
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Millimeter-wave Mesh Backhaul Networks

Background

5G communication network is expected to support enhanced mobile broadband services by millimeter-
wave ovetlay heterogeneous network (HetNet). However, connecting backhaul using cable such as optical
fibers is extremely costly. To circumvent, we have proposed mmWave mesh backhaul networks (MMBN).

Interference Management

One of the problems toward realizing MMBN is intra-channel interference from other links, so we need
interference management to obtain high backhauling rate. As a contribution to solve this problem, we
proposed a 3-step approach of deploying mmWave Access Point (AP) in zigzag, selecting Beam Forming
(BF) by reflection from walls and finally allocating orthogonal channels to decrease interference signals.
Figure 4 shows that coverage using proposed algorithm is improved as compared to conventional

approach which deploys APs lineatly and alternates channel per hop

Coverage-AP Traffic relationship

( START > 7
) i':;‘;l:ﬁzeoﬁmgh, ! @ B Theoretical value
1 | Deployment mmWave AP in zigzag 6 Conventional value | -
: - Channel 1 ® Proposed value
anar:\;Nwaa\;e ' [ Channel 2 [ Tostore received pover B, & azimuth ange  ofsrong 3 beams | =5
T J £
(N O4
1 1 o
1 = o[¢e o]
1 =
1 S3
' =
| L M ¢ of SINR abou the lnks from GW | % 2t EE = 1
! : —im
: : [[ channet atocaton of the sk fom GW to make max(min(SINR )} | 1F BEE B
! 1
: [ Changing channel every 2 hops | 0 Naray e v ag. e JaYa
SWGT; A;?;(i W.?O\OJ 350 400
( END > Coverage[m]
Fig. 2. MMBN architecture Fig. 3. Algorithm Fig. 4. Coverage characteristic

Testbed Development

As user distribution in practice changes in

both time and space, backhaul paths should Orchestrator  pmpwmrmmmmg SDN controller

Set flow entries

be optimized dynamically. Therefore, we Pl
have been developing SDN-based testbed of Gateway Virtual

access

mmWave meshed backhaul networks as

10GbE WiGig Y.
. . . . SEWEY 0 +———> 2 RARDL SEEED >0
shown in Fig. 5, which is composed of 1 Requested ﬁ}
gateway node, 3 mesh nodes, 1 server node, A
H Virtual user
1 SDN controller node, and 1 orchestrator  wicig
node. This testbed supports the scenario of : Control plane
o ] : Data plane v Virtual
data transmission from server node to virtual Virtual access

access

users generated in each mesh node.
Orchestrator node calculates backhaul paths

and the resulting information are delivered to Virtual user Virtuai user
Open vSwitch in each mesh node via SDN

60GHz wireless USB adapter
(Panasonic)

controller.
Fig. 5: Testbed system architecture
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mmWave Edge Cloud for 5G Cellular Networks [24], [40]

In recent years, because of various devices Macro cell BS

including smart phones being connected to mobile mmWave

. . Edge Cloud storage ~ smallcell BS
networks, mobile traffic has increased
exponentially. For offloading the increasing traffic,
high-speed access technology utilizing high
frequency band like millimeter waves (mmWave)

: -
attracts attention. In the last few years, we W £ Backhaul line

proposed the concept of mmWave overlaid

heterogeneous cellular networks where mmWave £ ;
. ! . - T ran b
small cell base stations (BSs) are introduced into

Prefetching

conventional macro cell. We have shown that, Fig. 6. mmWave Edge Cloud

system rate is expected to achieve 1000 times that
of macro cell only. However, the disadvantage of this approach is that, high capacity / high cost backhaul
line such as 10Gbps Ethernet is needed at every BSs to make full use of mmWave high-speed access. To
circumvent, we propose mmWave Edge Cloud cellular networks shown in Fig. 6. In this approach, 5G
operators prefetch user data into edge cloud storage installed at mmWave smallcell BSs in advance based
on user context information such as mobility, traffic. Thanks to this process, the mmWave access can
maintain high-speed ability regardless of poor backhaul constraint.

For efficient backhaul resource allocation, it is essential to introduce prefetching algorithm. Fig. 7
shows the flowchart of our proposal. 5G networks always grasp user’s future destination and traffic
demanded by exploiting proper application e.g. calendar and can decide proper smallcell BS to prefetch
by using power map which is measured by 5G operators beforehand. When users are actually approaching
the smallcell BS, weighted proportional fairness(WPF) scheduling method considering traffic demand
time and traffic size is performed to efficiently select users and the associated traffic to prefetch.

Fig. 8 shows a simulation result about system rate against backhaul capacity. System rate with
prefetching (WP, Round-Robin (RR)) is always higher than that without prefetching and the system rate
with WPF under 1 Gbps backhaul achieves about 98% of that under 10 Gbps. This is owing to the
efficient use of backhaul resource at spare time. In conclusion, installing edge cloud function with proper
prefetching mechanism enables lower backhaul cost while maintaining satisfying system rate.

| Prediction of destination |

@ By application

| Prediction of traffic demand I

@ By application

Power map | » | Selection of small cell BS $ |
$=arg max SINR @ By 5G operator
| Prediction of traffic demand time ¢, ,, ‘

@ By mobility management

10

System rate [Gbps]

WPF Selection of user u & traffic n
scheduling attime ¢
1k
@©.i) = argmax(0, 0} [
Oun(£) = 2= (Wi () i 10° 10 108 10° 1010
B,(®) [ Prefetching ] Backhaul capacity [bps]
Fig. 7. Flowchart Fig. 8. Simulation result
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Optimal Design Method of Beam Patterns for Massive MIMO Systems

Design Concept

For future wireless communication systems, large
channel capacity is needed because of the
popularization of wireless devices. To increase the
channel capacity, massive MIMO (Multi-Input Multi-
Output) technology using a large number of antenna
elements at least at base station (BS) side is important.
For the MIMO system, the propagation environments
at BS and a user euipment (UE) sides are not always
independent. Thus the beam pattern’s optimization of
both BS and UE sides are needed.

To address this issue, we have proposed an
approach for antenna’s design by using spherical mode
expansion (SME) as shown in Fig. 9. First, the BS and
UE sides iteratively from a joint power angular profile
of departure and arrival waves. Next, the current
distribution to achieve the optimal beam pattern is
calculated by projecting it on the conductor surface to
be implemented such as a hemisphere current surface.
By using the above scheme, we can maximize channel
capacity by matching beam patterns to the
propagation environment.

Optimal Beam patterns

For example, when a joint angular profile is given by
Gaussian distribution with departure and arrival
angles and angular spreads defined in 3GPP UMa
NLOS model at 30 GHz, the beam patterns for
conventional patch array antennas or the proposed
hemisphere current are derived. The beam patterns at
the BS side is shown from the first to the fourth
streams in the case of a horizontal plane. Different
from conventional linear phase shift beam patterns
made by patch array antennas (Fig. 10), the beam
pattern of the first stream has a peak and those from
the second to the fourth stream has a null toward
direction from which waves with high intensity come
(Fig. 11). The average channel capacity in the
conventional and proposed cases are shown in Fig. 12.
By using the proposed optimal beam patterns, the
average channel capacity is improved because the
patterns are orthogonalized with each other and
matched to the angular profile.

Propagation
environment

L

Optimal directivity
( J

Near optimal
Current distribution

the average channel capacity

T N
Antenna to maximize ’
in the limited space

J |+ Antenna volume
e W (Radius of sphere including the antenna: 7, )

* Current distribution to realize the optimal directivity
= Design parameter: Current distribution coefficient @

Fig. 9. Antenna design concept.
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Fig. 10. Conventional beam patterns.
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Fig. 11. Optimal beam patterns.
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Fig. 12. Average channel capacity.

* Power distribution of the departure and arrival waves
(Angular profile: R, )

Directivity to maximize the average channel capacity
= Design parameter: Spherical mode coefficient g
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Wireless Power Transmission and lighting control

Limited lifetime of the sensor node
has long been an issue in WSNs. In
order to deal with it, we developed
varieties of battery-less sensors such as R o

human detection sensors and wearable
acceleration sensors, as shown in
Fig.13, and proposed a wireless grid, in
which battery-less sensor nodes
can be activated by multi-point
wireless energy transmission with
carrier shift diversity (MPCSD),
which can realize seamless supply

of energy, compared with simple

multi-point scheme (MP). The
experiment results in Fig. 14
confirm  that MPCSD  can
seamlessly supply energy. The 2

coverage of MP and MPCSD are

@ Ishikawadai Campus, Bldg.1 DALI (Digital Addressable Lighting Interface)

LED
Controller

Control

-
Battery-less
sensorsial

Battery-less

. sensor

Access point Multi-hop communication  Access point

sensing data
BEMS Server

Fig. 15. Localized light control system using battery-less WSNs

=@—Mcasured power consumption == Power consumption of perfect user detection

sumption of individual control  Power consumption of batch control

=@—Measured illuminance
=¥=Illuminance of individual control

(a)Human detection sensor

Positioner

= Illuminance of perfect user detection
- Required illuminance

(b) wearable acceleration sensor

Fig. 13. Localized light control system using battery-less WSNs

multi-point wireless energy
transmission without CSD

il gﬁu!"h!!!! s
MG M ",
i

proposed wireless grid
with CSD

100%

Fig. 14. Localized light control system using battery-less WSNs

88% and 100% respectively.

As an application of wireless power
transmission and indoor localization, a
light control system based on user’s
location and environment luminance
level was developed and practically
implemented in an office in Tokyo Tech.
The system structure is shown in Fig,
15. Owing to the wireless energy
transmission system developed by our
lab, human detection sensors can be
freely deployed in the space.
By using sensing data from the

1200

1000

Power/KW

i

multiple battery-less low-cost
IR sensors with overlapped
coverages, user’s locations and
motions can be estimated and
tracked. The light control
scheme mainly focuses on
lighting

reducing  office’s

20 0 20 0 60 80
Time/s

0 20 40 60 80
Time/s

100

Fig. 16. Experiment result of lighting control

100

120

energy  consumption  and
satisfying user’s The results in

Fig. 16 show that this LED

light control system reduces the energy consumption significantly by 57%, compared to batch control

scheme, and satisfies user’s luminance requirement with 100% probability.
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7.Predict context information

We developed a location-based context information . - R ——
prediction system using fingerprint localization by multi- i

Indoor Localization and Robot Automated Control

2.Create map

Radio map

sensors. The system structure is shown in Fig. 17. At

4.Pattern

. P . . - malclhlng Warning
learning phase, a training terminal sends radio-wave i<« - n :
: . . . ; /@ >
signals, PDR information, locations, and context <« Mmm' !
. 1.Propagation parameter, 5.Localization
information to APs. The AP controller (APC) receives context, an locaton infomation 3 Propagation parameter
and walking information

and stores them in database. And the radio maps

. . Fig. 17. Structure of location-based context prediction system
and context maps are constructed In application

server (AS). At estimation and prediction phase,

the AS estimates and predict the location and _ =
context by fingerprint pattern matching;

CCDF [%]
False positive

Experiments and simulations are conducted to
evaluate the system performance, which is shown =

in Figs. 18. The results show that the localization
2 4 G s 2 2 13

accuracy of RSPD+RSSI+PDR scheme is 1.36 Fatimation Error [m] Miss detection

m. And in context prediction, the false positive Fig. 18. Expetiment result of localization (left) and context prediction (right)

achieves 24% when miss detection is 5%.

P g g We also developed a robot automated
ﬁg,:—: control system, which can be employed in
- ~- -\ many fields, e.g., automated delivery in office

and hospital, security surveillance and indoor

Controlsignal [

y R
£ J } S guide, to enhance the level of automation and
reduce human labor. The concept of the
system is illustrated in Fig. 19. It combines the

fingerprint-based localization, as described

previously in this section, and SLMA
(Simultaneous Localization and Mapping). In
our system, the wvarieties of employed
e - fingerprints and contexts information are not
o N mapped to the real environments, but directly to
HIEN ’ the SLAM dynamic map which is made by the
i ~ robot with LiIDAR in the environments. Thus,

u1uzsm———ﬁ**————
- based on the sensing information from LiDAR
e 1 10 sl L c 3 1 5

2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 38 35 40 42 44 46 43 50 on the robot and the Wi-Fi ﬁﬂgefpflﬂts trom the
x [mm] x10°

y [mm]

terminals, the robot can be directly navigated to
Fig. 20. Routing with proposed method

s the target location or context without the time-
X L | consuming and complicated target searching
4 . process. An experiment is conducted to compare
el e———— 7T ——  the performance of the conventional searching
Z i L LJ 28 u scheme, in Fig. 20, and our robot automated
2468 101214161822 ET L 3436 38 40 42 44 48 48 ® control system, in Fig. 21. It validates our design

Fig. 21. Routing without proposed method exceptions.

21



I
Fujii and Omote Laboratory

Specially Appointed Professor Teruya Fujii

Dr. Teruya Fujii received the B.E. degree from Kyushu Institute of
Technology in 1981 and M.S. and Ph.D. degrees from Kyushu
University in 1983 and 1995, respectively. In 1983, he joined NTT
Yokosuka ILab. He involved in R&D activities of mobile
communications and mobile radio propagations. In 2000, he moved
to Japan Telecom (Softbank Corp.). After he successfully completed
his Softbank R&D department head term, he became the first R&D
fellow of Softbank in 2016. In 2017, he became a specially appointed
professor of Tokyo Institute of Technology as an additional position.

Specially Appointed Associate Professor Hideki Omote

He received his B.S. and M.S. degrees from the University of Nagoya,
Japan, in 1997 and 1999, respectively. He joined Japan Telecom Co,
LTD. (currently, Softbank Corp.) in 1999. Since then, he has been
engaged in the research of radio propagation for mobile
communication systems. He also has been engaged in the
standardization of radio propagation for mobile communication in
ITU-R SG3. He is currently managing Antenna and Propagation
Section of Research and Development Division at Softbank Corp.
In 2017, he also joined Tokyo Institute of Technology, where he
researches radio propagation and modeling. He is a member of
IEICE.

Recent Research Topics

B 3D Layered Cell Construction in Broadband Mobile Communication

» Transmit Interference Canceller for 3D Layered Cell Construction in Broadband
Mobile Communication

» Propagation Characteristics for 3D Layered Cell Construction in Broadband Mobile
Communication
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A Study on Transmit Interference Canceller for 3D Layered Cell
Construction in Broadband Mobile Communication [1], [2]
For three-dimensional (3D) layered cell construction, a large number of small cells located in a Macro
cell coverage area requires effective utilizations of frequency resources. In the 3D layered cell
construction, the same frequency bands are used in both macro and small cells. It is necessary to avoid
the mutual co-channel interference. The interference avoidance can be achieved by enhanced Inter-Cell
Interference Coordination (eICIC), in which the frequency resources are divided to macro and small cells
in time domain. However, in this technique, it has a problem that macro and small cells cannot use all of
frequency resources. To resolve this problem, we propose “transmit interference canceller in small cells”
that cancels the macro cell signal received at terminal in each small cell through cooperative control
network.

By using the proposed “transmit interference canceller”, we showed that the communication quality
such as SINR (Signal power to Noise and Interference Power Ratio) and communication capacity in small

=

sign ‘

‘e, //ep\\ z
N ' 0

) So Sj

Cooperative Control Network
3D cell construction

cells can be improved remarkably.

A Study on Propagation Characteristics for 3D Layered Cell
Construction in Broadband Mobile Communication [3]

In order to overcome the increasing traffic problems of mobile terminal for use in high-rise floors of
buildings, the three-dimensional (3D) layered cell construction which has the small cells in various floors
is considered. To evaluate the wireless transmission technology for the 3D layered cell construction, it is
necessary to clarify the time-spatial characteristics composed of the path loss, the delay profile and the
spatial arrival angular profile for travelling waves from indoor high-rise office to another indoor high-rise
office. In this research, we measured the path loss characteristic as one of the time-spatial characteristics
by using scale model. From the measured results, we found that the path loss characteristics depends on
the mutual position between Indoors. We also simulated by ray tracing method and confirmed that the
simulation results agree well with measured results.

Macro Cell Macro Cell z  Receiver
3.6m ¥
,Y i /j 0.9m )
4 y
. o p

. 4 /1/.81111
ransmitter | 7

s ¢ X
0=0°

Macro Cell

3D Cell Construction “Scale Model
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Home page: http://www-antenna.ee.titech.ac.jp

Professor Jiro Hirokawa

Prof. Hirokawa received the B.S., M.S. and D.E. degrees in
electrical and electronic engineering from Tokyo Institute of
Technology (Tokyo Tech), Tokyo, Japan in 1988, 1990 and
1994, respectively. He was a Research Associate from 1990
to 1996 and an Associate Professor from 1996 to 2015 at
Tokyo Tech. He is currently a Professor there. He was with
the antenna group of Chalmers University of Technology,
Gothenburg, Sweden, as a Postdoctoral Fellow from 1994 to
1995. His research area has been in slotted waveguide array
antennas and millimeter-wave antennas. He received IEEE
AP-S Tokyo Chapter Young Engineer Award in 1991, Young
Engineer Award from IEICE in 1996, Tokyo Tech Award
for Challenging Research in 2003, Young Scientists' Prize
from the Minister of Education, Cultures, Sports, Science

and Technology in Japan in 2005, Best Paper Award in 2007 and a Best Letter Award in 2009 from IEICE
Communications Society, and IEICE Best Paper Award in 2016. He is a Fellow of IEEE and IEICE.

Specially Apointed Assistant Professor

Takashi Tomura

Dr. Tomura was born in Sendai, Japan. He received the B.S,,
M.S. and D.E. degrees in electrical and electronic engineering
from the Tokyo Institute of Technology, Tokyo, Japan, in
2008, 2011 and 2014, respectively. He was a Research Fellow
of the Japan Society for the Promotion of Science (JSPS) in
2013. From 2014 to 2017, he worked at Mitsubishi Electric
Corporation, Tokyo and was engaged in research and
development of  aperture antennas for satellite
communications and radar systems. He is currently a
Specially Appointed Assistant Professor at the Tokyo
Institute of Technology, Tokyo. His research interests
include electromagnetic analysis, aperture antennas and
planar waveguide slot array antennas. Dr. Tomura received
the Best Student Award from Ericsson Japan in 2012 and the

IEEE AP-S Tokyo Chapter Young Engineer Award in 2015. He is a member of the IEICE.
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Our Research Interests

Hirokawa laboratory have researched antennas, feeding circuits, electromagnetic analysis
theory and wireless communication systems. Main target frequency band is millimeter
wave band and higher band such as 120 GHz and 350 GHz. The features of our antennas
are planar, high gain, high efficiency and wide bandwidth, which have been realized by
new fabrication method such as diffusion bonding of thin laminated metal plates and 3d-
printer. Not only components but also wireless communication system has been studied
such as 60-GHz band gigabit access transponder equipment (GATE) and rectangular
coordinate orthogonal multiplexing (ROM), a multiplex communication system.

Rectangular coordinate
orthogonal multiplexing (ROM)

Tx Antenna

Post-wall waveguide

Mode | Mode2 Mode3 Mode4

* Known as Substrate Integrated Waveguide (SIW)
* Published in the IEEE transaction in 1998
(Total citation: 308, Web of Science, 2017/6)
* Used as microwave and millimeter-wave band
low-loss waveguide

* Published in the IEEE transaction in 2017

» Equivalent to OAM transmission in the optical
communication system, and apply to microwave
and millimeter-wave applications

2-D beam-switching Corporate-feed Slot Array Antenna
one-body Butler matrix with Plate-laminated Waveguide

- Published in the IEEE transaction  [[EBmmmmmmmmmg)- Published in the IEEE transaction
in 2016, TR

- Combined E and H-plane short-slot |- After that, research is also started
coupler into one body. in S_vveder?, Singapore, China, etc.

» Components of the Butler matrix ) De3|gn§d inuarous fequency
(Hybrid and Cross coupler) bands like 38-GHz band, 60-GHz

band, and 120-GHz band, etc.

* 42x42-way one-body 2-D beam- v Large number of elements
switching waveguide Butler matrix o = High gain

7 - Reduced its length and conduction v Made with metal only
losses by half. ) = High efficiency

- Reduced the number of components . v Composed of the corporate-
and volume. feed circuit

= Wide band

* Antennas are made and measured
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Perpendicular-Corporate Feed in a Three-Layered
Parallel-Plate Slot Array Antenna

This study discusses the structural problem on metal contact by the diffusion bonding of laminating metal plates in double-
layer corporate-feed slot array antennas. To remove metal contact in the radiating part of the conventional model, we introduce
dielectric with proper permittivity in the region between a coupling-aperture layer and radiating-slot layer as shown in Fig; 1.
The dielectric excites a standing wave in the region and then provides uniform excitation for the array. We define the novel
feeding structure as a perpendicular-corporate feed. This technology contributes to advancing the performance of planar array
antennas for the millimeter-wave applications in terms of fabrication.

Fig. 2 shows a 16X16-clement three-layered parallel-plate slot array fed by a perpendicular-corporate feed. The antenna
consists of three layers: a parasitic-slot layer, a radiating-slot layer including dielectric and a coupling aperture layer with a feeding
circuit. In Fig?2, the layers are described with a distance to show an internal structure. However, in an actual antenna, they are
stacked. The antenna is fed by a feed aperture, which is the same size as the standard waveguide WR-15, from its backside. The
feeding circuit is a planar corporate feed composed of H-planes and T-junctions. The coupling-aperture layer is placed between
the feeding circuit and dielectric. The radiating-slot layer is mounted on the dielectric directly. The parasitic-slot layer is placed on
the top of the radiating-slot layer with an air gap. The air gap between the radiating-slot layer and parasitic-slot layer is hollow. For
both radiating and parasitic slots, each slot spacing is constant: 0.86Ao (4.20 mm) in x and y ditections. Ag is the wavelength at the
design frequency of 61.5 GHz. Polarization is along the x-axis.

Fig, 3 describes measured and simulated radiation patterns in the E-plane (x3) at 61.5 GHz. the measured pattern is in
good agreement with the simulated one. The measured pattern presents a uniform-excitation pattern including an element
pattern. Fig. 4 reveals measured and simulated realized-gain, gain, and directivity. Realized-gain, which includes a reflection
loss, and conductor and dielectric losses, is measured by the comparison with a standard gain horn antenna in an anechoic
chamber. Directivity is detived from measured near-field distribution by Fourier transform. Gain is calculated by adding the
measured reflection loss into measured realized-gain. The measured realized-gain degrades comparing to the simulated one
because of the reflection loss. Then, the measured gain is also degraded due to the same reason. However, the measured
directivity is in good agreement with the simulated one. The aperture efficiency greater than 90 % is achieved over 5-GHz
bandwidth. At the design frequency, the measured directivity is 33.5 dBi with the aperture efficiency of 90.6 % and the realized
gain is 31.7 dBi with the antenna efficiency of 61.0 %.

T The distance between elements is constant: 0.86), A
y X

Radiating Slots
Radiating Slots

Coupling Ag:rmre
& Fgeding ircuit
(a) Conventional Model (b) Proposed Model
Fig. 1 Difference between the proposed and conventional models. Fig.2 16x16-clement three-layered parallel-plate slot array fed by
the perpendiculat-corporate feed.
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Fig. 3 Radiation patterns in the E-plane (x3) at 61.5 GHz. Fig. 4 Frequency chatacteristics of realized-gain, gain, and directivity.
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Low-sidelobe Design of a Waveguide Reflection-canceling Slot Arra;y
Antenna in the 60GHz Band

A partial-corporate-feed waveguide reflection-canceling 16x28-slot array antenna is designed for 60 GHz
band in order to suppress the sidelobe level by excitation of Taylor distribution for both the feed and the
radiating waveguides. Sidelobe level of excitation coefficient of Taylor distribution is set -30dB (n = 8)
in H-plane and -25dB (0 = 5) in E-plane.

Fig.1 shows the top view of the proposed design of the antenna. There are 28 radiating waveguides
with 16 longitudinal radiating slots, each of which suppresses the reflection by a wall as shown in Fig.1A.
A feed waveguide is placed on the bottom of the radiating waveguides. It has inclined coupling slots,
each of which suppress the reflection by a wall as shown in Fig.1B. A partial-corporate-feed structure is

proposed to reduce the long-line effect as shown in Fig.1.
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Fig. 1 Antenna structure

The full structure of the antenna is analyzed by HFSS. The conductivity is assumed to be
5.8%10’S/m. The realized gain is 34.0dBi at 60.5GHz and reflection is reduced -12dB in the bandwidth
from 60GHz to 61GHz. Figure 2 and Figure 3 shows H-plane pattern and E-plane pattern. These
sidelobe level is surpressed lower than -25dB and -18dB respectivery.
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Hybrid Analysis of Mode Matching/FEM for a Waveguide Short-slot 2-
plane Coupler considering the Three-dimensional Structural Symmetry

The hybrid analysis of mode matching/FEM for a short slot 2-plane coupler (Fig.1) is presented here.
The method combines fast modal analysis of the mode matching technique, which can reduce the
computation size, with the flexibility of FEM, which can be used for arbitral cross sections.

The structure of the short-slot 2-plane coupler in Fig.1 is symmetrical in the planes A, B and C, so the
structure can be reduced into the one-eighth model. In the coupling region, a PEC or PMC is placed on
each of the symmetrical planes B and C in the consideration of the symmetry of the electromagnetic
tield modes as shown in Fig.2. Firstly, we analyze the generalized scattering matrix (GSM) of the one-
eighth model by the hybrid analysis of mode matching/FEM. To apply the method, we derive the
eigenmode functions analytically in the input waveguides, but numerically by FEM in the coupling region
since analytical solutions cannot be obtained. Then we calculate the GSM of the overall structure by
using the GSM of the one-eighth model and the structural symmetry. With respect to the symmetry plane
A, the GSM including the output waveguide is obtained by cascade connection of the GSM of the one-
eighth model. With respect to the symmetrical planes B and C, taking the polarity of the electric fields
of each mode into consideration, the GSM of the overall structure is derived by adding or subtracting
the GSM of the four cases shown in Fig.2.
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The computed S-parameters when the A%\'\\
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. . . . . . \A\ e N
input signal is excited from the input waveguide ! Port7_ <~ 97| Output waveguides

1 are shown in Figs. 3. The analyzed results agree

well with those by the HFSS. The computation B o . .
time is 46s for the calculation of the GSM of the TR .
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Fig.2  Electric filed distributions in the coupling region Fig. 3 Analysis results

(2)TE10-like mode  (b)TM/TE11-like mode
(c)TE20-like mode  (d)TM21-like mode
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Design of Short-slot 2-plane Coupler

Short-slot couplers work as fundamental component of several microwave circuits. The number of
couplers in the component is depended on the component functionality. The loss, the volume, and the
complexity of microwave circuits are proportional to the number of couplers. Single short-slot 2-plane
coupler performs as a combination of two short-slot H-plane and two short-slot E-plane couplers. It
helps to reduce the loss, the volume, and the complexity of microwave circuits.

The short-slot 2-plane coupler has four input ports and four output ports. Each port is adjacent
to neighbor ports horizontally (H-plane) and vertically (E-plane). The operation of the short-slot 2-plane
coupler is analogous to that of the short-slot 1-plane coupler. But in the design of the 2-plane coupler,
four propagation modes (TE10, TE20, TM/TE11, and TM21) which have different polarity and phase
constant two-dimensionally are considered.

For acquiring the characteristic of hybrid or cross couplers, the structure of the coupler should be
designed by following procedures.

1. The initial values of a’ and b’ are chosen so that TE30 mode should be decayed by TM/TE21
modes can propagate in a rectangular waveguide.

2. The dimensions of the notches are roughly designed so that only TE21-like mode should be
decayed with keeping the propagation of TM21-like modes.

3. The dimensions of the notches are tuned by optimization to satisfy 320= 311=(810+£21)/2 where

Bij is the phase constant of TEij-like (1j=10, 20, 11) or TMijj-like (1j=11, 21) modes.

4. 'The size and the position of the ports are determined so that the couplings of the propagating
modes should be equalizing,

5. The length of the coupled region I should be chosen to satisfy under the conditions.
Hybrid coupler —1(310-821)/2=n/2,1(310-820)/2=n/4
Cross coupler —1(810-821)/2=n, 1(310-320)/2=n/2

Fig. 1 2-plane hybrid coupler Fig. 1 2-plane cross coupler
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Rectangular-coordinate Orthogonal Multiplexing Transmission System
by using Monopulse Corporate-feed Waveguide Slot Array Antenna

In order to improve the data transmission rate, the multiplexing transmission such as MIMO (multiple
input multiple output) and OAM (orbital angular momentum) techniques is a key technique. In this
research, we have proposed a LOS (line of sight) short-range multiplexing transmission system named
as a ROM (rectangular-coordinate orthogonal multiplexing) transmission. Fig. 1 shows the ROM
transmission system. The system is based on two identical multimode antennas and uses two-dimensional
beam mode orthogonality in the rectangular-coordinate system.

Mode 1 Radiated E-field Mode 2 vRadiated E-field
i . i T e —
+i+ SRS - | T

Tx Antenna

Rx Antenna

Port 1 = { =) Port 2’
- Port 2 mp L =) Port 1’ -
Input O t
pu Port 3= |, m) port 4 [ 2UPY

. Port4 =) = Port 3’
L
z, A Aperture distribution \
! ! f T
| ) =] = posive potarity
+:+ —:— }— —: — : Negative polarity
Mode 1 Mode 2 Mode 4

Fig. 1 Rectangular-coordinate orthogonal multiplexing transmission system

The multimode antenna structure is shown in Fig. 2. The antenna is a monopulse array antenna
composed of a monopulse circuit and a corporate-feed waveguide slot array antenna. The antenna has
four input port. The Radiating part is excited four orthogonal combination of polarity depending on the
input port. The transmission between Tx and Rx antenna of the system (Fig. 1) is shown Fig. 3.
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Evaluation of Field Strength Distribution by Modified Edge
Representation (MER) in Compact Range Communication with
Shadowing Obijects
A novel compact-range communication was introduced as a promising system to offload mobile traffic
and provide gigabit data access. This system adopts large array antenna in 60-GHz band to form a quasi-
plane wave illumination zone almost free of multipath in near-field region. One notable degradation of
the system is attributable to shadowing effect by objects like walls, human bodies, and etc. In order to
evaluate the performance of the system in presence of shadowing objects, numerical techniques are liable
to be adopted. However, full wave solutions by numerical techniques (e.g. method of moment (MoM),
finite element method (FEM), and etc.) are computationally infeasible due to the large size of an object
and the small wave length in millimeter band. Here, we adopt Modified Edge Representation (MER) to
deal with the current problem because of the advantages over the other numerical techniques in aspect
of computational time and memory requirement.
Modeling and field evaluation of the system
Compact range system is illustrated in Fig. 1. In Fig. 2, the simple model of the system is shown in
Cartesian coordinate, the array antenna is represented by the array of magnetic dipoles parallel to XY
plane and its center is on z-axis. The shadowing object (human bodies, wall, and etc.) is represented by a
rectangular perfectly electrical conductor (PEC) whose center is situated at origin. The observation point
P is varied along the blue-dashed separated by incident shadow boundary (ISB: red line) into shadow
region and non-shadow region.

MER Fortran-based codes are implemented to

5 5
5

Wave . .
g5 g ront calculate the aforementioned model. Normalized field
js; g/////////////// , strength of 32x32-slot array antenna in presence of PEC
s ' rectangular plate 57x40 cm” measured experimentally and

calculated by MER are compared in Fig, 3 for both with

Terminal

and without plate cases. The agreement is acceptable. This
verifies how accurate MER is. The results indicate the
shadowing effect quantitatively: the substantial decrease of
field strength in the region behind PEC plate (shadow
region). Also, communication might be impossible in this

region.
Fig. 1 Compact-range system
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14 Gbit/s Data Transmission with Beamforming of Arrayed 60 GHz
Compact Antenna Modules Using Variable Optical Delay Line

In order to accommodate recent explosive data traffic, the deployment of many small cells is now
required. In such a situation, however, the electromagnetic wave interference among those plural base
stations which causes the degradation of signal quality will increase. Furthermore, the installation of
many base stations causes the increase of cost and power consumption of radio access network. In order
to alleviate these problems, we studied remote RF beamforming technique using radio-over-fiber (RokF)

transmission technique.

Fig. 1 shows the experimental setup for 14 Gbit/s 16QAM data transmission with beamforming,
The module used in this experiment mainly consists of cavity antenna, UTC-PD, and optical fiber. The
60 GHz band RoF signal emitted from optical fiber is focused on the light-receiving area of UTC-PD
by a lens and converted to the 60 GHz band RF signal. The converted RF signal is propagated over a
coplanar line formed on the top surface of an aperture of the cavity antenna, and then radiated. We
arranged eight compact antenna modules to a 1 X 8 array. The radiation pattern was controlled by
changing the optical path length using VDL. We measured the received RF power and signal to noise
ratio (SNR) of the 16QAM signal by the oscilloscope at each observation angle.

Fig. 1 (a) and (b) show the relative RF amplitude and SNR at each observation angle in the case of
the peak angle of RF amplitude is 0 degrees and 30 degrees. In both cases, the measured RF powers and
SNRs almost coincided with the simulated results for the main lobes where the received RF power was
relatively large. On the other hand, the measured data did not agree well with the simulated results for
the side lobes where the received RFF power level was relatively small, especially where the signals were
smaller than 10dB compared to the peak values of the main lobes and close to the level of noises. It can
be emphasized, however, that we could obtain the SNR of more than 16.6 dB in the vicinity of the main
lobe that corresponds to the bit error rate (BER) of 1.0 x 107 required for error-free data transmission
with a low-density parity-check (LDPC) code. Thus, the 14 Gbit/s digital data transmission with antenna
beamforming operation of arrayed 60 GHz band compact antenna modules was successfully realized.

(\) L0 : 5572 GHz

IF: 8 GHz
BB : 3.52 Gbaud
16QAM

L )
wu e

Angle ¢ [deg]
[

EDFA

LR R
o

SNR 19.6 dB

Bundled fiber
(50 m) €0
—Calc.

* RF amp.
« SNR

P
25 -20 15 10 -5 0
Relative RF amp. [dB]
0 5 10 15 20 25
SNR [dB]

-90

(@)

R E
mow &
%o g
LE AT

SNR 14.8 dB SNR 18.5 dB

Angle ¢ [deg]
[

Q

LO :55.72 GHz

‘ Arrayed modules . ‘

60

Fig. 1. Experimental setup

9
26 -20 -15 10 -5 0
Relative RF amp. [dB]
0 5 10 15 20 25
SNR[dB]
(b)

Fig. 2. Measured RF amp. and SNR:
(a) 0 degrees. (b) 30 degrees.

32



Watanabe Laboratory

Visiting Professor Fumio Watanabe

Dr. Watanabe has 40 years of experience in research and development of satellite
and mobile communication systems including IMT-2000, IMT-Advanced, WiMAX
and 5G. He has been active for a long time in international standardization of
mobile communication systems in ITU-R and fora. He joined KDD in 1980. He
was an Executive Director, General Manager of KDDI from 2006 responsible for
mobile radio access networks and R&D activities. He is now the Chairman of
KDDI Research Inc. He is also CTO of UQ Communications Inc. and the
President of KDDI Foundation. He received Piero Fanti International Prize in
1989, the R & D Awards of Radio Systems in 1991, the meritorious Awards on I'TU
activities in 2001, the Commendation for Science and Technology by the Minister of Education in 2010,
and Maejima memorial Awards in 2013, respectively. He is the chairman of Broadband Wireless Access
Committee in ARIB. He is a fellow of IEIEC.

Performance Analysis and Hardware Verification of Feature Detection
using Cyclostationarity in OFDM Signal

Our study deals with a CP-OFDM signal detection based on its cyclostationary feature. The detection
flow is explained in Fig. 1. We utilize the signal structure that the CP is a copy of the end portion of the
OFDM symbol as shown in Fig, 2. Previous studies mainly relied on software simulations based on the
Monte Carlo method. We experimentally confirm the detection performance by implementing the
detector into an FPGA (Fig. 3) and analytically clarify the relationship between the design parameters of
the detector and its detection performance (Fig. 4).
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physics, and the Dr. Eng. degree in electrical and
electronics engineering, all from Tokyo Institute of
Technology, Tokyo, Japan, in 1985, 1987, and 1998
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applications of the adaptive signal processing,
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Our Research Interests

Tokyo Tect

At Fukawa laboratory, we have been conducting both fundamental and applied researches involving

signal processing techniques for mobile communications. Recently, we have focused on transmission

systems, especially MIMO-OFDM, multiple access, modulation and demodulation schemes for cognitive

radio, 10 Gbps super high-bit rate mobile communications, and millimeter wave. Below is a detailed list

of our research topics in recent five years.

Research Topics in Recent Five Years

Transmission System

MIMO detection & CSI estimation
B Suboptimal MLD
v' EM algorithm
v' Factor graph
v MMSE detection avoiding noise
enhancement
B Adaptive blind method for
heterogeneous streams
B Soft decision-directed channel
estimation (SDCE)
B Channel estimation exploiting sparsity

MIMO-OFDM system optimization
B BER improvement
v" Minimum BER (MBER) precoding
B PAPR reduction
v Block diagonalization with selected
mapping (BD-SLM)
v Partial transmit sequence (PTS)
B Joint BER and PAPR improvement
v' Eigenmode transmission with
PAPR reduction
B Relaying system improvement
v" Amplify-and-Forward (AF) /
Decode- and-Forward (DF)
switching

Super high rate mobile communications
B 8x16 MIMO multi-Gbps systems

Multiple Access

Collision detection
Interference mitigation
B Spatial filtering
B MBER precoding for cochannel
interference environment
B Neural network based power control
B Linear interference suppression for
multiple relay systems

Access scheme
B |DMA with iterative detection
B Random packet collision solution

Wireless Security

Random phases based physical layer
security

Millimeter Wave 10 Gbps

Phase noise compensation
1/Q imbalance compensation
Real zero coherent detection

In-House Simulator
Design & Implementation

FPGA on-board system simulators
4x4 MIMO fading simulators

In this report, we will present some of the above research topics that have been recently presented at

international conferences or accepted for publication in international journals.
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A Joint Interference Suppression and Multiuser Detection Scheme
Based on Eigendecomposition for Three-Cell Multiple Relay Systems

[31, [5], [7]

To suppress inter-cell interference for three-cell /\178‘*\‘
half-duplex relay systems, joint interference
suppression and multiuser detection (MUD)

schemes that estimate weight coefficients by the

recursive least-squares (RLS) algorithm have o ® 52 BS;
been proposed but show much worse bit error ‘ Ms.ll‘.lSz

rate (BER) performance than maximum 7 MS; v
likelihood detection (MLD). To improve the Cell boundary
BER performance, this paper proposes a joint

interference suppression and MUD scheme that RS;

estimates the weight coefficients by eigenvalue

decomposition. The proposed scheme carries the o

same advantages as the conventional RLS based .

schemes; it does not need channel state Fig. 1. A half-duplex multiple relay system
information (CSI) feedback while incurring much with three cells.

less amount of computational complexity than

MLD. In addition, it needs to know only two out of three preambles used in the system. Computer
simulations of orthogonal frequency-division multiplexing (OFDM) transmission under three-cell and
frequency selective fading conditions are conducted. It is shown that the eigendecomposition-based
scheme overwhelmingly outperforms the conventional RLS-based scheme although requiring higher
computational complexity. A downlink half-duplex multi-cell relay system with three cells is shown in
Fig. 1. The system is assumed to employ single frequency reuse. The base stations (BSs), relay stations
(RSs), and mobile stations (MSs) are assumed to have single transmit and receive antennas. It is also
assumed that the RSs are fixed and free from interference by using directional receive antennas. As for
the channel, there are three kind of channels, i.e., channels between BSs and MSs, channels between BSs
and RSs, and channels between RSs and MSs. Regarding all the channels, let us consider OFDM
transmission over quasi-static frequency-selective fading channels, and let us assume that the symbol
timing synchronization is perfect and that the maximum delay time of the propagation paths does not
exceed the guard interval (GI).

Transmission occurs in two phases. In the first phase, the BSs are synchronized and transmit signals
for the corresponding MSs. The RSs receive the signals only from the corresponding BSs of the cells
they belong to. On the other hand, the MSs receive the signals from all the BSs, which means that the
MSs suffer from co-channel interference. As shown in Fig. 2, let Yrgg) (i,n) denote the signals received
by the [-th MS (I =1, 2, 3) in the frequency domain of the p-th phase (p = 1, 2). The receiver detects
the transmitted signals Sbl(i: n), from the l-th BS, by using the received signals Yrgg) (i,n) and let
Sbl(i,n) be a detected signal of Sbl(i: n); where i and n are the indexes of OFDM symbols and
subcarriers, respectively.

In the second phase, the RSs are synchronized and transmit signals for the corresponding MSs. Let
Sy, (i,n) denote the signal transmitted by the k-th RS. The MSs receive the signals from all the RSs,
which means that the MSs suffer from interference again. The RSs are assumed to employ the non-
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selective decode-and-forward (DF) scheme. The DF relay decodes information bits from the received
signals and transmits modulation signals that are generated from the decoded information bits.
To improve the BER 1% Phase 20d Phase
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previous works, two user :
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estimation is not necessary. Let the desired MS be MS; and let us suppose that the signals from BS; and

Fig. 2. Received signals in the first and second phases.

BS; are detected by MUD. An error signal is defined as a difference between the linear combining output
and its replica signal, where the linear combining aims to suppress Sp,(i,1) from BS;. Decision directed
(DD) estimation is employed to improve estimation accuracy. For the RLS algorithm, the DD estimation
utilizes the detected data symbols. The RLS algorithm is recursively conducted once each data symbol
pair is detected. For the proposed scheme, the DD estimation utilizes each detected data symbol pair to
update the estimated covariance matrix of the signals including the received signals.

Complexity of MLLD and RLS-JD and the proposed ED based schemes was compared here. MLLD
has the lowest complexity during the preamble because it requires only CSI. During the data period,
complexity of MLLD grows roughly proportional to M3while the order of the complexity of the ED-
based schemeis M?, where M is the modulation order. Considering the additional complexity to obtain
preamble information and CSI for the third transmitter, it can be concluded that MLLD is much harder
to implement than the ED-based schemes, especially for high modulation order, M and long data
length,N,. In addition, the ED-based scheme requires a more amount of computational complexity than
the RLS-JD based scheme while the former is expected to outperform the latter.

Figure 3 show average bit error rate (BER) performances of MLD, the RLS-JD based schemes,
and ED when preamble length (PL) = 4 and average Ei,/Nj of RS was set to 30 dB. In the figures, B =
4 and £ = 10 dB. Where B is the parameter of the number of the smallest eigenvalue components
included in the proposed ED based scheme, and £ is the power ratio of signals received in phase 2 to
those in phase 1. The tendency of the average BER performances remains the same irrespective of
Ey/No of the RSs and the overall BER performance degrades only slightly when Ey/No of RS is
decreased to 15 dB. When the average E;,/Ng of RS is equal to 30 dB, ED can outperform RLS-JD based
schemes. However, ED is inferior to RLS-JD-DD-ES when average Ei,/No of MS is greater than or equal
to 29.8 dB. ED with DD (ED-DD) outperforms all RLS-JD based schemes irrespective of average
Ey/No of MS. This is because ED-DD can fully exploit the diversity effect using plural error signals,
whereas the RLS-JD schemes use only one error signal and cannot fully exploit the diversity effect.

Figure 4 shows BER petrformances with £ being a parameter when average E,/Ny of RS was 30
dB, B = 4, and PL. = 4. It can be seen that the BER performance of ED and ED-DD degrades as &
increases. The reason is that when the difference in Ei,/No between phasel and phase 2 becomes larger,
the diversity effect is deteriorated.

In this paper, a joint interference suppression and MUD based on eigendecomposition in a three-
cell scenario with half-duplex relays has been proposed. The proposed scheme detects two user signals
while suppressing the other user signal, and estimates weight coefficients for linear suppression by
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eigenvalue decomposition in contrast with the conventional scheme. Computer simulations for OFDM
transmission under three-cell and frequency selective fading conditions have shown that proposed
scheme can improve the BER performance compared to the conventional RLS-based scheme.
Complexity of the proposed scheme called the ED-based scheme has also been evaluated. It is
shown that complexity of the ED-based scheme grows roughly proportional to M? rather than M3
which is the order for MLLD, whetre M is the modulation ordet. In addition, the ED-based scheme needs
to know only two out of the three preamble sequences while MLLD needs to know the three preamble
sequences. Therefore, the ED-based scheme can be implemented with much lower complexity than MLD.
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Semi-Blind Interference Cancellation with Single Receive Antenna
for Heterogeneous Networks [4], [6], [11]

In order to cope with severe interference

in heterogeneous networks, this paper Interfering
: : : Signal 1
proposes a  semi-blind interference @
cancellation scheme, which does not o
require multiple receive antennas or /)
.. Desired /
knowledge about training sequences of the s?;:; h, xf/ Vo el
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) ] ) I' h, X; - Signal 2
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channels of the interfering signals. On the S
hK Xy "~@
other hand, maximum likelihood detection —

(MLD), which can be considered the Signal K-1
optimum JCESD, must perform channel
estimation for all transmitted signal smallCell Bs

candidates of the interfering signals and Fig. 5. A heterogeneous network.

must search for the most likely signal
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candidate. Therefore, MLLD incurs a prohibitive amount of computational complexity. To reduce such
complexity drastically, the proposed scheme enhances the quantized channel approach, and applies the
enhanced version to JCESD. In addition, a recalculation scheme is introduced to avoid inaccurate channel
estimates due to local minima. Using the estimated channels, the proposed scheme performs multiuser
detection (MUD) of the data sequences in order to cancel the interference. Computer simulations show
that the proposed scheme outperforms a conventional scheme based on the Viterbi algorithm, and can
achieve almost the same average bit error rate performance as the MUD with channels estimated from
sufficiently long training sequences of both the desired signal and the interfering signals, while reducing
the computational complexity significantly compared with full search involving all interfering signal
candidates during the training period.

Let us consider a heterogeneous network shown in Fig. 5, in which one desired BS and K—1
interfering BSs of different types are densely allocated. Therefore, one UE simultaneously receives one
desired signal and K— 1 interfering signals where K is a positive integer to denote the number of signals.
Suppose a single-input single-output (SISO) system employing OFDM. Let us assume that transmission
timing of all the BSs is roughly synchronized and that all channels are quasi-static frequency selective
fading. It is also assumed that the transmission timing offset plus the maximum delay time of the
propagation paths does not exceed the guard interval (GI) of the OFDM symbol. Therefore, the inter-
carrier interference and ISI do not occur. The receiver of UE removes signal components corresponding
to GI and transforms the resultant time-domain signals into frequency-domain signals by fast Fourier
transform (FFT). For simplicity, let us consider a generic signal model of a certain frequency subcarrier
in the OFDM system.

The proposed semi-blind interference cancellation scheme using only
single antenna mainly consists of a suboptimal JCESD based on an | Joliataton
enhanced version of the quantized channel approach, which is called the
quantized channel search (QCS) algorithm, a recalculation scheme, and ™ Gararaten
MUD under the maximum likelihood (ML) criterion. Fig. 6 shows a

flowchart of the proposed scheme. The gray rectangular corresponds to

the QCS algorithm that provides channel estimates by using the quantized

Selection

channels, which is the main part of the proposed scheme. The channel

estimate from QCS is verified by the recalculation scheme, in order to avoid Recalculation
. .. . . N
selecting a local minimum as the estimate. Finally, MUD of data symbols Ea—
under the ML criterion is carried out with the verified channel estimate. The

proposed scheme iterates both the quantized channel generation and the
Fig. 6. Flow chart of

the proposed scheme.

local search. In contrast with the original method, a new set of quantized
channels aims not to narrow the search area but to explore a completely
different search area. For this purpose, the local search will check the search
area thoroughly as described in the next subsection. The local search operates in the same manner as the
expectation-maximization (EM) algorithm, and iteratively finds the pairs of a transmitted symbol matrix
and a channel vector that have small replica errors. The quantized channel generation is illustrated in
Fig. 7a and the local search is illustrated in Fig. 7b.

Simulations were conducted under the following conditions. Condition 1: The average received
power of the one interfering signal was assumed to be 3 dB weaker than that of the desired signal.
Condition 2: The average received power of the one interfering signal was assumed to be the same as
that of the desired signal. Condition 3: The average received powers of the two interfering signals were
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assumed to be 3 dB stronger and 3 dB weaker than that of the desired signal. Condition 4: The average
received powers of the two interfering signals were assumed to be the same as that of the desired signal.
Figure 8 show the average BER performances corresponding to condition 1, with the length of
the training sequences LT being a parameter. The average BER of the proposed scheme is indicated by
the circle. For comparison, MUD under the ML criterion with the channel estimated by the RLS
algorithm using the known transmitted symbol matrix during the training period was investigated, of
which the results were indicated by the square and labeled as “Benchmark”. The channel estimate of the
benchmark can be considered equal to the channel estimate achieved by MLLD during the training period.
It can be seen from it that the proposed scheme achieves almost the same performances as the benchmark
in a high SNR region with LT = 8 and 16. Especially for LT = 16, the proposed scheme achieves exactly
the same performance as the benchmark in the high SNR region, which infers that the proposed scheme
has found one of the equivalent transmitted symbol matrices successfully. The degradations in
performances of the proposed scheme become larger as LT decreases. This is because the RLS algorithm
requires long training sequences in order to converge and short training sequences deteriorate accuracy
of the channel estimation by RLS, which is likely to lead to a local minimum. For sufficient convergence
of the RLS estimate, the number of inputs should be at least as twice as the number of unknown
parameters. Since even the benchmark cannot provide sufficient performances with LT = 4, this paper
sets LT = 8 and 16, hereafter. Finally, the computational complexity of the QCS in the proposed scheme
was evaluated in terms of the number of complex multiplications. The average numbers and the 99.9-th
percentiles of the complex multiplications required under all the conditions are shown in Fig. 9.
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Evaluation for Wireless Sensor Networks with LT Codes
Considering Probabilities of Transmission Failure [9], [10]

For monitoring environments of wide fields, the applications of wireless sensor networks (WSN) have
been widely studied. Each sensor node in the WSN must be a low-cost and energy-constrained device
that operates simple processing tasks. In the classical scenarios, a small number of reliably powered sink
nodes are employed inside the WSN. At the sink nodes, the data is either processed or forwarded to an
external network. However, in many cases, WSNs may be deployed at inaccessible locations where it is
not feasible to set up the reliable sinks and/or to access the external network reliably. In such cases, a
convenient approach is to use the mobile collectors (e.g. ground or aerial vehicles) that are required to
connect only a subset of sensor nodes due to topology constraints. The distributed packet-centric
method has been proposed, which employs LT codes in creating and distributing rateless packets across
the WSN by simple bitwise XOR operations. The availability of this novel scheme was shown in the
conventional works; however, it still needs to be evaluated under more realistic channels that may incur
packet transmission errofs.

In this paper, we investigate the LT code rateless packet approach for the WSN by considering the
probabilities of the transmission failure among the sensor nodes. A modified scheme that allows the
mobile collector to directly collect the data packet of the communicating sensor node beside the rateless
packets is proposed. In addition, this paper theoretically analyzes the numbers of the total transmissions
and the survival rateless packets of the modified scheme. Finally, computer simulations show that the
modified scheme is very effective on improving the average decoded packet error rate.

The random geometric graph g(N,7) is considered as the WSN model, where N sensor nodes
are uniformly distributed on a unit square area, and any sensor node can communicate with any neighbor
within the transmission range 7. Note that we consider the probability of the packet transmission failure,
P, of each rateless packet in each hopping. All the N nodes perform sensor measurements periodically;
and in each node, the measured data is placed in an sensor data packet. Additionally, every sensor data
packet has an equal length. The set of all sensor data packets produced at the beginning of each period
represents one data generation, and the distributed rateless encoding of the sensor data packets belonging
to a single generation is focused here. In each sensor node, the distributed rateless packets are stored in
a memory buffer that has sufficient capacity. In data collection phase, the mobile collector starts at a
randomly selected node and collects rateless packets by performing random walk across the WSN.

The processes of data encoding, dispersion and collection mainly follows the conventional method,
but have some modifications due to the assumption of probability of transmission failure. In a rateless
packet, the Rateless Packet Data is the content of this packet, the Generation ID denotes the period
when the data were measured, the Sensor IDs denotes the sensors whose data packets are encoded in the
rateless packet content, while the Degree Counter and the Mixing-Time Counter control the process of
encoding. In the initialization phase, every sensor node generates b rateless packets, copies its current
sensor data packet in the rateless packet data field, and puts its ID in the sensor IDs field; i.e., total bN
rateless packets are initialized across the N sensor nodes. The degree, d, is drawn randomly from a
selected distribution of degree, Q(d), by the node independently for each of its b rateless packets. The
degree counter is set with the value d — 1 that is the remaining degree to be collected, for the rateless
packet content is initialized with the local sensor data packet. Finally, the mixing-time counter is set to a
chosen mixing-time value © that is a global parameter of this WSN. In the encoding and dispersion
phase, every rateless packet adds the remaining d —1 sensor data packets to its content in the packet-
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centric manner. The rateless packets perform normal random walk across the WSN, and every rateless
packet is processed by every sensor node on the path using following rule. 1) The sensor node only
decreases mixing-time counter of the rateless packet by one and forwards the rateless packet to the next
random hopped node, when the mixing-time counter is larger than zero. 2) The sensor node adds its
sensor data packet to the rateless packet content, decrease the degree counter by one, puts its sensor ID
into the list of sensor IDs, resets the mixing-time counter to the initial value 7, and then forwards the
updated rateless packet to the next node, when the mixing-time counter is zero and the degree counter
is larger than zero. 3) Otherwise, when both mixing-time counter and degree counter are zero, the rateless
packet is stored in the memory buffer of the final hopped node. In the collection and decoding phase, at
a randomly selected sensor node, the mobile collector starts the data gathering, and the two-dimensional
random walk across the unit square area from this sensor node. The constraint on the random walk of
the collector is that the collector avoids to visit the already visited sensor nodes. At each sensor node, the
collector moves all the rateless packets from the sensor node buffer memory into its own buffer memory.
Note that the transmission failure probability for the packet/data moving is also considered in this
evaluation, and the probability of the successful moving of each packet is defined as Pm. Once the
collector collects more than a preset number, dy ¢ Of rateless packets, the mobile collector performs
the iterative hard decoding over the collected rateless packets. The completely decoded rateless packets
will be discard; and the decoding process rests when there is no rateless packet with only-one ID in its
sensor IDs field. The collection-and-decoding process for the rateless packets is repeated until a sufficient
number N’ of rateless packets is collected for successful decoding. The modifications summarized as:
1) The sensor node and the mobile collector can detect the transmission error in the received rateless
packets, for the error-detection encoding, e.g. cyclic redundancy check (CRC), is assumed to be employed
in the sensor data packets and the rateless packets. However, the error correction or the retransmission
will not be conducted to reduce the complexity and power consumption of the sensor nodes. The rateless
packets including transmission error will be discarded by the sensor nodes or mobile collector. 2) Mobile
collector can directly collect the data packet of the current communicating sensor node. The directly
collected data packets are equivalent to the rateless packets with d = 1 and is expected to increase the
probability of successful decoding. 3) The maximum degree of the probability distribution function is
setto dmax (< N) that can reduce the complexity of the decoder and the length of the sensor IDs field
in a rateless packet. It also can increase the probability of the d = 1 rateless packets lightly. Following
the setting of the WSN, we analyze the numbers of transmissions and the survival rateless packets in this
section. The power consumption of the WSN may increase with the numbers of transmissions, while
the successful probability of decoding may increase with the number of survival rateless packets.
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