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Abstract

Microwave frequency band of ultra-wideband (UWB) wireless networks such
as wireless body area network (BAN) overlaps with those of existing radio
networks such as 3G, 4G, and 5G cellular networks, so coexistence strategies for
UWB networks, i.e. secondary users in radio regulation should be considered to
ensure the performance of such existing licensed wireless networks, i.e. primary
users to satisfy radio regulation.

This study proposes our defined integrated terminal equipped with com-
munication capability of both secondary UWB and primary cellular networks,
which can retrieve channel state information of cellular network and also con-
trol transmission power of the UWB system. The proposed system can more
accurately and precisely control the transmission power of the UWB network,
so that its interference to the primary network can be kept below the permissible
level of radio regulation while maximizing the communication opportunities of
the UWB network at the same time, although a conventional UWB network has
been simply switched off to avoid interference to a primary network in case of
detecting a primary signal, so-called detection and avoidance (DAA).

The proposed integrated terminal can perform a gateway or common base
station between primary cellular and secondary UWB ad-hoc networks to mon-
itoring both giving and getting interference from UWB to cellular terminals. The
proposed transmission power control scheme achieves cognitive and collabora-
tive sensing of such interference in a channel.

Moreover, this study also proposes and investigates another control scheme,
which is to control a length of spreading sequence of direct sequence UWB (DS-
UWB) without spreading frequency bandwidth, in order to improve received

UWRB signal level with processing gain different from spreading gain.
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Abstract ix

These results can contribute to harmonization between primary and sec-
ondary co-existing wireless networks which lately UWB has been applied for
iPhone 11 and other smartphones, automobile key-less entry system, and med-

ical BAN while solving mutual interference problems.



HoFEL

MR T 4 Y 7% v s V—2 (BAN) 72 ¥ D@BILHFIER (UWB) 4 v + v —
IWERT 5~ 4 7 aiRORBEEGE X, 3G 4G - 5GELT—Hy T =T
COBEOHEMR S v bV — I BMERT 2 WIRE EiR B2, 2D XD RBHFEOR
AR Y YV =2 THRLB I XKAHDZ—F —DRT + —< V ZAZRFET % &
5. ERIEHNC X 2 UWB % v bV —27 OFIERAE B I N THUIR S0,

A TIE, LT =3y b7 =7 DF ¥ 3OVIREEREZIIF L. UWB > X7
LDEEBHEZHIETE 2, 2XAHDOUWB £ 1 XFHDOE LS — %y b7 —2
DM OBEHRELIH R T MEMAR T ER L. IR T 5, IEROUWB v b7 —
T IR A Y b7 =26 DESEME LIGE, 1 RFFA Yy b7 =2
DT Z AT 27012, BAIERFEZIED 5 Z 21T L, 2R SN X7 A3,
MEWMARDS 1 XFHE LT =3y b —=Z L 2KFAHUWB Ry h V=27 D7 —
by x4 GHEFEMFE D & S REEIR R THAR) e kD, LT =R (A~ — b
7 4 V72 ) Y UWB SR 5321 TV 3 T L LB S AR H T UWB SR
WInZ, EEBHEZERE LOFEEHFICMZ 2 L5, UNBA vy hT—27DE(E
BHE XD IEMEPOBEICHIETE 2725, 1 XFH Ay b7 —2ADTH% R
FHIOFFE L XV RENRE D 5, FIFHZ UWB v bV — 27 OEEREL X
N—"T"y bR ¥ o@EENEEERAIETE S,

MEMWARIZ, 1R 2XFA Ay b v —27 QR RGIEEEOR%E 2 R U,
Gy b= DEEIERICE AL &Y, BRI oW TBE S
THEEMICIERL, *y bV =2 2RO TFBRELZERRT 207 =7 4+ THER
FEMLET 2, HAERKICE DEAR Y bV —2 OREIMAR OB TSR
T ARG EMEICHEE L. BT oS OHIF T UWB ity h v —20
PERE % S B IC O T = 2 BRELEICALE R e LT, EEFEHIE, X5 2FH

Bi% [T 2 RAERIENC & b, BIREEICHEIL L C 1 Ref] LRI 2 3K o B
WAL DFRH LR EEICHIE A X2 ER L. TR & Rtz 85 %,



HHEL xi

ARBFFER R, Fal D UWB RS R 7 2205 2 BIRIESUE I fE W, iPhone
1IBREDAY— 7+ YRHHHEOF—L AT =DV L—7 X v XK R
YORE, BEHEED S, EREH BAN & ¥ OERZEFIC UWB SRR A <
I XN BEAENCBNT, SR UWB S AT AL RFHFS AT LERENDOLF 2
TICEENGER T2 Z iz, MO THIMTH 5,



Chapter 1

Introduction

Recently, much attention has been drawn to ultra-wideband (UWB) wireless
ad-hoc networks, which have advantages of high immunity to interference,
high reliability from the ability to operate with low signal-to-noise ratios (SNR),
simple transceiver architecture, high precision positioning, and large channel
capacity [1]. Because of this, several international standards on UWB have been
established, such as IEEE 802.15.6 Wireless Body Area Network (WBAN) and
IEEE 802.15.4z Enhanced Impulse Radio UWB for Ranging and Positioning [2],
and various UWB radio systems are being introduced in various fields, such
as consumer products including iPhone 11 and iPhone 11 Pro, remote keyless
system in automobiles [3], patient monitoring systems for medical care, and so
on.

The UWB radio system operates at a ultra-wide microwave frequency band,
as its name implies. Some part of the frequency bands overlap with the bands
allocated to other existing radio systems such as 3G, 4G and 5G cellular networks
[4]. Therefore, it is necessary to apply coexistence strategies to ensure the
performance of the existing radio systems [5], [6].

Some of these coexistence strategies are embodied in the Radio Law, regulat-
ing the operation of UWB radio systems. For example, regulations in regions
including Japan and the EU require UWB radio systems to be equipped with a
Detect and Avoid (DAA) procedure. According to the DAA procedure, UWB
radio systems must detect the presence of other systems in the overlapped fre-
quency band before transmitting any signal, and limit their transmit power

spectrum to -70 dBm/MHz if other systems are detected [7].

1=



Chapter 1. Introduction 2

In Japan, this regulation included not only the transmission power limitation
of UWB terminals, but also the prohibition of outdoor use, which has placed
excessive restrictions on the UWB radio system and has been an obstacle to the
popularization of the UWB radio system. However, through the recent revision
of the Radio Law, UWB radio systems can be used outdoors, and in addition, a
revision to widen the frequency band that can be used outdoors is in progress
[8]. Therefore, it is expected that the restrictions imposed on the UWB radio
system will be eased in the future, and through this, it is expected that the UWB
radio system will be more actively introduced in a wider variety of fields, such
as transportation, logistics, and retail, as well as communication, automobile,
and medical care.

On the other hand, with the popularization of UWB radio systems, research
and development of coexistence technologies with existing license systems, es-
pecially cellular systems, which have already been widely used, is urgently
needed.

Various coexistence strategies have been studied [9] [10], and most of these
works assume only carrier sensing of the coexisting primary licensed system.
Then, UWB systems can have only a limited amount of information about the
victim system, and vice versa. For example, in a conventional DAA, the UWB
system simply detects if the signals of cellular network are present or not because
the UWB system cannot accurately detect how much level of UWB transmitted
power is interfering in cellular receivers, thus detection error occurs inevitably.
This error may result in excessive interference which is not permissible for the
cellular network, or deprivation of the communication opportunity for the UWB
system.

In this paper, we define and propose the Integrated Terminal equipped
with both secondary UWB and primary cellular systems like a cellular phone
equipped Wi-Fi and Bluetooth as well as the cellular system, which can play a
role of a gateway between primary cellular and secondary UWB networks to
know more channel state and transmitting and receiving power balance between

these networks. In fact, Apple released iPhone 11 and 11 Pro in which UWB RF
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device Ul has been equipped for localization of other terminals or handsets of
iPhone 11 and 11 Pro. This means that our defined integrated terminal can be
available in practice with minimum modification. The aim of this study is to
control the transmission power of the UWB system accurately cognitive to co-
existence of cellular and UWB systems, so that the UWB inference to the victim
cellular system can be kept below the permissible level while maximizing the
communication opportunities, i.e. throughput of the UWB system at the same
time, by sharing the information of the interference received by the cellular
system with the UWB system and control the transmission power of the UWB

terminals in real time.

1.0.1 Thesis overview

This paper is organized as follows. In Chapter 2, the coexistence problem
between UWB system and cellular system is described. The conventional coex-
istence strategies are also explained in this chapter. In Chapter 3, the concept of
the Integrated Terminal is introduced. What is possible by using the Integrated
Terminal is also explained in this chapter. In Chapter 4, the proposed trans-
mit power control algorithm is presented, and the performance is evaluated
in Chapter 5. In Chapter 6, the proposed spreading sequence length control
algorithm is presented. Finally, Chapter 7 concludes this paper and provides
directions of future works. The relations of these chapters can be found on

Figure 1.1.
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Chapter 2

Coexistence problem and
conventional coexistence strategies

In this chapter, the coexistence problem of ultra-wideband radio system and

cellular network covered in this paper is explained.

2.1 Ultra-wideband radio system

Ultra-wideband (UWB) radio system, as its name implies, refers to a radio
system that operates at an ultra-wide frequency band when compared to a
conventional narrow-band or wide-band radio system. Here, the term “ultra-
wide” specifically means that the difference between the highest frequency and
the lowest frequency exceeds 500 MHz (2-1), or the fractional bandwidth is
equal to or greater than 20% (2-2), which is obtained by dividing the difference
between this frequency by the center frequency. Figure 2.1 shows the conceptual

diagram of the energy spectrum of UWB.
fu — fr > 500[MHz] (2-1)
fo_ T 5 09 (2-2)

A UWB radio system has several characteristics because of its ultra-wide

frequency band.

e high immunity to interference
As illustrated in Figure 2.1, a UWB radio system distributes its signal

energy over an ultra-wide frequency band. Therefore, the interference

—5-—
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Figure 2.1 Energy spectrum of Ultra-wideband

caused by the UWB radio system is only as high as the noise level at the
existing radio systems, and thus does not significantly degrade the quality
of existing radio systems. In addition, since the interference caused by the
existing radio system is limited to only a small part of the frequency band
used by a UWB radio system, the UWB radio system is not significantly

affected by the interference caused by the existing radio system too.

large channel capacity

As Shannon’s theorem (2-3) shows, the channel capacity of a communica-
tion system is proportional to the bandwidth B. Therefore, in spite of the
low energy spectrum and thus low signal-to-noise ratio, the large channel

capacity can be realized by using an ultra-wide bandwidth.

S
C = Blog?2 (1 + N) (2-3)

One of the common methods of implementing ultra-wideband radio is emit-

ting signals in very short pulses in time, instead of using carrier wave. This

kinds of UWB systems are called impulse radio UWB (IR-UWB). The concep-

tual diagram of the IR-UWB signal is shown in Figure 2.2.

In addition to the characteristics of UWB described above, the IR-UWB has

following features.
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»
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JaNTaN ya N a NI
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Time

Figure 2.2 Example of IR-UWB signal

e high precision positioning
An ultra-wide bandwidth in the frequency domain means that the signal
using the bandwidth changes rapidly in the time domain. In IR-UWB,
this results in a very short time duration of each pulses. Because of the
short time duration, the high time resolution can be achieved, which is
advantageous when used on ranging. This characteristic is useful not only
for radar applications, but also for positioning application, because the

high-precision positioning can be possible.

e simple transceiver architecture and low power consumption
Generating and decoding the IR-UWB signal can be realized with a simple
electric circuit, compared to that of the orthogonal frequency division
multiplexing (OFDM) signal, because the circuit does not require Fourier
transform or inverse Fourier transform processing. This makes it possible
not only to manufacture the IR-UWB module at a low price, but also to

lower the power consumption of the module.

Because of these characteristics, various UWB radio systems are expected to
be introduced in various fields such as medical, transportation, logistics, retail,
factory, and infrastructure as well as communication. There are international

standards for UWB such as IEEE 802.15.6 Wireless Body Area Network (WBAN)
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which is targeted to medical use, and IEEE 802.15.4z Enhanced Impulse Radio
UWB for Ranging and Positioning. Applications such as iPhone 11 and iPhone
11 Pro, remote keyless system in automobiles, and the medical body area net-

work (BAN) are already available on the consumer market.

2.2 Coexistence problem and Cognitive Radio

Radio spectrum is a valuable and limited resource. As the internet of things
(IoT) era approaching, where various devices have wireless communication
feature, the lack of unoccupied frequency bands for novel radio system has
emerged as a real problem. Cognitive radio (CR) technology that recognizes the
surrounding environment and configures its own radio system parameters, has
been proposed as a solution to this problem because it can reuse a frequency
band allocated to existing radio systems. Especially, UWB radio systems have
emerged as potential candidates for CR due to their low power spectral density
thus low interference to existing radio systems.

According to the radio system and the right to use its frequency band, radio

systems can be classified as follows:

e Primary systems have the rights to use their licensed frequency bands ex-
clusively. Typical examples of the primary systems are cellular networks,

broadcasting systems, satellite communications, and radio astronomy:.

e Secondary systems “borrow” frequency bands already licensed to primary
systems. A secondary system can use frequency bands when they are not

used by their corresponding primary systems.

From a CR perspective [11], cellular networks are licensed primary systems,
and therefore a secondary system, a UWB network, should not interfere with the
communication of the cellular networks when reusing their frequency bands.
However, because UWB radio systems transmit their own signals in the fre-
quency bands which are used by other existing radio systems, if the UWB

network spatially overlaps with the cellular network, the signal transmitted by
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the UWB terminal becomes an interference signal in the context of the cellular
network terminal, inevitably degrading the performance of the cellular net-
work. So, it is necessary to prepare strategies to coexist with cellular network.
Conventional coexistence strategies that allow the UWB wireless system to com-
municate without interfering with the communication of the cellular system are

explained in the next section.

2.3 Conventional coexistence strategies and the Ra-
dio Law

The rules for coexistence between such systems are established by the Radio
Law. There are several regulations applied to a UWB system in order to protect

the communication of cellular networks.

2.3.1 Spectrum mask

The most typical regulation is on the transmit power. UWB devices shall not
emit radio waves above a specified spectral mask. The UWB spectrum masks
applicable in Japan and the United States are shown in Figure 2.3 and Figure 2.4.
Table 2.1 also describes the United States UWB spectrum mask in detail [12].

Because licensed radio systems in use vary from region to region, spectrum
masks also vary from region to region. In the United States, the spectrum mask is
also different for indoors and outdoors, while outdoor use of UWB is prohibited
in Japan. In the case of Japan, it is noteworthy that in order to utilize the power
spectrum density of -41.3 dBm/MHz in the 3.4-4.8 GHz band, an detect and
avoid procedure is required.

Japanese regulation authority has been investigating technical requirements
for UWB radio system that can enable outdoor use to correspond to the increas-
ing demands of UWB radio system from various field, and to harmonize with

other regions [8]. Details regarding this are summarized in the appendix A.



Chapter 2. Coexistence problem and conventional coexistence strategies 10

|
o)
(=

1

|
)
=)

1

|
=
o

1

I\DAA required

power spectrum density [dBm/MHz]
%
(e
1

—-90 T T T T T T
2 4 6 8 10 12

frequency [GHz]

Figure 2.3 Japanese spectrum mask for UWB systems

|
o
(=

1

_60 -

I
=
(=

1

power spectrum density [dBm/MHz]
%
(e
1

=90 T T T T T T
2 4 6 8 10 12

frequency [GHz]

Figure 2.4 FCC spectrum mask for indoor UWB systems



Chapter 2. Coexistence problem and conventional coexistence strategies 11

2.3.2 Detect and avoid

It is required in many countries e.g. Japan to implement additional interfer-
ence mitigation techniques such as detect and avoid (DAA) in order to exploit
the maximum power of the spectrum mask described above. For example, in
addition to the case of Japan described above, in Europe, if the DAA mitigation
technique is not implemented, the maximum transmit power of a UWB terminal
is limited to -70 dBm/MHz or -80 dBm/MHz rather than -41.3 dBm/MHz [7].

In the DAA procedure, the UWB system must listen to the channel before
it emits radio waves. When a signal from the primary system is detected, it
must either lower its transmit power to a level known to not interfere with the

primary system, or abandon transmission.

2.3.3 Low duty cycle

Low duty cycle (LDC) has also been considered as another way to mitigate
interference. LDC suppresses the interference to the primary system by short-

ening the time to for transmitting the signal.

2.4 Limitation of the conventional coexistence strate-
gies
There are two discussions on the regulation of transmission power. First, this

value may limit the communication opportunities of UWB more than necessary.

Since the high frequency band used by UWB is sharply attenuated, if the terminal

Table 2.1 FCC spectrum mask for indoor UWB systems
Frequency [GHz] EIRP [dBm/MHz]

0.96 - 1.61 -75.3
1.61-1.99 -53.3
1.99 - 3.10 -51.3
3.1-10.6 -41.3

Above 10.6 -51.3
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of the primary system is not nearby, the higher transmission power of the UWB
does not harm the primary network. On the other hand, if the primary terminal
is nearby, applying this mask may not prevent damage to the primary network.

About DAA, Besides the discussion of whether the value of the upper power
limit is appropriate, there are further discussions. First, the UWB system must
have enough information about the primary system in order to detect the pri-
mary system with sufficient accuracy, which may require decoding some of the
signal of the primary system. This not only cancel out the advantages of the
UWB system such as simplicity and low power consumption, but also imposes a
heavy burden on implementing it. Moreover, since the primary system also uses
transmit power control (TPC) —in 3G, CDMA —it is difficult to find a reliable
algorithm that controls the interference from the UWB system with the detected
primary system signal. To avoid this problem, conventional DAA algorithms
attempt to detect pilot signals transmitted at a constant power from the base
station, but since pilot signals are supposed to be received at most locations
where the cellular system is deployed, the DAA procedure will also determine
that the channel is occupied by the primary system at such locations. The DAA
procedure cannot operate properly at these locations and will deprive UWB
terminals of the opportunity to communicate even if the cellular terminal is not
nearby.

The LDC can suppress interference to unknown primary system but limiting

transmission time directly affects UWB performance.



Chapter 3

System model and the Integrated
Terminal

In this chapter, we define the Integrated Terminal that can share the infor-
mation between the cellular system and the UWB system, by mounting the
modules of these two systems together. We also check what is possible by using
the Integrated Terminal, that is, what kind of information can be shared, and

what benefits can be achieved by sharing this information.

3.1 Coexistence scenario of UWB-WBAN and a cel-
lular network

We consider a scenario where an UWB system based on IEEE 802.15.6 Wireless
Body Area Network (BAN) [13] coexists with a cellular network.

A BAN consists of one or more nodes that act as sensors or actuators, and one
coordinator to rule them all, forming a star topology. We assume that one user
employs one BAN to monitor health information or vital signs such as heart
rate, ECG, SpO, or body temperature, so a single BAN coordinator and several
BAN nodes, i.e., UWB terminals are located within a few tens of centimeters.
The information gathered through the BAN is delivered to the clinicians, nurses
or other medical staffs via the external network, such as a cellular network, e.g.

4G, 5G and local 5G.

~-13 -
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3.2 The Integrated Terminal

At first, as an example of the coexistence environment of the cellular system
and the UWB system described in Chapter 2, we consider a system model, that
consist of a cellular terminal used with BAN, another cellular terminal used
alone without BAN, and a base station of a cell to which two cellular terminals

belong. The system model is illustrated in Figure 3.1.

Cellular Base Station

(Primary BS)
AN
BAN Node VAN
(Secondary User) N

Cellular Terminal
(Primary User)

Integrated Terminal
= (Cellular Terminal + BAN Coordinator)
= (Primary User + Secondary BS)

Figure 3.1 The system model with the Integrated Terminal

Let us investigate the flow of data in this system model. We assume that the
BAN nodes are wireless interfaces attached to the medical sensors and deliver
data such as heart rate and body temperature to the BAN coordinator. The
path from this node to the coordinator is identified as an uplink. It should be
noted that not all BAN nodes are sensors. Although the downlink is beyond the
scope of the paper, it is also an important consideration in BAN nodes used for
entertainment purposes, as well as insulin pumps that operate on data received
from the coordinator.

Since the data delivered by each BAN node are collected in the BAN coordina-
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tor, it is only logical that the BAN coordinator directly transmits the information
to the outside of the BAN. In order to realize this, the BAN coordinator should be
equipped with a cellular module and be able to communicate with the cellular
base station (BS) as a cellular terminal. We name such a terminal equipped with
both a cellular terminal function and a BAN coordinator function an Integrated
Terminal. An IT can join a cellular network as a cellular terminal, and control a
BAN, i.e, an UWB network as a BAN coordinator at the same time.

In practical situation, a cellular terminal can be commercialized with an UWB
module, just as a smartphone with Bluetooth. Although its role is limited to
distance measurement and positioning, the UWB module is built into the iPhone
11 and iPhone 11 Pro. This shows that the realization of the Integrated Terminal
is getting closer.

In a typical cellular network, there will also be ordinary terminals that are
not Integrated Terminals. Cellular network terminals, including the Integrated
Terminal, communicate with other terminals in the cell or outside, via a cellular

base station (BS).

3.3 Formulation of system model

To begin with, we formulate the system model illustrated in Figure3.1. The
number of cellular terminals is M, and that of UWB terminals is N. Note that
M is a number including the Integrated Terminal. We denote the downlink

transmit power of the BS for the ith cellular terminal as PP, and the channel
pri

gain from BS to ith cellular terminal as «;; . Meanwhile, the uplink transmit
power of the jth UWB terminal and the channel gain to the BAN coordinator
are denoted by P;* and o}, respectively. In addition, we denote the channel
gain between the ith cellular terminal and the jth UWB terminal as o;")**. Note
that the values of « are positive and have values in the range (0, 1]. l/l-p ™ denotes
the noise of the ith primary terminal.

For the sake of simplicity, we assume that only one UWB terminal transmits

power at a particular point in time. Since the BAN uses time division multiple
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access (TDMA) as a subset of hybrid MAC protocol between contention base
such as CSMA-CA and contention free such as TDMA, this represents an ideal
case where no packet collisions occur. Then, the SINR experienced by the ith
cellular terminal when the jth UWB terminal transmits its signal is given by the

following equation:
) pri _pri
pri _ Pl «;
" Dsec cross pri’
P a5+

where 1 <i< Mand1<j < N.

(3-1)

Let 7% " be the SINR required for the cellular terminal to communicate. Then,
the inequality that the transmission power control (TPC) algorithm must satisfy
is as follows:

SR (3-2)

Rewriting this inequality (3-2) using (3-1) yields the following inequality,

1 Ppri apri )
sec i i pri
Pj < cross < pri -V : (3_3)

i Vi
As aresult, the maximum permissible transmit power for the jth UWB termi-

nal PjSeC is derived.

3.4 Parameters shared by the Integrated Terminal

Most of the parameters appearing in (3-3) are those of the cellular network,
which are unknown to the jth UWB terminal that needs determine its transmit
power P?*. We propose an algorithm which the UWB network obtains and esti-
mates these parameters through the cellular module on the Integrated Terminal
and exploits them to determine the transmit power of the UWB terminal. The
proposed algorithm uses the cellular module of Integrated Terminal, instead of
the limited hardware of the UWB nodes. Therefore, it is possible to accurately
acquire the parameters of the cellular network, thereby precisely controlling
the transmit power of the UWB terminal so as not to interfere with the cellular

network.
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3.4.1 The channel gain between the cellular terminal and the
UWB terminal

In a typical wireless network, a channel between a transmitter and a receiver
is estimated by transmitting and receiving a pre-known reference signal, or a
preamble. However, since the cellular network and the UWB network are dif-
ferent systems, it is impossible to use a preamble to estimate a channel between
terminals of each network.

In the Integrated Terminal in which the UWB module and the cellular module
are mounted on the same device, it can be considered that the signal power
received by the UWB module is the interference power received by the cellular
module.

A terminal equipped with only a cellular module, not an integrated terminal,
also participates in a cellular network. In this case, the cellular-only terminal
reports the received interference power to the Integrated Terminal through the
cellular network. The Integrated Terminal estimates the channel using the
interference power received by the cellular-only terminal and the transmission

power of the UWB terminal transmitted at that time.

3.4.2 Parameters required to determine the permissible inter-
ference power of the cellular terminal

In order to determine the permissible interference power of the cellular termi-
nal, the receiving power of desired signal and the desired SINR of the cellular
terminal are required. The received power of the desired signal for the cellular

terminal is represented as the product of the transmission power of the base
pri

station PZ.pri and the channel gain to the base station «; . Since this value is
dynamically controlled by the cellular system to avoid inter-user interference,
it is difficult for the UWB system to detect it. However, if the Integrated Ter-
minal participates in the cellular network, the cellular terminal may notify the
Integrated Terminal of its received power of desired signal through the cellular

network and share this value with the UWB network. The desired SINR of the
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cellular terminal can also be shared in the UWB network in the same way.

3.5 Level of integration

The point of the Integrated Terminal is to share the information of the cellular
network with the UWB network using the Integrated Terminal. Depending on
how detailed and how fast the parameters of the cellular network can be shared,
various scenarios can be considered. To classify these scenarios, we propose to

use the concept of Integration Level.

3.5.1 Integration Level 0

The case where two separate modules are mounted in one terminal is defined
as the Integration Level 0. At this level, the two modules do not exchange
information with each other and perform their communication independently.
In the case of smartphones currently on the market, modules of secondary
systems such as UWB, Wi-Fi, and Bluetooth are installed along with modules
of the cellular network, which are the primary systems. However, since these
modules do not work in conjunction with each other yet, this case corresponds to
integration level 0. Most terminals currently on the market remain at this level,

and it is hard to use the term Integrated Terminal to refer to these terminals.

3.5.2 Integration Level 1

The case where two modules are mounted in one terminal and one module
can acquire some of the parameters from the other module at certain intervals
is defined as the Integration Level 1. An example of realizing this level is that
when a cellular module receives a beacon, it records its information such as
receiving power in a shared memory, and the UWB module gets its value from
the shared memory whenever required. In this case, the frequency at which the
UWB module can acquire information from the cellular network is determined

by the beacon interval of the cellular network.
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3.5.3 Integration Level 2

The case where one module can acquire parameters from another module
in real time is defined as the Integration Level 2. This level assumes the ideal
situation where the primary and secondary systems can be managed by one
MAC protocol. Since the UWB module can acquire information such as the
reception signal of the cellular module in real time, more precise control is

possible, but the complexity of the module increases.

N
UWB Cellular
Module Module

(a) Integrated Level 0

N
UWB APU Cellular
Module Module

(b) Integrated Level 1
A4

UWB R Cellular
Module [~ 7| Module

(c) Integrated Level 2

Figure 3.2 Various Integrated Levels



Chapter 3. System model and the Integrated Terminal 20

This paper mainly deals with the Integration Level 1, which can be realized
by minor modification of the current system. The Integration Level 2 is also

investigated to show how much performance improvement can be achieved by

the Integration Level 2.



Chapter 4

Transmission power control

In the previous chapter, we have seen that what information can be shared
from the cellular network to the UWB network using the Integrated Terminal.
In this chapter, we propose a novel method on how to control the transmis-
sion of UWB using new information obtained through the Integrated terminal.
Specifically, a proposed algorithm that determines the transmission power of
UWRB terminals such as UWB-BAN nodes and coordinator so as not to interfere
with the cellular terminals beyond the permissible level, by acquiring parame-
ters such as channel state information of the cellular system via the Integrated
Terminal, is described.

The operations of this algorithm can be grouped as follows; initialization,
transmission, interference monitoring, and transmission power updating. A

detailed sequence diagram of the proposed algorithm is shown in Figure 4.1.

4,1 Initialization

A BAN coordinator broadcasts beaconsi.e, control signals for synchronization.
The Integrated Terminal sends the control signal including an initial value of
the transmit power P;* for the UWB terminals in the network (Figure 4.1a),
and each UWB terminal sets its own transmit power accordingly (Figure 4.1b).
The initial value should be determined to a value that satisfies the existing

regulations, such as spectrum mask.

_21-—
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jth UWB terminal Integrated Terminal

(a) the IT broadcasts control signal including
the initial Pjsec for the jth UWB terminal.

(b) The UWB terminal sets its transmit power

according to the P;5C.

22

Cellular terminal

for each superframe l

for each transmission ]

(c) A packet is generated in the UWB terminal.

<

(d) The UWB terminal sends the packet to the IT
with the transmit power PjSCC.

(e) The signal from the UWB terminal interfere

with a cellular terminal.

(f) The cellular terminal reports parameters to the IT,
including the received interference level.

(g) The IT calculates the new P/

from the reported parameters.

(h) the IT broadcasts control signal including
the new stec for the jth UWB terminal.

(i) The UWB terminal resets its transmit power
sec

according to the new Pj

Figure 41 The sequence diagram of the proposed algorithm
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4.2 Transmission

When a packet is generated in the UWB terminal (Figure 4.1c), the UWB ter-
minal sends its packet to the Integrated Terminal, which is the BAN coordinator,
at the transmission power determined in the previous step (Figure 4.1d). At this
time, the signal from the UWB terminal appears as interference in the cellular

terminal (Figure 4.1e).

4.3 Interference monitoring

Cellular terminals monitor the interference received from UWB terminals for
a predetermined amount of time A¢, and deliver this value to the Integrated
Terminal. Since cellular terminals already have a channel monitoring function
for selecting a cell to which they belong or for running their own transmission
power control algorithm, this can be done with minimal modification of the
cellular system.
The received signal of the ith cellular terminal y}(¢) at time ¢, due to the
interference from an UWB terminal can be expressed by the following equation:
M .
Yi(t) =) P s a5 () we (1) + il (1), (4-1)
j=1
where 05°(t) is a function indicating whether or not the jth UWB terminal
transmits at time ¢, and has a value of 1 when it is transmitting, and 0 otherwise.
u$*(t) denotes a pulse shape used by the jth UWB terminal, and nfri(t) denotes
noise observed at the ith cellular terminal.
As explained in section 3.3, we assume that only one UWB terminal trans-
mits its signal during At with an appropriate access control scheme (hence
ij 63¢(t) = 1.) In addition, for the sake of simplicity, we assume that P;*,

;9% and §;°(t) are constant over time At. Then, the energy of the received

Z7] 4
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signal at the ith cellular terminal E} can be expressed by the following equation:
I 2
— [t} a
At
— Psec Cross / { sec }2 dt

Psec cross / sec pr i dt
At

+/At{n§“(t)} dt,

(4-2)

where j : 05 = 1.

The integral of the first term in (4-2) represents the energy of the pulse used
by the jth UWB terminal, and is a known value throughout the UWB system.
To simplify the expression, we consider the average power of the pulse as a
normalized value of 1. The integral of the second term in (4-2) can be regarded
as zero, because the pulse and noise are uncorrelated. The integral of the third
term in (4-2) represents the energy of the noise, and can be expressed as v} AL,
Thus, the interference power received by the ith cellular terminal P} can be
expressed as follows:

= E}/At

. (4-3)
= Pec g 4 P

ij i
where j : 65 =

The ith cellular terminal reports P to the Integrated Terminal as its received
interference level from the UWB terminal (Figure 4.1f), along with the signal
level of the desired signal from the cellular BS PS (= PP" . o) and the desired
SINR ’Yth Various communication techniques can be considered for a cellular
terminal to share these parameters with an Integrated Terminal. For example, a
cellular terminal may pass parameters directly to an Integrated Terminal using
device-to-device (D2D) communication. Alternatively, since cellular terminals
report their channel status information (CSI) such as interference level to a
cellular BS, the cellular BS may include this information in a control signal and

broadcast it to the Integrated Terminal.
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4.4 Transmission power updating

Since the Integrated Terminal acquires the value of the received interference
power at the ith cellular terminal P}, and knows 63 that indicating which UWB
terminal has transmitted at the observation time, and thus it can calculate the
channel gain between the ith cellular terminal and the jth UWB terminal «of*
as follows: .

o _ PL= 0 s

] P
where j : 03¢ = 1.
Then, the new transmit power for the jth UWB terminal f’jec is calculated
from (3-3) as follows (Figure 4.1g):

. Psec PPI‘i O{Pri .
P jsec < [ ) pri ( Z Priz -V zP e (4-5)
P — v

i ) th

where j : 63 = 1.
Finally, the Integrated Terminal broadcasts a control signal containing the new
transmit power f);’ec (Figure 4.1h). The UWB terminal also resets its transmit

power accordingly (Figure 4.1i).



Chapter 5

Performance evaluation of the
transmission power control

In order to evaluate the performance of the proposed algorithm in a straight-
forward way, and to focus on the coexistence scenario considered in this paper,
the simulation specification is set as follows. The simulation specifications are

summarized in Table 5.1.

Table 5.1 Summary of simulation specifications

Parameters Values
center frequency 3.4 GHz
permissible interference level of cellular terminal -114.8 dBm/MHz
channel environment free space propagation

e A frequency band of 3.4 GHz, which has the highest allowable effective
isotropic radiated power (EIRP) specified in the FCC’s spectral mask, is
adopted. This band is also used in LTE and 5G.

e Itis intuitive to determine that the cellular terminal is disturbed when the
SINR at the cellular terminal does not reach the desired SINR. However,
parameters such as the transmission power of the cellular BS P/ ", the
channel gain between the cellular BS and the cellular terminal o, and
the desired SINR at the cellular terminal 7}, "are exceedingly dynamic and
vary depending on the layout of terminals, as well as the specifications
of the cellular system such as modulation scheme. Therefore, in order

to evaluate the proposed algorithm without depending on the specific

—26—
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implementation method of the cellular system, the criterion of whether
the cellular terminal is disturbed is based on whether the power density

of the interference signal is higher than -114.8 dBm/MHz [14].

o Although the fading model represents a more realistic situation, the dis-
tance between terminals is the most influential factor for BAN which uses
UWB signals with high attenuation at low power in close range. Therefore,
in order to confirm the performance according to the distance between ter-

minals, the free space propagation model is used.

5.1 Interference to cellular networks

The maximum permissible transmission power for an UWB terminal placed
at given distances from the victim cellular terminal is shown in Figure 5.1.
The maximum permissible transmit power is defined as a transmit power of
the UWB terminal, whose interference power at the victim cellular terminal is
below the permissible interference level. Since the regulations are defined in
terms of effective isotropic radiated power (EIRP), the transmission powers are
calculated in EIRP.

Figure 5.1 explains that as the distance to the cellular terminal is closer, the
power UWB terminal can transmit without interfering to the cellular terminal
beyond the permissible level becomes smaller. Especially, it is noteworthy that
when the cellular terminal is closer than 1.2 m, the permissible level is lower
than -70 dBm/MHz. This means that even with a transmission power of -70
dBm/MHz, the transmission power allowed for an UWB terminal not using
DAA, interference cannot be sufficiently avoided.

Figure 5.2 shows the interference level received by the victim cellular terminal
when using the integrated terminal to control the transmit power of the UWB
terminal and when using the conventional DAA scheme.

From Figure 5.2, we can see that the proposed algorithm (solid line) maintains
the interference level received by the cellular terminal at -114.8 dBm/MHz,

which is a permissible level for the cellular network. On the other hand, in



Chapter 5. Performance evaluation of the transmission power control 28

Even the -70 dBm/MHz of spectrum mask
_68 4| cannot protect cellular terminal sufficiently.

I I | |
= - R =
=N EN (S} =

1 1 1 1

maximum permissible EIRP
for transmitting UWB terminal [dBm/MHz]
3
1

_80 -

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
distance between victim cellular terminal and transmitting UWB terminal [m]

Figure 5.1 Maximum permissible transmission power for an UWB terminal
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Figure 5.2 Interference level at the victim cellular terminal
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the conventional DAA scheme, when the detection of the cellular terminal fails
(dashed line), the UWB terminal transmits at -41.3 dBm/MHz, which is the
maximum transmission power of the current regulation. If there is a cellular
terminal within a given distance (up to 2 m in this simulation), the result is
that the interference is always exceeded the permissible level. Even if the
detection of the cellular terminal is successful and the UWB terminal transmits
its signal at a transmission power of -70 dBm/MHz (dotted line), as anticipated
in Figure 5.1, depending on the distance between the transmitting UWB terminal
and the victim cellular terminal, the cellular terminal may experience excessive

interference than the permissive level.

5.2 Performance of UWB system

The performance of the UWB system is evaluated in terms of the received
power of the UWB signal at the integrated terminal, which is a BAN coordinator.
Typically the performance of an UWB system is expressed in terms of the offered
load and its throughput, but since these values are directly tied to the received
power level of the UWB signal, it is more intuitive to evaluate the performance
of the transmit power control algorithm with the received power level.

A minimum set of the Integrated Terminal (IT), the transmitting UWB termi-
nal (SU), and the victim cellular terminal (PU) is used for the simulation. As
the distance between the victim cellular terminal and the transmitting UWB
terminal, two values of 0.6 m and 1.8 m are selected. The distance of 0.6 m
represents a case that the cellular terminal and the UWB system are used by the
same uset, thus the victim cellular terminal and the transmitting UWB terminal
are located close to each other. In contrast, a distance of 1.8 m represents a case
that the UWB system affects the cellular terminal of another person. Figure 5.3

describes the layout of the terminals used in this simulation.



Chapter 5. Performance evaluation of the transmission power control 31

Cellular terminal
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UWRB terminal
(SU)

Figure 5.3 Layout of the terminals

5.2.1 Integration Level 1

Received signal level of UWB signal at the UWB module in the IT is shown
in Figure 5.4 and Figure 5.5. The result of the conventional DAA scheme which
failed to detect cellular terminal is omitted, because its interference level at the
victim cellular terminal extremely excesses the permissible level.

Figure 5.4 shows a case where the distance between the victim cellular terminal
and the transmitting UWB terminal is 0.8 m. In the range of 0.4 m to 0.8 m on
the horizontal axis, the IT is closer than the victim cellular terminal from the
transmitting UWB terminal. Therefore, the proposed algorithm operates so that
the interference power at the cellular module in the IT does not exceed the
permissible level. As a result, in this range, the desired UWB signal level at the
UWB module of the IT is maintained at the permissible level of the interference
power. On the other hand, in the range of 0.8 m to 2.0 m, the victim cellular
terminal is closer than the IT from the transmitting UWB terminal. Therefore, the
proposed algorithm operates so that the interference power at the victim cellular
terminal does not exceed the permissible level. As a result, the performance

of the UWB network is degraded, in order to avoid introducing interference
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Figure 5.4 Received signal level at the Integrated Terminal, in which distance
between victim cellular terminal and transmitting UWB terminal is 0.8 m
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Figure 5.5 Received signal level at the Integrated Terminal, in which distance
between victim cellular terminal and transmitting UWB terminal is 1.6 m
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beyond the permissible level to the cellular network, which is a top priority for
the proposed algorithm.

Figure 5.5 shows a case where the distance between the victim cellular terminal
and the transmitting UWB terminal is 1.6 m. Similarly to Figure 5.4, in the
range where the transmitting UWB terminal and the IT are close, the proposed
algorithm operates so that the interference power in the cellular module in the IT
does not exceed the permissible level. However, since the proposed algorithm
maximizes the transmission power of the UWB terminal under the constraint of
the interference power, it can increase the received level of the desired signal at
the IT, in a range where a signal transmitted by an UWB terminal with power
of -70 dBm/MHz using the conventional DAA method is attenuated below the

permissible interference level.

5.2.2 Integration Level 2

The Integration Level 2 assumes a case in which the Integrated Terminal can
separate the UWB signal and the cellular signal. This result is shown in Figure
5.6.

In this case, since the Integrated Terminal does not need to consider the
interference to the cellular module mounted on it, it controls the UWB terminal
transmit power so that only the interference to the victim cellular terminal is
below the permissible level.

Since the level of the UWB signal received by the Integrated Terminal depends
only on the distance from the victim cellular terminal, it can be seen that if the
distance between the UWB terminal and the Integrated Terminal is closer than
that of the victim cellular terminal, the Integration Level 2 can achieve a higher

receiving power than that of the Integration Level 1.
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Figure 5.6 Received signal level at the Integrated Terminal, Integration Level
2, in which distance between victim cellular terminal and transmitting UWB
terminal is 0.8 m and 1.6 m
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Spreading sequence length control

In this Chapter, a new scheme of transmission control using variable length of
spreading sequence of IR-UWB is proposed and described in order to improve
performance of the proposed transmission power control in Chapter 4.

Some performance analysis in Chapter 5 confirms that the proposed trans-
mission power control scheme can improve performance of secondary UWB
ad-hod network such as throughput while maintaining permissible interference
to primary cellular network. However, in case of below 1.2m separate distance
between nodes of primary cellular and secondary UWB networks, permissible
emission power or transmission power from UWB node may be below -100
dBm/MHz, which is close to noise level. So, in case of low SNR for UWB node,
it seems infeasible to ensure performance of UWB network.

In order to solve this problem to get better SNR for UWB network, a new
scheme of control using variable length of spreading sequence of IR-UWB. Us-
ing direct sequence (DS) in IR-UWB, correlation detection can increase accumu-
lated UWB signal power in proportion to the length of spreading sequence, i.e.
processing gain [15]. However, frequency bandwidth of UWB network cannot
spread more than normal IR-UWB. It means that time duration of pulse cannot
be shortened unlike typical DS spread spectrum or UWB to keep the same data
rate. For instance, when n pulses corresponding to n chips length of M-sequence
is used to transmit 1 bit datum, time duration of the pulse may be shorten to
1/n or its frequency bandwidth be n times wider spread while keeping the same
data rate. Therefore, in this proposal, time duration of pulses is not shortened,

then the bandwidth is the same while data rate decreases to 1/n.

—-36 -
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If we look at major applications of UWB in radar and remote keyless system
of an automobile, data rate is not important but ranging accuracy is keen. So,

this proposed transmission control of spreading sequence length may be useful.

6.1 Bit error rate for single pulse

The bit error rate for the single pulse is shown in Figure 6.1. The Integration

Level 1 is assumed for the proposed algorithm in this figure.
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distance between transmitting UWB terminal and the Integrated Terminal[m]

Figure 6.1 Bit error rate at the Integrated Terminal with Integrated Level 1

Compared with the conventional method, the bit error rate is high even when
the UWB terminal and the integrated terminal are close. This result is mainly
due to the fact that the proposed scheme has to protect the cellular module in
the Integrated Terminal. In fact, the bit error rate of the conventional method of
transmitting at -70 dBm/MHz is still high to ensure a reliable communication of

UWB link.
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Figure 6.2 shows that the bit error rate can be increased with applying the

Integration Level 2.

10
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Figure 6.2 Bit error rate at the Integrated Terminal with Integrated Level 2

In the Integration Level 2, the UWB signal is separated from the cellular signal
in the time domain. So, the cellular module mounted in the Integrated Terminal
does not receive interference signal from the UWB node. Nevertheless, when the
cellular terminal is located close to the UWB node, the proposed system further
lowers the transmission power of the UWB node to protect the cellular terminal,

resulting in high bit error rate. In case that the distance to the victim cellular

terminal is 1.6m, the bit error rate is lowered because the primary terminal is

far and the UWB node can exploit more power. But, it is still high to establish a

reliable UWB link.
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6.2 processing gain with spreading sequence

To ensure reliable communication between the UWB link while protecting the
cellular network, we propose to control the sequence length of the UWB signal,
according to the desired bit error rate. Exploiting process gain, the UWB system
can achieve higher bit error rate to ensure reliable communication.

The required process gain to achieve the bit error rate of 10* is shown in

Figure 6.3.
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distance between transmitting UWB terminal and the Integrated Terminal[m]

Figure 6.3 Required process gain to achieve BER of 10~* with Integrated Level
1

The M-sequence is assumed to be used as a spreading sequence. The M-
sequences has a length of 2" — 1, and the required sequence length is dependent
to the required process gain. The required sequence length is shown in Figure

6.4 and Figure 6.5.
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Figure 6.5 Sequence length to achieve BER of 10~* with Integrated Level 2
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6.3 Bitrate using spreading sequence

The Figure 6.6 and Figure 6.7 show the bitrate at the Integrated Terminal
achieving bit error rate of 10~*. Figure 6.6 is in case of the Integrated Level 1,
and Figure 6.7 is of the Integrated Level 2.

As the distance to the UWB node increases, the path loss becomes severe.
Therefore, to compensate for attenuation, the spreading sequence should be
increased, and thus the bit rate decreases. Though, since the transmit power is
dynamically controlled, we can see that the bitrate can be increased if the victim

cellular terminal is in distance.

proposed algorithm, victim cellular at 0.8 m
=== proposed algorithm, victim cellular at 1.6 m
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distance between transmitting UWB terminal and the Integrated Terminal[m]

Figure 6.6 Bitrate at the Integrated Terminal achieving BER of 10~* with Inte-
grated Level 1

The advantages of the Integrated Level 2 can be confirmed with Figure 6.6.
Even when the victim terminal is nearby, the bitrate can be increased by almost

twice by using the Integration Level 2. Moreover, considering typical use cases
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of WBAN, it is rare for a user to use more than one cellular terminal. Assuming
that the cellular terminal used by the user is only an Integrated Terminal, the

bitrate can be increased further.
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Figure 6.7 Bitrate at the Integrated Terminal achieving BER of 10~* with Inte-
grated Level 2

Depending on the type of UWB node, there are various QoS requirements. The
Figure 6.6 and Figure 6.7 show the bitrate at the Integrated Terminal achieving
bit error rate of 1079, for the higher QoS requirements.

It can be seen that as the bit error rate requirements become more stringent;

the bit rate decreases.
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proposed algorithm, victim cellular at 0.8 m
=== proposed algorithm, victim cellular at 1.6 m
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Figure 6.8 Bitrate at the Integrated Terminal achieving BER of 10~% with Inte-
grated Level 1
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Chapter 7

Conclusion and future works

7.1 Conclusion

An algorithm that shares the parameters of the cellular system with the UWB
system via the Integrated Terminal and determines the transmission power of
the UWB terminals using these parameters, is presented. It has been shown that
we can control the interference due to the signal of the UWB terminals received
by the cellular terminal not to exceed the permissible level, by dynamically
determining the upper limit of the transmission power of the UWB terminals
according to the situation of the cellular system, instead of setting the prede-
termined constant. In addition, it has been shown that there is a case where
the transmission power of UWB terminals can be increased, that is, the perfor-
mance of the UWB system can be improved, while maintaining the interference
on cellular terminals below the permissible level.

In addition, it was shown that by controlling the sequence length to cope
with the severe transmit power constraints imposed on the UWB system, tens
to hundreds Mbps of bitrates can be achieved in a short distance.

Numerical simulations are performed using a minimal set consisting of one
cellular terminal, one Integrated Terminal combined with a cellular and a BAN
coordinator module, and one UWB terminal as a BAN node, however, since the
algorithm is designed to be scalable, it can be used even when there are more
than one cellular or UWB terminal.

The relationship between the transmission power of the UWB terminal and

the interference on the cellular terminal was also revealed through this study.

— 46—
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Concurrent regulations are insufficient to protect the communication of cellular
terminals closer than about 1.2 m, but the proposed algorithm can protect the
communication of cellular terminals in a very short distance also.

There are people who use smartphones and tablet computers at the same time
already, and IoT will become more usual in the future, so it will be more casual
for one person to use multiple cellular terminals within a range of 1 m. The
results of this study can be used to determine the more practical value of the
safety factor, or margin, applied to the transmission power regulation of UWB
systems, and to amend the regulation to be more efficient. This is a timely issue
as UWB modules will soon be installed in commercial smartphones such as

iPhone 11 and 11 Pro as well as Android smartphones.

7.2 Future works

This paper has shown the upper limit of the bitrate, which is about PHY,
assuming that the optimal MAC protocol is used. Simulation results of trans-
mission power rather than throughput. The throughput considering access
control with other terminals can more realistically evaluate performance in ac-
tual use situations. In detail, applying a specific packet format such as IEEE
802.16.5 WBAN to this algorithm can calculate the throughput for offered load,
which is our future work.

If the estimation error of the interference level received by the cellular terminal
increases, the interference on the cellular terminal may also exceed the permissi-
ble level, or the performance of the UWB system may deteriorate. Therefore, in
order to make the proposed algorithm more reliable, the relationship between
the accuracy of estimation error and the sensitivity of performance should be
investigated.

In addition, we would like to mention the possible drawbacks of this pro-
posed method. Since the additional process for estimation and sharing of the
interference level received by the cellular terminal will increase computational

complexity and power consumption, it is also required to evaluate this over-
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head. It is another future work to include the overhead in the algorithm to

increase the effectiveness and the reliability of the proposed method.



Annex A

Update of UWB Radio Regulation in
Japan [8]

Japanese radio regulation authority MIC (Ministry of Internal Affairs and
Communications) has investigated technical requirement for ultra wide band
(UWB) radio use according to UWB research, development, and business after
it established regulatory requirement for communication uses for 3.4-4.8GHz,
7.25-10.25GHz in 2006, and collision avoidance radar uses for 22-29GHz in 2013.
While UWB communication and sensing systems have been restricted indoor
in Japan, the rest of world have been developing them to a lot of outdoor uses.
Lately in this IoT era, wide variety of UWB radio uses have been expected in
Japan as well as in a world and demand for UWB radio outdoor use has been
increasing while keeping transparency with other nations.

The Major Changes are as follows:

e Bandwidth, Occupied, and Impermissible Emission Available Outdoor
Channel 9 of IEEE802.15.4aTM with central frequency 7987.2GHz and
bandwidth 499.2MHz out of high band 7.25-10.25GHz has been considered

to be available outdoor.

e EIRP(Equivalent Isotropically Radiated Power)
Japanese regulatory requirement for UWB radio has been regulated by
emission power, antenna gain as well as EIRP. For the sake of international
compatibility, Japanese regulation for UWB radio uses could be regulated

by EIRP.

—49 —
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A.1 Radiousesinthe frequency band 6.57-10.25 GHz

The detailed illustration of the frequency band is shown in Figure A.1. Red
lines indicate channels defined by IEEE802.15.4a, and available band is 7.587-
8.4GHz. Blue dotted line systems should be protected for coexistence with such

as fixed micro wave communication, satellite, radio astronomy and VLBI etc.

A.2 Update of emission power regulation in case of
low gain antenna

Recently demand of small wireless terminals including UWB terminals dras-
tically. A small terminal cannot perform desired covering range because an-
tenna gain of small terminals is used not to be sufficient. Corresponding to
the demand, it is permitted that under the range of the regulated Equivalent
Isotropically Radiated Power (EIRP), antenna gain can be increased according
to attenuation amount of emission power. Increase of emission power can be
replaced with attenuation of transmitted antenna gain.

In current regulation, it is permitted that under the limit of the regulated EIRP,
antenna gain can be increased according to attenuation amount of emission
power. In new regulation, it is permitted that under the range of the regulated
EIRP increase of emission power is allowed in case that antenna gain is small
to reach the regulated EIRP. The concept of the difference is described in Figure
A2.

A.3 Major Technical Requirement for Outdoor UWB
Systems

Major technical requirements for outdoor UWB system are summarized in
Table A.3 and Figure A.3. Concurrent requirements for indoor high-band are

also summarized for comparison.
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