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Preface

The Radio Propagation Working Group of 6G Radio Technology Project, established
within the XG Mobile Promotion Forum (XGMF), produced this white paper. It describes
world trends in standardization and academia in radio propagation and Japan's efforts
in the related fields. This white paper was prepared with the generous support of many
who participated in the Radio Propagation Working Group. In particular, Chapter 1 was
compiled by Mr. Kuno (NTT DOCOMO) with the help of Mr. Fukui (SHARP), Mr. Hirata
(SHARP), Mr. Yokomakura (SHARP), Dr. Suyama (NTT DOCOMO), Dr. Omote
(SoftBank), Dr. Yamada (NTT), Prof. Kim (Niigata University), Mr. Matsuno (KDDI
Research, Inc.), and Mr. Nagao (KDDI Research, Inc.). Chapter 2 was compiled by Mr.
Ito (KDDI Research, Inc.) with the help of those who introduced their activities. I would
like to express my sincere gratitude to all of you who have contributed so much to this
white paper. The cooperation of telecommunications industry players, academia experts,
and representatives of various industries other than the communications industry has
also been substantial. Thanks to everyone’s participation and support, I believe this
white paper covered a lot of helpful information for future mobile system development
and business creation discussions between industry, academia, and government and for
investigating solutions to social issues in the telecommunications industry and across all
sectors. We hope this white paper will help Japan create a better future for society and

promote significant global activities.

Tetsuro Imai

Tokyo Denki University






I. Trends of Radio Propagation towards Beyond 5G/6G

This chapter introduces recent standardization and academic activities related to
radio propagation. I-1 "Recent Standardization Activities" reports the standardization
trends in 3GPP Release 19 and ITU-R. I-2 "Recent Academic Activities" reports the

academic trends in Japan.

I-1. Recent Standardization Activities
I-1.1. 3GPP Release 19

I-1.1.1. Channel Modelling for System Design

Toward starting 6G studies in 3GPP Release 20, 3GPP is studying on channel
modelling enhancements for FR3 (Frequency Range 3), i.e., 7-24GHz [1]. FR3 has great
potential to expand mid-band spectrum while enabling macro deployment (e.g., sub-
urban macro: SMa) for wider bandwidth and coverage. Furthermore, the adoption of
massive MIMO for FR3 introduces challenges such as near-field effects and spatial non-
stationary effects, where different spatial channels can be observed by different antenna

elements.

I-1.1.2. ISAC Channel Modelling

For ISAC realization in 6G, the discussion of ISAC channel modeling started from the

May 2024 meeting based on the following formula [2], [3].

Hisac = Htarget + Hpackground
It was first agreed that the ISAC channel model should consist of two channels: a target
channel influenced by the sensing target and a background channel unaffected by the
target. Six modes of monostatic or bistatic sensing between the TRP and the target were
defined. In addition to the target, for example, an object that is different from the target
but knows its location is defined as environment object (EO), and the discussion started
based on how to determine the details of each channel of the target, background, and EO.
Furthermore, environmental objects are classified into EO type-1 if they are the size and
shape equivalent to the sensing target (For example, people, UAV, AGV etc.), and EO
type-2 if they are much larger than the target (For example, walls, buildings, grounds,
etc.), and the effects of each type will be discussed in detail [3].

The basis such as the generation of stochastic clusters by the target channel, and the
deterministic parameters at the TRP and target were started by using the existing model
of TR38.901 [4]. And it was agreed that the scattering point in the target is divided into
single case and multiple case, and that the sensing is mainly by the value of RCS (radar
reflection cross section) in the single scattering point [5], [6]. In addition to discussing
the RCS model for each target, the remaining issues such as target polarization,

diffraction/blockade modeling, multi-scattering point target modeling, EO type-2



modeling, and spatial consistency modeling are being discussed at the recent meeting

[7], [8].

1-1.2. ITU-R

1-1.2.1. NTN

HAPS (High Altitude Platform Stations) and NTN (Non-Terrestrial Networks) may
share frequencies with terrestrial networks and other radio systems. Therefore, accurate
estimation of radio propagation characteristics is very important for system design and
interference study of HAPS and NTNs. The ITU-R is standardizing a “Radio Propagation
Estimation Method for Interference Study” to evaluate interference between different
radio systems. This provides a foundation for smooth frequency sharing.

Japan has contributed to the international standardization activities for ITU-R
Recommendation P.1409, which is a radio propagation estimation method for HAPS, and
its related recommendations in ITU-R SG3. These include models for estimating radio
propagation characteristics under various environments assumed in HAPS, etc. Some of
the models are applicable not only to HAPS but also to other NTNs, thus expanding the

scope of standardization.

1-1.2.2. ITU-R SG 3 and SG 5 WP5D

Propagation loss estimation methods for the 4.4-4.8 GHz, 7.125-8.4 GHz, and 14.8—
15.35 GHz bands are actively studied in SG 3 toward 6G. And the research is also
advanced on the propagation loss estimation method over 100 GHz in anticipation of
future sub-terahertz band applications. These are expected to be published as
recommendations at the SG 3 meeting to be held in June 2025. Many contribution
documents from Japan have been inputted into the Propagation Estimation Method Rec.
P.1238 for Indoor Short Range and the Propagation Estimation Method Rec. P.1411 for
Outdoor Short Range.

In ITU-R SG 5 WP5D, the name "IMT -2030" was agreed at the ITU-R SG 5 WP5D
meeting in February 2022 as the name of the next generation IMT (commonly known as
6G). At the June meeting of the same year, the outline of the IMT for 2030 and beyond
was agreed, and at the November meeting, a new report ITU-R M. 2516, “Future
Technology Trends”) was agreed. By this, the technology trends toward 2030 in which
the realization of 6G is expected was arranged. Subsequently, at the June 2023 meeting,
a new recommendation “Framework and overall objectives of the future development of
IMT for 2030 and beyond” was agreed and published as recommendation ITU-R M. 2160.
The recommendations provide a framework for future development and guidelines for
overall goals toward the realization of IMT-2030. And at its 2024 meeting, SG 5 endorsed
a new report, ITU-R M. 2541, “Technical feasibility of IMT in bands above 100 GHz”. In



this report, many propagation measurement results above 100 GHz bands from Japan
are contributed.

Currently, WP5D is considering the development of evaluation models for the
following environments corresponding to 6 Usage Scenarios defined in Recommendation
M. 2160. These tasks will be completed by the end of 2026.

® IC (Immersive Communication): Indoor Hotspot-IC., Dense Urban-IC. Rural-IC

® MC (Massive Communication): Urban Macro—MC

® HRLLC (Hyper Reliable and Low-Latency Communication): Urban Macro—-HRLLC,
Indoor Factory—HRLLC

® ATAC (Al and Communication): None

® ISAC (Integrated Sensing and communication): Indoor Factory—ISAC. [Indoor
Hotspot—ISAC, Dense Urban—ISAC., Rural-ISAC, Urban Macro-ISAC

® UC (Ubiquitous Connectivity): Rural-UC

I-2. Recent Academic Activities
I-2.1. MmWave and Sub-THz Channel Modeling

The development of 6G networks focuses on achieving ultra-high data rates, extremely
low latency, and global coverage. Since 2020, the ITU has led international 6G research,
with the WRC expected to finalize spectrum regulations by 2027. 3GPP has begun
standardization through Release 19. Future 6G systems are expected to utilize spectrum
beyond the mmWave bands, including the sub-terahertz range (100-300 GHz), such as
the D-band and G-band, to support high-speed communication. In line with global
technological trends, Japanese academic research institutions and universities are
actively conducting extensive investigations into mmWave and sub-THz
communications. Channel modeling is a fundamental prerequisite for 6G system design
and performance evaluation serving as the foundation for system-level simulations,
performance benchmarking, and optimization of physical layer technologies.

Beyond 5G/6G is expected to become the foundational infrastructure for future
industrial and societal activities, with global applicability. The National Institute of
Information and Communications Technology (NICT) established the Information and
Communications Research and Development Fund in 2022 to support long-term R&D
and enhance Japan’s international competitiveness, promoting and encouraging
research in the mmWave and sub-THz band to facilitate the smooth implementation of
beyond 5G/6G networks. Regarding channel modeling research in the mmWave and sub-
THz bands, recent academic efforts in Japan include the development of a quasi-
deterministic site-specific channel modeling framework [9] and high-resolution

spatiotemporal channel sounders for 24/60 GHz and 154/300 GHz measurements [10].



Further, measurement-based analysis of multi-beam MIMO capacity at 300 GHz
demonstrates the feasibility of spatial multiplexing at this frequency, with further

capacity enhancement enabled by the deployment of passive reflecting surfaces [11].

I1-2.2. Radio Propagation for ISAC

Integrated sensing and communication (ISAC) is expected to be realized as one of the
important roles in 6G. Therefore, a channel model for evaluating the performance of
ISAC has been actively studied in academia. The examination of the channel model for
ISAC mainly considers the radar cross section (RCS) characteristic of the target which
is modeled by the deterministic modeling technique and the statistical modeling
technique. The examination targets of RCS characteristics are mainly UAV, Robot,
human and vehicle. In Japan, the IEICE held symposiums on research and development
results in sensing, mainly in the field of antenna propagation, with the session titles of
"Wireless Sensing Technology for the Realization of a Smart Society" at the IEICE
Society Conference in 2020 and "Towards the Fusion of Sensing and Communication" at

the IEICE General Conference in 2025, and many results were reported.

I1-2.3. RIS-Based Propagation Modeling

The use of reconfigurable intelligent surfaces (RISs) has been gathering attention to
improve various aspects of communication qualities such as coverage, channel capacity,
power consumption, and physical security, and therefore, it is considered one of the key
technologies for next-generation mobile communication systems. Since NTT Docomo’s
world first demonstration of throughput improvement using RIS in 2018 [12], various
companies have reported on developments related to RIS and examination of
propagation models.

KDDI research, Inc. examined the propagation via RIS in 28 GHz and 39 GHz bands
using a newly developed dual-band and optically transparent RIS and commercial base
station antenna mounted on a building [13]. Nihon Dengyo Kosaku, Co. Ltd. also
examined in 5.6 GHz using a RIS, which switches the direction by the polarization of
incident signal [14]. In each report, the received power P. via RIS agreed with that
calculated with the radar equation obtained by following equation [15]:

2
B = %P tr
where P; is a transmitting power, G; and G, are the gain of transmitting and receiving
antenna, R; and R, are the distance from transmitting and receiving antenna to the RIS,
Ais wavelength, o is the radar-cross section (RCS) of the RIS. Because the received
power via RIS is determined with the RCS, various measurement results relating RCS

of RIS are reported.



On the other hand, RCS is defined in the far-field region of RIS, and therefore, the
radar equation is utilized in the far-field region. In practice, RIS is also utilized in the
near-field region of RIS as reported in [16]. In the near-field region of the RIS, the
received power via RIS is calculated with physical optics (PO)-based approach. In this
approach, the received power is calculated by synthesizing the signal strength from each
element of RIS as follows [15]:

5 2
r= t% Ih-1 (;7/51;_2 I exp (_2/1_7-[(7'1{ + Trf)))

where N, G, and s are the number, gain, and area size of the element. F, and I}, are the

’

directivity and reflection (transmission) coefficient (phase and amplitude) of the n-th
element. 1t and 77" are the distance between the n-th element and each transmitting and
receiving element. Although PO based approach requires detailed information of
reflecting element, it is utilized in both near-field and far-field region.

In each model, the received power via RIS is characterized by three components: the
propagation between the transmitter and the RIS, the reflection (or transmission)

performance of the RIS, and the propagation between the RIS and the receiver.

I-2.4. Radio Propagation for HAPS / NTN

At conferences such as the IEEE International Conference on Communications (ICC),
the IEEE Global Communications Conference (GLOBECOM), the IEEE Wireless
Communications and Networking Conference (WCNC), etc., have been actively
discussing and studying the radio propagation of HAPS/NTN in recent years. Efforts are
also being made toward international standardization of HAPS/NTN systems in
cooperation with standardization bodies such as ITU-R (International
Telecommunication Union, Radio Communication Sector). The main trends are as

follows:

1. improvement of propagation model accuracy

- Influence of terrain and environment: HAPS/NTN systems exhibit different
propagation characteristics from conventional terrestrial communication systems
due to their high altitude above the ground surface. In particular, it is important
to accurately model the effects of topography and buildings in urban areas. Various
methods have been proposed and discussed at the conference, including
propagation analysis using electromagnetic simulations such as ray tracing and
the FDTD method, construction of propagation models based on measured data,
and propagation prediction using machine learning.

- Influence of meteorological conditions: The influence of meteorological conditions

such as rainfall, clouds, and refractive index variations in the atmosphere on



propagation cannot be ignored. The conference is analyzing the relationship
between meteorological data and propagation characteristics, and developing
propagation models that take meteorological conditions into account.
- Handling of moving objects: HAPS/NTN communications may be affected by
Doppler effects and multipath fading differently than conventional
communications. Propagation models that take into account the speed and travel
path of the mobile terminal and the characteristic analysis of channel fluctuations
are being developed at the conference.
2. interference evaluation and countermeasures
- Interference with terrestrial systems: HAPS/NTN is likely to share frequencies
with existing terrestrial communication systems, and mutual interference is a
concern. At the conference, research is being conducted on simulation and
measurement methods to accurately evaluate the amount of interference,
frequency utilization techniques to suppress interference, and beamforming
techniques.
- Interference between HAPS/NTNs: When multiple HAPS/NTNSs are in operation,
interference between HAPS/NTNs is also an issue. Technologies to minimize
interference by optimizing the placement and operation of HAPS/NTNs and signal
processing techniques to avoid interference are being studied at the conference. 3.
3. performance evaluation and optimization
- Throughput and delay: Methods to evaluate throughput and delay, which
determine the communication performance of HAPS/NTNs, are being studied in
consideration of propagation characteristics and system configuration.
- Coverage: Antenna design, placement optimization, and beam control techniques
are being studied to maximize coverage, the service area of HAPS/NTNs.
- QoS: Techniques to provide Quality of Service (QoS) according to various
application requirements, e.g., traffic control, resource allocation, scheduling, etc.,

are being studied.

I1-2.5. Radio Propagation Emulation for Digital Twin

With the spread of autonomous driving, drones, IoT, and other technologies, wireless
communication systems such as Beyond 5G/6G are becoming increasingly complex and
sophisticated. As a result, the need for the rapid and flexible development and
deployment of new wireless systems is increasing. However, testing in real-world
environments is not only expensive and time-consuming, but also difficult to reproduce
under the same conditions, making it difficult to perform accurate comparative

verification.



As a means of solving such issues, the research and development of digital twin
technology for wireless communication, which can emulate the behavior of wireless
systems in virtual space, is becoming more active. Wireless digital twin technology is
expected to be a technology that enables the verification of wireless systems at low cost

and high precision with less restrict by testing in real environments.

1-2.5.1. Wireless Emulation for Digital Twin

Wireless emulation is a technology that reproduces the real-world radio environment
in a virtual space to emulate the behavior of wireless communication systems.
Conventional verification of wireless systems requires a large testing field or an
expensive radio wave anechoic chamber, but wireless emulation makes it possible to
reduce time and costs, set flexible testing conditions, and perform highly reproducible

verification. The following systems are expected to be realized in the future.

e A large-scale verification test is conducted by building a 3D model that is faithful
to the real environment and operating a virtual radio device within a virtual
space.

e A radio system that uses a radio device that can be customized using software-

defined radio is developed and evaluated under various conditions.

The National Institute of Information and Communications Technology (NICT) has
developed a wireless emulator with the aim of evaluating wireless systems in real time
under various conditions, as part of a research and development project by the Ministry
of Internal Affairs and Communications. It supports wireless systems and frequencies,
such as 5G and Wi-Fi, and can emulate up to 256 x 256 wireless links. Kyoto University
and NICT conducted a multi-hop communication test using 10,000 wireless devices
equipped with the Wi-SUN FAN communication standard for IoT using a wireless

emulator.

1-2.5.2. Radio Propagation Emulation for Wireless Emulator

As described above, there are high expectations for wireless emulators, but in order to
accurately verify them in an actual usage environment, it is essential to have a highly
accurate radio propagation model. The wireless emulator developed by NICT, introduced
above, uses a ray tracing method and also considers a channel generation method based
on the 3GPP TR 38.901 [9] map-based hybrid channel model.

This method consists of stochastic clusters generated by path loss, Large Scaler
Parameter (LSP), which represents time-space characteristics on macroscopic scales,

and Small Scale Parameter (SSP), which represents multipath characteristics on



microscopic scales, as well as deterministic clusters generated by ray tracing, and the
channel impulse response is generated based on the Cluster Delay Line (CDL)
parameters generated from these [17]. In addition, to improve the accuracy of the
generated channel, various methods have been proposed to construct a model that
expresses site-specific path loss and LSPs using machine learning [18].

As described above, there are high expectations for wireless emulators, but in order to
accurately verify them in an actual usage environment, it is essential to have a highly
accurate radio propagation model. The wireless emulator developed by NICT, introduced
above, uses two approaches for channel emulation; the ray tracing method and the
stochastic model based on the 3GPP TR 38.901 [9] map-based hybrid channel model.

In ray tracing, computational load tends to increase in environments with many
multipaths. Therefore, parameter optimization suitable for indoor and outdoor
environments, such as factories and offices, has been proposed as solutions to achieve
the required accuracy with the necessary computing resources [19][20].

On the other hand, the stochastic method consists of stochastic clusters generated by
path loss, Large Scaler Parameter (LSP), which represents time-space characteristics on
macroscopic scales, and Small Scale Parameter (SSP), which represents multipath
characteristics on microscopic scales, as well as deterministic clusters generated by ray
tracing, and the channel impulse response is generated based on the Cluster Delay Line
(CDL) parameters generated from these [21]. In addition, to improve the accuracy of the
generated channel, various methods have been proposed to construct a model that
expresses site-specific path loss and LSPs using machine learning [22].

Channel generation is performed for each grid in the above approaches. However, since
mobile terminals move continuously, a mechanism for interpolating discretely generated
channels has been proposed [23].

Wireless emulator emulates radio propagation by integrating these technologies.

I-2.6. Radio Propagation Simulation for CPS
With 6G in the 2030s, physical space and cyberspace will converge, and Al and others

will be able to reproduce the real world on cyberspace (digital twin) and discover "future
predictions" and "new knowledge" by emulating it beyond the constraints of the real
world. Utilizing this in real-world services will enable the provision of various values
and solutions. For this purpose, large-capacity, low-latency transmission of sensing
information and other information from physical space and feedback from cyberspace to
physical space through high-reliability, low-latency transmission of control signals are
assumed. Ultra-high-performance wireless communications are indispensable for

realizing advanced cyber-physical fusion (CPS).



Dynamic feedback from cyberspace to physical space requires real-time propagation
and transmission emulation. In the field of propagation technology, various estimation
techniques that are much faster and more accurate than conventional ray tracing

methods are being studied for this real-time propagation emulation.
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ll. Recent Activities of Radio Propagation in Japan

This chapter presents initiatives related to radio propagation in Japan. II-1,
"Measurement," reports analysis results of propagation characteristics based on
measurement campaigns. I1-2, "Simulation," reports the application of radio propagation

simulation technologies and machine learning.



lI-1. Measurement
lI-1.1. Indoor Propagation Channel Measurements in 160 GHz

Nobuaki Kuno, Koshiro Kitao, Takahiro Tomie, Satoshi Suyama
NTT DOCOMO, INC.

Abstract— One of the requirements of the 6th generation mobile communication
system (6G) is the high-capacity communication exceeding 100 Gbps. To realize this
requirement, the use of sub-terahertz band and terahertz band of 100 GHz or more which
can use very wide band is considered. In order to utilize new frequency bands, it is
necessary to clarify the radio propagation characteristics of each usage scenario in those
frequency bands for area design and system design. This article describes the
measurement and analysis results of the spatiotemporal characteristics of the delay time

in indoor office environment in the 160 GHz band.

1I-1.1.1. Introduction

The 5th generation mobile communication system (5G) will be launched as a
commercial service in 2020, and various organizations are studying the realization of the
6th generation mobile communication system (6G) in the 2030s. The requirements for
6G include ultra-high speeds exceeding 100 Gbps and large-capacity communications 10
times faster than 5G [1]. In order to realize this ultrahigh-speed and large-capacity
communication, the terahertz band above the 92 GHz band, which has a wider
bandwidth than 5G, is expected to be used, and various studies have been initiated for
its application [2-6]. The 2019 World Radiocommunication Conference (WRC-19) has
established as an action item the study of frequency identification for land mobile and
fixed telecommunications operations in the 275-450 GHz band [7]. In addition, Working
Party 5D (WP5D) of the International Telecommunication Union Radiocommunication
Sector (ITU-R) has started to study new propagation channel models in the 92-300 GHz
band for 6G system evaluation [8-11]. These propagation channel models are used for
system design, including feasibility evaluations in real-world environments. In order to
construct a propagation channel model for the sub-THz band, it is essential to
understand the highly accurate propagation channel characteristics in this frequency
band.

The sub-THz band has an even shorter wavelength than the 28 GHz band used in 5G.
Therefore, the arrival of radio waves is affected by the surrounding human body and
surrounding structures, and the arrival conditions of radio waves also change
significantly [2], [3]. The arrival conditions of radio waves are affected by the
surrounding human body and structures, etc., and change significantly. Therefore, in

order to construct a propagation channel model for the sub-THz band, it is necessary to



elucidate the effects of propagation loss and shielding. The authors have investigated
propagation channel characteristics in the 160 GHz and 300 GHz bands by measuring
angular profile characteristics in an indoor conference room environment [12]. In this
paper, the delay characteristics of the 160 GHz band in an indoor office environment

were measured, and the measurement contents and results are presented.

11-1.1.2. Measurement environment and method

The measurements were performed in a room in the NTT DOCOMO R&D Center. The
measurement environment is shown in Fig. II-1. It is an office environment with
wooden-topped desks placed at regular intervals and displays lined up on the desks. The
upper and left sides of Fig. II-1 are glass windows, and the lower and right sides are
concrete walls. The three doors at the bottom of the figure are the entrances. The
multiple separated spaces near the entrances and the spaces at the upper right and left
are conference rooms separated by aluminum blinds and glass, with desks and chairs
inside. The overall size of the room is approximately 50 m (right and left), 16 m (up and

down), and 2.7 m (height) as shown in the figure.
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Fig. II-1. Measurement environment.

Table. II-1 shows the measurement parameters. An OFDM signal with a center
frequency of 160 GHz and a bandwidth of 2 GHz was used for the measurements. An
omni-antenna was used for the transmitter (Tx) and a horn antenna with a gain of about
25 dBi was used for the receiver (Rx). This allows measurement with a delay resolution
of 0.5 ns. The resolution is about 15 cm in distance. The Tx and Rx antennas were
measured at a height of 2 m and 1 m, respectively, assuming an access point near the
ceiling and a tabletop wireless system. The position of the antennas in relation to the
floor and ceiling is shown in Fig. II-2. The distances between the Tx and Rx antennas

ranged from 8.5 m to 35.5 m. In addition, measurements were taken by varying the



elevation angle of the Rx antenna to 0, 10, and 20 degrees to compare differences in the

effects of reflections from the ceiling and other factors.

Table. II-1. Evaluation Parameters

Parameter Value

Center frequency 160 GHz
Transmitting signal | OFDM

Bandwidth 2 GHz
Tx antenna Omnidirectional antenna
Rx antenna Horn antenna

Tx antenna height | 2 m

Rx antenna height | 1 m

Delay resolution 0.5 ns
Maximum delay 128 ns
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Fig. II-2. Relation between Tx and Rx antenna locations.

The delay profile was measured by pointing the Rx antenna in the right direction in
Fig. 1I-1, taking that direction as O degree, and rotating it 360 degrees counterclockwise
horizontally from there. Since it depends on the surrounding multipath, it is expected
that the measurement results will vary depending on the location of the antennas.
Therefore, as shown in Fig. II-1 Tx antennas were placed at the edge of the room, and
Rx antennas were measured at 19 points. Here, of the 19 points, 7 measurement points
are at Y = 0, which is on the LoS (Line-of-Sight) from Tx, and the remaining 12 points
(Y # 0) are at the NLoS (Non-Line-of-Sight). The angular profiles were calculated by

power-multiplying the paths for each horizontal angle.

11-1.1.3. Measurement Results
Fig. II-3 shows the measured delay profile at the point (-8.5, 0), which is the closest

LoS measurement point from Tx. The received power is normalized to the highest value



among the measured data. The distance between the Tx and Rx antennas is 8.5 m, and
the difference in antenna height is 1 m. Therefore, the direction of the Tx antenna from
the Rx antenna is at an elevation angle of 11.7 degree, and a 0 dB signal was observed
at the nearest elevation angle of 10 degree in Fig. II-3 (b). The strongest paths were
observed at a horizontal angle of 0 degree and a delay time of about 28.3 ns in the
direction of the Tx antenna. In Fig. II-3 (a) and Fig. II-3 (b), strong radio waves were
observed at a horizontal angle of +50 degree and a delay time of around 40 ns. In Fig.
II-3 (c), the same radio waves and those at a horizontal angle of 0 degree and a delay
time of approximately 28.3 ns were both observed to be weak. This may be due to the
fact that the direct wave and the reflected wave near the ceiling are out of the beamwidth
of the Rx antenna.
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(a) Measurement results at an elevation angle of 0 degree.

|
15

Azimuth of Rx [deg]
Relative received power [dB]

0 20 40 60 80 100 120
Delay [ns]

(b) Measurement results at an elevation angle of 10 degree.
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(c) Measurement results at an elevation angle of 20 degree.

Fig. II-3. Delay profile measurement result at point (-8.5, 0).

Fig. II-4 shows the measured delay profiles at the point (-17.5, 0) as more distant LoS
point. Same as Fig. II-3, Fig. II-4 is also a point on the Y = 0 line of sight, with the
distance between Tx and Rx doubled to 17.5 m. And it was confirmed that the direct



wave had the strongest received power from 17.5 m to around 56.6 ns of delay time.
Furthermore, for the paths of reflections and diffractions from the surroundings, it was
confirmed that they were received around +30 degrees, unlike Figure 1, where they were
around +50 degrees. This is thought to be due to the fact that the distance between Tx
and Rx has increased, resulting in an obtuse angle with objects such as desks near the

line of sight and a narrower angular spread as seen from Rx.
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Fig. II-4. Delay measurement results for an elevation angle of 0 degrees at (-17.5, 0).

Fig. I1-5 shows the extracted results of the delay profile measurements at 0° elevation
and horizontal angles in Fig. II-3 (a). As in Fig. II-3 (a), a strong radio wave, which is
considered to be a direct wave, was observed at a delay time of approximately 28.3 ns.
In addition, a slightly stronger radio wave of about -10 dB was observed at a delay time
of less than 70 ns. Compared to Fig. Fig. II-3 (b) and Fig. 1I-3 (c), the strongest signals
were received at an elevation angle of 0°, and the delay time suggests that the waves

were reflected once on the ceiling and once on the floor.
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Fig. II-5. Delay measurement results for horizontal and vertical angles of O degrees at
point (-8.5, 0).

Fig. 11-6 shows the CDF of the delay spread calculated for 7 LoS points with Y = 0 and
12 NLoS points with Y + 0. The median of CDF for both LoS and NLoS points was
approximately 5.5 ns, and the trend was similar. This indicates that the LoS and NLoS



points 