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Abstract

In this thesis, we propose an indoor communication system by a two-dimensional com-
munication (2DC) tile. This system enables a high-speed and reliable communication
with ultra-wideband (UWB) signals. Moreover, device positioning with high-accuracy
is feasible by utilizing the physical characteristic of the system. This system addresses
the issue on the establishment of an indoor communication system due to increase of the
number of communication devices and growing demand of applications like device-control
and presentation of information based on the position.

This thesis contains three contents on the establishment of the tile system and one
content on the position detect. First, the concept of the 2DC tile system is proposed as
a method for extension of a 2DC area and the feasibility of the system is verified. This
tile is typically 50-cm square that is a standard carpet size, and includes a sheet-like
waveguide called a 2DC sheet and some electrical components. The system is established
by connecting the tiles with non-contact manner. Standing waves generated in the tile
heightens a signal-to-noise ratio (SNR) and this property enables stable communication
even with low transmission power of the UWB radio that is available of a few GHz
bandwidth. Preliminary experiments show that a sufficient margin to the thermal noise
is ensured in the bandwidth more than 80% over the UWB high-band at six measurement
points.

Then, a delay and a SNR in the tile, which are essential properties to design a physical
layer protocol, are modeled and evaluated. A signal propagation model based on the
geographic property of the sheet is proposed and is well matched to electromagnetic
simulations. The results of measurements with a single tile show that a root-mean-square
(RMS) delay spread is less than 5.76 s in 80% of the sheet area and SNR is more than
20 dB at all the single sheet area. A RMS delay spread value of the entire system where
multiple tiles are connected is also modeled. The model discloses that the delay spread
of the entire system is 1.4 times longer than that of a single tile regardless of the system
size. Thus the delay spread value of the tile system is at most 8 ns, which is smaller than
that of aerial communication under the condition of the same propagation area.

A suppression method of radiation from the 2DC sheet is presented as the final con-
tent on the establishment of the tile system. Unlike an infinite length sheet, radiation
into space is generated in the case of a finite length sheet. Suppressing the radiation
enables the tile system to achieve reliable communication for safety-critical applications
for example, factory automation. From the radiation model, magnetic field at far-field
zone corresponds to a Fourier transform of an amplitude of an electric-evanescent field. A
smooth transition of the electric field yields suppression of the radiation. Two transition
patterns are examined and a cosine-shape transition whose length is 100 mm results in
30-dB suppression.

The positioning method with the tile system utilizes the physical property that the tile
system consists of multiple separated units. Distinguishing the tile where a device is put
on achieves the position detection with the accuracy of the inverse of square root of a tile
length. The preliminary experiment is conducted to verify the principle and the device
position is successfully detected.

These results indicate that the 2DC tile system achieves high-speed and reliable com-
munication with high-accuracy position detection.
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Chapter 1

Introduction

1.1 Indoor communication system

1.1.1 Present communication technologies in an indoor environment

A communication technology enables people that are apart to easily communicate with
each other by transmitting information as electric signals. In 2014, communication data
traffic reached about 14.5 EB (1E=10'®) [1] that is 9 times in 9 years. This fact indicates
that the communication technology is indispensable to modern daily life. Development
of the communication technology enables a large amount of data like video data to be
transferred in a short time and popularization of communication devices increases its
frequency. In addition to human-to-human communication, machine-to-machine one in
a sensor network and Internet of Things (IoT) has been increasing and yielding valuable
information with a high-performance computer.

Applications with the sensor network and IoT, for example building monitoring, appli-
ance control depending on person movement, temperature control with ambient informa-
tion, and so on, are expected to provide more convenient and safe environment especially
in an indoor environment where people spend much time with work or living. One of key
enablers of such applications is establishment of a communication system among devices.
The applications require deploying devices densely across a wide area. In practice using
wireless communication is the realistic way instead of wiring one.

At the present, representative schemes of the wireless technologies used in an indoor
environment are IEEE 802.11 and IEEE 802.15. IEEE 802.11 is a standard for wireless
local area network (WLAN). The standards, IEEE802.11a/b/g/n, are widespread schemes
all over the world. Devices that pass the Wi-Fi alliance interoperability certification test
is called as a Wi-Fi product or simply as Wi-Fi [2]. TEEE802.11 standards operate in
unlicensed bands, 2.4 GHz and 5GHz: the carrier frequency of IEEE 802.11b/g is 2.4
GHz and that of IEEE 802.11a is 5 GHz. IEEE802.11n operates in both the frequencies.
The bandwidth of IEEE 802.11 series is 20MHz except IEEE 802.11n that can also operate
in 40MHz with channel bonding technology. Recently IEEE 802.11 ac that enables about
7 GHz has been standardized and products including IEEE 802.11 ac are commercially
available.

IEEE 802.15 is a standard for personal area network (PAN). PAN is a network where
devices around a person are connected. Its network area is about ten meters while the
network of WLAN is available to a range of a few tens meters. Although PAN is estab-
lished with wired connection like IEEE1394 [3], wireless PAN (WPAN) technology like
Bluetooth[4], ZigBee[5], and ultra-wideband (UWB) are more widespread.

The summary of each technology is following.

e Bluetooth
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Bluetooth is standardized as IEEE802.15.1 and operates in 2.4 GHz band. A chan-
nel bandwidth and maximum data rete are 1 MHz and 24 MHz, respectively. Since
the frequency band is the same as that of Wi-Fi, frequency-hopping spread spectrum
(FHSS) is implemented in Bluetooth technology to avoid interferences with Wi-Fi.
Recently Bluetooth low energy (BLE) that achieves lower power consumption is
paid attention as a technology for Internet of Things (IoT).

ZigBee

The physical layer and MAC layer of ZigBee is standardized as IEEE802.15.4. Zig-
Bee is mainly expected to be implemented in a sensor network and operates in
either 2.4 GHz band or 920MHz band. Its channel bandwidth and maximum data
rate are 2 MHz and 250 kbps.

UWB

UWB is a promising technology to solve a conjecture of ISM band by allocating
such a wideband from 3.1 GHz to 10.6 GHz [6]. In Japan, the spectrum from 3.4
GHz to 4.8 GHz as a low-band and from 7.25 GHz to 10.25 GHz as a high-band is
available[7]. The transmission power density is restricted under —41.3dBm/MHz.
This transmission power is very small and equivalent to the noise emitted by electri-
cal devices like PCs. Multi-band orthogonal frequency division multiplexing (MB-
OFDM) is one of UWB communication schemes and its bandwidth is 500 MHz.
Fig. Communication with impulse signal is also one of the schemes. Fig. 1.1 shows
the spectrum of UWB and Wi-Fi. The bandwidth of IEEE802.11b/g is 20 MHz
and that of IEEES802.11ac that is expected to realize data rate of a few Gbps is 160
MHz. The bandwidth of UWB is much wider than that of IEEE802.11b/g and the
UWRB device can transmit only 0.5 mW even with bandwidth of 7 GHz while the
Wi-Fi device transmits 10 mW with bandwidth of 20 MHz.

A visible light communication (VLC)[8], is also available in an indoor environment. In

VLC, light from LEDs is modulated at a very fast rate that a person is unable to perceive,
then a receiver demodulates the signals detected by a photodiode. Data rate is up to 96
Mbps in IEEE 802.15.7 standard[9] and a few Gbps is achieved in [10][11]. Since visible
light cannot propagate over a wall or floor, range where light can reach is considered as a
communication channel. Therefore, VLC creates geographically independent channels .
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Fig. 1.1. Spectrum of UWB and IEEE802.11. In UWB, the wider bandwidth is available

while transmission power density is restricted under -41.3 dBm/MHz. In Wi-Fi,
the bandwidth is narrower while the transmission power is much bigger than

UWB.
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1.1.2 Issues of the indoor communication system

A large number of devices, which are deployed densely bring disadvantages to a network.
In the ISM band, the allocated spectrum is so narrow that interferences among devices
easily occur and data rate is decreased.

The interferences also decrease reliability of a network. Reliability is an important factor
especially for safety critical application like an industry-related one[12]-[18]. As industry
4.0 [19] and industrial network [20] have been proposed, many devices are expected to
be connected to a network. At the present, devices are connected with cables whose
connection enables a reliable network in factories. However, since connecting a large
number of devices with cables will suffer from cost and difficulty in implementation and
maintenance, wireless connection are demanded in factories.

Therefore, the requirements of indoor communication system is to overcome the short-
age of the bandwidth and achieve a high-speed and reliable network.

1.2 UWB two-dimensional communication

As mentioned above, the UWB radio has a potential to solve the shortage of a bandwidth
with such a wide bandwidth. On the other hand, the restricted transmission power causes
an unstable connection. “UWB two-dimensional communication (2DC)”, which is focused
on in this thesis, has been proposed in [21] to solve the physical connection problem and
is a combination of UWB radio and 2DC technology, which enables a two-dimensional
network, not either wired or wireless network. In this section, a classification of networking
technologies is described from the viewpoint of signal-propagation dimension to introduce
two-dimensional network then the summary of the 2DC and properties of UWB 2DC are
presented.

1.2.1 Classification of networking technologies from the viewpoint of signal-
propagation dimension

There are many technologies for the data link layer of the OSI reference model, with
which devices in an identical network are connected, for example Ethernet and IEEE
802.11 series. These technologies can be classified from the viewpoint of signal propagation
dimension as shown in Fig. 1.2. Since signals propagate along a cable in a wired network
like Ethernet, this kind of technologies are considered as one-dimensional communication
whereas wireless communication is classified as three-dimensional communication because
signals propagate in the space.

Although one or three dimensional communication are widespread, communication
where signals propagate in a two-dimensional plane as shown in Fig. 1.3 is also pos-
sible. Characteristics of two-dimensional communication are considered in the following:
signals propagate in a sheet-like medium; devices are connected to the network when they
touch anywhere on the medium although implementation of the medium is necessary.
Since signals are not emitted into space, interception of communication is difficult and no
interferences with aerial radio signals occur. Communication with two-dimensional signal
propagation has intermediate properties of both the wired and wireless communication.

In this thesis, we focus on two-dimensional communication (2DC) [22] that is one of the
communication technologies with two-dimensional signal propagation. The brief summary
of the 2DC is described in 1.2.2 and other technologies are introduced in 1.4.2.
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1.2.2 Two-dimensional communication

In the 2DC, signals propagate in a sheet-like waveguide called a 2DC sheet as shown in Fig.
1.4. Although the 2DC sheet is a kind of a surface waveguide[30][31], its structure is similar
to a parallel plate waveguide (PPW). The sheet consists of three layers: an inductive layer
with a conductive mesh, a dielectric layer, and a ground layer. The guided EM wave is
also similar to the PPW guided mode. Fig. 1.5 shows the microwave propagation in the
vicinity of the sheet. The lowest order transverse magnetic (TM) mode wave propagates
inside the sheet. Most energy is localized in the sheet and an evanescent field is generated
above the sheet when a signal wavelength is shorter than the mesh pitch. The connection
between a device and the sheet is established via a specialized coupler that is embedded
in the device. This coupler is put on the sheet to transmits/receives signals to/from the
sheet by proximity connection as shown in Fig. 1.6.
The characteristics of the 2DC are following

Easy access to a network

High immunity against signals in the midair

Availability of both signal transmission and power transmission[26]
Secure communication

Table 1.1 shows the characteristics of three communication forms except those described
in 1.2.1, although the evaluation is subjective and rough. The 2DC has the intermediate

characteristics of both wired and wireless communication.

S% \\\

N )

(a) (b)

Fig. 1.2. Conventional communication form regarding signal propagation dimension. (a).
One dimensional communication (wired network). (b). Three dimensional com-
munication (wireless network).

Communication medium

— L\

Fig. 1.3. Concept of communication with two-dimensional signal propagation.
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Ground layer

Inductive layer Dielectric layer

Fig. 1.4. Photo of a two-dimensional communication (2DC) sheet. Its structure is similar
to a parallel plate waveguide and consists of three layers: an inductive layer, a
dielectric layer, and a ground layer. The inductive layer has a mesh structure.

Evanescent field Conductor mesh

. Mesh pitch,
e ;

__T_/_HCL—’%

Guided wave (TM, lowest order mode)

Fig. 1.5. Microwave propagation in the vicinity of the sheet. The microwave propagates as
the lowest order mode TM wave in the sheet and an evanescent field is generated
above the sheet.

2DC sheet Specialized coupler

A

(a)

(b)

Fig. 1.6. Concept of the 2DC. Devices put on the 2DC sheet connected via a specialized
coupler that is embedded to them. The sheet and the coupler are coupling with
proximity connection. The connection is kept everywhere on the sheet. (a).
Overall view. (b). Cross-sectional view.
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Table 1.1. COMPARISON OF THE THREE COMMUNICATION FORMS

Wired network 2DC network Wireless network

Data rate High Mid Mid
Available bandwidth High Mid Low
Power consumption Low Mid High
Immunity High Mid Low
Communication path redundancy Low Mid High

1.2.3 History of two-dimensional communication

Originally 2DC is aimed at a robot skin, in which many sensors are included and form
a network [23]. The development of 2DC was started by connecting pieces of conductive
fabric with a specialized IC chip, which is called “cell bridge system” [24]. However,
extending the network area is difficult because manufacture and implementation of the
chips are necessary.

Then, the method using electromagnetic waves has been developed. The principle was
ensured with a waveguide that consists of two conductive plates with some halls to stick
an adapter [25], then, a waveguide that generates an evanescent field shown in Fig. 1.4
was developed [22].

As mentioned above, one of the characteristics of the 2DC is that the 2DC sheet enables
both signal transmission and power transmission. Low-leakage and high-efficiency coupler
was developed in [26] and an phased array system to achieve high-efficiency transmission
was reported in [27].

Since the 2DC sheet is a kind of a PPW, available bandwidth is wide. A coupler for
the UWB band was researched to achieve communication with UWB signals[21]. As an
application viewpoint, position detect of a device on the 2DC Sheet was researched in
[28][29].

These are the brief history of two-dimensional communication.

1.2.4 Combination of 2DC and UWB

As mentioned in 1.1.1, UWB is a promising technology for an indoor communication due
to such a wide bandwidth. UWB, however suffers from the following three connectivity
problem.

e Restricted transmission power density under —41.3 dBm/MHz.
e Fasy obstruction by general objects in a room
e Interference with aerial narrowband signals

On the other hand, 2DC has the following characteristics that can compensate for the
physical connection problems.

e Signals in the sheet are more gradually attenuated than that of free-space propa-
gation.

e A transmitter and a receiver are always in line-of-sight (LOS) as shown in Fig.
1.6(b).

e High immunity against the signal in the air is achieved.
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The combination of the 2DC and UWB technology, therefore, has the possibility to
achieve the high speed communication with such a wide bandwidth as well as the easy
access to the network.

1.3 Goal of the thesis

The goal of the thesis is to propose a method to establish a high-speed and reliable indoor
communication system by UWB 2DC. An indoor communication system is required to
cover a whole room area. A conventional 2DC is achieved with a desk-top size single sheet.
Establishing a room-size network with the single sheet is difficult from the viewpoint of
manufacturing, implementation, and maintainability. From the viewpoint of the 2DC
history, this thesis establishes the 2DC as a communication technology. Although the
principle and the power transmission were ensured, the 2DC has the following restrictions
as a communication technology; extension of a networked area, design of a physical layer
protocol, and a power management. This thesis will address these restrictions.

Our approach is to establish a communication area by connecting tile-like units called a
UWRB 2DC tile. Unit-based constitution enables easy implementation and flexible exten-
sion of the network area. As a communication technology, signal transmission properties,
delay and signal-to-noise ratio is essential to design a physical layer protocol like a modula-
tion scheme and a symbol data rate. Modeling and evaluation of these properties become
possible by employing the unit-based architecture and is a part of the goal.

Multiple tiles are implemented in the tile system. This configuration will increase
radiation into the air because undesirable emitted energies from each tile [32] are added
by the number of the tile. Since this property decreases the immunity against aerial
signals and reliability of the system, development of the method to suppress the radiation
from the sheet is also a significant purpose of the thesis.

Moreover, position detect of a device, which is strongly demanded to the indoor com-
munication system, is presented. The method utilizing the physical property of the tile
system with high accuracy is the goal.

1.4 Related Works

In the thesis, the method to establish a high-speed and reliable communication system
with the 2DC UWRB is related to the following issues.

e Improvement of physical connection with UWB radio
e Two-dimensional area network technology
e Establishment of a reliable network.

The related works are introduced along the above points.

1.4.1 Improvement of physical connection with UWB radio

The combination of multiple-input multiple-output (MIMO) and UWB is a viable way to
compensate for the limitation of the transmission power. In [33], the general framework
to characterize the performance of UWB-MIMO system with MB-OFDM is proposed and
the advantage of the combination between space-time-frequency coding [34]-[36] and band
hopping techniques are shown. In [37], the connectable range at 110 Mbps is extended
to approximately a factor of three by using MIMO technology. Some techniques to avoid
NBI in indoor UWB communication have been examined. In [38], the effect of NBI is
analyzed. The method to detect and mitigate NBI is proposed with compressive sensing
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[39] and energy detection [40]. These researches contribute to improve the performance
of UWB communication with the assumption that signals propagate in midair.

1.4.2 Two-dimensional area network

In Networked Surface [41], power transmission and communication is conducted by devices
touching the surface of metal plates deployed regularly on a two dimensional plane. A
position and attitude estimation is also possible by detecting the plate where the device is
put. Because this system requires electrical connection between surface pads and devices,
corrosion must be prevented.

Pushpin computing [42] and Pin & play [43] are power-supply method by sticking an
electrode into the communication medium like a parallel plate waveguide. These methods
allow the top layer of the medium to be an insulator for protection. In Pin & play the
devices communicate with each other via the identical medium.

CarpetLAN [44] is one of human body communication methods by put carpet-like unit
with electrodes side by side on a floor. The unit and the device that a person holds
are connected via a human as a communication medium and the midair and the signals
that the unit detects are transmitted to an access point by hopping the units. Position
detection is possible by identifying the carpet that connects the device the most strongly.
The carpet size is about 1 m square.

IntelliMat [45] is the position-detect system. In this system, tile-like units that includes
RFID tags are placed side by side. An antenna attached to the back of slippers receives
information of the tags. Although the tile-like unit is the same as our approach, aerial
radio signals are used.

Free access mat [46] is a communication system with a sheet-shaped waveguide and is
aimed at a body-centric communication. It consists of a ground layer and two thin layers
of patch array. Microwave energy whose frequency is matched to a resonant frequency of
the patch is confined in the mat. An interface between a device and the mat is a dipole
antenna. Although microwaves are emitted into the air, this system enables devices to
transmit signals with lower power by heightening the transmittance between the devices
via this system and interferences caused by devices are reduced.

1.4.3 Establishment of a reliable network

In order to improve the reliability of the wireless network, some researches are conducted.
A wireless PROFIBUS [48], an extensive communication system of an existing field bus,
is one of solutions. Moreover, the coexistence of multiple wireless networks is also desired
in the use of unlicensed band [49][50] from the viewpoint of usability. The IEC standard
for coexistence management of wireless industrial system has been developed [51]. In a
railway industry, reliable communication is also required. In [52], the scheme to ensure
reliability is standardized.

1.5 Organization of the thesis

The organization of the thesis is following. In Chapter II, the concept of the UWB 2DC
tile and preliminary experiments are conducted to ensure the feasibility. Chapter III
presents the signal propagation model in the 2DC tile is proposed and the communication
characteristics of the sheet that is clarified with the model to design a physical layer pro-
tocol and also describes those of the entire system where the multiple tiles are connected.
Then the suppression method of the radiation from the tile is presented in Chapter IV.
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After position detect with the proposed system is described in Chapter V, we will finally
conclude the thesis in Chapter VI.
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Chapter 2

UWB 2DC tile system

In this chapter, a UWB 2DC tile system is presented as a method to establish a high-
speed and reliable indoor communication system with 2DC. Preliminary experiments are
conducted to ensure the feasibility of the system.

2.1 Concept of a 2DC tile
2.1.1 UWB 2DC tile

The UWB 2DC tile system adds a function of a communication infrastructure to a surface
like a floor, a ceiling, a wall. The conceptual diagrams of the 2DC tile system in the case
of a floor application are shown in Fig. 2.1. The tile system is established by placing
tile-like communication units side by side. This unit is called a 2DC tile. The network
are is freely extended and a whole floor can be covered with this system. A specialized
coupler embedded in devices is put on the tile system and devices are connected via the
system. Although the size of the 2DC tile is not restricted, a standard carpet tile size like
50 cm in Japan is useful.

The appearance of the tile is similar to an ordinal raised-floor system unit and the tile
consists of three layers: a surface layer, the 2DC sheet, and a base layer with mechanical
and electrical connectors. The surface layer is a dielectric material, for example, a carpet
tile. The second layer is the 2DC sheet mentioned in 1.2.2. The sheet-edge design is im-
portant because it affects the radiation from the sheet. In the system where multiple tiles
are installed, the radiation from the tile should be suppressed. In Chapter 4, suppression
method is described in detail. Typically the sheet edges are shorted between the inductive
layer and the ground layer like Fig. 2.2 to avoid connection to the neighboring tiles by the
radiation from the sheet gap. The open boundary like Fig. 2.2 is useful because of easier
fabrication than the shorted one if the isolation performance is acceptable. The base layer
includes some electric devices and relays signals between the neighboring tiles. The body
of the base layer is a plastic hollow block commercially available as a component of an
ordinary indoor raised floor system.

The signal path between the devices are in the following. One device, device A transmits
a signal to the tile via the coupler, then a part of the signal propagate to the neighboring
tile via the base layer. The other device receives the signal from the tile by using the
coupler.

The expected characteristics of the tile system are following.

e Low power-consumption communication
The shorted edge causes the standing waves and strengthens the signal intensity
in the tile. This property enables the low power-consumption communication and
stable connection even under the transmission-power restriction like UWB.
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e Small delay property compared to the aerial communication
The reflective boundary-condition of the 2DC sheet causes many multipath sig-
nals and since signals propagate in a two-dimensional plane, path loss in the tile is
smaller than that in the air. The longer delay, thus, is expected to single 2DC-sheet
propagation than to free-space propagation with the same dimension. In the tile
system, however, the smaller delay property is expected than the aerial communi-
cation because the whole communication area is divided to tile-size and the actual
propagation area becomes smaller. In addition, the delay property is independent of
the entire network area. These characteristics enable higher communication speed
by optimizing a symbol rate.

e Easy installation and maintenance
In practice, easy installation and maintenance of the system is important. Special
skills and tools are not necessary when the tiles are connected with non-contact
manner, and installation and replacement cost is the same as the ordinal raised-floor
system that is inevitable in the modern office when the tile function is embedded
to raised-floor system in advance.

e Increase of radiation into the air
Although no radiation theoretically occurs with an infinite-length 2DC sheet, some
energy are emitted into space from the tile because of its finite length. Since the
tile system includes multiple 2DC sheets, the radiation increases along with the
expansion of the system area.

Except the increase of the radiation, these characteristics are favorable for the high-
speed and reliable communication. Therefore, our goal will be achieved by developing the

=
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Fig. 2.1. Concept diagram of the 2DC tile system. (a). Perspective view. (b). Cross-
sectional view.
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Inductive layer

Dielectric layer

\ I/ Shorted :,’“\\\ . \ \
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- N
\ \ Ground |ayer/

Open boundary Shorted boundary

Fig. 2.2. Boundary condition of the UWB 2DC tile. The difference is whether the induc-
tive layer and the ground layer of the 2DC sheet is shorted at the boundary or
not.

2DC tile system. The following three materials are necessary to be developed. One is
the base layer. Since the base layer relays the signals in the sheet, it is the significant
device in the system. Other is the evaluation of communication characteristics. A physical
layer protocol that determine the maximum data rate is strongly involved in the delay
property and transmittance, which are dependent on the communication medium[53]-[55],
thus these properties is necessary to be clarified. The other is the suppression method
of the radiation from the sheet. As mentioned above, the radiation from the sheet will
increase in the tile system, the suppression method, therefore, is needed to strengthen
immunity against aerial radio signals.

2.1.2 Base layer design

As mentioned in 2.1.1, the tiles are connected at the base layer level and signals from a
device are relayed via the base layers. The base layer design, therefore, is one of the most
important factors to achieve the tile system. The base layer need to satisfy the following
requirements.

e Connection to the peripheral components
Since the base layer relays the signal to neighboring components, the 2DC sheet or
the neighboring base layer, the connector for them are necessary. The proximity
coupler enables the easy connection.

e Uniform signal-intensity
Signal intensity decreases due to a tile-tile and tile-sheet transmission. A repeater
circuit is necessary to maintain the signal intensity uniform across the tiles.

e Prevention of oscillation
A single tile has at most four connection ports with the neighboring tiles. Multiple
connection topology makes redundant signal paths. On the other hand, these paths
can form undesirable loop path while the communication reliability is improved.
The protocol to avoid such an oscillation is necessary.

Fig. 2.3 is one of the base layer designs that includes a repeater circuit and two spe-
cialized proximity couplers. Fig. 2.4 shows a design of the prototyped repeater circuit
[56].

The repeater circuit compensates for the attenuation of tile-tile and sheet-tile transmis-
sion and maintains the uniform signal intensity across all the tiles.
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Table-top 2DC sheet and repeater circuit

- Surface coupler
Shorted Cable

Surface layer 2DC sheet
v/ /

7

\\
7 /
E = S o

N\
Baseé layer Inter-tile{oupler Repeater circuit Back-face coupler

\

Fig. 2.3. Cross-section diagram of the tiles. Signals are transmitted through inter-tile
couplers.

The two specialized proximity couplers in the base layer are named as a back-face
coupler and an inter-tile coupler. The back-face coupler connects the 2DC sheet and the
repeater circuit. It is fixed at the center on the top of the base layer and contacts to the
back-side of the sheet, where a circular aperture is formed on the ground plane (a circular
aperture is removed from the ground). The inter-tile coupler is implemented at side faces
of the base layer and connects the neighboring base layer as shown in Fig. 2.3. Fig. 2.5
shows a prototyped inter-tile coupler with the insertion loss of 10 dB [57].

In the 2DC system, another type of non-contact coupler is used to allow a transceiver
device to be connected with the tile system. We call it as a surface coupler. This coupler
is embedded in a transceiver device, and is put on the tile thus enables the connection
between the device and the 2DC sheet. It is designed to enable the wideband connection
anywhere on the tile through the mesh surface of the sheet. These coupler designs depend
on the frequency range of the application.

The signal can reach a device on a table as well as on the floor. Such a signal path
is shown in Fig. 2.3 and is established as an expansion of the floor path with the same
component used in the tile [56][58]. In this case, we assume that the repeater circuit
and the 2DC sheet are embedded in the table. The repeater circuit on the table and the
surface coupler attached to the bottom of one of table legs are connected with a cable.
This configuration enables users to move the desk freely on the floor while keeping the
connection between the tile and the table.

In [59], the loop-avoidance method is proposed. The concept is similar to frequency
division multiplexing (FDM). The separate frequencies are allocated to an uplink signal
and a downlink signal. Fig. 2.6 shows the design of a frequency conversion circuit.

Based on these base-layer components, the prototype tile system is developed in [58].

2.2 Electromagnetic simulation of signal propagation inside the
2DC sheet

The feature of the 2DC tile is that the 2DC sheet is shorted at the edge and the standing
wave caused by the shorted edge is used to heighten the SNR and compensate for the
transmission-power limitation of UWB radio. In this section, an electromagnetic (EM) is
conducted to examine the signal propagation in the sheet.
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2.2.1 Setting

Fig. 2.7 shows the overview of the simulation model. The dimensions of the 2DC sheet
are 500 mm in side length and 1 mm in thickness. The mesh pitch of the inductive layer
is 4 mm and the line width of the mesh is 1 mm. The thickness of the mesh is 0.01mm.
The mesh material is assumed to be aluminum. The dielectric layer is 1-mm thick, and
its relative permittivity is set at 2.1. These are the typical values in the previous 2DST
(2DC) system [26]. We apply an electric boundary condition to all the boundaries except
the mesh-layer side as the shorted edge or the ground layer. Input signals are excited at
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55 [ 1
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Fig. 2.4. Prototype base layer design [56] ©2015 IEEE.

Contactless Coupler
Fig. 2.5. Prototyped inter-tile coupler [57] ©2015 IEEE.
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Fig. 2.6. Prototyped inter-tile coupler [59] (©2015 IEEE.

the waveguide port set at the boundary. The waveguide port size is 100 mm for the lower
frequency bound of 3.1 GHz. Signals are observed at six points in consideration of the
sheet symmetry. The simulation is conducted with CST Microwave Studio [60].

2.2.2 Result

Fig. 2.8 shows the amplitude distribution of the electric field at the center height of the
dielectric layer, for frequencies f = 3 GHz, 6 GHz, 8 GHz and 10 GHz. The distribution
at each frequency has the pattern. These results indicate that the standing waves are
generated inside the sheet. Orthogonal frequency-division multiplexing (OFDM) is one
of proper modulation methods to maintain the quality of communication under the rich
multipath environment like the sheet.

Fig. 2.9 shows the intensity of the electric fields at the six points of 1-6 shown in Fig.
2.7. Position 5 is located at the origin of the xy coordinate. The vertical line of the figure
shows the normalized values by the largest value in the 2DC sheet. The lowest value is
about —35 dB at(z,y) = (0,0) and f = 3.8GHz. The lowest value among the high-band
(from 7.25 GHz to 10.25 GHz in Japan) is about —32 dB at (x,y) = (126,126) mm and
f = 10.2 GHz in our spatial resolution of simulation. These results show the frequency
range of UWB is well covered.

2.3 Preliminary Experiment

In this section, the feasibility of the connection between the tile and the coupler is ex-
amined with two experiments. In a practical use, a dielectric material is put on the 2DC
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Fig. 2.7. The overall simulation model of 2DC sheet (upper) and the magnified figure
of the mesh configuration (lower right). The 2DC sheet model consists of an
inductive layer and dielectric layer. The back-side boundary condition of the
dielectric layer is “electric” since a conductive layer, ground layer, exists on the
back of the dielectric layer. The side boundary condition of the dielectric layer
is also “electric” since the sheet edge is shorted as shown in Fig. 2.2(b). Signals
are inputted from the 100mm-wide waveguide port.
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Fig. 2.8. The amplitude distribution of electric field at the center height of the dielectric
layer for f = 3 GHz (upper left), 6 GHz (upper right), 8 GHz (lower left), and
10 GHz (lower right). Each figure shows that a standing wave is generated.
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Fig. 2.9. The amplitude of electric field at the six sample points in a 2DC sheet. The am-
plitude is normalized by the maximal value in the 2DC sheet at each frequency.

tile as the surface layer. The thickness of the material has an effect to the connection
because the coupler and the sheet are connected with proximity connection. The relation
between the thickness of the surface layer and the connectivity is examined. In addi-
tion dependency on a coupler position to the connectivity is also examined because the
communication property is different among the coupler position due to standing waves
generated in the sheet.

2.3.1 Received power ratio

The bandwidth of UWB is so wide that the communication property is different among
the frequencies. The statistical analysis, therefore, is effective to evaluate properties of
the bandwidth. In order to express an average property across the UWB bandwidth and
calculate the SNR, we define a ratio of a received power to a transmission power as the
received power ratio Pr as follows.

_PRI‘
_PTLD’

Pr (2.1)

where Pr, and Pg, denote the transmitted and received signal power, respectively. They
are calculated by integrating the power spectral densities, pr, and pgr, through the band-
width of interest B.

PTx = /BpTw(f)df (22)
Pro = /B pra(F)df. (2.3)

By using the transfer function from the transmitter to the receiver, Pg, is expressed as

Pr, = /B H(f) Pors(/)df. (2.4)
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Suppose that the transmitted power density is constant across the bandwidth because
transmitted signal power in UWB technology is defined as —41.3 dBm/MHz.

pTw(f) = PTa, (25)

where pr, denotes the constant value. By substituting Eq. (2.4) and Eq. (2.5) to Eq.
(2.2) and Eq. (2.3), we obtain

PT;I: = BpTx (26>
Pm=nw¢LUﬂﬁP#. (2.7)

Substituting Eq. (2.6) and Eq. (2.7) into Eq. (2.1), we finally obtain

m:;émmw. (2.8)

Therefore, the received power ratio Pg is calculated by averaging intensity of the trans-
mittance between a transmitter and a receiver over the bandwidth of interest.

2.3.2 Effect of the surface layer

In the tile system, a surface layer is installed as a top layer of the tile. For example, carpet
clothes in a floor application and a decorative laminate in a desk-top application. Since
a 2DC sheet and a specialized coupler installed in a device are connected with proximity
connection, a thickness of the surface layer weaken their connectivity. For evaluating
the effect of the surface layer, the transmittance between the coupler and the sheet is
measured under the following conditions.

Setting

An experimental setting is almost the same as the former experiment as shown in Fig.
2.10. The size of 2DC sheet is the same configuration as the simulation model in 2.2. The
sheet length is 500 mm. The pitch of the mesh is 4 mm and the line width is lmm. The
thickness of the mesh is 10 yum. The material of the mesh is aluminum. The dielectric
layer is made of a I1mm-thick polypropylene plate. In this experiments, the inductive layer
and the ground layer are open not shorted since they are both reflective and the difference
is not critical in this basic experiment. Input signals are excited in the sheet through the
0.1 mm-thick copper plates attached to the inductive layer and the ground layer as shown
in Fig. 2.11. A horn-shaped pattern is used at the connection between the cable and the
2DC sheet for avoiding reflection. The widths of horn pattern are 80 mm in the sheet
side and 12 mm in the cable side, and it forms an exponential horn. The UWB coupler
proposed in [21] for covering the UWB high band is used to receive/send signals from/to
the sheet. The coupler is a simple rectangular plate of 32 mm by 14 mm as shown in Fig.
2.11, with simple patterns of two copper layers.

In this experiment, the thickness and a material of the surface layer is changed. The
two kinds of foaming insulators and two commercial carpet tiles are examined. Relative
permittivity of the insulators, Insulator A and Insulator B is 1.5 and 2.1, respectively.
Their thickness is changed from 0 mm to 12 mm by 1 mm. In the case of the distance
0 mm, there is only the protection film between the sheet and the coupler. The carpet
tiles, the model number YS1004 and CT1420 manufactured by Teijin Limited are used as
Carpet A and Carpet B. Size of both carpets are 500 mm x 500 mm X 6 mm.

The transmittances for the UWB high-band are measured at the center of the sheet with
a vector network analyzer (VNA), Rohde & Schwarz ZNB-20. The VNA is calibrated with
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Fig. 2.10. Experimental setting. (a) The schematic diagram of the setting. Two com-
mercial carpet tiles whose size is the same as the 2DC tile are examined in
addition to two foaming insulators. (b) The photo of the experiment.

Inductive layer ~ SMA connector
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Dielectric layer
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Fig. 2.11. Cross-section diagram of the feeding point at the sheet edge. Two 0.1 mm-thick
copper plates connected to a SMA connector are attached to the inductive layer
and the ground layer.

unknown-open-short-match (UOSM) mode. This mode is also used in all the following
experiments.

Result

Fig. 2.12 shows the received power ratio calculated with Eq. (2.8). The received power
must be higher than power of noise signals to communication with each other. Given that
a noise source is only thermal noise, the signal-to-noise ratio (SNR) is expressed below.

PRm

NR = 2.
SNR BT (2.9)
Prpr,
= 2.10
T (2.10)

where k and T denote Boltzmann constant, 1.386 x 10~23JK~! and a temperature in
kelvin respectively, and k7T is —114 dBm/MHz at a room temperature, 7' = 300 K.

If SNR of more than 20 dB is required, Pr must be —52.7 dB or more under the
condition that pp, is —41.3 dBm/MHz. The result shows that such a SNR is achievable
when an insulator thickness is under 10 mm and the examined commercial carpets also
satisfy this requirement.

Fig. 2.13 shows that a stacked bar graph concerning the transmittance at 6-mm gap.
The ratios of the S21 data number of —n dB - —(n + 10) dB to the total number of
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Fig. 2.12. Received power ratio. SNR is kept more than 20 dB up tol0-mm thickness.
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Fig. 2.13. The stacked bar graph about S21 at 6 mm. This figure shows that S21 is larger
than —50 dB in more than 60% of the high-band. In the case of Insulator B
and Carpet A, S21 is larger than —50 dB in 80% bandwidth.

the data are shown when n is from 30 to 80. All the data are sampled at every 1 MHz.
The result shows that S21 is larger than —50 dB in more than 60% bandwidth of the
high-band. In the case of Insulator B and Carpet A, S21 is larger than —50 dB in 80%
bandwidth. Therefore, Carpet A is more suitable as a surface layer than Carpet B. In the
following experiments, Carpet A is used as a surface layer.

2.3.3 Dependency of coupler position

Setting

Fig. 2.14 shows a schematic diagram of the experimental system and an overview photo.
The constitution of the 2DC sheet is the same as that of the former section and Carpet
A is used as a surface layer. In this experiment, the coupler proposed in [61] is used.
This coupler has a circular shape and its diameter is 80 mm. The extraction efficiency
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Fig. 2.14. Experimental settings. (a). Schematic diagram. The transmittances between
the UWB coupler and the feed point of the 2DC sheet at the six sample points
of 1-6 are measured with a VNA. (b). Photo of the experimental settings. The
coupler proposed in [61] was used as the UWB coupler. Carpet A used in the
former experiment is put on the 2DC sheet as a surface layer.

is improved compared to the coupler used in the former experiment. In this experiment,
the transmittances at the six sample points of 1-6 that are the same as those of the
simulation are measured by using the VNA to clarify the dependency of coupler positions.

The feeding point to the sheet and the coupler are connected to port 1 and port 2 of the
VNA, respectively.

Result

Fig. 2.15 shows S11 (reflection) at the feed point of the 2DC sheet and S21 (transmit-
tance) for each coupler position. Since S11 is less than —5dB, the major signal power is
successively inputted to the 2DC sheet in the high-band. The value of S21 is fluctuating

Magnitude of S21 (dB)

7.25 7.75 8.25 8.75 9.25 9.75 10.25

Frequency (GHz)
—S11 -Position 1 -Position 2— - Position 3

----Position 4 — -Position 5— - Position 6

Fig. 2.15. S-parameter S21 (transmittance) and S11 (reflection) through the high-band.
S21 is fluctuating mainly between —20 dB and —40 dB. S11 of portl (the feed
point) is smaller than 5 dB through the band.
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Fig. 2.16. Stacked bar graph on the experimental data of S21 at each position. This
figure shows S21 is larger than —40 dB in more than 90% bandwidth of UWB
high-band.

due to standing waves mainly between —20 dB to —40 dB in the band.

Fig. 2.16 shows the stacked bar graph for S21 at each sample point to present the total
bandwidths for well-conditioned communication. All the S21 data are sampled with 1
MHz interval for each point. The ratios of the S21 data number of n dB — —(n+10) dB
to the total data number are shown for n = 30, 40, 50, and 60. The result shows that
S21 is larger than —50 dB in more than 80% bandwidth of the UWB high-band. The
transmission coefficient of —50 dB can be considered to enable stable UWB communi-
cation under the signal-amplitude restriction of —41.3 dBm/MHz in OFDM-based UWB
communication because SNR is equivalent to more than 20 dB. Therefore, SNR necessary
for stable communication can be ensured with the tile system although null points are
generated due to standing waves. Since the measurement points are limited because of
a preliminary experiment, detail measurements for communication properties of the tile
system is conducted in Chapter 3

2.4 Signal transmission experiment

The results in the former section shows UWB communication with the UWB 2DC tile is
physically feasible. In this section, signal transmission using a pair of UWB communica-
tion devices is examined. The devices were developed by Apollo Giken Co.,Ltd.

2.4.1 Principle of OFDM

OFDM is one of the most widespread communication schemes and employed in Wi-Fi
(IEEE802.11a/g/n), a digital television, a cellular networks like 4G, WiMAX and so on.
Its characteristics are high-tolerance to the delay and the high-efficiency of spectrum. The
delay-tolerance property is also suitable for the 2DC tile system due to its rich multipath
environment.

The principle of OFDM is briefly described as below. An OFDM signal in frequency
domain consists of multiple orthogonal frequencies as shown in Fig. 2.17. A frequency
gap of neighboring subcarriers is equal to the basic frequency in base band. Although
many carriers are modulated, they do not interfere with each other because of orthogo-
nality. In addition, since the bandwidth of the single subcarrier is narrower than the total
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Fig. 2.17. Spectrum of OFDM. An OFDM signal consists of multiple subcarriers. The
subcarriers are allocated by the bandwidth of a single subcarrier. The orthog-
onality of the subcarriers generate no interference between the subcarriers.
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Fig. 2.18. Block diagram of modulation and demodulation process. (a). Modulation
process. (b) Demodulation process.

bandwidth, the OFDM signal has the immunity to delay signals.
The baseband OFDM signal sp(¢) is described as follows

N

sp(t) = Z{ak cos(2m fot) + by, sin(27k fot) } (2.11)
k=1

where ap and by denote an I-axis component and a Q-axis component. fy is the basic
frequency and N is the number of carriers. Suppose that ¢, = ax—jbg, Eq. (2.11) becomes

N

sp(t) =Re ) et (2.12)
k=1

This expression is interpreted as the inverse Fourier transform of ¢;. An OFDM signal,
therefore, is obtained by applying an inverse Fourier transform to spectrum constituting
by transmission data. A Fourier transform is used in the case of demodulation. The flows
of the modulation and demodulation process are described shown in Fig. 2.18.

Although the OFDM signals have immunity to multipath signals of the same symbol,
the interference can occur with different symbols. Guard interval (GI) is added to avoid
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Fig. 2.19. Concept of guard interval (GI). The guard interval is the copy of the part of
the last OFDM symbol. The sufficient length of GI, which is longer than the
longest delay time avoid the interference between the symbols.

the interference. GI is a part of the last symbol and is added at the beginning of the
symbol as shown in Fig. 2.19. The length of GI is necessary to be longer than the
expected delay time.

2.4.2 Setting

Fig. 2.20 shows the experimental diagram and the overall picture. Signals are inputted to
the 2DC sheet and received via the coupler put on a carpet tile. The carpet is Carpet A
used in 2.3.2. The coupler is the one proposed in [61]. This coupler can extract more power
from the 2DC sheet for the high-band than the coupler used in the former section. The
transmitter outputs OFDM signals whose carrier frequency is 8 GHz and bandwidth is

---------- =

J

(a)

(b)
Fig. 2.20. Setting of OFDM signal transmission experiment (a) The schematic diagram.
(b) Photo.
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Fig. 2.21. Spectrum of transmitted OFDM signal. The bandwidth is 125 MHz and the

number of the subcarriers is 64. Three subcarrier frequencies: 8.00195 MHz,
8.0195 MHz, and 8.039 MHz are examined.

125 MHz and the number of the subcarriers is 64 as shown in Fig. 2.21. The specifications
of OFDM signals are as follows. The number of FFT point is set as 64. Therefore the
bandwidth of a subcarrier is about 1.95 MHz. The length of a guard interval (GI) is 64
ns. No signals are transmitted for 1,024 ns after one symbol whose length is 576 ns is
transmitted to distinguish signals clearly. In this experiment, only one of the subcarriers
is used so that it can be easy to understand a waveform of signals. Three subcarrier
frequencies, 1.95 MHz, 19.5 MHz, and 39 MHz in the 125 MHz bandwidth are examined.

2.4.3 Result

Fig. 2.22 shows one symbol of the transmitted waveform and the received one whose

frequencies of the subcarrier are 1.95 MHz, 19.5 MHz, and 39 MHz, respectively. The
amplitudes of both waveforms are normalized by the maximum one.

Some noises are

added to signals, but almost all the signals are received correctly.
In the UWB 2DC tile, multipath signals are generated. However, that influence is
negligible since the signal duration time in a tile is just several nanoseconds which is

corresponding to a few times reflections in a tile. The length of the guard interval is much
longer than the storage duration.

25
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2.5 Conclusion

In this section, the 2DC tile system was proposed to establish the room-size 2DC network.
This tile is a kind of the raised floor system and includes the 2DC sheet as the waveguide
and the base layer for the signal relay. The tile network is easily extended by connecting
the tiles with non-contact manner. The expected characteristics were described and are
favorable to the high-speed and reliable communication system.

The three materials to achieve the tile were described. The base layer is one of them
and the prototype design is described. The others are presented in the following chapters.

The EM simulation were conducted to examine the signal propagation property in the
sheet and the preliminary experiments are also conducted to ensure the feasibility of the
tile communication in the UWB high-band. The simulation results showed that standing
waves are generated in the sheet: This property indicates that signal intensity in the sheet
is strengthened while long delay and null points in frequencies are generated. The results
of the preliminary experiments suggested that a received power ratio between the coupler
and the tile rapidly decreases as the gap distance of them becomes larger, but SNR of 20
dB or more is achieved when the thickness of the gap is smaller than 10 mm. In addition,
SNR of 20 dB or more is ensured in more than 80% of the UWB bandwidth at all the
measured six points.

The OFDM signal transmission was also examined. The results showed that the signals
are transmitted to a receiver via the 2DC tile successfully. Added noise was small enough
to be negligible.

From these experimental results, the feasibility of stable communication via the tile
system is ensured.



28

Chapter 3

Signal transmission properties of the

2DC tile

In the former chapter, the measured SNRs at the six points on the tile show that the
UWB 2DC tile has the sufficient margin to the thermal noise and enables the stable
communication with UWB radio. As the next step, communication characteristics of the
entire tile is clarified to design a physical layer protocol in this chapter. Especially, a
root-mean-square (RMS) delay spread and a SNR is focused on. These properties enables
the physical layer protocol design, the configuration of a symbol rate that can avoid an
inter-symbol interference and the selection of a modulation scheme. First, the signal
propagation model in the signal tile is presented after the communication characteristics
are briefly explained. Then it is verified with an electromagnetic (EM) simulation. An
experiment is also conducted to obtain the two properties. In addition the RMS delay
spread of the entire system where the multiple tiles are connected is presented with the
model and the experiment.

3.1 Communication characteristics

e Power delay profile
The power delay profile P(7,m,n) reflects the transition of the received signal
power. Parameter 7 represents the excess delay time, and m and n identify a
coupler position in a 2D orthogonal coordinate system fixed on the 2DC sheet.
The power delay is defined as the square of the amplitude of the impulse response
h(r,m,n), as follows:
P(r,m,n) = |h(r,m,n)|*. (3.1)

In the experiment, the transmittance-which is equivalent to a transfer function
H(f,m,n) between the couplers-is measured with a VNA. The impulse response
h(r,m,n) is calculated from the measured H(f,m,n) by an inverse Fourier trans-
form.
e RMS Delay Spread

The RMS delay spread is calculated from the power delay profile and is a major
factor to determine the coherence bandwidth and data rate. A physical layer proto-
col designed based on the RMS delay spread can avoid inter-symbol interferences.
The RMS delay spread 7,,,5 is calculated as follows [62].

Trms = \/ ? - ﬁ? (32)
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where
= 2 Pmme
" S P 33
and )
7_72 o Zk P(Tk)Tk (34)

" P

7m and 72, denote the mean excess delay time and the second central moment of
the power delay profile, respectively, whereas 7, and k respectively represent the
excess delay time and the number of multipath signals.

e Signal-to-noise ratio (SNR)
The SNR is an essential factor to determine channel capacity. It can be calculated
from the measured H(f,m,n), as explained below. We define the received power
ratio Pr as

Prx
P = LRX 35
R Prx (3:5)
Fma:c
- /F H(f,m,n)Pdf. (3.6)

In these equations, Prx, Prx and B are the transmitted and received powers
and the bandwidth of interest, which is defined as F,qe — Fmin, respectively. On
the condition that the signal attenuation between transmitter and receiver can be
represented by the transmittance, the ratio of the signal to the thermal noise, SNR,
at the receiver is calculated as follows.

Prprx
kT

where pp, is the received signal power density, k¥ and T" denote the Boltzmann
constant (1.386 x 10723JK~!) and the temperature in degrees kelvin, respectively;
the value of kT is —114dBm/MHz at room temperature (7" = 300K). The upper
bound of the power density pr, is defined as —41.3dBm/MHz in UWB radio.

SNR = (3.7)

3.2 Signal propagation model

In this section, signal propagation is modeled and the communication properties of the
tile are examined both with the theoretical model and via EM simulation.

3.2.1 Formulation of the 2DC sheet signal propagation model

Electromagnetic wave propagation in a 2DC sheet can be expressed as a superposition of
multiple linear paths. The reflection model is simpler than in ordinary indoor aerial radio
systems because the geometric form of the reflective boundary is the precise square form
of the 2DC sheet. To calculate the superposed signal received by a coupler, we consider a
square tiling of the sheets, as shown in Fig. 3.1 [63]. Each of the multi-reflected paths is
expressed as a straight line between the source point and one of the couplers. We assume
that the contribution of each path is individually calculated and independent from other
paths. Some received signals consist of multiple reflected components that propagate the
same distance along different paths. For example, a pair of reflective symmetric paths,
from the source point to couplers at (xg,y1) and (x1,¥p), are shown in Fig. 3.1. The
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reflection number is the number of times the straight line connecting the source to the
coupler crosses over the boundaries of the tiling shown in Fig. 3.1.
A signal received by the coupler, y(t), can therefore be described as

y(t) = Z a;x(t — ;) (3.8)
i=0

where a; and 7; denote the amplitude and time delay of the ith reflected component and
x(t) is a source signal. The received amplitude a; depends on many factors including path
loss, dissipation by the dielectric and resistive losses in the sheet, reflections at the sheet
edges, signal extraction by the coupler, and attenuation due to signal absorption by other
couplers nearer from the source. The attenuation by couplers in the 2DC is illustrated in
Fig. 3.2. The coupler extracts a portion of the microwave flowing beneath it, and reduces
the microwave power available to couplers beyond it. We assume that signal absorption by
the coupler at distance r; reduces the signal intensity received at distance ro > 1 equally,
regardless of the path direction, as shown in Fig. 3.3. This is different from the shadowing
effect considered in [63], which assumes a direction-dependent signal attenuation, modeled
with rectilinear, diffraction-free propagation paths. The assumption adopted here yields
a simpler model, where the coupler size factor is eliminated.
From these considerations, a; is described as

i—1

sl -5) (3.9)

=0

a; =e 4T g RPii
J

The first factor (e~“™) represents the attenuation caused by the dielectric and the resistive

(x-1,¥1) (0, ¥1) (x1,¥1)
O
<-11> <0,1> f <11>
(x-1,%0) ' o) (x1,%0)
[ J :source
O :coupler
(0,0)
O :imaginary coupler
<-10> <0,0> <10> .
< s,t > :sheet position
(xS, yt) :coupler position
[s| + |t] :reflection number
(x—1, y-1) (xo, y-1) (x1, V-1) . .
O O O xs2 + yt2 :propagation distance
<-1-1> <0,—1> <1-1>

Fig. 3.1. Calculation method of the propagation distance and reflection number. The
imaginary sheets are symmetrically put side by side and the signal is assumed
to be propagate concentrically in the plane. The straight line between the source
and one of the imaginary couplers corresponds to one of multi-reflected paths.
Some received signals consist of multiple reflected components that propagated
along the same distance along the different paths, such as like the paths from
the source to (xo,y1) and (21, yo).
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Fig. 3.2. Attenuation by the coupler. A part of microwave power is extracted by the
extraction-power ratio 8 and the remaining part passes through the coupler.

Distance

Receiving coupler

Signal intensity]

Fig. 3.3. Assumption of non-directional attenuation by the coupler extraction. The cou-
pler reduces the signal intensity equally in all directions.

losses associated with the signal propagation in the sheet; « is an attenuation factor. The
second factor (), RP"7) represents the effect of reflection at edges, including attenuation
and change in polarity. This factor is the total reflection coefficient of each signal in the
ith multipath signal; R and p; ; represent the reflection coefficient, which is assumed to be
independent of the reflection angle, and the number of the reflection, respectively; index
j identifies the individual paths of the ith signal components. The third factor (/3;) is the
ratio between the power extracted by the couplers in the ¢th path and the signal power
integrated over a circle of radius d;, d; being the length of the ith path. This ratio depends
on the frequency, and is described as follows.

a 471'2(11‘

Bi (3.10)
where ¢ denotes the coupler efficiency (it is the ratio of the energy extracted by the single
coupler from the sheet to the energy beneath the coupler), \/472d; is the path loss of the
two-dimensional signal transmission [25], and A and d; denote the signal wavelength and
the distance between the source and receiving points. In the following section, 5; will be
replaced with a constant value to simplify the model. This constant value is calculated
as the average value over the bandwidth of interest; that is, the wavelength of the central
frequency of the bandwidth is substituted into A in Eq. (3.10). As mentioned in 3.4,
radiation from the gap between the coupler and the sheet occurs in practice. The effect of
the radiation can be included by replaceing ¢ in Eq. (3.10) with ¢+ c¢,, where ¢, represents
the radiation efficiency. Eq. 3.10 is equvalent to the case of ¢, = 0.
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Given that the signal extraction by a coupler is assumed to decrease the power uniformly
in all directions, as mentioned above, the total attenuation due to absorption by all the
couplers within each path is the product of all the individual attenuations, as illustrated
in Fig. 3.2. The attenuation caused by each coupler is the ratio of the power not extracted
by the coupler at distance di from the source to the power arriving at the circle whose
radius is di. Hence, the signal received at the receiving coupler is given by Eq. (3.8)-
(3.10), and signal propagation is described by the electric parameters, «, R, and ¢, and
geometrical parameters d; and p; ;.

3.2.2  Simulation setting

In this section, the dependence of the RMS delay spread and the SNR to the sheet length
is analyzed with the numerical simulations.

To verify the above described propagation model, EM simulations are conducted with
the following set of parameters: A single 2DC sheet is modeled, as shown in Fig. 3.4; the
sheet length is changed from 200 mm to 800 mm. The line width and pitch of the inductive
layer mesh are 1 mm and 4 mm, respectively. The material of the inductive layer and
the ground layer is aluminum, whose conductivity is 3.56 x 107S/m. The dielectric layer
is a 1-mm thick polypropylene layer, whose relative permittivity and loss tangent are 2.1
and 0.0005, respectively. The losses are assumed to be constant over frequency because
the simulation is conducted to evaluate rough properties and they are experimentally
examined. The materials described above are chosen from the viewpoints of performance
and availability and are basically the ones used in our previous works. The sheet edges
are shorted between the inductive layer and the ground layer. One discrete port is set at
the center of the sheet and nine ports are set at regular intervals in one eighth of the area
of the model, considering the sheet symmetric shape. Signals are transmitted from the
center port and received at the other ports. The boundary conditions of the surrounding
space are set as “open (add space)” at all of the boundaries, and the distances from the
sheet to the top boundary and to the other boundaries are defined as 500 mm and 100 mm,
respectively. The input signal is impulse shaped, with a bandwidth of 10.25 GHz. Nine

———

200 mm =800 mm

Aluminum

Fig. 3.4. Simulation model. The sheet length is changed from 200 mm to 800 mm. Input
signals are excited at the discrete port of the sheet center. The nine discrete
ports are monitored considering the symmetry of the sheet.
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simulations are conducted for each sheet size, each one of them including the transmission
port and one of the nine receiving ports. The simulations are conducted with the CST
Microwave Studio EM simulation software.

3.2.3 Result

Fig. 3.5 shows the time-domain signals at position 5 of the 500 mm sheet. The input signal
in the model is the same as the simulation. The model parameters shown in Table 3.1 are
determined based on the simulation. The attenuation factor, 0.03ns~!, corresponds to a
loss of approximately 1 dB/m. The calculated average coupler efficiency is ¢ = 0.19, and
corresponds to a —19-dB transmittance of the direct signal at the receiving point 25 mm
away from the source when the wavelength is 0.059 m (the wavelength of a 5.125 GHz
signal). No radiation from the coupler is assumed, that is, ¢, = 0. The timing of the signal
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Fig. 3.5. Comparison of the time signals received at position 5 of the 500 mm sheet in

the model and in the simulation. (a) Signals up to 10 ns. (b) Signals up to 50
ns. The timing and envelopes of the multipath signals are well matched.
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Table 3.1. PARAMETER SETTINGS OF THE PROPAGATION MODEL IN FI1G. 3.5

Parameter Value
Attenuation factor « (1/ns) 0.03
Reflection coefficient R -0.99
Coupler efficiency ¢ 0.19

Wavelength of the centroal frequency A (m) 0.059

peaks and the intensity trends of the model are well matched to those of the simulation,
as shown in Fig. 3.5(a). They are also compared in a longer time scale in Fig. 3.5(b) and
again they show a good agreement. The results show that our model represented by Eq.
(3.8)-(3.10) describes the signal propagation in the sheet with reasonable accuracy.

Fig. 3.6 compares the received signals generated by two different input signals: one
is an impulse signal and the other is a band-limited Gaussian pulse, whose bandwidth is
equal to the UWB high-band (from 7.25 GHz to 10.25 GHz). The results are obtained
from the EM simulation. Although the latter result shows a bumpier envelope than the
former, their macroscopic attenuation trends are in reasonable agreement. An impulse
input was adopted in the following analyses because the difference was trivial.

The calculation results for the RMS delay spread are shown in Fig. 3.7. In addition
to the parameters of Table 3.1, two coupler efficiencies, 1 and 0.019, are examined. Each
plotted point represents the RMS delay spread value averaged over the nine receiving
points. We set the dynamic range of the calculation to 20 dB; that is, the signal sequence
after the last maximal intensity greater than —20 dB is discarded. The results show that
the delay spread values are linearly related with the sheet size and variation regarding
sheet size is from 4 ns to 8 ns within the settings.

The delay spread value of the smaller sheet is shorter than that of the larger sheet
This is because the number of both couplers and reflections increases at the smaller sheet
and the attenuations by coupler extraction and reflection shown in Eq. (3.9) therefore

1 T T T
! i ——Gaussian 7.25-10.25 GHz
= | | -==Impulse 0-10.25 GHz
o : !
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Fig. 3.6. Comparison of the received signals (impulse signal and band-limited Gaussian
signal) at position 5 of the 500 mm sheet. The differences between them result
from the bandwidth, but the attenuation trend is similar.
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increase. The difference in delay spread value at each sheet length between the model
(with the parameters shown in Table 3.1) and the simulation is at most 2 ns. The model
achieves the estimation of the RMS delay spread value with reasonable accuracy.

Fig. 3.8 shows the average received power ratios, as defined as Eq. (3.6). Each plot
is normalized by the value obtained for the 200 mm sheet. These values are calculated
based on Parseval’s theorem. The variation of the received power ratio for the 500 mm
sheet is within +7 dB. The received power ratio decreases as the sheet size increases and
as the coupler efficiency decreases. This is because the dielectric and resistive losses are
higher in relative terms for the larger sheet.

Fig. 3.9 shows a stacked bar graph of the obtained simulation results for the trans-
mittance of the 500 mm sheet at each receiving port, from 7.25 GHz to 10.25 GHz. The
number of frequency points in each range (as a fraction of the total number of points) is
denoted by the color of the bar. The bar graph shows that the transmittance is —30 dB
or more over 80% of the bandwidth at all receiving points and does not strongly depend
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Fig. 3.7. Average RMS delay spread value at the nine points of each sheet length. The
values are in a linear trend with the sheet size.
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Fig. 3.8. Normalized average received power ratio. The ratio decreases with the sheet
length. The deviation from the 500-mm sheet is within £7 dB.
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Fig. 3.9. Stacked bar graph of the transmittance of the 500 mm square sheet from 7.25
GHz to 10.25 GHz, at each position. The fraction of the number of frequency
points at which the transmittance is within a particular range is denoted by the
color of the bar.

on the receiving position. For example, the ratio composition of the position nearer to
the center, position 1, is similar to the one of position 7, near the edge.

3.3 Experimental method

The transfer function between couplers was measured, to obtain the fundamental proper-
ties of the delay and SNR for the typical-composition sheet. The measurement method is
described below.

Fig. 3.10 shows the cross-section diagram and a photograph of the experimental setup.
A commercially available tile carpet (model number YS 1004, manufactured by Teijin
Limited) is employed as the surface layer, with a 500 mm x 500 mm X 6 mm size. The
2DC sheet is also a 500 mm square. The mesh pitch and the line width of the inductive
layer of the sheet are 4 mm and 1 mm, respectively. The material of the inductive layer
and the ground layer is aluminum. The dielectric layer is a 1-mm thick polypropylene
sheet. These parameters are the same as the ones used in the simulation presented in the
previous section.

The inductive layer and the ground layer of the 2DC sheet are shorted at all sheet edges
with a copper tape, as shown in Fig. 3.12. Even though the resistivity of the conductive
adhesive layer included in the copper tape is a few orders of magnitude larger than the
one of copper, we empirically confirmed that it does effectively create shorted-edges, for
all practical purposes.

A circular planar coupler [56] is used as the surface coupler. The back-face coupler
[61] is set under the sheet and the ground layer is in part removed around the back-face
coupler to achieve a tight EM coupling between the sheet and the coupler, as shown
in Fig. 3.11. These couplers are connected to the VNA (Rohde & Schwarz ZNB-20).
The VNA is calibrated in unknown-open-short-match (UOSM) mode by an automatic
calibration unit Rohde & Schwarz ZV-753. The reference planes are shown as dashed
lines in Fig. 3.10(a). An inverse Fourier transform is used to obtain the time-domain
data. The frequency range is 10 MHz to 10.25 GHz, which implies a delay resolution
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Fig. 3.10. Experimental setting. The transmittance between a surface coupler and a
back-face coupler is measured at 1265 points by changing the surface coupler
position and the coupler angle. (a). Cross-section diagram of the measurement
setup. (b) Photo of the setup.

Inductive layer
| | | | | |

Back-face coupler

Ground layer A

Fig. 3.11. (a) Cross-section of the back-face coupler implementation. The ground layer
around the back-face coupler is eliminated to achieve resonance between the
sheet and the coupler. (b) Photograph of the implementation of the back-face
coupler.
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Fig. 3.12. Cross-section diagram of the shorted 2DC sheet with the copper tape.
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Fig. 3.13. Measurement area of the sheet. The measurement is conducted at one eight
of the sheet from the point of the symmetry. The surface coupler position is
changed by 10 mm and the five angles of the coupler is examined.

of 0.1 ns; in the frequency domain, 1001 measurement points are used. Considering the
sheet symmetry, measurements are conducted in one eighth of the area of the sheet, as
shown in Fig. 3.13. The position of the surface coupler is changed in steps of 10 mm
and measurements are conducted at 253 points. Five angles of the coupler are examined,
considering its directivity. The total number of measurement points is therefore 1265.

3.4 Experimental results

The impulse response of the tile at the measurement positions varies because of the sheet
reflectiveness. The RMS delay spread and SNR are statistically analyzed to obtain the
channel characteristics of the entire tile.

3.4.1 RMS delay spread

Fig. 3.14 shows two power delay profiles, at points (m,n) = (0,0) and (21,21). Each
profile shows the exponential attenuation property. The peak in the profile of (21,21) is
delayed relative to that of (0,0).

Fig. 3.15 shows the cumulative distribution function (CDF) of the RMS delay spread.
The number of processed data is 1265, as mentioned above. The calculation range, 20
dB, is the same used in the simulation. In addition to the experimental result, the results
based on the model with/without the radiation effect are superpositioned. The radiation
effect is estimated from the additional EM simulation. The values of RMS delay spread at
the CDF 0.1 and 0.9 points are 4.2 ns and 5.76 ns, respectively. These values are smaller
than those obtained from the model and the simulation. The reason for this discrepancy
may lie in the assumption that the signals propagate omni-direcitionally.

Table 3.2 shows the RMS delay spread values of the tile and other existing UWB
channel models. In [64], the channel characteristics of three indoor environments, LOS
(0-4 m), NLOS (0-4 m), and NLOS (4-10 m) are modeled. The respective RMS delay
spread values are 5 ns, 8 ns, and 15 ns. In [55], the RMS delay spread ranges from 28
ns to 38 ns for LOS measurements and from 34 ns to 51 ns for NLOS measurements in
an industrial environment. The measured value is therefore slightly larger than those of
LOS (0-4 m) despite the smaller propagation area and LOS path. This indicates that
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Fig. 3.14. Power delay profile of the two measurement points: (0, 0) and (21, 21). The
signal arrival time reflects the distance from the signal source position.
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Fig. 3.15. Cumulative density function (CDF) of the RMS delay spread. The delay spread
value is 5.76 ns when the CDF is equal to 0.9. The difference between the
experiment and the model would be derived from the assumption that the
signal attenuates omni-directionaly.

the path loss of the tile system is smaller than that of an aerial environment. On the
other hand, the delay spread value of the tile is smaller than the ones of NLOS (0-4 m).
In indoor communications where NLOS paths are inevitable, the tile system can provide
higher-speed communications than aerial radio communications by optimizing the symbol
rate.

The delay spread values of the entire system, when the multiple tiles are connected, can
be estimated with that of one tile. The reason is the following. The signal transmission
path from the transmitter on one of the tiles to the receiver on another tile has three parts:
the source 2DC tile sheet with a transmitter, an inter-tile part with the repeater circuit,
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Table 3.2. RMS DELAY SPREAD OF THE UWB 2DC TILE AND THE EXISTING CHANNEL

MODELS

Communication environment Delay spread
UWB 2DC tile (500 mm square, CDF=0.9) 5.76 ns
LOS (0-4 m, indoor)|[64] 5 ns
NLOS (0-4 m, indoor)|[64] 8 ns
NLOS (4-10 m, indoor)[64] 15 ns
LOS (industrial environment) [55] 28-38 ns
NLOS (industrial environment) [55] 34-51 ns

and the sink 2DC tile sheet with the receiver. Disregarding reflections at the inter-tile
part, the delay spread of the total transmission path is therefore at most twice of that of
the single tile. The transmission properties of the inter-tile part are out of the scope of
this paper. In principle, we can design a non-reflective signal path for the inter-tile part,
and the delay spread will then become independent of the number of the tiles.

3.4.2 Transmittance and signal-to-noise ratio

Fig. 3.16 shows the transmittances measured at three points, (m,n) = (0,0), (10, 10)
and (21,21), and the simulated transmittances for the corresponding receiving points
(transmission point, point 3 and point 9 in Fig. 3.4). The attenuations of free-space
propagation-with the assumption of an antenna gain of 0 dB-are also shown. The measured
transmittances are 20 dB lower than those of the simulation, because of the coupling losses
of the back-face coupler and the surface coupler.

The results are comprehensible and consistent with the theoretical predictions, as fol-
lows. As expected, the transmittance in the tile decreases more gradually with distance
than free-space propagation. This characteristic provides an almost constant SNR over
the sheet surface. On the other hand, the significance of the multi-reflected components
when compared with the direct path component depends on the receiver position. This
is indicated by the frequency-selective fading shown in Fig. 3.16. Some deep fades are
observed at (10, 10), whereas no deep fades are generated at (0,0). This is because the
direct signal at (0,0) is much stronger than the multipath signals and the intensity of
the multipath signals becomes closer to the direct one when the receiving point is farther
away from the source.

Fig. 3.17 shows the CDFs of the fraction of the sum of bandwidths where the SNR
(the margin to the thermal noise calculated by Eq. (3.7)) is higher than 20 or 30 dB. The
SNR is 20 dB or greater in 80% of the UWB high-band (7.25 GHz-10.25 GHz), over the
entire tile. In almost 50% of the tile area, an SNR > 30 dB is achieved in 70% of the
entire bandwidth.

3.5 Time domain characteristics of multiple 2DC tiles

In this section, the time domain characteristics of the tile system where the multiple tiles
are implemented. Signal flow of the tile system helps the estimation of the characteristics
of the entire system. First, the system is modeled and simulated. The experiment, then
is conducted to verify the model.
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indicates that a low BER communication in QPSK or 16QAM modulation is
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3.5.1 Signal propagation model

Fig. 3.18 shows the model of the signal propagation mentioned above. The input signal
x(t) to the tile system propagates in the source tile that corresponds to Tile 1 and some
of them are transmitted to the sink tiles, Tile 2 and Tile 3, through the base layer. The
received signal of another coupler at the source tile ysource(t) is described as follows.

ysource(t) = (L‘(t) * h(t) (311)

h(t) denotes an impulse response of the tile. For a simple and rough estimation, we
assume that all of the following three types of paths show the same impulse response:
1) from the transmitter surface coupler (Tx coupler) to the receiver surface coupler (Rx
coupler) on the source tile, 2) from the Tx coupler to the back-face coupler on the source
tile, and 3) the back-face coupler to the Rx coupler on the sink tile. Because the input
signal to each sink tile iS Ysource(t) and the tiles have the same impulse response, the
received signal ysink(t) of each coupler put on Tile 2 and Tile 3 is the same and expressed
as

Ysink (£) = h(t) * (z(t) * h(t)). (3.12)

No reflections among the tile connections are assumed in Eq. 3.12. The number of the
impulse response that the signals propagate from the source tile to the sink tile is the
same among the sink tiles. Therefore, the communication characteristics of the overall
system can be estimated with the one-tile property as shown in Eq. 3.12.

3.5.2 Numerical simulation of the RMS delay spread

The RMS delay spread is numerically simulated with the model to quantitatively evaluate
a relation between the delay spread of the source tile and that of the total path. In the
UWB 2DC tile, multipath signals are generated because the tile has reflective charac-
teristics. Since the impulse response of the multipath environment is generally expected
to have exponential-attenuation property [62], the impulse response in the simulation is
assumed as

h(t) = e . (3.13)

X(t) Vsource (t) Vsink (t) YVsink (t)
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Fig. 3.18. Schematic diagram of the tile-system model. An impulse response of three
paths: from the transmitter surface coupler to another surface coupler or the
back-face coupler on the source tile and from the back-face coupler to the
receiver surface coupler on the sink tile, is assumed to be the same. Input
signals to each sink tile from the back-face couplers are the same. Therefore
the received signals of each tile are also the same.
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where « denotes decaying factor. If the input signal z(t) is an ideal impulse and the
impulse response is expressed as Eq. (3.13), Ysource(t) and ysink(t) can be numerically
simulated as shown in Fig. 3.19. An important index of the channel characteristics in time
domain is the RMS delay spread. It represents how long signals spread by propagating the
communication environment and is considered to avoid ISIs when designing the physical
layer protocol. The RMS delay spread is calculated with Eq. (3.2)-(3.4).

We define the RMS delay spread of the identical tile path, from the surface coupler
to another coupler as Tyource, and that of the total path, from the surface coupler on the
source tile to the surface coupler on another sink tile as Tgink. Tsource and Tgink are 182 time
steps and 257 time steps respectively from the simulation results shown in Fig. 3.19. The
delay spread of the entire system Ty,:q; 1S equal to 7g;,x because all of the sink tiles show
the same delay spread. Therefore 7T5oyurce and Tiorq; are estimated to have the relation of

Trotal =2 1.41Tsource- (314>

This result shows that the delay spread of the entire system is easily estimated if that of
one tile is known.

3.5.3 Evaluation of RMS delay spread of multiple UWB 2DC tiles

In this section, the relation of the delay spread between the tiles is examined by the
measurement of the time domain signals with two patterns to verify the simulation results.
First, the source tile and the sink tile are measured, then two sink tiles are measured.

Source tile and sink tile

Fig. 3.20 shows the schematic diagram and the photo of the measurement setup. Two
tiles are connected with the back-face couplers set under the ground layer of the 2DC
sheet as shown in Fig. 3.11. The base layer are not implemented because influences of

——Source tile

o
00

Sink tile

Q
o

o
>

Normalized Intensity

0.2

Time (ns)

Fig. 3.19. Simulation result of received signal ysource at the source tile and ysinx at the
sink tile. It is assumed that the input signal is be an ideal impulse and the
impulse response of the tile has exponential-attenuation characteristics. « in
Eq. (3.13) is 0.5.
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the buffer circuit and the interfaces is avoided. The couplers [61] are used as the surface
coupler. They are connected to a vector network analyzer (VNA), Rhode & Schwarz
ZNB-20. The inverse Fourier transform technique is used to obtain time domain signals
from the measurement results. A frequency range is from 10 MHz to 10.25 GHz and the
number of sweep points are 1001. These settings indicate time resolution and available
time span are about 0.05 ns and 50 ns, respectively. Two signal paths are examined, 1)
from the surface coupler on the source tile to another surface coupler on the source and
2) from the surface coupler on the source tile to one on the sink tile. The five-hundred
measurements are conducted at a half area of each tile in the consideration of symmetry
of the sheet. A composition of the 2DC sheet is as follows. The sheet size is 500 mm
square. A line width and a pitch of the inductive layer are Imm and 4mm respectively.

VNA
Portl Port2

O O

: Surface coupler
Source tile r-+--,  Sinktile L~
[< | < |

Back-face coupler

Source tile

Sink tile

(b)

Fig. 3.20. (a) Schematic diagram of measurement setup. The measurement is conducted
to obtain signal propagation data of two paths: 1) from the surface coupler
on the source tile to surface coupler on the sink tile and 2) from the surface
coupler to another surface coupler on the source tile. The tiles are connected
with the back-face couplers under the ground layer. (b) Photo of the setup.
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A material of the inductive layer and the ground layer is aluminum. Thickness and the
material of the dielectric layer is Imm and polypropylene whose relative permittivity is
2.1. These sheet settings are employed from the point of performance and availability
and are typical in our previous works. In this experiment, the edge of the sheet is open.
This is not critical because the open edge also has reflective property. The surface layer
of the tile is a commercial carpet tile, the model number YS 1004 manufactured by Teijin
Limited. The size is 500 mmx500 mmx6 mm.

Fig. 3.21 shows the examples of the measured power delay profile in dB unit. The
signals of Source tile has exponential characteristics and the received signals of Sink tile
are more gradually excited compared to Source tile. These properties match with the
numerical simulation. Fig. 3.22 shows cumulative density function (CDF) of the RMS
delay spread.  Table 3.3 shows the statistical delay spread values and a ratio of the
delay spread of Sink tile to that of Source tile. Typms, 10%, Trms, 90%, and 7,p,s, 100%
denote the RMS delay spread values when the CDF is equal to 0.1, 0.9, and 1. The
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Fig. 3.21. Examples of the power delay profile of the two tiles. The signal of sink tile
rises more gradually than that of source tile. This trend corresponds to the
simulation result.

—Source tile|
- =Sink tile

0 2 4 6 8 10 12
RMS delay spread (ns)

Fig. 3.22. Cumulative density function (CDF) of the RMS delay spread of source tile and
sink tile. The delay spread values of source tiles is shorter than that of sink
tile.
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Table 3.3. STATISTICS OF THE RMS DELAY SPREAD OF THE SOURCE TILE AND THE SINK

TILE

Trmss 10% 8] Trims, 90% [ns]  Trims, 100% [ns]
Source tile 2.97 6.6 8.14
Sink tile 3.74 8.7 11.67
Ratio 1.26 1.32 1.43

value of 7,5, 100% is almost the same as that of the simulation results and the other
results are also comparable. These results show the consistency between Eq. 3.14 and the
experimental results. Therefore, the relation of the delay spread between the source tile
and the neighboring tiles are ensured.

Two sink tiles

This measurement is conducted to ensure the relation among the delay spread value of the
multiple sink tiles. Because the signals among the sink tiles are theoretically the same,
the RMS delay spread values are considered to be the same or comparable.

Fig. 3.23 and Fig. 3.24 show the schematic diagram and the photo of the measurement
setup. Three tiles are used, one is the source tile and the others are the sink tiles. The
same signal power is provided to Sink tile 1 and Sink tile 2 by using a divider.

The VNA settings and the composition of the tiles are the same as the former exper-
iment. The transmittances between Source tile and Sink tile 1 and between Source tile
and Sink tile 2 are measured at 500 points in the half area of each tile. Then the data are
processed to time domain signals.

Fig. 3.25 shows examples of the measured power delay profiles at the same position of
the two sink tiles. The similar profiles indicate the similar signals are input to the sink
tiles. Fig. 3.26 shows the CDF of the delay spread. The trend is almost comparable with
each other. Table 3.4 shows the statistical delay spread values. These values indicate that
the delay spread of Sink tile 1 and 2 is almost the same and also indicate the consistency
with the former experiment results. Therefore the delay spread values of the multiple sink
tiles can be considered to be the same and have the same relation with the source tile.

VNA
Portl Port2

© O :
Source tile ,J_‘ Sink tile 1 .-, Sink tile 2 J_‘
S |5 I

Fig. 3.23. Schematic diagram of the measurement setup. A divider is used to provide the
signals to sink tile 1 and 2.

Divider
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5-,; ‘ Source tile ,.“
Sink tile 1 : : Sink tile 2

Fig. 3.24. Photo of the measurement setup.

i . |—Sink tile 1
_______________ L _______l|--Sinktile2|

Power delay profile (dB)

Time (ns)

Fig. 3.25. Examples of the power delay profiles of the two sink tiles. The sample points
on the tiles are the same. The similar trend indicates the same signals are
input to the tiles.

3.6 Adaptability to existing protocols

The former sections clarified the fundamental properties of the tile system. The obtained
properties enables to design an optimized physical layer protocol and evaluate adaptability
of existing protocols to the tile system. The adaptability to existing protocols is evaluated
by both the RMS delay spread and the SNR. One of the communication schemes in UWB
technology is MB-OFDM. The length of the guard interval employed in MB-OFDM is
60 ns, and the delay spread must be shorter than this interval to avoid inter-symbol
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Fig. 3.26. Cumulative density function of the two sink tiles. The trend of both tiles is
similar.

Table 3.4. STATISTICS OF THE RMS DELAY SPREAD OF THE TWO SINK TILES

Trmss 10% [0S]  Trms, 90% [0S]  Tppms, 100% [ns]
Sink tilel 4.77 8.85 10.53
Sink tile2 5.37 8.13 10.06

interference. A delay spread smaller than 14 ns in total will be achieved by a multi-tile
system using the available components presented in this paper.

One of advantages in OFDM is simple equalization. Unlike conventional equalization
for a single-carrier modulation, equalizaiton in OFDM is one multiplication of a constant
complex value. Bandwidth of subcarriers that is narrower than coherence bandwidth
enables the simple equalization. The coherence bandwidth is a bandwidth where fading
property of a communication environment is considered to be flat dispite a multipath
environment. Since the 2DC sheet is multipath environment, frequency-selective fading is
generated. In such an environment, evaluation from the viewpoint of coherence bandwidth
is important for consideration of adaptability of protocols.

The 50 % coherence bandwidth is a criterion to evaluate the fading type and is expressed

as below [65].
1

90 rms

Be s0% = : (3.15)
where o, denotes a RMS delay spread. In the case of the tile system, B, 504 = 14MHz.
Since a subcarrier bandwidth of MB-OFDM is 4.125 MHz, the fading occurred in each
subcarrier is considered to be flat-fading.

The typical modulation in MB-OFDM is quadrature phase shift keying (QPSK). With
an SNR > 20 dB, the BER is expected to be less than 1 x 1076 across the whole tile
area with QPSK modulation. Although 16-quadrature amplitude modulation (16-QAM)-
which has twice the number of bits per symbol of QPSK-requires a higher SNR to achieve
the same BER as QPSK, its BER will also be lower than 1 x 1076 under the SNR > 20
dB condition. The data rate of the tile system, therefore, will be more than twice that of
MB-OFDM if the modulation is changed to 16-QAM and the guard interval is adjusted
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to the RMS delay spread of the tile system.

3.7 Conclusion

In this section, the communication characteristics of the UWB 2DC tile was clarified.
These characteristics is necessary to design a physical layer protocol or determine avail-
ability of existing communication schemes. First, we modeled the signal propagation
based on a geometrical property that the sheet is a precise square. A signal transition
of the model indicates reasonable agreement with that of the EM simulation. A trend of
the RMS delay spread with sheet length is in a linear trend and the deviation between a
200-mm sheet and a 800-mm sheet is about 8 ns.

As the next step, we statistically analyzed the fundamental properties of the 500-mm
typical composition sheet with 1265-point measurements. The results show that the RMS
delays spread is mainly distributed from 4.2 ns to 5.76 ns and the SNR is 20 dB or more at
almost all the sheet area in 80% of the UWB high band. The RMS delay spread value of
the sheet is longer than that of a comparable-area LOS environment, but is shorter than
that of a comparable-area NLOS environment. These results enable the design of the
physical layer protocol for a 2DC tile system with the currently available components and
also indicate that the characteristics of the tile are acceptable for combination of QPSK
and MB-OFDM modulations, which are one of the standard techniques for UWB radio.

Time domain characteristic of the entire 2DC tile system where multiple tiles are con-
nected was also clarified. The signal propagation in the whole system was modeled and
the RMS delay spread was calculated with a numerical simulation. On the condition that
the reflection between the tiles are negligible, the delay spread value is calculated when
signals propagate two tiles. The result shows that the RMS delay spread of the entire
system is about 1.41 times longer that of one tile. To verify this relation, measurements
were conducted with two settings: 1) the source tile and the sink tile, 2) the source tile and
the two sink tiles. The experimental results showed the consistency with the numerical
simulation result.

From these results, the delay property of the tile system is constant regardless of the
system size is shorter when propagation area is a room-size. These properties indicate that
high-speed communication is possible by designing the specialized physical layer protocol
for the tile system.
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Chapter 4

Suppression of radiation from the tile

In the 2DC, no energy is emitted into the air in the case of an infinite-length sheet. In
practice, however, some amount of energy is emitted due to a finite sheet length. This
radiation decreases signal-to-interference-plus-noise ratio (SINR). When each tile of the
entire tile system receives signals in the air, SINR becomes lower. For reliable communi-
cation, high SINR is necessary and the radiation from the sheet should be suppressed. In
this section, the radiation is modeled and the suppression method are presented.

4.1 Effect of the radiation to the communication

The SNR is one of index to represent a quality of a received signal. In the former chapters,
thermal noise is taken into account as a noise source. Since all undesirable signals causes
interferences, they are also regarded as noise sources. The index that includes radio
signals as interference sources is called as signal-to-interference-plus-noise ratio (SINR)
and is defined as below. P

SINR_I+N’ (4.1)
where P, I, and N denote a received signal power, an interference signal power, and a noise
power. Note that P includes I and N. High interference signal power decreases SINR,
and bit-error-rate (BER) becomes lower. In the tile system, multiple tiles are deployed.
Since each tile operates as a kind of an antenna, an interference power I becomes larger
as the number of implemented tiles increases. Therefore, heightening the immunity of the
tile, therefore, is important to achieve a reliable communication system.

4.2 Radiation from the tile

The transmittance between the sheet and an antenna in the air is measured to ensure the
radiation from the sheet.

4.2.1 Vertical direction

Fig. 4.1 and Fig. 4.2 show a schematic diagram and a picture of the experiment. In this
experiment, one tile is examined to clarify the tile property. The feeding coupler set to the
tile and a whip antenna whose return loss at 8.2 GHz is about —12 dB are connected to
the vector network analyzer, Rhode & Schwarz ZNB-20. The transmittance is measured
by changing the vertical distance between the tile and the antenna from 0 mm to 1000
mm. The position of 0 mm from the tile corresponds to that of 6 mm from the 2DC
sheet in the tile because thickness of the surface layer is 6 mm. Both the open boundary
sheet and the shorted one shown in Fig. 4.3 are examined. The short boundary sheet is
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O VNA O

Fig. 4.1. Schematic diagram of the experimental setting. The gap distance between the
sheet and the whip antenna is changed from 0 mm to 1000 mm. The attitude
of the antenna is set so that the electromagnetic field of the antenna is matched
to that of the sheet and the antenna is set at the center of the sheet.

iy acena |,

m

Carpet tile

UWB 2DC Tile \\

2DC sheet

(a)
Fig. 4.2. Photo of the experimental setting. (a) The overview. (b) Enlarged picture of
the tile.

experimentally fabricated by shorting the inductive layer and the ground layer of the open
boundary sheet with copper tapes. In this experiment, the base layer is not implemented
because only one tile is examined.

The composition of the 2DC sheet of the tile is as follows. The size of the sheet is 500
mm x500 mm X 1 mm. The line width and the pitch of the inductive layer are 1mm
and 4 mm respectively, which are the same as the numerical simulation. The material
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Copper tape

-—— =

Shorted boundary

Fig. 4.3. Photo of the open-boundary 2DC sheet and the shorted one. Copeer taper are
used to short the inductive layer and the ground layer.

of the inductive layer and the ground layer is aluminum. The 1 mm-thick polypropylene
sheet is used as the dielectric layer. The feeding coupler is set under the ground layer
to excite/extract signals to/from the sheet. The return loss at 8.2 GHz of this coupler is
about —18 dB. The aluminum sheet around the feeding coupler is eliminated to establish
the proximity connection between the sheet and the feeding coupler as shown in Fig. 8.
The carpet tile, the model number YS 1004 manufactured by Teijin Limited, is employed
as the surface layer. The size of this carpet tile is 500 mmx500 mmx6 mm. As the
attitude of the antenna is shown in Fig. 4.1, a rod is perpendicular to the tile to match
polarization so that the antenna and the sheet can be easy to resonate. The electric field
E and the magnetic field H in the 2DC sheet are normal and tangential to the sheet,
respectively and the direction of the wavenumber vector k is perpendicular to both fields
as shown in Fig. 4.4.

Fig. 4.5 shows the experimental results. Each plot indicates an average of ten measure-
ments. The transmittance decreases rapidly from 0 mm to 100 mm and gradually from
100 mm to 1000 mm in both boundaries. The former characteristics are derived from near
field radiation and the latter are derived from far field radiation. The transmittance at
more 600 mm gap distance is about —60 dB or less while about —20 dB at 0 mm. Based
on Friis transmission equation, propagation loss of 8.2 GHz signals in free-space is —46.3
dB at 600 mm between measurement points. In the case that the directivity of the whip
antenna is 0 dBi in a radiation plane, the antenna gain of the sheet is calculated as —13.7
dBi, which indicates the sheet has the high-isolation property.

Inductive layer Evanescent wave

_

— — — — k

Guided wave

\ Ground layer

Fig. 4.4. Electromagnetic fields of waves propagated in the 2DC sheet. The electric field
E of signals in the sheet is normal to the sheet and the magnetic field H is
tangential. The wavenumber vector k is perpendicular to both fields.
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Fig. 4.5. Transmittance between the 2DC sheet and the antenna along vertical direction.

4.2.2 Azimuth and elevation angle

Fig. 4.6 shows the experimental condition. The antenna and the tile are the same as the
former experiment. The connection of them to the VNA is also the same. The antenna is
set at 1000 mm from the center of the tile where the radiation pattern can be considered
as far field based on the result of the former section because the radio signals arriving to
the tile via the air are the far-field signals. The attitude of the antenna is controlled so
that the rod can be perpendicular to the line between the antenna and the center of the
tile. Elevation angle 6 is changed from 0 degree to 90 degree. Azimuth angle ¢ is set to 0

Antenna

& 1000 mm

Fig. 4.6. Schematic diagram of the experimental setup. The antenna is set at 1000 mm
from the center of the tile. The transmittance is measured with 0 degree and
45 degree of azimuth angle ¢ and elevation angle 8 from 0 degree to 90 degree.
The attitude of the antenna is changed so that the rod can be perpendicular to
the line between the antenna and the center of the tile.
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Fig. 4.7. Transmittance S21 between the 2DC tile and the antenna at ¢ = 0 degree.
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Fig. 4.8. Transmittance S21 between the 2DC tile and the antenna at ¢ = 45 degree.

degree or 45 degree. The setting of more than 45 degree in azimuth angle is not measured
due to the symmetric property of the tile.

Fig. 4.7 and Fig. 4.8 show the experimental results for ¢ = 0 degree and 45 degree
respectively. Both results show that there is not a strong relationship between the trans-
mittance and the boundary condition, and the transmittance is about —60 dB or less at
almost all angles in both boundaries. Therefore UWB 2DC tile also has high-isolation
performance along azimuth and elevation angle with both boundaries.

4.2.3 Discussion

The experimental results show that there is not the clear difference of the isolation per-
formance in the far field between both boundaries. This seems inconsistent with the
simulation result that microwaves leak from the open boundary sheet in near field. The
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reason should be clarified in our future work. The experimental results also show that the
transmittance between the sheet and the antenna is —60 dB at 600 mm and —20 dB at 0
mm from the tile. Signals from the surface of the tile has the margin of 40 dB from the
signals at 600m above the tile. If the dedicated coupler is put on the tile instead of the
antenna, more margin can be obtained. This high-isolation property of the sheet makes
coexistence with radio signals feasible. The tile system enables the coexistence but the far
field characteristics as well as the near field are observed as shown in Fig. 4.5. In 2DC,
theoretically little microwaves are radiated in the far field because only the evanescent
field is generated from the sheet. This is considered that the sheet is finite size and has
the edge.

4.3 Radiation model

The former section shows that some microwaves are emitted into the air from the sheet
although the antenna gain of the sheet is low and that value is - 10dB. In this section, the
radiation model from the sheet [67] is described.

The three variations of the radiation from the sheet are considered as shown in Fig.
4.9. One is the radiation from the gap between the inductive layer and the ground layer.
This radiation is suppressed by shorting the two layers [32]. Other is the radiation at
the edge of the inductive layer caused by impedance discontinuity between the periodic
mesh and the sheet edge. The radiation by the impedance discontinuity is reduced by
adding the gradual transition structure to the sheet edge [66]. The other is the radiation
from the periodic mesh. The lowest TM mode wave guided in the 2DC sheet generates a
surface current on the top layer. The surface current can be regarded as a set of a current
element. Each current element constitutes a magnetic field at a far-field zone. The total
of the magnetic field is expected to correspond to the radiation component.

In this section, the radiation derived from the periodic mesh, especially at the far-field
zone, is focused on. Fig. 4.10 (a) shows an analytical model of the 2DC sheet. The EM
wave is travelling in +x-direction and is constant in the y-direction, that is the EM wave
propagation is treated as the two-dimensional problem. This assumption is reasonable
because the sheet consists of multiple periodic mesh patterns. The electric field and the
magnetic field inside the sheet are expressed as FEs and Hs and the evanescent electric
field E and H are generated due to the EM field inside the sheet. No reflection at the
sheet edge occurs with the impedance matching. Based on a property of the TM wave,
the evanescent field is described as follows.

E, 0
E=| 0o |, H=| H, (4.2)
E. 0

The original EM field shown in Eq. (4.2) corresponds to a magnetic field density M,
an electric field density J, and an electric charge density ¢ on the ground as expressed as
below.

0
0
Hy
J=nxH=| 0 (4.4)
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Fig. 4.9. Three variations of radiation from the 2DC sheet. (a). Radiation from the
sheet gap. (b). Radiation due to an impedance discontinuity by the shorted
sheet edge. (c). Radiation from a part of a periodic mesh.

g=¢cm-E=ek, (4.5)

where n denotes a unit vector normal to the sheet surface. Note that the thickness of
the sheet h is neglected because a distance between an observation point and the sheet is
much larger than the sheet thickness.

M, J, and ¢ are distributed on all over the ground plane and the ground plane is
equivalent to their image components at the opposite side toward the ground layer as
shown in Fig. 4.10(b). Since J and g are cancelled with their image components, they
have no contribution for the far-field radiation. Only the doubled magnetic field density,
thus, contributes to the radiation as shown in Fig. 4.10(c).

Since the sheet length is finite, the magnetic field at the far-field is generated by a
line source of the surface magnetic current whose length is L as shown and is generally
calculated by electric vector potential F' as follows.

H= - V(. F)—juF (4.6)

wE

V.F =(0,0F,/0y,0) and 0F, /0y = 0 under the 2-D model. Thus, Eq. (4.6) becomes

H = —jwF (4.7)
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Fig. 4.10. Analytical model. (a). EM field in the vicinity of the sheet. (b). Distribution of
surface electric currents, surface magnetic currents, and charges on the ground.
The ground plane corresponds to the image component of each field at the
opposite side of the ground plane. (¢). Component contributing to generate
the radiation at the far-field. That is the surface magnetic current.
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Fig. 4.11. Coordination System for the analytical model.
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Based on a coordination system shown in Fig. 4.11(c), the electric vector potential with
the line source is described with a Green’s function as below.

L
F=2 G(x|z') - Mdx'. (4.8)

L

-2

Although Eq. (4.8) is for the line source, the EM field is invariant in y-direction and is
distributed in the two-dimensional plane. Hence, Green’s function for two-dimensional
radiation shown below [68] is applicable to Eq. (4.8).

G(r) = =L (kor), (1.9

where ko and r denote an wavenumber in free space that is expressed as 2w/ and a
distance between the observation point and the source point. When the observation point
is distant from the source, Eq. (4.9) is represented with the asymptotic expression of the
Hankel function as below.

jéo j2 —ikor €0 ko
Gkor) o~ == | =—e 77" = ———— 77" 4.10
(o) = =20\ b ® Vi8rhor (4.10)

By substituting Eq. (4.10) to Eq. (4.8), we obtain

L
_ W / "M
Vi2rko J_ 1 VT
We finally obtain the magnetic field in y-direction by substituting Eq. (4.4) and Eq.
(4.11) to Eq. (4.7) as below.

da’. (4.11)

e*jk‘o?”
r

e_jkOT

T

We€Q % ’ ’
H =——2_ E, d’. 4.12
Y vV j2mkg /g (z') o ( )

4.4  Formulation for suppression

In this section, the suppression method is presented on the basis of the radiation model.
When the distance between an observation point and a source point on the sheet is much
larger than the sheet size, the distance r is approximated as

r~71" —a' cosé. (4.13)

where 7" and 6 denote a distance between the observation point and the origin and an
angle of the observation point toward the x-axis as shown in Fig. 4.12,
Thus, H, becomes

we—Jkor 2
- 2rkor L

Note that in Eq. (4.14), the distance between the observation point and the origin r’ is
constant and H, is a function of §. The evanescent field E, of the guided-mode wave
traveling in +x-direction with the wavenumber in the sheet k; is expressed as

H,(0) B, (2 )elkor cos 0y (4.14)

Ey(2') = A(z)e 7k (4.15)
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Fig. 4.12. Coodinate system for the suppression method.

where A(z’) represents an amplitude that is a function of the sheet position. A(z’) is
constant when the sheet consists of only the periodic mesh. By substituting Eq. (4.15)
to Eq. (4.14), we obtain

% weJIkor
Y i2rkr

In Eq. (4.16), A(z") can be interpreted as an window function that is zero except the
range from —L/2 to L/2. When A(z’) is replaced with the window function w(z’), Eq.
(4.16) becomes

L
/ A(a)eI ke —kocos )’ g1 (4.16)
_L

we—jko’l‘ oo

Hy=—— Ne k" qg ! 4.17
VT Vo ) T 1

where
k = ks — kocos. (4.18)

Since the range of 4 is from 0 to 7, the corresponding range of k is
ks — ko < k < ks + ko. (4.19)

Eq. (4.17) is a Fourier transformation form regarding as w(z’). When W (k) = Flw(z')],
Eq. (4.17) becomes
we Ik A

H, = ——W(k
= e )

Eq. (4.20) indicates that the magnetic field above the sheet is calculated as an intensity
of the window function w(z’) in wavenumber domain within an observable range that
corresponds to the range of Eq. (4.19) as shown in Fig. 4.13.

Fig. 4.14 shows a Fourier transform result of the rectangular window that indicates
the 2DC sheet consists of only the periodic mesh and a calculation result of Eq. (4.14)
with Matlab. In Fig. 4.14, the horizontal axis is the angle 6 that is transformed from
wavenumber k based on Eq. (4.18). A signal frequency is 8 GHz and a radius from the
sheet center is 4000 mm. The wavenumber in the sheet kg is 261 (1/m). This value is
calculated based on an EM simulation.

(4.20)
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Observable range

kg — ko ks + kg

Fig. 4.13. Observable range of window function in wavenumber domain. Minimizing the
intensity of this range leads to suppress the radiation.
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Fig. 4.14. Comparison between the Fourier transform of rectangular window and the
calculation result of Hy with the radiation model. The intensity is normalized.
The both result is almost matched along the range.

The approximation of Eq. (4.13) is reasonable because both the results are well
matched. Therefore, controlling electric-field amplitude distribution whose intensity over
the range shown in Eq. (4.19) in wavenumber domain is smaller leads suppression of the
radiation from the sheet.

4.5 Suppression effect

4.5.1 Restriction of distribution pattern

The former section indicates that distributions of the electric-field amplitude whose spec-
trum is lower over the specific range can yield the low-emission from the sheet. Smooth
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Fig. 4.15. Restriction of the amplitude distribution of the electric-evanescent field. The
distribution is divided into three parts. The values of the two transition parts
are controlled and periodic mesh part takes constant value. The distribution
value is always positive.

transition at the ends of the sheet can enable such a spectrum according to knowledge of
window functions in the signal-processing field.

Unlike the signal-processing field, the transition design of the sheet has the following
restrictions: the value of distribution always takes a positive value; the constant part that
corresponds to the periodic mesh part is necessary to couple the coupler and the sheet.
The distribution pattern thus is divided into three section: the two transition sections
and the constant-value section. These restrictions are described in Fig. 4.15.

In the following subsections, two types of patters are examined as a typical window
patterns.

4.5.2 Straight transition

The straight transition is easy to make and useful when it has acceptable suppression
effect. The distribution with the straight transition ws(z) is expressed as follow.

e+3) —fF<e<-F+I
we(x) = 1 —L4i<z<L—y (4.21)
He—)  hoi<a<i

where L and [ denote the sheet length and the transition length. Then the Fourier
transform of w,(z) becomes

L L
Ws(k cosk(—= — 1) — cos ka) (4.22)

2

Eq. (4.22) indicates that the intensity of W(k) decreases in proportion to 1/k% while
1/k with the rectangular window. Therefore, suppression effect is expected with the
straight transition. Fig. 4.16 shows the intensity of W (k) with the following settings:
the sheet length is 0.5 m and the transition length is 0.1 m; the frequency is 8 GHz.

)=
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Compared to the rectangular window, the intensity is low over the angle 6 and decreases
more rapidly.

Fig. 4.17 shows radiated power regarding the length of the transition length with
L = 0.5 m. When transition length is 0.25 m, there is no periodic mesh part. Suppression
effect becomes larger as the transition length is longer and frequency is higher. This is
because electric length becomes longer with higher frequency when a physical length is
unchanged.

4.5.3 Cosine curve transition

Cosine curve windows that smoothly connect two points for example like Blackman-
Nuttall window and Blackman-Harris window [69] yields low side-lobe level. Therefore,

1073
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Fig. 4.16. Intensity of the Fourier transform of the distribution with the straight transi-

tion.
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Fig. 4.17. Radiation power normalized by that of the rectangular window. Suppression
effect becomes larger as the transition length is longer.
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this type of window is also considered to be effective in the 2DC sheet design. Smooth
transition with cosine curve is generally described as below.

al b
= Z an, COS(Q?T;), (4.23)
n=0

where b is the length of the window. Based on Eq. (4.23) , we can describe the distribution
pattern as follows.

ijzoancos(ﬂ(xtié)) —L<ae<—L 41
w(x) = 1 —Lyl<z<L g (4.24)
ijzo an cos(ﬂ(xflié)) % —l<z< %

Note that Y (—1)"a, = 1 and w(xz) > 0 because the amplitude of electromagnetic field
cannot take negative value. Then Fourier transform result W (k) becomes

N

2 . L 2 k*1%a,, . L L

W(k) = z sin k(E —1)+ Z 2 m(sm kE — cosnTsin k(§ —1)) (4.25)
2 L L
= 1;[ T n2 gy (a(k)sinkZ + B(k) sin k(5 — D). (4.26)

Eq. (4.26) indicates that W (k) consists of two terms. Both the factors except sinkZ
and sin k(£ — 1) should be minimized to decrease the intensity of W (k).

As preliminary considerations, the upper limit of suppression is examined with N = 1,2
in this thesis. These orders are commonly used in higher-order cosine windows, like
Hanning-window and Blackman window [69].

When N = 1, each factor of sink% and sin k(% — 1) is described as below.

a(k) = (ag + a1)k?*1? — 12ay. (4.27)
B(k) = —m2(1 — ag). (4.28)

Constraint conditions restrict a value of ag to more than 0.5. Fig. 4.18(a) shows the
intensity of W (k) by changing the value of ay from 0.5 to 1. Parameter settings are as
follows: The sheet length L = 0.5m; [=0.1m; the frequency is 8 GHz. When ag = 0.5,
the radiated power is lowest. This is because the factor of a(k), ap + a1, becomes zero
and the intensity decreases in proportion to 1/k3. In the case of other values, that factor
is not zero and the intensity decreases in proportion to 1/k whose value is the same as
that of the rectangular window. Therefore, when N =1, ap = 0.5 and a; = —0.5 is the
most effective coefficient set. In this case the window function is the same as Tukey taper
[69]. Fig. 4.18(b) indicates the normalized radiated power. As an overall trend, longer
transition length and higher frequency signal yield higher suppression effect.
When N = 2, each factor is described as below.

a(k) = (ag + a1 + a2)k*1* + (=5m%ag — 4n’ay — 72a2) k%1% + 4rtag (4.29)
B(k) = (—57r2(1 —ap) — A72a; + 7r2a2)k2l2 + 47r4(1 —ap) (4.30)

When the factor of k** in a(k), ag + a1 + as, is zero, a; = 0.5 and ag + as = 0.5.
That indicates that the intensity of W (k) decreases in proportion to 1/k3. Since both the
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Fig. 4.18. Property of cosine curve transition with N = 1. (a). Intensity of W (k). (b)

Normalized radiated power with change of a value of ap. When a9 = 0.5,
radiated power becomes lowest.

factors of k21? in a(k) and B(k) does not become zero simultaneously, decrease rate 1/k°
is impossible.

Fig. 4.19 shows the intensity of W (k) by changing the value of ay from 0.375 to 0.625.
When ag = 0.375 or 0.625, the factor of k%I in a(k) and B(k) is zero, respectively.
Although there are no noticeable differences among plots, radiated power becomes lowest
when ag = 0.5. This result is the same as N = 1. Therefore, Tukey window pattern is
the most effective window in the case of N =1 or 2.

Fig. 4.20 shows the intensity of Tukey window pattern with the change of the length
of the transition section. As the straight transition, higher suppression effect is obtained
when the transition length is longer and signals frequency is higher.

Compared to the straight transition, cosine transition has more suppression effect when
the transition length is longer than a certain value, for example 0.05 m with 10.25 GHz
signals as shown in Fig. 4.21. This is because the intensity of the distribution with
cosine transition decreases in proportion to 1/k® whereas 1/k? in the case of the straight
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Fig. 4.19. Property of cosine curve transition with N = 2. (a). Intensity of W (k). (b)

Normalized radiated power with change of a value of ag. When ao = 0.5,
radiated power becomes lowest.

transition. Thus straight transition has more suppression effect when the length is short.

4.6 Possibility of complete suppression

As mentioned in 4.4, decreasing the intensity of the x-axis electric-field distribution in
wavenumber domain over the observable range leads the suppression of the radiation
from the sheet and the effect of the taper is ensured in the former section. The radiation,
however, is still remained. In this section, the possibility of complete suppression is
discussed.

The radiation is completely suppressed when W (k) = 0 in the observable range, from
ks — ko to ks + ko. Two kinds of spectrums that achieve such an condition are considered:
a low-pass filter shape and a band-stop filter shape. The low-pass filter shape becomes
a sinc function in space domain, which has an infinite impulse response. A part of the
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Fig. 4.20. Radiation power normalized by that of the rectangular window. Suppression
effect becomes larger as the transition length is longer.
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Fig. 4.21. Comparison of suppression effect between the straight transition and the co-
sine transition. The straight transition has more suppression effect when the
transition length is short.

sinc function longer than the sheet is truncated due to the finite sheet length and this
process is equivalent to applying the rectangular function to the sinc function. Therefore,
W (k) has values except zero over the observable range although the amount of emission
considerably decreases.

In the case of the band-stop filter shape, the band-pass filter can be interpreted as a
product of an arbitrary spectrum and the band-stop filter as shown in Fig. 4.22, that is,
W (k) = Wy (k) x Wa(k), thus w(t). This relation corresponds to the convolution in space
domain as described below.

w(z') = wi(a') * wa(z') (4.31)

wo(x’) continues infinite length response, thus the complete suppression is also difficult
even with the band-stop filter shape.
Therefore, complete suppression is difficult although almost complete suppression can
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Fig. 4.22. k domain structure.

be achievable.

47 Experiment

In this section, prototype sheets that changing the amplitude-distribution are prototyped
and evaluated to verify the proposed method. First, designs of the prototyped sheets and
the performance estimation are described. Then, the suppression effect is evaluated and
compared with the model and the simulation.

4.7.1 Sheet design

The former section clarified that the distribution of the electric-evanescent field amplitude
is involved in the suppression of the radiation. In order to achieve a required distribution
with an actual 2DC sheet, the relation between the distribution and the sheet structure
is necessary. That relation is difficult to directly obtain, however, is acquired by using
a sheet impedance o [22], that is the electric property of the inductive layer of the 2DC
sheet. This is because the evanescent field is determined by the sheet impedance and the
sheet impedance is also changed by a sheet structure.
The sheet impedance is defined as below.

O‘ER—F_]'XE%, (4.32)
I
where R and X denote a resistance component and a reactance one of a 2DC sheet whereas
FE, and I, are an electric-evanescent field and a current density in the x-direction, which
is the direction where signals propagate. In the case of a good conductor, a resistance
component R is nearly equal to zero. The sheet reactance X is changed by a mesh
structure of the sheet. Therefore the relation between the mesh structure and the sheet
reactance is necessary to design the low-emission sheet.
The sheet reactance X is calculated with the following equation [66].

2
X = ,ughcu(e——2 - 1), (4.33)
T

where g and ¢y denote the magnetic permeability and the light-velocity in space whereas
c is the light-speed in the sheet. h and €, also represent a thickness and a relative
permittivity of the dielectric layer. c is calculated with a wavelength in the sheet A that
is numerically obtained by an EM simulation. The following simulations are conducted
to obtain A with a change of the mesh structure. Then the relation between the sheet
impedance and the mesh structure is calculated.
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Fig. 4.23 shows the simulation model. The model is one-period sheet model. The mesh
pitch and width parallel to the y-axis is 4 mm and 1lmm. A thickness and a relative
permittivity of the dielectric layer is 1 mm and 2.1. An aperture width w of the mesh
along the x-axis is changed from 0 mm to 1.5 mm. In other words, the width of the mesh
line parallel to the x-direction is changed from 1 mm to 4 mm. When the aperture width
w is 0 mm, the model is equivalent to a parallel plated waveguide. A signal source is
set at the boundary of model in the x-direction and a perfect wave absorber is set at the
opposite side.

Fig. 4.24 shows the simulation results. The sheet impedance X plotted in the vertical
line is calculated with Eq. (4.33). In addition to the simulation results, higher-order
functions are also plotted. The forth order function fits the results the best. Therefore,
we approximately obtain the relation between the sheet impedance and the mesh structure

as below.
X ~ 1.85w. (4.34)

The relation between the sheet structure and the distribution of the electric-evanescent
field is acquired based on Eq. (4.34) and the relation between the sheet impedance and

Signal propagation y
1 mm 3mm Z (I)-’ X

\

HH]:H HFHJ o

Aperture W|dth w

Waveguide port Perfect microwave absorber

Fig. 4.23. Top view of the model One-period structure is modeled and aperture width w
is changed from 0 mm to 1.5 mm. When w = 0 mm, the model is equal to a
parallel plate waveguide. The signal source is set at the boundary of the model
and a perfect microwave absorber is set at the opposite side. Therefore, no
reflection happens.
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Fig. 4.24. Simulation result. A trend with a change of aperture width of the sheet fits
the forth order function.
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the evanescent electric-field [70] and enables the sheet design that achieves the evanescent
electric-field distribution for low-emission. In this paper, the Tukey-window-shape distri-
bution is examined. The simulation model with Tukey window shape taper is shown in
Fig. 4.25.

Fig. 4.26 shows the evanescent electric-field distribution, which is calculated with the
EM simulation data just above the sheet. Each plot is the averaged value over the mesh
pitch, 4 mm as shown in Fig. 4.27 because the electric property of the 2DC sheet is
equivalent to average property by the mesh pitch from the macroscopic viewpoint when
a wavelength of signals in the sheet is longer than the mesh pitch. The simulation result
roughly fits the theoretical line of Tukey-window-shape. The sheet design based on Eq.
(4.34), thus achieves control of the evanescent electric-field distribution.

Based on these considerations, the design of the prototype sheet is determined as shown
in Fig. 4.28: the sheet length is 500mm; a mesh pitch and a line width is 4 mm and 1 mm,
respectively; the area 10.5 mm from the sheet edges are metal part, which is used as an
area to attach a copper tape for boundary shorting; the area 100 mm from the metal part

\
e e e o ) ) [ ) [ [ [ [ [T

Fig. 4.25. Simulation model with Tukey window shape taper.
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Fig. 4.26. Average electric-evanescent field of the Tukey-window-shape mesh strucutre.
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Fig. 4.27. Averaged block used in Fig. 4.26. From the macroscopic viewpoint, the 2DC
sheet shows the average property by the mesh pitch when a wavelength in the
sheet is longer than the mesh pitch.
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Fig. 4.28. Prototype sheet design. The added structure at the sheet edge achieves the
Tukey-window-shape electric evanescent field. The enlarged diagram is the
picture of the prototype sheet.

is a taper part. Tukey-window-shape, that has sufficient suppression effect with 100-mm
length are implemented at the sheet edge.

EM simulations are condcuted to evaluate the performance of the proposed method
with three type sheet: an open-edge sheet, a short-edge sheet, and a prototype sheet with
the Tukey-window-shape taper. The common specification is as follows: the sheet size is
500 mm x 500 mm; the material of the two conductive layers and the dielectric layer is
aluminum and polypropylene; the thickness of the dielectric layer is 1 1mm. The taper
length is set as 100 mm. Fig. 4.29 indicates the simulation results regarding the radiation
efficiency, which shows the ratio of radiated energy to input energy, and maximum antenna
gain. The prototype sheet achieves the lowest value in both the indexes over almost all
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(a) (b)
Fig. 4.29. Performance comparison of 3D sheet models with EM simulations. (a). Radi-
ation efficiency, which indicates the ratio of radiated energy to input energy.
(b). Maximum antenna gain. Both the results show that the prototype sheet
reduces the radiation from the sheet over almost all the UWB band.
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the UWB bandwidth. This fact indicates that the proposed method is effective to reduce
the radiation from the sheet.

4.7.2 Measurement method

The schematic diagram of the measurement setup is described in Fig. 5.6. The radiated
power is measured in an anechoic chamber with a wideband antenna that is placed at 3 m
away from the sheet. The sheet is set on a turntable and rotated by one degree regarding
an elevation angle 6. An azimuth angle ¢ is set at 0 degree. The feeding to the sheet is
conducted with the coupler set under the sheet like the former section.

4.7.3 Measurement result

Fig. 4.31 shows the antenna gain at four frequencies, 7.25 GHz, 8.25 GHz, 9.25 GHz, and
10. 25GHz. Compared to the simulation result of the same structure model, the antenna
gain of the prototype sheet is similar to that of the simulation. The desired performance
is considered to be achieved by the prototype sheet.

Fig. 4.32 shows the comparison of the antenna gain between the prototype sheet and
the shorted sheet without the taper. Although the antenna gain of the prototype sheet is
decreased more steeply than that of the shorted sheet at 7.25 GHz and 8.25 GHz, little
difference between them is observed at 9.25 GHz and 10.25 GHz. The wavelength of both
the two frequencies is comparable or smaller than the size of the feeding coupler set at
the back of the sheet. This can influence the results.

From these experimental results, the usefulness of the proposed method is ensured.

Anechoic chamber

VVVAVVVVVA

2DC sheet Double ridged

horn antenna
g

4

t—

3m

=

VNA

Fig. 4.30. Measurement setup. The prototype sheet and a receiver antenna is placed at
the interval of 3 m in an anechoic chamber. The sheet put on a turntable is
rotated by one degree. A short-edge sheet with no taper is also examined as a
reference.
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Fig. 4.31. Measurement results of the antenna gain of the prototype sheet along an ele-
vation angle 0, 0-180 degree at an azimuth angle ¢ = 0. (a). 7.25 GHz. (b).

8.25 GHz. (c). 9.25GHz. (d).

10.25 GHz. The measured antenna gains are

similar to the simulation results of the prototype sheet model.
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4.8 Conclusion

In this chapter, we proposed the suppression method of the radiation from the 2DC sheet.
First, the radiation measurement showed that an antenna gain of the sheet with only a
periodic mesh pattern is about —13 dB. This result shows that the 2DC sheet is immune
against aerial radio signals, but receives them to a certain extent. Since multiple tiles are
implemented in an actual tile system, the tile system becomes less immune.

To solve the radiation problem, we modeled the radiation mechanism from the 2DC
sheet. The model indicates the electro-magnetic field is generated by the evanescent
electric-field.

Then, the suppression method was presented. The proposed radiation model can be
interpreted as a Fourier transform of the distribution of the evanescent electric-field along
the direction where signals propagate on the basis of approximation that the observation
point is distant from the source point. The magnetic field observed at a far-field is a part
of the distribution in wavenumber domain. Therefore, decreasing the intensities over the
range enables suppress of the radiation from the sheet. These model was well matched
to EM simulation result. When the amplitude transition of 10 cm along cosine curved
distribution at the sheet edge, the radiation is suppressed by 30 dB. Such a low emission
sheet enables higher immune to aerial radio signals and reliable communication.

To verify suppression effect, we fabricated the prototype sheet that equipped with the
Tukey-window-shape taper at the edge. The measurement results shows that the antenna
gain becomes smaller than that of the shorted sheet without the taper. Therefore, the
sheet with the proposed method enables the tile system to be more immune against radio
signals in space.
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Chapter 5

Positioning method with the tile system

5.1 Significance of indoor positioning

Recently moving devices like robots and smart phones have been increasing. Given that
information related to the position of a device is offered, applications like navigation and
route tracing are possible. In an outdoor environment, the global positioning system
(GPS) has already offered the device position with sufficient accuracy, however, it gen-
erates large errors in an indoor environment because line-of-sight transmission between
receivers and satellites are not ensured. In addition, signal propagation inside a room is
more complex than in an outdoor environment due to multipath effects by objects like
walls and furniture, and change of propagation characteristics by moving objects and
people. Therefore, an indoor positioning system is strongly demanded and has attracted
research interests in recent years.

5.2 Related works

At the present, many positioning methods are presented for example infrared, ultrasound,
WLAN;, Bluetooth, radio-frequency identification (RFID), and UWB [71]. Traditional
principle of positioning is triangulation, with which the device calculates its position with
information like time-of-flight(TOF') or received signal strength (RSS) from at least three
devices whose position is known. In Wi-Fi fingerprint-based method [72], the device
estimates its position by comparing the received signal to the received-signal database
that is recorded beforehand at the same environment. RFID based method provides the
position directly.

Positioning techniques are classified into three types with regard to the architecture.
One is self-positioning architecture. In this system, the device connected to a system
calculates its own position with receiving signals, for example, the fingerprint technique.
Other is infrastructure positioning in which the infrastructure like APs detects the position
of devices in their coverage. The other is self-oriented and infrastructure-assisted. In this
architecture, device positioning is conducted only when the device send a request to the
infrastructure.

Another classification perspective is whether an additional hardware is necessary or
not. For example, no additional hardware is required in Wi-Fi-based positioning whereas
necessary in positioning with ultrasound to both a device and an infrastrucuture. From the
viewpoint of cost and implementation, the techniques that require no additional hardware
are favorable.

There are many criterion to evaluate positioning techniques, for example, cost, accuracy,
and robustness [71], especially, accuracy is important. Although positioning accuracy
depends on an application, generally the meter-level accuracy is required in commercial
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use [72]. Each system has advantages and disadvantages. The positioning system is
designed depending on requirements of an application. In some cases, a single technology
is employed and in other cases multiple technologies are combined. Although at least
three access points (AP) are necessary for a triangulation technique and a fingerprint one
with Wi-Fi signal, the positioning technique named Chronos [73], with which position
detection with decimeter-level accuracy is achieved with a single AP, has been developed.

5.3 Strategy

The tile system consists of multiple tiles, in other words the system is separated into the
same size units. The strategy in this thesis is to distinguish tiles where a device is placed
on, that is, to assign an identification to each tile, named tile ID as shown in Fig. 5.1(a),
and recognize the device position by relating an identification of the device, device 1D,
with a tile ID. The accuracy of this strategy is the inverse of square root of a tile length, for
example, about 35 cm with 50-cm square tile. This value is better than that of Wi-Fi-based
technique and is comparable to that of Chronos. Other advantage of this technique is that
the effect of a room environment like objects is negligible because signals propagate in the
tile system. That contributes to the robustness of positioning. In addition, the tile system
achieves both positioning detection and high-speed communication. The restriction of this
strategy is that position is detected discretely.

As mentioned in 5.2, there are the three architectures for position detection. The self-
oriented and infrastructure-assisted architecture is considered as a kind of self-positioning
one because position calculation is conducted by a device. The two architectures, self-
positioning and infrastructure positioning, applied to the tile system are shown in Fig.
5.2. A circuit for positioning (CP) is added to the base layer in both cases. This reason
is in the following. Since signals are amplified to keep intensity, the AP is unable to
distinguish the tile position only with RSS. Therefore, the additional circuit is necessary
in the base layer to add the difference to the tiles.

In the self-positioning as shown in Fig. 5.2 (a), the CP transmits its tile ID to the 2DC
sheet then the device on the tile receives signals and obtain their position. Although this
architecture is simple, the CP is required to always transmit signals even if no devices are
put on the tile. The device on the tile is also necessary to be equipped with the specialized
protocol to interpret the ID signal. In the case of the infrastructure positioning as shown

Device ID: 02

Tile ID: 24 Device ID: 01

-
[|o
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Access point /
! %

(i [ J ] J 1 I I I

r 4 .
Tile ID: 01 TileID: 02 TileID: 03 wes Tile ID: 09

Fig. 5.1. Concept of position detection with the tile system. Since the tile system is
separated into multiple tiles, device position can be detected by assigning an
identification to each tile (Tile ID) and relating the ID of the device with tile
ID where the device is placed on.



76 Chapter 5 Positioning method with the tile system

~— Device ﬁ ,_| ’_|

| | | : |
Device ID —

Tile ”?:ﬁ :ﬂ Tile ID + —

’—'7 E Device IDﬂ @I——rl;
: o]
Circuit for positioning

(a)

Fig. 5.2. Positioning architectures with the tile system. (a) Self-positioning. (b) Infras-
tructure positioning.

in Fig. 5.2 (b), signals from the device are separated into two routes and one is connected
to the CP. The CP procures the device ID and transmits information of the tile ID and the
device ID to the AP. Then, the AP obtain the device position. The specialized protocol is
not required to the device on the tile. In this thesis, the infrastructure-positioning system
is developed from the viewpoint of easiness to utilize the system.

5.4 Structure

5.4.1 Tile ID assignment

When the number of the tiles are a little, the tile-IDs can be assigned beforehand with
realistic cost and the structure shown in Fig. 5.2 (b) is available. In the case of a large
scale tile system, however, prior ID-assignment costs much, thus an algorithm for the
assignment is necessary. In the tile system, the algorithm that the AP is required to send
ID information to a specific tile that does not have an ID is possible. Under the structure
in [59], such a transmission is difficult because the tiles receive identical signals. Thus an
additional propagation path for ID assignment is necessary.

Fig. 5.3 shows one possible structure based on [59]. The thick line in Fig. 5.3(a) is
the additional path for ID related signals. The CP receives a part of the signals from the
2DC sheet and transmits signals to the path for ID. As shown in Fig. 5.3, the AP and
the CPs on the path are linked together via power splitters. When the destination tile is
distant from the AP, signals are hopped by the tiles. The procedure of ID assignment is
in the following. It is assumed that the number of tile is N and the IDs are from one to
N.

1. The AP transmits the ID assignment signal for ID = n with hop limits of n where
n—1<N.

2. If the CP receives the signals with hop limits of more than one, it decreases the hop
limits by one and transmits the signals.

3. If the CP receives the signals with hop limits of zero, the CP recognize its tile ID
=n.

4. The CP whose ID has been determined as n transmits the signal with hop limits of
n-1 as an acknowledgement to the AP.

5. The AP receives the respond from the tiles, then repeat (1)-(4).

6. If the CP whose ID has not been determined yet receives the respond signal, it
discards the signal.
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Fig. 5.3. Tile system structure with the path for ID related signals. (a). Overall structure
based on [59]. The thick line indicates the additional path. (b). Connection
among the AP and the CPs. The AP and the CPs are linked together via power
splitters and signals are hopped by each CP when the destination tile is far
from the AP. The AP assigns tile ID regularly from the tile nearer to the AP
by sending tile-ID assignment request including hopping limits. The CP that
receives the request responds to the AP by hopping signals, then the ID is fixed.
(b) is the case of ID = 2.

5.4.2 Requirement terms

One of the evaluation criteria [71] is precision, which includes false detection. Since the
AP, the tile, and the CPs are connected via power splitters, false detection would occur
unless signal intensity is designed properly.

A n-port splitter splits signals to n output ports. Fig. 5.4 shows the case of n = 2.
Although the isolation between port 2 and port 3, S23, is ideally negative infinity, it is
about —20-—30 dB in practice. This fact indicates that a part of signals are propagated
through an unintentional path, from one output port to the other output port. If the SNR
of signals passing through the undesirable path like a red dashed line shown in Fig. 5.5
is more than the minimum receive sensitivity of a communication module, the CP in the
neighboring tile successfully receives the signals and false detection is caused. Therefore,
SNR of signals for position detection is necessary to be adjusted to less than

3521 + S23. (5.1)

If this criterion allows only a low SNR, which causes high bit error rate that leads
to false device-ID detection, the position detection with the tile system is not practical.
Measurement of the criterion value with a preliminary setup is conducted. The measure-
ment setup is shown in Fig. 5.6. Only the connection related to the path for ID, which is
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Fig. 5.4. Isolation property of a power splitter. Although the isolation S23 is ideally
negative infinity, in practice S23 is —20——30 dB. A part of the signals are
propagated from port 2 to port 3 or vice versa.
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Fig. 5.5. Detailed connection of the tile system with ID signal path. Since a part of
signals are propagated from one output port (port2 or port 3 in Fig. 5.4) to the
other output port, an undesirable path is formed as shown in a red dahsed line.
If the SNR of the signal that reaches the CP in the neighboring tile is more than
a minimum receiving sensitivity, false detection is caused.

described with a dashed line in Fig. 5.5 is implemented. A power splitter manufactured
by Mini-Circuits, the model number ZX10-2-98-S+, is used. The input port that is con-
nected to the 2DC sheet is connected to port 1 of the VNA, Rohde & Schwarz ZNB-20;
port 2 and port 3 of the VNA are connected to the CP and the CP in the neighboring tile,
respectively. Transmittances, S21 and S31 are measured from 7.25 GHz to 10.25 GHz.
Unnecessary ports are terminated.

Fig. 5.7 shows the measurement result. Since the minimum value between S21 and S31
is —27.6 dB at 10.2 GHz, the SNR of signals that propagate to the path for ID related
signals is necessary to be lower than 27.6 dB. The SNR of 27.6 dB achieves sufficiently
low bit error rate, 10~%, with the modulation of 16 QAM. Therefore, position detection
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Fig. 5.6. Measurement setup. Only ID related part, which is described with the dashed
line in Fig. 5.5, is implemented.
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Fig. 5.7. Transmittance from the input port to the two CPs. Port 1 corresponds to the
port from the tile and port2 and port 3 correspond to the CP.

with the tile system is viable. The SNR of signals transmitted from the CP also have to
be lower than 25 dB to prevent hopped signals from reaching over the neighboring tile.

5.5 Experiment

The positioning method is examined to ensure the feasibility of the principle. The ex-
perimental setup consists of the AP and two tile-units without the repeater circuit and
the communication path as shown in Fig. 5.8. The tile size is 50-cm square meter; the
materials of the 2DC sheet is the same as that of the former section; the 2DC sheet
edge is shorted with copper tapes. The experiment was conducted with 2.4 GHz signals,
not UWB signals because establishment of the experimental setup is easier with 2.4 GHz
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Fig. 5.8. Experimental setup.

devices. This difference is not the critical problem regarding principle verification. The
coupler for 2.4 GHz [22] is employed. Arduino is used as the device on the tile, the CP,
and the AP; XBee-PRO manufactured by Digi International K.K., which is a commercial
wireless module operating with 2.4 GHz and operates with ZigBee protocol, is used to
enable Arduinos to communicate among them with radio frequency signals.

The device on the tile transmits the signals including data and its ID to the tile by
three seconds, then the CP receives the signal and transmits a signal to the AP. Finally
the AP receives the signal from the CP and the PC displays both the device ID and the
tile ID.

Fig. 5.9 shows the transmittances under the experimental setup from the coupler of the
device to the CP in the tile where the device is put on and from the coupler to the CP of
the neighboring tile. The highest transmittance of the undesirable path and the minimum
difference value between the transmittance of the normal path and that of the undesirable
path is —67 dB and 12.6 dB, respectively. Since output power of XBee is 10 dBm in
the weakest case, the SNR of the signal reaching the neighboring circuit through the
undesirable path would be —57 dB, which is higher than the receiving sensitivity of —101
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Fig. 5.9. Transmittance measurement with the experimental setup. (a). Schematic dia-
gram of connection. (b). Measurement Result.
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dBm [74]. Thus the attenuator of 46 dB was equipped with the coupler to decrease the
SNR of the signal at the circuit in the neighboring tile less than the receiving sensitivity.

Fig. 5.10 shows the experimental result. In the successful case, the tile system correctly
detects the tile ID where the device is put on and the tile ID changes when the device
moves to the other tile. On the other hand, when the attenuation at the coupler is 20 dB,
that is, the SNR becomes higher than the receiving sensitivity, the two CPs detect the
device simultaneously as shown in Fig. 5.10(b). Therefore, the position detection with
the tile system is feasible by designing the signals intensity property.

5.6 Conclusion

In this section, we proposed the positioning method with the UWB 2DC tile system. The
proposed method utilizes the physical property of the tile system that the networked area
is separated regularly. The discrete position detection with the accuracy of inverse of
square root of a tile length is feasible by distinguishing the tile where the device is placed
on.

Since the tiles are an identical composition, a circuit for position detection is necessary
to add the distinction to the tile. The requirement of the proposed method is to adjust
the signal intensity to prevent the neighboring tile from receive signals from the device
put on the tile. An additional signal path is also necessary to assign ID to each tile when
automatic ID assignment function is necessary. The experiment indicated that the device
position was successfully detected by adjusting the signal intensity properly. Therefore,
the position detection with the tile system is feasible.
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Chapter 6

Conclusion

In this thesis, we proposed an indoor communication system by a UWB 2DC tile. This
tile system enables a 2DC network area to be freely extended by placing the tiles side by
side without special skills and tools. The properties of 2DC and a shorted-edge waveguide
that generates standing waves enables stable UWB communication despite low transmis-
sion power density. Moreover, high data rate and reliable communication is ensured by
clarifying signal transmission properties and establishing a suppression method of radia-
tion from the sheet. In addition, device positioning with high accuracy of the inverse of
square root of a tile length is feasible.

In Chapter 2, the concept of a UWB 2DC tile was presented and factors to achieve the
system was listed. Preliminary experiments showed that transmittances measured at six
points on the 2DC sheet are —40 dB or more in more than 90% bandwidth of the UWB
high-band. Effect of thickness is also evaluated and up to 10mm-thick dielectric layer,
SNR is kept more than 20 dB. Since thickness of some commercial carpets are 6 mm,
communication via the tile system is possible with a generally available material. From
these results, feasibility of the tile system is ensured.

In Chapter 3, we clarified and modeled signal transmission properties of the 2DC sheet,
which are necessary to design a physical layer protocol. Since a sheet shape is a precise
square, propagation paths of multi-reflected signals are identified by placing imaginary
sheets side by side. A RMS delay spread calculated based on the model was well matched
to that of an EM simulation. Measurement results of the properties of a single tile showed
that the RMS delay spread is mainly distributed from 4.2 ns to 5.76 ns. These values are
shorter than that of a proposed UWB channel model of NLOS (non line-of-sight) that is
inevitable in an indoor environment. Then we evaluated the delay property of the entire
tile system. From signal propagation model, signals theoretically propagate at most two
tiles. Numerical calculation showed that a RMS delay spread of the entire system is 1.41
times longer than that of one tile regardless of the system size. This relation is consistent
with measurement results. These results enable a physical layer protocol design of the tile
system. Since the delay spread value is shorter than that of aerial wireless communication,
higher data rate is achievable by optimizing a symbol rate.

In Chapter 4, a suppression method for radiation from the sheet was proposed. We
clarified that a magnetic field at a far-field zone corresponds to a part of a Fourier trans-
form of an amplitude of an electric-evanescent field and an observable range is determined
with the wavenumbers in space and the sheet. Therefore, decreasing intensities of the
power spectrum of the amplitude over the range yields suppression of the radiation. This
model shows reasonable agreement with an EM simulation. Two kinds of the amplitude
transition are examined. Both transition reduce the intensities within the range. The
examined cosine curved transition decreases the radiation by 30 dB when its length is 100
mm. From the results, control of the amplitude distribution suppresses the radiation and



83

enables reliable communication.

In Chapter 5, positioning principle with the tile system was presented. The physical
property that the tile system consists of multiple separated tiles is utilized. Although the
additional circuit and signal path are necessary, device positioning with the accuracy of
the inverse of square root of the tile length is possible. The principle was verified with
the preliminary experiment.

From these results, high-speed and reliable indoor communication system that includes
positioning function is achievable with 2DC tiles. This system enables a stable communi-
cation even with the vast number of devices and can provide more convenient services.

Through the thesis, a prototype specialized coupler were used to evaluate the system.
When another coupler with different properties is used, obtained data are changed from
this thesis. However, the results of the thesis show that even the system that is established
with the available components has favorable properties for high-speed communication and
is useful as a reference for further development.
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