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Preface

This thesis aims to efficiently utilize radio spectrum and tackles coexistence prob-
lems of wireless communication and non-communication systems on the assump-
tion that both systems use the same spectrum channel. As the coexistence problem,
this thesis presents two main topics. One topic is a microwave power transmission
(MPT) system to a wireless local area network (WLAN) station for the batteryless
operation of the WLAN station. The other topic is a database-driven spectrum
sharing system for the fifth generation (5G) mobile networks.

The first topic focuses on the co-channel operation of MPT and IEEE 802.11-
based data transmission. To avoid harmful interference to the WLAN station,
where the harmful interference is caused by exposure of the station to microwave
radiation for MPT, this work proposes two schemes. One scheme is a scheduling
scheme, which allocates time for MPT and IEEE 802.11-based data transmission.
In this scheme, on the basis of the time information within data and beacon frame
transmissions, microwaves for MPT are transmitted except when these frames are
transmitted. The other scheme is a rate adaptive scheme (RAS) based on exposure
assessment with a rectenna output, where the rectenna is the element that has been
installed in the device powered with MPT. The devices, on which this scheme is
implemented, determine the next PHY data rate using historical information (e.g.,
data frame loss ratio) corresponding to the assessment result. These proposed
schemes are verified by performing experiments with commercial WLAN devices
in a radio frequency anechoic chamber.

The second topic focuses on the operation of a secondary user (SU) with
communication capability in the channel allocated to a primary user (PU) with
non-communication capability such as a radar system. On the constraint that
a PU does not experience harmful interference from SUs, this thesis adopts a
primary exclusive region (PER), within which SUs are prohibited to transmit,
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and describes two types of the works related to PER design. One is to present a
framework for updating a PER and to design a circular PER centered at a PU. The
other is to design a complex-shaped PER by introducing two spatial grids, i.e.,
polar and square grids. In both cases, the aggregate interference is analyzed on the
assumption that SUs are distributed following a Poisson point process. Numerical
results show that the more detailed database information, which is related to a PU
and SU, leads to a smaller PER.

The chapters of this thesis are listed as follows. Chapters 2 explains the related
technologies of this work such as MPT, WLAN, and stochastic geometry. Chap-
ters 3 and 4 describe the first topic related to the MPT system to a single WLAN
station. Chapter 3 proposes a scheduling scheme that allocates time for MPT and
WLAN data transmissions. Chapter 4 proposes a RAS based on exposure assess-
ment with rectenna output for a WLAN station exposed to microwave radiation for
MPT. To verify the proposed schemes, these chapters perform the experiments that
microwaves are intermittently transmitted to an IEEE 802.11g-based commercial
WLAN device. Chapters 5 and 6 describe the second topic related to the spectrum
sharing system with a spectrum database. Chapter 5 presents a framework for
updating a circular PER with stochastic geometry approach. Chapter 6 presents
a stochastic geometry analysis for a spatial grid-based spectrum database system
and designs a complex-shaped PER. These chapters present stochastic geometry
analysis of the aggregate interference at a PU, and then designs a PER by solving
an optimization problem.
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Chapter 1

Introduction

1.1 Background

Wireless communication technologies have rapidly and dramatically evolved in
the last few decades, and everybody benefits from them. Recently, next-generation
wireless communication technologies have been discussed. For example, the fifth
generation (5G) mobile communication systems aim to achieve the objectives such
as higher system capacity, higher data rate, and massive device connectivity [1,2].

As these technologies evolve, the shortage of the wireless spectrum, over which
one wireless device transmits data to another device, becomes a problem [3]. In
general, when multiple wireless devices use the same spectrum channel simultane-
ously, co-channel interference occurs. Specifically, the aggregate interference at a
receiver increases, signal-to-interference-plus-noise power ratio (SINR) becomes
below the desired value, and then the receiver fails to receive the signal destined
for itself. To avoid co-channel interference, for example, the carrier sense multiple
access with collision avoidance (CSMA/CA) protocol is employed in a wireless
local area network (WLAN) [4]; however, the conventional scheme cannot support
a huge number of wireless devices.

To overcome this problem, it is required not only to exploit spectrum resources
such as a millimeter-wave band [5] but also to efficiently use current spectrum
resources with cognitive radio technologies [6]. This thesis aims to efficiently
utilize radio spectrum and tackles coexistence problems of wireless communication
and non-communication systems on the assumption that both systems use the same
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Chapter 1 Section 1.2

spectrum channel.
As the coexistence of wireless communication and non-communication sys-

tems, this thesis presents two main topics related to future wireless communication
technologies. One topic is a microwave power transmission (MPT) system to a
WLAN station. The other topic is a database-driven spectrum sharing system for
5G mobile networks. The overviews of these topics are described in the following
two sections.

1.2 Microwave Power Transmission to WLAN Sta-
tion

This topic focuses on the co-channel operation of MPT and IEEE 802.11-based
data transmission. MPT is a wireless power transmission technology in which
electric power is transmitted via microwaves [7]. MPT enables to transmit power
over long distances, as compared with other wireless power transmission methods,
such as electromagnetic induction, magnetic resonance, and other components.
However, MPT uses radio spectrum obviously, and in the co-channel operation of
MPT and data transmission, the influence of MPT on data transmission has to be
considered.

The purpose of using MPT is to realize the batteryless operation of a wireless
device. Achieving this allows the elimination of power cables and a reduction in
battery replacement costs. These cost reduction requrements increase in wireless
sensor network (WSN) systems such as medical care and disaster alarm systems
[8, 9], where WSN systems utilize sensing information collected from a large
number of wireless sensors [10].

In [11], the authors conducted experiments in which microwave power with a
frequency of 2.4 GHz was transmitted to an IEEE 802.11g-based WLAN station
in co-channel or adjacent channel environments. From the experiment results, two
requirements for the coexistence of MPT and IEEE 802.11g-based communication
were mentioned as follows.

• MPT and wireless communication should not be performed simultaneously.
Even when the authors performed adjacent channel operation of MPT and
WLAN communications, the WLAN station could not transmit data frames

2
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when microwave power was transmitted. This is because the station is de-
terred from transmitting data frames due to the carrier sense mechanism.
Thus, the authors suggested that the station should share the timing infor-
mation of MPT and should attempt to transmit data frames except when
microwave power is transmitted. Especially, the authors suggested that
MPT to the station should be stopped when an access point (AP) broadcasts
beacon frames.

• Even when microwave power was intermittently transmitted, throughput
degradation could happen due to a rate adaptation scheme (RAS) of the
WLAN protocol. Exposure of the WLAN station to microwave radiation
for MPT leads to the selection of a lower physical (PHY) layer data rate, the
use of which is maintained even after exposure to the microwave radiation is
discontinued. The reduction in the PHY data rate occurs because the station
attempts to continue data transmission during exposure to the microwave
radiation. However, the station does not receive acknowledgment (ACK)
frames due to the high interference power at the station. Hence, a low PHY
data rate is selected with a RAS, which is implemented on the station. Note
that this problem occurs even when the station employs the carrier sense
mechanism.

As described in the preface, this thesis proposes two schemes to avoid harmful
interference to the WLAN station. One is a scheduling scheme that allocates time
for MPT and IEEE 802.11-based data transmission. The other is a RAS based
on exposure assessment with rectenna output, where the rectenna is the element
that has been installed in the device powered with MPT. The two proposed
schemes are independently designed to solve the problems related to MPT to
WLAN station, and can be used simultaneously. On the one hand, the scheduling
scheme is proposed for completely stopping microwave transmission for MPT in
the time duration during which a WLAN station transmits. On the other hand, the
rate adaptation scheme is proposed for solving the throughput degradation from
exposure of a transmitting WLAN station to microwave radiation for MPT.

This work assumes that the coexistence system of MPT and WLAN is applied
in the indoor scenario. This is because the power transmission range of MPT is
about 10 m, while the communication range of WLAN is more than 100 m. Short-
distance WSNs with an Internet of Things (IoT) gateway have been proposed [12],

3
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and if their communication range is about 10 m, MPT can be applied to the WSN
node. In addition, MPT can be employed to sensor nodes that have been powered
with energy harvesting technologies.

This work uses an IEEE 802.11g-based WLAN device in the experiments
without loss of generality, considering that the proposed schemes are for IEEE
802.11 series WLAN devices powered with MPT. Note that the big goal of this
thesis is to transmit microwave power to IEEE 802.11ah-based wireless sensors
[13] in the co-channel operation. IEEE 802.11ah-based wireless sensors operate
at 900-MHz bands, whereas IEEE 802.11g-based wireless sensors operate at 2.4-
GHz bands. However, there have been no devices that communicate over IEEE
802.11ah-based WLANs at present. Therefore, this thesis considers the use of an
IEEE 802.11g-based wireless sensor instead of an IEEE 802.11ah-based wireless
sensor because IEEE 802.11ah employs the same CSMA/CA protocol as IEEE
802.11g.

1.3 Database-driven Spectrum Sharing System for
5G Mobile Networks

This topic focuses on a database-driven spectrum sharing system and on the
operation of a secondary user (SU), which is a communication system, in the
channel allocated to a primary user (PU), which is a non-communication system,
such as a radar system. Database-driven spectrum sharing [14–16] is a promising
cognitive radio technique in which SUs opportunistically operates in the spectrum
allocated to a PU. The overview of this technique is as follows. Firstly, a spectrum
database collects the PU’s usage information regarding the licensed bands in each
region. Then, the database establishes a spectrum sharing policy for the SU such
that the SU unlicensed operation will not interfere with the PU operation. Finally,
an SU queries the database, providing its location and operates in the channel
determined by the policy.

In the database-driven spectrum sharing system, even when the SU follows
the spectrum sharing policy, the PU rarely experience harmful interference. This
occurs owing to unpredictable propagation paths from changes in the geological
and building environment. To reduce the probability that a PU experiences harmful
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interference, the spectrum sharing policy should be modified to limit the number of
transmitting SUs; however, an efficient spatial reuse of the licensed bands cannot
be achieved.

As the spectrum sharing policy, this thesis adopts a primary exclusive region
(PER) [17, 18] around a PU, within which the SUs are forbidden to transmit.
Reducing the PER area improves the spatial reuse of the shared channel because the
region area where the SU can operate the licensed spectrum increases. In addition,
this thesis establishes the PER centered at the fixed-location primary receiver (PR),
and prohibits secondary transmitters (STs) around the PR to transmit.

In [19–21], a circular PER has been considered, and the radius of the PER has
been optimized to minimize the area of the PER or to maximize the transmission
capacity of the secondary network, under an outage constraint for the PU. In [22],
the non-circular PER that consists of multiple sectors has been considered, the
radius of each sector has been optimized to maximize the number of transmitting
STs under the outage constraint. These works have used stochastic geometry to
analyze the aggregate interference or SINR at a PR. Stochastic geometry is a
powerful tool that enables the analysis of the aggregate interference in wireless
networks with random topologies [23–25]. However, a practical PER should be
designed, based on the local information, which includes the PR antenna pattern,
and the ST density and transmission power. More detailed information is expected
to result in a smaller PER.

As described in the preface, this thesis addresses twofold to design and to
update a PER. One is to present a framework for updating a PER and to design a
circular PER centered at a PR. The other is to design a complex-shaped PER by
introducing a spatial grid.

A PER is designed by using an optimization problem under the constraint re-
lated to the target PU outage probability (OP), which is defined as the probability
that the aggregated interference at a PR from all transmitting STs exceeds a maxi-
mum tolerable interference threshold. Certainly, a PU demands that the target PU
OP is zero; however, to acheve zero PU OP technically, a huge PER is required.
On the basis of this fact, in the numerical evaluation, this thesis provides the target
PU OP as a parameter. Qualitatively, as the target is reduced, a larger PER is
required for reducing a PU OP, i.e., the number of transmitting STs is reduced for
satisfying the target PU OP.
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This pargraph explains a maximum tolerable interference threshold in the PU
OP definition. Qualitatively, as the threshold is reduced, a larger PER is established
due to an increase in a PU OP, i.e., the number of transmitting STs is reduced for
satisfying the target PU OP. In the numerical evaluation, this thesis assumes a
virtual PU and verifies a established PER for a certain threshold. When the PU
is a radar system, the threshold is expected to be a very low value based on the
maximum allowable interference level of the radar, and then a established PER
becomes a very huge area.

This paragraph specifies the SU. STs are randomly distributed around a PR.
When STs are permitted to transmit, the STs transmit at any time with fixed power,
i.e., the period during which STs do not transmit due to a medium access control
(MAC) protocol is ignored. An example of the SUs is a WLAN system. In this
system, a cell consisting of an AP and stations is assumed to be a single ST. In
addition, AP and stations are assumed to have full buffer, and the period during
which the ST do not transmit is negligible.

1.4 Related Works

1.4.1 Batteryless Sensors and MPT

There are many studies on batteryless wireless sensors and MPT. Energy man-
agement requirements for batteryless wireless sensors are described in [26, 27].
In [26], adaptive sleep control by using historical data to achieve a long lifetime
was proposed. In [27], the necessity of power management for sensors in a WSN
was discussed. In [28], the authors conducted experiments related to transmitting
microwave power to ZigBee devices and succeeded in both powering the devices
and wireless communications. In [7, 29], the authors investigated the use of MPT
for powering multiple stations. In [7], the authors conducted experiments in which
microwave power was transmitted to several stations with time sharing using a
phased array antenna. In contrast, in [29], the authors conducted experiments
in which microwave power was transmitted to all stations simultaneously using
multiple antennas for MPT while reducing the impact of standing waves caused
by multiple reflections and interference.
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1.4.2 Rate Adaptation Schemes

In most RASs, by using data related to previous transmission results, e.g., historical
data of the data frame loss ratio, the PHY data rate for data transmission is selected.
The purpose of using the historical data is to estimate current link quality, which
depends on the distance between a data transmitter and a data receiver and on
interference power at the data receiver. To match the link quality, the PHY data
rate is selected, i.e., such that data frames transmitted at the selected PHY data rate
are successfully received by the data receiver. Related to the estimation of the link
quality, many previous studies have attempted to propose RASs, e.g., ARF [30],
RBAR [31], Onoe [32], and Sample Rate [33]. In addition, some conventional
RASs employ loss differentiation mechanisms that diagnose the cause of data
frame loss as collision or link quality degradation, e.g., LD-ARF [34], CARA [35],
LDRA [36], and ERA [37]. However, these conventional schemes are designed
without the assumption that high interference power at the station causes PHY data
rate reduction.

Some previous studies have proposed RASs capable of assessing whether a
WLAN station is exposed to microwave radiation from devices using Bluetooth,
ZigBee, or from microwave ovens. SGRA [38] and ARES [39] attempt to assess
whether a WLAN station is exposed to microwave radiation based on both the
signal-to-noise power ratio (SNR) and the data frame loss ratio. However, because
of the exposure assessment based on the data frame loss ratio, when the data
receiver experiences strong SNR degradation, the station erroneously detects that
it is exposed to microwave radiation for MPT even when this is not the case.
The cause of this is that the data frame loss ratio increases, not only because of
exposure of the station to microwave radiation for MPT, but also because of SNR
degradation at the data receiver. The increase in the data frame loss ratio with
SNR degradation is experimentally demonstrated in [40].

1.4.3 Spectrum Sharing Systems

The use of a database to enable the secondary use of the licensed spectrum has
been studied with the aim of utilizing TV white space [14,15,41]. The TV system
considered in previous studies and the radar system considered in this work differ in
terms of whether a PR receives the PU’s signals intermittently or continuously. For
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example, when TV receivers around an SU do not receive TV signals transmitted
in the TV band, the SU can use the TV band without interfering with the TV
receivers. On the other hand, even when a radar receiver does not receive radar
signals transmitted in the radar band, the SUs around the radar receiver should be
careful about using the radar band because the radar receiver may detect signals
transmitted from the SUs as radar signals.

Other researchers [17, 19, 42] have been designed a circular PER on the as-
sumption that the PU is a TV system; thus, the system models considered in
these studies differ from that considered in this work as described in the previous
paragraph. A Monte Carlo simulation was used in [19, 42] to design a circular
PER, whereas this work designs a PER not by using Monte Carlo simulation but
by stochastic geometry approach. In [17, 19, 42], the power levels of the STs are
assumed to be constant, whereas this thesis considers the case in which the power
levels of the STs vary discretely on the basis of power control.

In a Finnish trial [43–45], a time-division long-term evolution (TD-LTE) mo-
bile communication system uses the 2.3 GHz band, where the 2.3 GHz band has
been allocated for Programme Making and Special Events (PMSE) system under
the European lisences shared access (LSA) framework, i.e., the TD-LTE system
is an SU and the PMSE system is a PU. In the LSA framework, a government
assigns private users to spectrum licenses with an upper limit on the number of
licensed users [46]. In this trial, when the PU requests the LSA repository that the
PU newly uses a certain LSA band at a certain location, immediately the SU at the
location is prohibitted to use the LSA band, i.e., the SU evacuates the LSA band
to the PU. In this trial, two problems are pointed out. One is that, when an SU is a
real-time streaming application, the SU network throughput dramatically degrades
during the evacuation process. The other is that the border between the PU and the
SU is not clear and should be defined carefully. Towards the second problem, this
work contributes to quantitatively designing a PER by using stochastic geometry
analysis.

1.5 Chapter Overview of This Thesis

Fig. 1.1 shows the chapter overview of this thesis. The main theme of this thesis is
the coexistence of wireless communication and non-communication systems. This
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Figure 1.1: Chapter overview.

thesis consists of two main topics, i.e., MPT to WLAN station and Database-driven
spectrum sharing. The first topic is tackled in Chapters 3 and 4, and the second
topic is tackled in Chapters 5 and 6.

1.6 Contributions of This Thesis

The contribution of the first topic, i.e., an MPT system to a WLAN station, is
to perform the experiments with commercial WLAN devices. In the proposed
scheduling scheme, microwaves are opportunistically transmitted to a WLAN
device, and the device is not modified. In addition, the RAS can be implemented
on a WLAN device only by modifying the device driver, and the basic operation
of WLAN such as the CSMA/CA protocol remains.

The contributions of the second topic, i.e., a database-driven spectrum sharing
system, are twofold. The first contribution is to design a PER using the results
of stochastic geometry analysis, which is appropriate to discuss random wireless
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networks without some case studies. The second contribution is to quantitatively
evaluate the impact of the details of database information on a PER.
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Chapter 2

Related Technologies

2.1 Microwave Power Transmission

MPT is a wireless power transmission technology where power is wirelessly
transmitted through microwaves in the industry-science-medical (ISM) band, e.g.,
920 MHz, 2.4 GHz, and 5 GHz bands [7]. The device powered with MPT has a
element called “rectenna”, which consists of an antenna and rectifier and converts
microwave power to direct current.

In MPT, the received power can be obtained simply. It is assumed that there
are transmission and reception antennas with gain Gt and Gr, respectively, and that
the distance between these antennas is denoted by d. These antennas have line-
of-sight and face each other. From the transmission antenna, microwave power
with power Pt and frequency f is transmitted to the reception antenna. In free
space, by referring to the Friis transmission equation [47], the received power at
the reception antenna Pr can be obtained as

Pr = GrGtPt

(
c

4πdf

)2
, (2.1)

where c is the speed of light.
The reason why this thesis focuses on MPT is two fold. First, MPT enables

transmitting microwave power far away compared with other wireless power trans-
mission technologies, which utilize electric resonance, electromagnetic induction,
and other components [7]. In the technologies, the power transmission range is
limited by coil and electrode sizes. Second, MPT enables transmitting arbitrary
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power actively compared with energy harvesting technologies [48]. The technolo-
gies convert light and vibration energy to electric energy using a solar cell and
piezoelectric element. The technologies are passive, and the amount of received
power depends on the ambient environment.

2.2 Wireless Local Area Network

2.2.1 IEEE 802.11g

IEEE 802.11g is one of IEEE WLAN standards that was developed in the task
group g of the 802.11 working group and that was published in 2003 [4]. IEEE
802.11g adopts the orthogonal frequency division multiplexing (OFDM) modu-
lation scheme, and realizes a maximum PHY data rate of 54 Mbit/s, while main-
taining backward compatibility with IEEE 802.11b. In IEEE 802.11g, all frames
are transmitted in 2.4 GHz ISM band following the CSMA/CA rule. In Japan
domain, IEEE 802.11g supports 13 channels defined in the 2400–2483 MHz, and
the channel width is 20 MHz.

This thesis uses an IEEE 802.11g WLAN device instead of an IEEE 802.11ah
WLAN device, and transmits microwaves in the 2.4 GHz band to the IEEE 802.11g
WLAN device. IEEE 802.11ah is another IEEE WLAN standard that was devel-
oped in the task group ah of the 802.11 working group and that was published in
2017 [13]. IEEE 802.11ah aims to WSN systems and supports a PHY data rate
of more than 100 kbit/s and a maximum transmission range of 1 km [13]. IEEE
802.11ah operates in the 900 MHz band.

2.2.2 Access Point

An AP is a networking device that creates WLAN and allows WLAN stations to
wirelessly connect to a wired network, e.g., Internet [4]. The AP is assumed to
operates in infrastructure mode, i.e., the wireless network consists of a single AP
and multiple stations.

The AP in infrastructure mode periodically broadcasts beacon frames to inform
the surrounding WLAN devices about the existence of the AP. The beacon frames
have the information that is required to maintain the network connectivity such
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as AP identifier, security information, and beacon interval. Receiving a beacon
frame, WLAN stations can estimate when the next beacon frame is broadcasted.

2.2.3 CSMA/CA

The CSMA/CA is a MAC protocol in usual WLAN [4]. The CSMA/CA realizes
that multiple wireless devices use in the same channel while avoiding frame
collision. The frame collision occurs when multiple wireless devices transmits
frames simultaneously in the same channel. In this case, it is difficult to receive
the transmitted frames correctly.

In the CSMA/CA protocol, each wireless device operates following a simple
listen-before-talk (LBT) scheme. Each wireless device employing this protocol
senses the channel before frame transmission. If the channel is idle, i.e, the channel
is not used, the device transmits the frame. Otherwise, if the channel is busy, i.e.,
the channel is used by anyone, the device defers the frame transmission.

2.2.4 Data Transmission Flow

A transmitter is assumed to transmit data to a receiver. The flow is as follows. First,
the transmitter transmits a data frame to the receiver with the CSMA/CA protocol.
Next, the receiver receives the data frame and then transmits the responding ACK
frame to the transmitter, where the transmission of an ACK frame has a higher
priority than the transmission of other data frames [4]. Finally, when the transmitter
receives the ACK frame, the flow ends.

Note that the term “success of data transmission” is defined as the situation in
which a transmitter transmits a data frame and then receives the responding ACK
frame. When the transmitter can not receive the responding ACK frame, it detects
a data frame loss and then transmits the same data frame to the receiver again, i.e.,
retransmits the data frame.

2.2.5 Data Rate on Physical Layer

IEEE 802.11-based WLAN supports multiple PHY data rates for frame transmis-
sion [4]. For example, Table 2.1 shows the supported PHY data rates in IEEE
802.11g, and especially PHY data rates of 6, 12, and 24 Mbit/s are mandatory.
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Table 2.1: Supported PHY data rates in IEEE 802.11g [4].

PHY data rate (Mbit/s) Modulation scheme Coding rate

6 BPSK 1/2
9 BPSK 3/4
12 QPSK 1/2
18 QPSK 3/4
24 16QAM 1/2
36 16QAM 3/4
48 64QAM 2/3
54 64QAM 3/4

Each PHY data rate depends on two factors. One is a digital modulation scheme
on each OFDM subcarrier, i.e., binary phase shift keying (BPSK), quadrature phase
shift keying (QPSK), 16 quadrature amplitude modulation (QAM), and 64QAM.
The other is a coding rate for error correction, i.e., 1/2, 2/3, and 3/4.

Using a higher PHY data rate leads to a higher throughput. However, the
higher PHY data rate is used to transmit a frame, the higher SINR at a reception
device is needed to successfully receive the frame. When the SINR is below the
desired level, the frame cannot be received by the reception device, i.e., a frame
loss occurs. The frame loss should be avoided because it wastes time and channel
resource in the frame transmission.

2.2.6 Rate Adaptation Schemes

A RAS automatically selects a PHY data rate in a data frame transmission [30].
The RAS aims to improve the throughput performance by achieving both a high
PHY data rate and low data frame loss ratio, where the throughput is defined as
the amount of data transmitted successfully in a given time period. These
schemes determine a data frame loss ratio at fixed intervals on the basis of the
several-second time series information, and select a next PHY data rate.

The RAS is not supported by wireless communication standards and depends
on the implementation. For example, a WLAN hardware supported by Linux uses
a RAS implemented on a mac80211 device driver [49]. The mac80211 device
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driver controls by software a WLAN hardware on a Linux kernel, i.e., analyzes
and generates IEEE 802.11 WLAN frames. Because this device driver is an
open-source software, any RAS is realized by modifying the source code.

2.2.7 Conventional RAS of mac80211 Device Driver

This section presents a description of the two conventional RASs of the mac80211
device driver, i.e., PID and Minstrel. Note that the performances of these algo-
rithms have been investigated in [50] and [51].

PID [52]

A station based on PID selects an appropriate PHY data rate based on the general
proportional integral derivative controller such that the data frame loss ratio con-
verges to a predetermined target value, RL,target. The station selects the PHY data
rate every sampling period TPID.

The kth rate selection operates as follows. First, the station calculates the data
frame loss ratio between the (k − 1)th and kth rate selections, rL[k]. Second, the
station calculates the kth error between RL,target and rL[k] (denoted by e[k]) as

e[k] = RL,target − rL[k]. (2.2)

Third, the station calculates the difference between e[k] and e[k − 1] (denoted by
∆e[k]) as

∆e[k] = e[k] − e[k − 1]. (2.3)

Moreover, the station computes an exponential moving average of e[k] (denoted
by ê[k]) by using e[k] and ê[k − 1] computed at the (k − 1)th rate selection as

ê[k] = (αsmooth − 1)ê[k − 1] + e[k]
αsmooth

, (2.4)

where αsmooth is a smoothing factor (αsmooth > 1). Fourth, the station computes an
adjustment value, vadj[k], as

vadj[k] = CPe[k] + CIê[k] + CD∆e[k](1 + αsharp), (2.5)
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Table 2.2: Minstrel rate table created at the kth update.

Retransmission Normal Lookaround rate
count rate (generating irand[k] ∈ N )

0 R(ibest_tp[k]) max(R(ibest_tp[k]), R(irand[k]))
1 R(inext_best_tp[k]) min(R(ibest_tp[k]), R(irand[k]))
2 R(ibest_prob[k]) R(ibest_prob[k])
3 R(ibaserate[k]) R(ibaserate[k])

where αsharp is a sharpening factor (if αsharp , 0, a fast response is achieved), and
CP, CI, and CD are proportional, integral, and derivative coefficients, respectively.
Finally, if vadj[k] ≤ −1, the station decreases the PHY data rate. If vadj[k] ≥ 1, the
station increases the PHY data rate, and if −1 < vadj[k] < 1, the station maintains
the current PHY data rate.

Minstrel [53]

A station based on Minstrel selects an appropriate PHY data rate by using the
previous data frame transmission performance such that the highest throughput
performance is achieved. The station updates a rate table every sampling period
TMinstrel. The rate table indicates the PHY data rate based on the retransmission
count.

The station updates the kth rate table as follows. First, N is a set of rate
indexes that indicate the supported rates, and i is an element of N , i.e., i ∈ N .
Let the PHY data rate corresponding to i be denoted by R(i). Second, the station
calculates ps(i)[k] for every i, which represents the estimated success probability
of data frame transmission at R(i) as follows. Let ∆ntransmit(i)[k] denote the
increased number of data frames transmitted at R(i) between the (k − 1)th and kth
updates. Similarly, let ∆nsuccess(i)[k] denote the increased number of data frames
transmitted successfully at R(i) between the (k − 1)th and kth updates. Using
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∆ntransmit(i)[k] and ∆nsuccess(i)[k], ps(i)[k] is calculated as

ps(i)[k] = (1 − αscale)
∆nsuccess(i)[k]
∆ntransmit(i)[k]

+ αscaleps(i)[k − 1], (2.6)

where αscale is a scaling value (0 < αscale < 1). Third, the station computes the
throughput at R(i) (denoted by tp(i)[k]) using the estimated maximum number of
data frames transmitted successfully at R(i) per unit time. Note that the symbol
“tp” represents “throughput.” Fourth, the station determines the following three
rate indexes.

• ibest_tp[k]: the rate index of the PHY data rate that will achieve the highest
throughput performance

• inext_best_tp[k]: the rate index of the PHY data rate that will achieve the second
highest throughput performance

• ibest_prob[k]: the rate index of the PHY data rate that will achieve the highest
success probability of data frame transmission

These rate indexes are defined as

ibest_tp[k] = arg max
i∈N

tp(i)[k], (2.7)

inext_best_tp[k] = arg max
i∈N,i,ibest_tp[k]

tp(i)[k], (2.8)

ibest_prob[k] = arg max
i∈N

ps(i)[k], (2.9)

respectively. Finally, the station updates the rate table in Table 2.2, where ibaserate

represents the rate index of the lowest supported PHY data rate.
Using Table 2.2, the station selects an appropriate PHY data rate as follows.

The “Normal rate” is used to transmit 90% of data frames and the remaining 10%
are transmitted at the “Lookaround rate,” for which the station generates a random
rate index, irand[k] ∈ N . The station then determines the PHY data rate for the
current retransmission count as shown in Table 2.2.

2.3 Stochastic Geometry

Stochastic geometry is a powerful mathematical tool that enables the analysis of
the aggregate interference in wireless networks with random topologies [23–25].
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Referring to [23], this section explains point processes and theories only in two-
dimensional space.

2.3.1 Homogeneous or Inhomogeneous Poisson Point Process

A Poisson point process (PPP) is numerous random spatial points, which are uni-
formly distributed in R2. The PPP is characterized only by an intensity parameter.

The homogeneous PPP in R2 with density λ ∈ R is defined as a point process
in R2 satisfying the following two conditions. First, for a compact set B ⊂ R2,
N(B) is a random variable following a Poisson distribution with mean λ |B |, and the
points in B are uniformly distributed. Second, B1, B2, · · · ⊂ R2 are assumed to be
disjoint compact sets, and then random variables N(B1), N(B2), . . . are mutually
independent.

The inhomogeneous PPP in R2 with intensity function Λ : R2 → R is defined
as a point process inR2 satisfying the following two conditions. First, for a compact
set B ⊂ R2, N(B) is a random variable following a Poisson distribution with mean∫

B Λ(x) dx. Second, B1, B2, · · · ⊂ R2 are assumed to be disjoint compact sets, and
then random variables N(B1), N(B2), . . . are mutually independent.

2.3.2 Campbell’s Theorem and Probability Generating Func-
tional for PPP

This subsection explains Campbell’s theorem and probability generating functional
(PGFL) for the PPP. Let a function of a point location be denoted by f : R2 → R,
and a [0, 1]-valued function of a point location be denoted by v : R2 → [0, 1].
Let a homogeneous PPP in R2 with density λ ∈ R be denoted by ΦHPPP, and an
inhomogeneous PPP in R2 with intensity function Λ : R2 → R be denoted by
ΦIPPP.

Campbell’s theorem contributes to analyzing the sum of the random variables,
which depends on random spatial locations. In a wireless network, this theorem
enables to derive the mean and variance of the aggregate interference from wireless
devices distributed randomly. Referring to Campbell’s theorem, the means of the
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summations
∑

x∈ΦHPPP f (x) and
∑

x∈ΦIPPP f (x) are expressed as

EΦHPPP

( ∑
x∈ΦHPPP

f (x)
)
= λ

∫
R2

f (x) dx and (2.10)

EΦIPPP

( ∑
x∈ΦIPPP

f (x)
)
=

∫
R2

f (x)Λ(x) dx, (2.11)

respectively.
PGFL for the PPP contributes to analyzing the product of the random variables,

which depends on random spatial locations. In a wireless network, this theorem
enables to derive the moment generating function (MGF), Laplace transform (LT),
or characteristic function (CF) of the aggregate interference from wireless devices
distributed randomly. Referring to PGFL for the PPP, the means of the products∏

x∈ΦHPPP v(x) and
∏

x∈ΦIPPP v(x) are expressed as

EΦHPPP

( ∏
x∈ΦHPPP

v(x)
)
= exp

(
− λ

∫
R2
[1 − v(x)] dx

)
and (2.12)

EΦIPPP

( ∏
x∈ΦIPPP

v(x)
)
= exp

(
−

∫
R2
[1 − v(x)]Λ(x) dx

)
, (2.13)

respectively.
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Time Scheduling for Microwave
Power and IEEE 802.11 Data
Transmissions

3.1 Overview

This chapter sets two goals to avoid the influence of MPT on WLAN data com-
munications. The first goal is to design a scheduling scheme to solve throughput
degradation and disassociation problems caused by the WLAN protocol. The
second goal is to confirm the feasibility of the scheduling scheme.

To accomplish these goals, this chapter performs the following steps. First, on
the premise of co-channel operation of MPT and IEEE 802.11g-based communi-
cations, this chapter proposes a scheduling scheme that allocates time for MPT
and IEEE 802.11g-based WLAN communications. By performing co-channel
operation of MPT and WLAN communications, the high spectral efficiency can
be achieved, i.e., a dedicated frequency band for MPT is not required. In addition,
considering that the supplied power to the sensor station (SS) for MPT is very
small (on the order of milliwatts) in general, this chapter attempts a method that
lets the energy source (ES) transmit microwave power as long as possible, whereas
the SS uses power-save operation to reduce its consumed power; thus, the duration
of each MPT is set to be longer than that of each data transmission. Then, on
the basis of this proposed scheme, this chapter implements a system and conduct
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experiments to confirm the expected performance. For the feasibility study, this
work assumes that the remaining energy of the SS certainly increases when the
ES transmits microwave power. In addition, radio radiation protection guidelines
related to microwave effects on humans accordingly limit the equivalent isotropi-
cally radiated power (EIRP) of MPT [54]. Thus, in the experiments, this work uses
a large horn antenna for MPT because antenna size is irrelevant to accomplish the
goals of this chapter. Finally, this chapter discusses the feasibility of the system
using the proposed scheduling scheme. Specifically, this chapter estimates the
maximum allowable distance at which the SS obtains sufficient power to perform
wireless communication such that the radio radiation protection guidelines are
satisfied. In addition, this chapter also discusses the feasibility of the case where
microwave power is transmitted to an IEEE 802.11ah-based wireless sensor using
the proposed scheme in co-channel operation. From these results, this chapter can
determine what application the proposed scheme can be utilized for in terms of
the distance at which the SS obtains sufficient power.

This work would like to emphasize that the motivation of this thesis is to
solve throughput degradation and disassociation problems caused by the WLAN
protocol. To solve these problems, this chapter designs a scheduling scheme only
for a single SS because these problems can happen even when microwave power is
transmitted to a single SS. Thus, MPT for multiple stations and directivity control
for a transmission antenna are out of the scope of this chapter. Note that in [7,29],
the authors discussed how to transmit microwave power toward multiple stations.

This chapter is organized as follows. Sect. 3.2 shows the setup of the ex-
periment. Sect. 3.3 describes the power-saving operation of a WLAN module.
Sect. 3.4 proposes the scheduling scheme. Sect. 3.5 describes the experiments and
the results. Then, Sect. 3.6 discusses the feasibility of the proposed scheduling
scheme using a link budget. Finally, this chapter is concluded in Sect. 3.7.

3.2 Setup of Experiment

Figure 3.1 shows the setup of the experiment. In this experiment, there are three
devices: an ES, AP, and SS.

This work explains the whole process of operation. First, the SS measures
its remaining energy and then calculates the timing of the next data transmission
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Figure 3.1: Experimental setup. ©2014 IEICE

using the history of the remaining energy. Next, the SS transmits a data frame
including the timing of the next data transmission to the ES through the AP. On
the basis of the timing of the next data transmission of the SS, the ES transmits
microwave power toward the SS, and the remaining energy of the SS increases.

This work explains the details of each device. The ES consists of a horn
antenna, an amplifier, a radio frequency signal generator, a microcontroller board,
a laptop, and a WLAN module. The microcontroller board determines whether
microwave power is transmitted. The microcontroller board also forwards data
frames to the laptop, and then the laptop displays the transmission data from the
SS. Note that the laptop only displays these data for analysis, not for control of the
MPT.

The SS consists of a rectenna (a patch antenna and a rectifier), a capacitor,
a DC-DC converter, a microcontroller board, a sensing device, and a WLAN
module. The SS is powered by microwave power transmitted from the ES, obtains
sensing data, and transmits data frames to the ES. The microcontroller board and
the WLAN module of the SS are powered by the capacitor. The microcontroller
board determines the power-save operation of the WLAN module and then makes
the WLAN module operate in sleep mode except when the SS transmits data
frames. Before the SS transmits data frames, the microcontroller board measures
a physical quantity with the use of the sensing device and calculates the remaining
energy stored in the capacitor by measuring the capacitor voltage. Note that the
specific contents of the sensing data are out of the scope of this chapter, and this
chapter treats the remaining energy stored in the capacitor of the SS as sensing
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data. From the history of the remaining energy, the SS estimates the supplied
power when the ES transmits microwave power. Note that in this experiment the
supplied power is almost constant when the ES transmits microwave power. Then,
the microcontroller board determines the timing of the next data transmission. The
microcontroller board generates a data frame containing both the sensing data and
the information of the timing of the next data transmission, and the SS transmits
the data frame to the ES through the AP. When the ES transmits microwaves, the
rectenna receives and rectifies the microwaves, charging the capacitor.

The AP periodically broadcasts beacon frames to manage the network. When
the AP receives a data frame from the SS, it forwards the data frame to the ES.

3.3 Power-Save Operation of WLAN Module

The primary component of the total power consumption of the SS is the power
consumption of the WLAN module. Thus, to save energy, the SS is required to use
a power-save operation of the WLAN module, except when the SS communicates.
Note that if this work does not use the power-save operation, the energy that the SS
consumes increases and would be significantly more than the supplied energy from
MPT. This section introduces the power-save operation of the WLAN module.

Figure 3.2 shows the relationship among the timing when the AP broadcasts
beacon frames, the state of the power consumption of the SS, and the mode of
the power-save operation of the WLAN module. Note that the pattern of power
consumption was obtained from a preliminary experiment, and the details are
discussed in Sect. 3.5.

As shown in Fig. 3.2, the AP periodically broadcasts beacon frames. In
addition, beacon frames that contain delivery traffic indication map (DTIM) infor-
mation are broadcasted every predetermined number of beacon frames. Hereafter,
the beacon frames that contain DTIM information are simply referred to as “DTIM
beacons.”

There are two modes related to the power-save operation of the WLAN module:
active and sleep modes. The microcontroller board switches these two modes of the
WLAN module depending on the demand for transmission. As shown in Fig. 3.2,
the power consumption of the SS is large when the SS transmits data frames or
receives DTIM beacons because the WLAN module is completely powered to
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perform wireless communication.

For the SS to transmit data frames, before the DTIM beacon is broadcasted,
the microcontroller board switches the mode of the WLAN module from sleep
mode to active mode. In this case, the SS attempts to transmit data frames just
before it receives the DTIM beacon. When a certain time has elapsed since the
WLAN module is switched to active mode, the microcontroller board switches the
mode of WLAN module from active mode to sleep mode. In sleep mode, the SS
only receives DTIM beacons to maintain the association with the AP and does not
transmit data frames.
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3.4 Proposed Microwave Power and Data Transmis-
sion Scheduling

This section explains the proposed scheduling scheme. In this scheduling scheme,
an SS that has little remaining energy refrains from data transmission to save
energy, i.e., the SS does not transmit data frames periodically.

3.4.1 Requirements for Microwave Power and Data Transmis-
sion

To reduce the power consumption of the SS, it is desirable that the voltage of
the capacitor of the SS is as large as the withstand voltage of the capacitor. The
reason is as follows. Regarding the efficiency of the DC-DC converter connected
after the capacitor, an input voltage that is close to the output constant voltage is
desirable. In addition, in this experiment, the withstand voltage of the capacitor is
lower than the constant output voltage of the DC-DC converter. Thus, this work
sets the target energy of the capacitor at the energy stored in the capacitor charged
up to the withstand voltage. Hereinafter, this energy is referred to as Emax.

As clarified in [11], the SS should share the information on the timing of MPT
such that the SS transmits data frames when the ES does not transmit microwave
power. In addition, as also clarified in [11], the ES should stop MPT around the
timing of DTIM beacons because if the ES transmits microwave power around the
timing of DTIM beacons, the SS is disassociated from the AP.

3.4.2 Operational Flow

Figure 3.3 shows the operational flow of the proposed scheduling scheme. This
figure shows the relationship among the timing when the AP broadcasts DTIM
beacons, the state of the power consumption of the SS, and the state of MPT.

The parameters and constants used in Fig. 3.3 are summarized in Tables 3.1
and 3.2, respectively. Note that the constants shown in Table 3.2 are predetermined
from measurements of the power consumption of the SS using a DC power source.
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Table 3.1: Definitions of parameters.

Symbols Definitions

Emax Maximum allowable energy that capacitor stores
TDTIM DTIM interval
Ts1 Guard time between DTIM beacon and MPT when transmitting data
Ts2 Guard time between MPT and DTIM beacon when in sleep mode
Ts3 Guard time between DTIM beacon and MPT when in sleep mode
Ts4 Guard time between MPT and DTIM beacon when transmitting data

Table 3.2: Definitions of predetermined constants.

Symbols Definitions

Ect Energy consumption of SS for data frame transmission
Ec,DTIM Energy consumption of SS for DTIM reception
Psleep Power consumption of SS in sleep mode
Tact Duration of active mode of SS
Trec Duration of SS energy consumption to receive DTIM beacon
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3.4.3 Sharing Information on Timing of Next Data Transmis-
sion

The SS, just before a data transmission, determines the timing of the next data
transmission on the basis of the remaining energy of the SS so as to maintain its
energy close to Emax. Then, the SS informs the ES of the timing of the next data
transmission, i.e., the timing of the active mode. In addition, the SS also informs
the ES whether the SS requires MPT.

This work explains the details of sharing the information below. Let tk denote
the timing of the kth data frame transmission of the SS. As explained in Sect. 3.3,
because the SS transmits data frames immediately before the SS receives DTIM
beacons, tk+1 is given by tk+1 = tk+ntTDTIM (nt = 1, 2, . . .), where TDTIM represents
the DTIM interval. The data frame consists of sensing data and nt. On the basis
of the informed nt from the SS, the ES calculates tk+1. Then, the ES transmits
microwave power in [tk, tk+1], except during the transmission of the DTIM beacons,
as shown in Fig. 3.3 such that the microwave power does not prevent the SS from
the reception of DTIM beacons.

To inform not only the timing of the next active mode but also the information
regarding whether the SS requires MPT, this work introduces an optional value
wherent = 0, whereas the ES always transmits microwave power when nt =

1, 2, . . .. When nt = 0, tk+1 is set as tk+1 = tk +TDTIM, and the ES does not transmit
microwave power during [tk, tk+1].

To summarize, when the SS informs nt (= 0, 1, 2, . . . ) to the ES at tk , tk+1 is
given by

tk+1 =


tk + TDTIM if nt = 0

tk + ntTDTIM if nt = 1, 2, . . . .
(3.1)

Recall that by informing nt, the ES calculates tk+1 and determines whether the ES
transmits microwave power.

3.4.4 Method to Determine Appropriate nt

This work explains the method to determine the appropriate value for nt such
that the energy stored in the capacitor of the SS converges to Emax as explained in
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Sect. 3.4.1. Let n⋆t,k denote nt transmitted with the kth data transmission. The value
of n⋆t,k impacts the energy stored in the capacitor in the (k +1)th data transmission.

When the SS is switched from sleep mode to active mode, the SS estimates
both the energy consumption of the SS and the supplied energy to the SS. Let
the “estimated energy consumption of the SS during [tk, tk+1]” and the “estimated
supplied energy to the SS during [tk, tk+1]” to a certain nt be denoted by êc(nt) and
êt(nt), respectively. The SS calculates êc(nt) as

êc(nt) = Ect + Psleep(TDTIM − Tact)
+ (nt − 1)[Ec,DTIM + Psleep(TDTIM − Trec)]. (3.2)

Then, this work explains how to calculate êt(nt). First, the SS calculates the
aggregated duration during which the ES transmits microwave power in the time
interval [tk, tk+1]. Let ttr(nt) denote the aggregated duration to a certain nt, and
ttr(nt) is evaluated as

ttr(nt) =


0 if nt = 0

ntTDTIM − (Ts1 + Ts4)
−(nt − 1)(Ts2 + Ts3) if nt = 1, 2, . . . .

(3.3)

Second, the SS estimates the supplied power to the SS when the ES transmits
microwave power. Let p̂r denote the estimated supplied power when the ES
transmits microwave power. Note that the SS measures the energy stored in the
capacitor before every data transmission, and let ek denote the measured energy
before the kth data transmission. On the basis of ek−1, ek , and n⋆t,k−1, the SS
updates p̂r as

p̂r =


p̂r if n⋆t,k−1 = 0
ek − ek−1 + êc(n⋆t,k−1)

ttr(n⋆t,k−1)
if n⋆t,k−1 = 1, 2, . . . .

(3.4)

Last, using ttr(nt) and p̂r, êt(nt) is evaluated by

êt(nt) = p̂rttr(nt). (3.5)

Using ek , êc(nt), and êt(nt), the SS determines n⋆t,k . Specifically, the SS deter-
mines n⋆t,k such that the estimated energy stored in the capacitor of the SS in the

29



Chapter 3 Section 3.5

Horn 
antenna

Patch
antenna

Rectifier

Sensor station (SS)Energy source (ES)

AP
WLAN
module

WLAN
module

1.90 m

2.30 m

4.75 m

3.20 m

Figure 3.4: Position of each device in experimental setup. ©2014 IEICE

(k + 1)th data transmission is nearest to Emax. Let êk+1(nt) denote the estimated
energy in the (k + 1)th data transmission to a certain nt, and êk+1(nt) is estimated
by

êk+1(nt) = ek + êt(nt) − êc(nt). (3.6)

Using êk+1(nt), the SS determines n⋆t,k as

n⋆t,k =


0 if êk+1(nt) ≥ Emax , ∀nt,

arg min
nt∈N

Emax − êk+1(nt) otherwise,
(3.7)

where N = {n|êk+1(n) < Emax, n = 1, . . . , N}, and N represents the maximum
value for n⋆t,k . In addition, in (3.7), n⋆t,k has a unique value because Emax − êk+1(nt)
has different values for nt.

3.5 Experiment

3.5.1 Parameters

Figure 3.4 shows the position of each device and the distances between antennas.
The SS is set in front of the horn antenna of the ES, and both the WLAN module of
the ES and the AP are set behind the horn antenna to prevent serious interference.
Figure 3.5 shows the SS and the horn antenna of the ES.

This work uses “Arduino Fio” [55] as the microcontroller board of the ES and
the SS. Moreover, this work uses “XBee Wi-Fi” [56] as the WLAN modules of
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Figure 3.5: Experimental setup of horn antenna and SS. ©2014 IEICE

the ES and the SS. The SS, ES, and AP transmit or receive user datagram protocol
(UDP) data using 2.446–2.468 GHz bands. On the other hand, the ES transmits
microwave power on the frequency of 2.457 GHz. The input power of the horn
antenna is 12.8 W when the ES transmits microwave power. The antenna gain of
the horn antenna is 19 dBi, and that of the patch antenna is 7.7 dBi. The capacitor
of the SS has a capacitance of 10 F and a dielectric strength of 2.7 V. The DC-DC
converter of the SS converts the capacitor voltage to 3.3 V, which is required for
the input voltage for both the microcontroller board and the WLAN module.

Tables 3.3 and 3.4 show the parameters and the constants, respectively. The
constants shown in Table 3.4 are predetermined from the measurement of the
consumed power when the SS is powered by using a DC power source.

3.5.2 Experimental Results

Figure 3.6 shows the power consumption of the SS and the state of MPT when this
work operates the implemented system. In Fig. 3.6, the SS receives DTIM beacons
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Table 3.3: Values of parameters.

Parameters Values

Emax 36.45 J
TDTIM 10.24 s
Ts1 100 ms
Ts2 200 ms
Ts3 800 ms
Ts4 1000 ms

Table 3.4: Values of predetermined constants.

Constants Values

Ect 21.51 mJ
Ec,DTIM 17.4 mJ
Psleep 6.6 mW
Tact 90 ms
Trec 40 ms

when the power consumption of the SS is high, and the SS operates in sleep mode
when the power consumption of the SS is low. As shown in Fig. 3.6, the SS
receives DTIM beacons when the ES does not transmit microwave power, and the
SS operates in sleep mode when the ES transmits microwave power. Thus, this
work confirmed the successful implementation of the scheduling scheme shown
in Fig. 3.3.

Figure 3.7(a) shows both the timings of data frame transmissions of the SS and
the values of the transmitted n⋆t,k , and Fig. 3.7(b) shows the transition of the energy
stored in the capacitor of the SS. As shown in Fig. 3.7(b), the energy stored in
the capacitor increased and successfully converged to Emax. This occurs because
the ES transmits microwave power in response to the data frames from the SS
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in the implemented system. In other words, the ES does not transmit microwave
power if the SS fails to transmit data frames. In addition, if the SS fails to receive
DTIM beacons because of microwaves for MPT, the power consumption of the SS
exceeds the supplied power for MPT, and then the energy stored in the capacitor
decreases.

In Fig. 3.7(b), the average increment of the energy stored in the capacitor is
22.9 mW when the energy increases. When both the power consumption of the
SS and the duration over which the ES does not transmit microwave power are
taken into account, the obtained power of the SS when the ES transmits microwave
power is estimated as

22.9 mW · TDTIM + Ec,DTIM + Psleep(TDTIM − Trec)
TDTIM − (Ts2 + Ts3)

(3.8)

≈ 34.5 mW.
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Table 3.5 shows the power density at each antenna when the ES transmits
microwave power. Table 3.6 shows the link budget related to the experimental
results. Using the power density at the patch antenna, the gain of the patch

34



Chapter 3 Section 3.6

Table 3.5: Power density at each antenna when input power of horn antenna is
12.8 W.

Position of antenna Power density

Patch antenna of SS 19.44 W/m2

WLAN module antenna of SS 11.72 W/m2

Antenna of AP 1.67 mW/m2

WLAN module antenna of SS 26.6 µW/m2

Table 3.6: Link budget using experimental results.

Values

Input power of horn antenna 41.07 dBm
Gain of horn antenna 19 dBi
Free space propagation loss 45.83 dB
Gain of patch antenna 7.7 dBi
Power efficiency of rectifier −6.01 dB
Estimated output power of rectifier 15.93 dBm

Measured output power of rectifier 15.31 dBm

antenna, and the measured output power from the rectifier, the power efficiency of
the rectifier is calculated.

3.6 Feasibility of Proposed System

This section discusses the feasibility of the proposed system by examining the
maximum distance between the ES and the SS.

Regarding that microwaves affect human bodies, there are radio radiation
protection guidelines that limit the power density at a certain distance from the
power transmitter antenna in Japan [54]. According to these guidelines, the limited
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Table 3.7: Definitions of symbols used in Fig. 3.8.

Symbols Definitions Units

c Speed of light m/s
f Frequency for MPT Hz
Pt Input power of power transmitter antenna W
Gt Gain of power transmitter antenna
Rlim Maximum allowable distance satisfying guidelines W
Slim Power density limit of guidelines W/m2

Gr Gain of power receiver antenna
Pr Output power of power receiver antenna W
η Power efficiency of rectifier
Preq Required supplied power to SS W
Rmax Maximum distance at which system is realized m

maximum power density is 10 W/m2 if this work uses 2.4 GHz or 6 W/m2 if this
work uses 900 MHz. In addition, this work regards radio wave propagation as free
space propagation.

Figure 3.8 shows the positions of devices for this analysis, and the definitions
of the symbols used in Fig. 3.8 are summarized in Table 3.7, where

Slim =
GtPt

4πRlim
2 ⇔ GtPt = 4πSlimRlim

2. (3.9)
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Referring to the Friis transmission formula and using (3.9), Pr is written as

Pr = GrGtPt

(
c

4πRmax f

)2
=

GrSlim
4π

(
Rlimc
Rmax f

)2
. (3.10)

Hence, Preq is written as

Preq = ηPr = ηGrGtPt

(
c

4πRmax f

)2

=
ηGrSlim

4π

(
Rlimc
Rmax f

)2
. (3.11)

As shown in (3.11), Preq is independent of Gt and Pt.
On the basis of the proposed scheduling system described in Sect. 3.4, this

work assumes that the operational flows related to the SS and the ES are followed
in Fig. 3.9. The definitions of the symbols used in Fig. 3.9 are summarized in
Table 3.8. Note that duty ratio D is defined as the ratio of the active time of the
SS to the cycle time T . This work provides equations related to the symbols used
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Table 3.8: Definitions of symbols used in Fig. 3.9.

Symbols Definitions Units

T Period with which SS communicates s
D Duty ratio
Pcom Power consumption of SS to communicate W
Preq Required supplied power to SS W
Psleep Power consumption of SS in sleep mode W
Pc Average power consumption of SS W
Ps Average supplied power to SS W

in Fig. 3.9. Pc and Ps are defined as

Pc := [DTPcom + (1 − D)TPsleep]/T
= DPcom + (1 − D)Psleep (3.12)

and

Ps := (1 − D)TPreq/T = (1 − D)Preq, (3.13)

respectively. As shown in (3.12) and (3.13), both Pc and Ps are independent of
T . Because the SS receives the minimum power necessary to perform wireless
communication, this work assumes that the power consumption of the SS is equal
to the supplied power to the SS, i.e., Pc = Ps. Hence, using (3.12) and (3.13), Preq

is written as

Preq =
DPcom + (1 − D)Psleep

1 − D
. (3.14)

Using (3.11) and (3.14), this work eliminates Preq and solves for Rmax, and then
Rmax is written as

Rmax =
Rlimc
2 f

√
η(1 − D)GrSlim

π[DPcom + (1 − D)Psleep]
. (3.15)

Using (3.15), this work calculates Rmax versus D. Table 3.9 shows the values
of the parameters. In this analysis, there are two cases, i.e., frequency used for
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Table 3.9: Parameters for analysis.

Parameters
Values

Case 1 Case 2

f 2.4 GHz 900 MHz
Rlim 1 m 1 m
Slim 10 W/m2 6 W/m2

Gr 7.7 dBi 7.7 dBi
η 95% 95%

Pcom 100 mW 100 mW
Psleep 1 µW 1 µW

MPT is either 2.4 GHz or 900 MHz. Figure 3.10 shows the maximum distance
Rmax for each case. In Fig. 3.10, the horizontal axis indicates the duty ratio D.
In addition, the vertical dashed line in Fig. 3.10 indicates the duty ratio in the
experiment described in Sect. 3.5 (D = 40 ms/10.24 s ≈ 3.9 × 10−1%).

As shown in Fig. 3.10, the maximum distance realized by the system is longer
using 900 MHz than using 2.4 GHz for MPT. In addition, even if the ES transmits
microwave power using 2.4-GHz bands, the SS can receive sufficient power from
the ES when D ≈ 3.9 × 10−1%, and the distance between the power transmitter
and receive antennas is 10 m.

3.7 Conclusion

This chapter has studied the implementation and feasibility of using MPT to operate
an SS that communicates with ES on a WLAN, where the center frequency of the
microwave frequency used for MPT is set to be the same as that of WLAN to
achieve high spectral efficiency. To avoid the influence of MPT on WLAN data
communications, the CSMA/CA protocol of WLAN could be a solution; however,
throughput degradation due to data rate control and disassociation from the AP
due to the association algorithm could happen.

In order to solve these problems and realize the largest possible coverage of
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MPT, this work has proposed a scheduling scheme in which MPT and wireless
communications operate in different periods of time, and the MPT supplies a
maximal amount of energy to the SS. Thus, the SS needs to inform the ES about
the timings of data frame transmissions. Recall that the purpose of this work is to
develop a scheduling scheme such that throughput degradation and disassociation
problems due to the WLAN protocol are solved.

Then, this work implemented the proposed scheduling system. From the
results of experiments, this work confirmed that the time sharing between MPT
and WLAN data communications is successfully implemented. In addition, it is
also confirmed that the remaining energy of the SS converges to the predetermined
target value, i.e., the WLAN-based SS continuously works well.

Finally, on the basis of link budget analysis, this work clarified the maximum
allowable distance between the power transmitter and receiver antennas when the
proposed scheduling scheme is utilized. As a result, this work showed that the
scheduling scheme can be applied to a room or a closed space.
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Rate Adaptation for WLAN Station
Powered with Microwave Power
Transmission

4.1 Overview

This chapter proposes an RAS based on exposure assessment using rectenna output
for a WLAN station exposed to microwave radiation for MPT, and then carries
out experiments to evaluate the performance of the system on which the proposed
scheme is implemented. The rectenna was installed in the device powered with
MPT, and converts the microwave power it receives into direct current power. The
rectenna output enables a station based on the proposed scheme to assess whether
it is exposed to microwave radiation for MPT. The historical data corresponding
to the assessment result are used by the station to select an appropriate PHY data
rate, where two independent memories, each of which contains a different set of
historical data for rate adaptation, are prepared in advance.

The proposed scheme was implemented on a WLAN station by modifying
a mac80211 device driver [49] that is widely used as a WLAN driver in Linux
systems. This device driver uses two conventional RASs by default, i.e., PID [52]
and Minstrel [53]. By modifying either PID or Minstrel, this chapter implemented
PID-based or Minstrel-based proposed schemes on a WLAN station.

This chapter is organized as follows. Sect. 4.2 contains the proposal for an RAS
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with rectenna output. The experiments conducted to evaluate the performance are
described in Sect. 4.3. Sect. 4.4 discusses the advantages of the proposed scheme.
Finally, this chapter is concluded in Sect. 4.5.

4.2 Rate Adaptation Scheme Based on Exposure As-
sessment Using Rectenna Output

This section proposes an RAS based on exposure assessment using rectenna output.
The design of this proposed scheme focuses on the use of historical data in both
of the conventional RASs, i.e., PID and Minstrel. Recall that historical data are
obtained from previous transmissions, e.g., historical data of the data frame loss
ratio. This proposed scheme has the following two features: (i) the station assesses
whether it is exposed to microwave radiation for MPT by using rectenna output
power; (ii) the station selects an appropriate PHY data rate using historical data
corresponding to the assessment result. The reason for using rectenna output
power is twofold. First, a rectenna has been installed in a station powered with
MPT and thus there is no need to install other devices to perform the exposure
assessment. Second, the use of rectenna output power enables a station equipped
with the rectenna to directly assess whether it is exposed to microwave radiation
for MPT.

Fig. 4.1 illustrates the flowchart of the proposed scheme. This work explains
kth rate adaptation at the time tk as follows. Immediately before rate adaptation,
the station measures the rectenna output power, po[k]. Then, by using po[k], the
station assesses whether it is exposed to microwave radiation for MPT. Let the
power threshold be denoted by Pth. Pth should be determined from the power the
station receives from microwaves for MPT. The reasons are as follows. The output
power of the rectenna that receives microwaves for communication is less than
1 µW. The reason is that the rectenna output power is not more than the maximum
transmission power that limited to 10 mW/MHz in Japan, and that at 2.4 GHz, the
free space propagation loss at 1 m distance is equal to 40 dB in theory. On the other
hand, the output power of the rectenna that receives microwaves for MPT is more
than that of the rectenna that receives microwaves for communication, where, this
work assumes that the supplied power to the station is of the order of milliwatt.
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Figure 4.1: Flowchart of kth rate adaptation in the proposed scheme, where α[k]
is the historical data obtained during [tk−1, tk]. ©2015 IEICE

Then, by using the historical data in the memory corresponding to the assess-
ment result, the station selects an appropriate PHY data rate. The two independent
memories in which the historical data for rate adaptation purposes are stored are
denoted by ME and MNE, where the subscripts “E” and “NE” represent “exposure”
and “non-exposure,” respectively. When po[k] > Pth, the station determines that
it is exposed to microwave radiation for MPT, after which it selects an appropriate
PHY data rate using the historical data stored in ME, which contains the corre-
sponding historical exposure data. At the same time, the historical data obtained
during [tk−1, tk] is stored in ME. On the other hand, when po[k] ≤ Pth, the station
determines that it is not exposed to microwave radiation for MPT and then selects
an appropriate PHY data rate using the historical data stored in MNE, which con-
tains the historical data corresponding to non-exposure to microwave radiation for
MPT. At the same time, historical data obtained during [tk−1, tk] are stored in MNE.

The scheme proposed in this work does not define a concrete RAS; instead, it
uses historical data corresponding to the state of exposure to microwave radiation
for MPT. Hence, a station based on the proposed scheme is able to use RASs
corresponding to the exposure assessment result. In the experiments described in

43



Chapter 4 Section 4.3

Transmitting
microwave for MPT

DT

ES

2.96 m3.06 m

WLAN
adapter

Access
point

Laptop

DR

Packet sniffer

Data frame transmission

ACK frame transmission

RF signal
generator

1.63 m
Rectenna

Microcontroller
board

Rectifier

Linux
machine

Laptop

Figure 4.2: Experimental setup. ©2015 IEICE

Sect. 4.3, this work implemented the proposed scheme on a station such that the
PHY data rate is selected on the basis of a single conventional RAS regardless of
the magnitude of po[k]. This has the purpose of enabling a comparison with the
conventional RAS. For example, in the “PID-based proposed scheme,” po[k] is
measured immediately before the kth rate selection is measured, following which
the PHY data rate is selected much in the same way as described in Sect. 2.2.7.
Unlike in conventional PID, in the PID-based proposed scheme, historical data
corresponding to the magnitude of po[k] is used to select the PHY data rate. When
po[k] > Pth, the PHY data rate is selected by using both ê[klast,E] and e[klast,E] that
satisfy

klast,E = max
k ′∈NE

k′, (4.1)

where NE = { n | po[n] > Pth, n = 1, . . . , k − 1 }. When po[k] ≤ Pth, the PHY
data rate is selected by using both ê[klast,NE] and e[klast,NE] that satisfy

klast,NE = max
k ′∈NNE

k′, (4.2)

where NNE = { n | po[n] ≤ Pth, n = 1, . . . , k − 1 }.

4.3 Experiments

This section presents an explanation of the experiments in this chapter. All mea-
surements were performed in a radio frequency (RF) anechoic chamber to ensure
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the absence of any sources of wireless transmissions except for the system de-
scribed in Sect. 4.3.1.

4.3.1 Experimental Setup

Fig. 4.2 illustrates the experimental setup for the performance evaluation of the
proposed scheme. The experimental system consists of the following three devices,
an ES, a data transmitter (DT), and a data receiver (DR).

The details of each of these devices are as follows. The ES intermittently
transmits continuous microwaves for MPT to the DT and consists of a transmission
antenna, an amplifier, and an RF signal generator. The microwaves generated by
the RF signal generator are amplified via the amplifier, and are then transmitted
from the transmission antenna to the DT.

The DT continuously transmits data frames to the DR. It consists of a com-
mercial WLAN adapter (Logitec LAN-W150NU2AB, rt2800usb device driver),
a Linux machine (Raspberry Pi Model B+ [57], Linux kernel 3.12.23+), a lap-
top (Apple MacBook Air, OS X 10.9.5), a microcontroller board (Arduino Uno
board [58]), and a rectenna. The microcontroller board measures the rectenna
output power and assesses whether the DT is exposed to microwave radiation for
MPT, and then shares the information of the exposure assessment with the Linux
machine. The Linux machine, which is remotely operated by the laptop, generates
the data that are transmitted from the WLAN adapter.

The DR manages the network, receives the data frames transmitted from the
DT, and captures the frames transmitted by the network as a packet sniffer. The DR
consists of an access point (AP, Allied Telesis AT-TQ2403) and a laptop (Apple
MacBook Pro, OS X 10.8.4). The AP generates and manages an IEEE 802.11g-
based WLAN. The laptop receives the data frames transmitted from the DT via
the AP and captures the frames transmitted from both the DT and the DR using
its internal WLAN device. Note that the frame capture at the DR laptop is for the
purpose of evaluating the throughput performance of the proposed scheme and is
independent of the rate selection at the DT.

In this chapter, the experiments were conducted only in the environment con-
sisting of one DT and one DR, whereas the performance evaluation of the proposed
scheme in an environment consisting of multiple DTs and DRs is beyond the scope
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Figure 4.3: DT and power transmission antenna. ©2015 IEICE

of this chapter. The reason is that the performance in the environment consisting
of multiple nodes depends not only on the RAS but also on other factors, e.g.,
contention between the multiple nodes and the method of transmitting microwave
power to the multiple nodes. In addition, this work can verify the performance of
the proposed scheme either in the environment consisting of multiple DTs and DRs
or in the environment consisting of one DT and one DR. There are two reasons
for this. One is that, in RASs, the PHY data rate for each pair of DT and DR
is selected independently. The other one is that the two features of the proposed
scheme, i.e., the exposure assessment using rectenna output and the use of histori-
cal data corresponding to the assessment result, are also performed independently
on each DT.

4.3.2 Parameters

Fig. 4.2 shows the position of each of the devices, and Fig. 4.3 shows the entire
DT and the power transmission antenna of the ES. Figs. 4.2 and 4.3 also show that
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Table 4.1: Power density at each antenna when the ES transmits microwaves for
MPT.

Antenna position Power density

DT rectenna 0.86 mW/cm2

DT WLAN adapter 0.92 mW/cm2

DR laptop 1.33 µW/cm2

DR AP 0.97 µW/cm2

the DT is placed in front of the transmission antenna, whereas the DR is placed
behind the transmission antenna such that the microwave power transmitted from
the ES only affects the DT. The DR AP, transmission antenna, and DT are placed
in a straight line. The distances from the transmission antenna to the DR AP, DR
laptop, and DT are 3.06 m, 1.63 m, and 2.96 m, respectively.

The ES repeatedly transmits continuous microwaves for MPT to the DT for 1.4 s
and then pauses for 5.0 s. Note that the duration of the microwave transmission,
1.4 s, satisfies the following two conditions. It ensures that the DT does not become
disassociated from the DR AP because of the consecutive non-reception of beacon
frames, and, additionally, it ensures that the PHY data rate is reduced during this
period. The central frequency of the microwaves is set to be 2.457 GHz, and
the bandwidth is less than 2 kHz. The gain of the power transmission antenna is
16.4 dBi. When the ES transmits the microwaves, the transmission power of the
ES is set to be 17.9 W. In this case, the power density at each antenna position has
the value listed in Table 4.1. Moreover, the DT rectenna output power when the
ES transmited microwaves for MPT is 31 mW, whereas the DT rectenna output
power when the ES did not transmit microwaves for MPT is 0 mW.

The DT transmits data frames at eight different PHY data rates: 6, 9, 12,
18, 24, 36, 48, and 54 Mbit/s. The central frequency for data transmission is set
to be 2.457 GHz. Recall that MPT interferes with data transmission even when
an adjacent channel is used for the purpose. The DT uses Iperf 2.0.5 [59] and
generates UDP data traffic with an offered load of 54 Mbit/s, i.e., the network is
saturated by traffic. The UDP datagram size is set to be 1,470 B and this size
has no effect on the advantage of the proposed scheme because the throughput
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degradation discussed in this work is caused by the ACK frame loss.
The proposed scheme was implemented on the DT Linux machine by mod-

ifying the mac80211 device driver. Now, Pth was set to be 6 mW taking both
that the DT rectenna output power of 0 mW when the ES did not transmit mi-
crowaves for MPT and that the DT rectenna output power of 31 mW when the
ES transmited microwaves for MPT into account. This work emphasizes that this
value is for assessing that the rectenna output power is either 0 mW or 31 mW and
does not sensitively affect the performance of the proposed scheme. In addition,
to compare the role of the exposure assessment by using the rectenna output in
the proposed scheme, this work investigated the RAS without rectenna output for
comparison as described in Sect. 4.3.3. As described in Sect. 4.2, regardless of
the use of the rectenna output, the proposed scheme is implemented such that the
PHY data rate is selected on the basis of either PID or Minstrel. The proposed
scheme was modified as follows when implemented. As shown in Fig. 4.4, when
the station determined that it was not exposed to microwave radiation for MPT in
the (k−1)th rate adaptation, but instead determines that it is exposed to microwave
radiation for MPT in kth rate adaptation, the station copies over the contents of
MNE to ME immediately before the rate selection using ME. Even when this work
adds these modifications to the proposed scheme, this work are able to confirm its
effectiveness because the content of MNE shows the same behavior regardless of
these modifications.

Based on the above discussion, this work investigated the performance of each
of the three PID-based and each of the three Minstrel-based RASs, i.e., the PID,
PID-based proposed scheme with and PID-based scheme without rectenna output
for comparison, Minstrel, and Minstrel-based proposed scheme with and Minstrel-
based scheme without rectenna output for comparison. The parameters used in
both the PID-based and Minstrel-based RASs were initialized with the values in
Tables 4.2 and 4.3, respectively, and were constant.

The experiments enabled to evaluate the UDP throughput, PHY data rate used
in the data frame transmission, and data frame loss ratio for each RAS. Firstly,
the UDP throughput was estimated based on the number of ACK frames the DR
laptop captured with Wireshark [60]. Recall that the frame capture at the DR
laptop is for the purpose of evaluating the throughput performance of the proposed
scheme and is independent of the rate selection at the DT. Even though the use of
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Table 4.2: PID default parameters.

TPID RL,target αsmooth αsharp CP CI CD

125 ms 14% 8 0 15 9 15

Table 4.3: Minstrel default parameters.

TMinstrel αscale

100 ms 0.25

Iperf would enable us to calculate the UDP throughput, this work estimated the
UDP throughput with the captured frames. The reason is that the period of the
UDP throughput estimation with the captured frames can be set shorter than that
of the UDP throughput calculation with Iperf. Secondly, the PHY data rate in
the PID-based RASs was measured on the DT Linux machine by using the debug
function. On the other hand, the PHY data rate in the Minstrel-based RASs was
estimated on the DR laptop by using captured data frames. In the Minstrel-based
RASs, the reason for using captured data frames is that the PHY data rate used
in each data transmission is unknown even when the debug function is used [53].
Lastly, the data frame loss ratio was measured on the DT Linux machine by using
the debug function. This work emphasizes that the DT Linux machine was not
able to completely obtain the data frame loss ratio because it did not have the
required performance.

4.3.3 Rate Adaptation Scheme Based on Exposure Assessment
Not Using Rectenna Output for Comparison

The performance of the proposed scheme was evaluated depending on whether
the station uses rectenna output. For this reason, this work now explains the
operation of an RAS without rectenna output for comparison. The station based
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Figure 4.4: Flowchart of kth rate adaptation in the proposed scheme implemented
for the experiments, where α[k] is the historical data obtained during [tk−1, tk].
©2015 IEICE

on the scheme without rectenna output uses the results of previous data frame
transmissions to assess whether the station is exposed to microwave radiation for
MPT.

This work explains the operation in the kth rate adaptation at the time tk using
the value of rL[k] described in Sect. 2.2.7. Recall that rL[k] denotes the data
frame loss ratio during [tk−1, tk]. Note that, even in the Minstrel-based scheme
without rectenna output for comparison, rL[k] is calculated. Let the number
of data frames transmitted during [tk−1, tk] be denoted by ∆ntransmit[k]. In the
same way as the proposed scheme, two memories ME and MNE are prepared.
Using these memories, the kth rate adaptation is performed as follows. When
rL[k − 1] < 50%, if rL[k] ≥ 50%, the station determines that it is exposed to
microwave radiation for MPT, and then selects an appropriate PHY data rate using
the historical data stored in ME and then stores in ME the historical data obtained
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during [tk−1, tk]. Then, the station continues to use historical data stored in ME

until ∆ntransmit[m] ≥ 3∆ntransmit[m − 1] in the mth rate adaptation for any m > k.
On the other hand, when the station uses the historical data stored in ME in the
(k − 1)th rate adaptation, if ∆ntransmit[k] ≥ 3∆ntransmit[k − 1], it determines that it
is not exposed to microwave radiation for MPT, and then selects an appropriate
PHY data rate using historical data stored in MNE and stores in MNE the historical
data obtained during [tk−1, tk]. Then, the station continues to use the historical
data stored in MNE until both rL[m − 1] < 50% and rL[m] ≥ 50% in the mth rate
adaptation for any m > k.

4.3.4 Experimental Results

Fig. 4.5 shows both the UDP throughput and PHY data rate for each of the PID-
based RASs. In addition, Fig. 4.6 shows both the data frame loss ratio and PHY
data rate for each of the PID-based RASs. The red lines in Fig. 4.5 confirm that
the PHY data rate is reduced when the DT is exposed to microwave radiation for
MPT. Comparing both the UDP throughput and the PHY data rate in Fig. 4.5a with
those in both Figs. 4.5b and 4.5c, it is clear that there has been an improvement.
Note that, in Figs. 4.5b and 4.5c, there is a period during which the DT uses the
lowest PHY data rate immediately after the MPT is discontinued. This is because
the rate selection interval in the PID scheme is set to be 125 ms.

Fig. 4.7 shows both the UDP throughput and PHY data rate for each of the
Minstrel-based RASs. In addition, Fig. 4.8 shows both the data frame loss ratio
and PHY data rate for each of the Minstrel-based RASs. Except for the change in
the link quality, the UDP throughput in Fig. 4.7a can be considered the same as
that in Figs. 4.7b and 4.7c. On the other hand, after the MPT is discontinued, a
PHY data rate of less than 48 Mbit/s is sometimes used in Fig. 4.7a, while that of
54 Mbit/s is always used in Figs. 4.7b and 4.7c.

4.4 Discussion

Taking the observations in Sect. 4.3 into account, this section discusses the advan-
tages of the proposed scheme.

Exposure assessment based on the rectenna output allows a device equipped
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(b) PID-based proposed scheme
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(c) PID-based scheme without rectenna output for comparison

Figure 4.5: UDP throughput and PHY data rate for each of the three PID-based
RASs, where the grey area indicates the time during which the DT is exposed to
microwave radiation for MPT. ©2015 IEICE
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Figure 4.6: Data frame loss ratio and PHY data rate for each of the three PID-based
RASs, where the grey area indicates the time during which the DT is exposed to
microwave radiation for MPT. ©2015 IEICE
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Figure 4.7: UDP throughput and PHY data rate for each of the three Minstrel-based
RASs, where the grey area indicates the time during which the DT is exposed to
microwave radiation for MPT. ©2015 IEICE
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Figure 4.8: Data frame loss ratio and PHY data rate for each of the three Minstrel-
based RASs, where the grey area indicates the time during which the DT is exposed
to microwave radiation for MPT. ©2015 IEICE
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with the rectenna to precisely recognize in real-time that the device is exposed to
microwave radiation for MPT. Here it should be noted that if a device is powered
with MPT, the device has a rectenna installed. According to either Figs. 4.5b
and 4.5c or Figs. 4.7b and 4.7c, the UDP throughput of the proposed scheme
can be regarded as the same as that of the RAS without rectenna output for
comparison, except for the change in the quality of the link. However, the use
of the scheme without rectenna output for comparison has the following two
disadvantages. Firstly, as described in Sect. 1, because of the exposure assessment
based on the data frame loss ratio, when severe SNR degradation occurs at the
receiver, the station based on the scheme erroneously determines that it is exposed
to microwave radiation for MPT even when it is not. Secondly, because of the
exposure assessment based on the number of transmitted data frames, when the
station transmits data frames under unsaturated traffic conditions or when there are
other nodes that operate in the same band as the station, the station can erroneously
determine that it is exposed to microwave radiation for MPT even when this is not
the case. The cause of this is that the number of transmitted data frames fluctuates
depending both on the traffic conditions and on the contention level.

Using historical data corresponding to the state of exposure to microwave radi-
ation for MPT has the following advantages in comparison with using continuously
historical data stored in a single memory.

• After discontinuation of the MPT, the high PHY data rate is maintained,
and thus throughput degradation does not occur. Compared with Fig. 4.5b,
Fig. 4.5a shows that the PHY data rate was reduced over the period from
24.8 to 26.2 s temporarily, after which a PHY data rate below 48 Mbit/s was
used over the period from 26.2 to 28.6 s. On the other hand, Fig. 4.5b shows
that a PHY data rate below 48 Mbit/s was not used over the period from 24.2
to 26.6 s.

• Using historical data corresponding to the exposure assessment result pre-
vents the content of historical data from being corrupted. Compared with
Fig. 4.7b, Fig. 4.7a shows that a PHY data rate below 48 Mbit/s was some-
times used over the period from 18.7 to 19.8 s. On the other hand, Fig. 4.7b
shows that a PHY data rate below 48 Mbit/s was not used over the period
from 34.9 to 35.8 s. The reason for this is that in Fig. 4.7a, the contents stored
in MNE were corrupted due to a data frame loss when the DT is exposed to
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microwave radiation for MPT.

4.5 Conclusion

This section proposed an RAS based on exposure assessment using rectenna output
for a WLAN station powered with MPT. The objective of the proposed scheme was
to prevent the throughput degradation that occurs when the station is exposed to
microwave radiation for MPT. This objective was achieved by utilizing the rectenna
output to assess whether the station is exposed to microwave radiation for MPT.
Note that a device powered with MPT has a rectenna. The proposed scheme is
based on the use of two independent memories in which historical data for rate
adaptation were stored with the aim of mitigating the PHY data rate degradation
when the station is exposed to microwave radiation for MPT. The historical data
stored in the two memories were used to determine when the station was either
exposed or not exposed to microwave radiation for MPT. This work implemented
the proposed scheme on a station using a commercial WLAN device and a widely
used device driver. The results confirmed the effectiveness of the proposed scheme.
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Chapter 5

Knowledge-based Design of Primary
Exclusive Region for Spectrum
Database

5.1 Overview

This chapter presents a framework for updating the PER. In the proposed frame-
work, when the PU’s interference constraint is not satisfied, the PU sends a message
to the database indicating that the PU is experiencing harmful interference. When
the database receives the message, it updates the PER satisfying the PU’s interfer-
ence constraint. The database utilizes its available knowledge such as the locations
and power levels of STs to perform the PER update. After the update, this chapter
evaluates the PER radius by deriving it for each type of database knowledge by
using stochastic geometry. Stochastic geometry is a tractable mathematical tool for
the analysis of wireless networks with random spatial models [24,61]. Specifically,
the effect is significant in the analysis of the probability of rare events and in the
performance evaluation for various parameters. In this chapter, an analysis with
stochastic geometry enables to calculate the PER size satisfying the PU’s interfer-
ence constraint without Monte Carlo simulations, i.e., without many simulation
runs.

The purpose of the work is to evaluate the spectrum reuse efficiency depending
on whether the knowledge about the secondary user is available or unavailable.
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Specifically, this chapter verifies that more detailed database knowledge about the
SU density and transmission power leads to a smaller PER size.

The contributions of this chapter are twofold. The first contribution is the
proposal of a new update framework for the database, which is required to dynam-
ically adjust the SU’s strategy in consideration of the incumbent PU. The second
contribution is a qualitative discussion of the multiple types of database knowledge
in several scenarios. The database can determine an appropriate PER if it has a
complete awareness of the locations and power levels of all the STs. However, it
is difficult for the database to always have information about all the STs because
they may move and use power control.

The remainder of this chapter is organized as follows. Sect. 5.2 presents the
system model. Sect. 5.3 derives the radius of the PER by using stochastic geom-
etry. Sect. 5.4 describes the proposed framework. Sect. 5.5 explains the database
knowledge for determining the PER. Sect. 5.6 evaluates the performance of the
proposed framework in several scenarios, i.e., Nakagami-m fading superimposed
on log-normal shadowing and log-normal shadowing scenarios. Finally, the con-
clusions and future work are presented in Sect. 5.7.

5.2 System Models

5.2.1 Locations of PU and SU

Fig. 5.1 illustrates an example of a system. This work assumes, without loss of
generality, that a PR has an antenna for transmission and reception, and is located
at the origin o on R2. STs are assumed to be distributed with a uniform Poisson
point process with intensity λST, i.e., λST denotes the density of an ST. This work
assumes that STs attempt to operate in a single radio channel allocated to the PU.

The database responds to an ST by transmitting its available spectrum band
when the ST queries the database with its location. The database is assumed to
associate with all STs and to know the PR location. The database determines the
PER radius re, where the PER is a closed disk of radius re centered at o. Let
the circular region be denoted by b(o, re). On the basis of the PER, the database
responds by either transmitting its transmission permission or prohibition to the
ST. That is, the database allows the STs outside the PER (i.e., on R2 \ b(o, re))
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to transmit data, and forbids the STs inside the PER (i.e., on b(o, re)) to transmit
data. In addition, when the database allows an ST to transmit data, the database
transmits information of the available power level set to the ST. The knowledge of
the STs, i.e., locations of the querying STs and the available power level sets of
the STs, is stored in the database. Let a set of locations of STs on R2 \ b(o, re) be
denoted by ΦST \ b(o, re).

For an ST at x ∈ ΦST \ b(o, re), let the transmission power level of the ST and
the fading coefficient (with unit mean) between the ST and the PR be denoted by px

and hx , respectively. This work assumes that {px} are independent and identically
distributed (i.i.d.) discrete random variables with a probability mass function
fp(p). This work assumes that the transmission power levels of STs are discrete
random variables, considering that the STs transmit at various power levels. This
is because current standards, such as WLAN [4] and long-term evolution advanced
(LTEA) [62], support the use of multiple discrete transmission power levels and a
power control mechanism. This work emphasizes that it does not matter when the
transmission power levels of STs are continuous random variables. {hx} are i.i.d.
random variables with a probability density function fh(h). Let random variables
distributed with fp(p) and fh(h) be denoted by p and h, respectively. Let a set of
the available power levels for the data transmissions of the STs be denoted by P.

5.2.2 Definition of primary outage

This section defines a PU’s outage as follows: A PU’s outage occurs when the level
of aggregate interference power that the PR receives from all STs outside the PER
exceeds a maximum tolerable interference threshold of the PU. Let the aggregate
interference power level be denoted by Iagg; then, Iagg can be written as follows:

Iagg =
∑

x∈ΦST\b(o,re)
hx px ∥x∥−α, (5.1)

where α represents the path loss exponent, and ∥x∥ denotes the Euclidean distance
between x and the origin. Note that Iagg is a random variable depending on fp(p),
fh(h), and the locations of the STs. PU outage, as defined in this paragraph, can
be rewritten as Iagg > Ith, where Ith represents the maximum tolerable interference
threshold of the PU. This work defines the outage probability of a PU as P(Iagg >
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Figure 5.1: Example of system (λST = 2 × 10−6 m−2). ©2016 IEICE

Ith) and consider this outage probability as a function of re, Pout(re), i.e., Pout(re) =
P(Iagg > Ith).

This work assumes that the spectrum usage is improved if this work can reduce
the PER radius re. The validity of this assumption is derived from an increase in
the size of the area R2 \ b(o, re) with a reduction in re, where the STs in R2 \ b(o, re)
receive messages from the database with permission to transmit. However, overall
Iagg increases with a reduction in re due to an increase in the number of transmitting
STs, and thus, the outage probability P(Iagg > Ith) also increases.

This work assumes that the database determines re such that

Pout(re) ≤ βtarget, (5.2)

where βtarget denotes the outage probability value of the target PU. Considering
that Pout(re) increases with a decrease in re, this work finds that there is a minimum
re satisfying Pout(re) ≤ βtarget. Let the minimum re be denoted by re,min; then, the
following condition is satisfied:

Pout(re,min) = βtarget. (5.3)
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5.3 Derivation of PER Radius Using Stochastic Ge-
ometry

Based on the system model described in Sect. 5.2.2, this section presents a deriva-
tion of re,min for βtarget by using stochastic geometry. This work achieves this by
using an approach known as “cumulant matching approach [63],” which enables
to approximately express an unknown distribution as a well-known distribution by
matching the cumulants of the unknown distribution to those of the well-known
distribution.

This work calculates the nth cumulant of Iagg, κn, using the moment generating
function of Iagg, MIagg(s). κn for n = 1, 2, . . . uniquely determine the distribution
of Iagg. In particular, the first cumulant κ1 and second cumulant κ2 are the mean
and variance of Iagg, respectively, i.e., EIagg(Iagg) = κ1 and VarIagg(Iagg) = κ2,
where VarX(X) denotes the variance of a random variable X . By using Campbell’s
theorem [23], MIagg(s) can be rewritten as follows:

MIagg(s) = EIagg(esIagg)

= EΦST
©­«

∏
x∈ΦST\b(o,re)

exp(spx hx ∥x∥−α)ª®¬
= exp

{
2πλST

∑
p∈P

∫ ∞

0

∫ ∞

re

[
exp(sphr−α) − 1

]
r fh(h) fp(p) drdh

}
. (5.4)

Using (5.4), κn can be written as follows:

κn =
dn ln MIagg(s)

dsn

����
s=0

= 2πλST
∑
p∈P

∫ ∞

0

∫ ∞

re

(phr−α)nr fh(h) fp(p) drdh

=
2πλST

(nα − 2)renα−2Eh(hn)Ep(pn), (5.5)

where Eh(hn) and Ep(pn) represent the nth moments of h and p, respectively, and
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can be expressed as follows:

Eh(hn) =
∫ ∞

0
hn fh(h) dh, (5.6)

Ep(pn) =
∑
p∈P

pn fp(p). (5.7)

Using the cumulant matching approach with κn, this work can express Pout(re)
for re analytically, and evaluate re,min for βtarget numerically by describing re and
Pout(re) with re,min and βtarget, respectively. This work considers two well-known
distributions for the approximation of the aggregate interference distribution: the
gamma distribution (GD) approximation and the shifted log-normal distribution
(SLND) approximation.

5.3.1 Gamma distribution approximation

When this work approximates the aggregate interference distribution with the
GD, referring to [64–66], the probability density function (PDF) of the aggregate
interference Iagg, fG, can be expressed as follows:

fG(Iagg) ≃
1

Γ(kG)θGkG
Iagg

kG−1e−Iagg/θG, (5.8)

kG = κ1
2/κ2 (5.9)

θG = κ2/κ1, (5.10)

where Γ(·) denotes the gamma function defined as Γ(s) =
∫ ∞
0 ts−1e−t dt. In

addition, Pout(re) can be expressed as follows:

Pout(re) = P(Iagg > Ith) ≃ 1 − γ(kG, Ith/θG)
Γ(kG)

, (5.11)

where γ(·, ·) denotes the lower incomplete gamma function defined as γ(s, x) =∫ x
0 ts−1e−t dt. (5.9) and (5.10) are derived by considering that the GD with a shape

parameter kG and scale parameter θG has the first cumulant (mean) of kGθG and
second cumulant (variance) of kGθG

2.

5.3.2 Shifted log-normal distribution approximation

When this work approximates the aggregate interference distribution with the
SLND, referring to [67–69], the PDF of the aggregate interference Iagg, fSLN, can
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be expressed as follows:

fSLN(Iagg) ≃
1

√
2πσSLN(Iagg − cSLN)

exp

{
[ln(Iagg − cSLN) − µSLN]2

2σSLN2

}
(5.12)

cSLN = κ1 − exp

(
µSLN +

σSLN
2

2

)
(5.13)

µSLN =
1
2

[
ln

(
κ2

exp(σSLN2) − 1

)
− σSLN

2

]
(5.14)

σSLN
2 = ln

(
3
√

W +
√

W2 − 1 +
3
√

W −
√

W2 − 1 − 1

)
(5.15)

W = 1 + κ32/(2κ23). (5.16)

In addition, Pout(re) can be expressed as follows:

Pout(re) = P(Iagg > Ith) ≃ Q
(
ln(Ith − cSLN) − µSLN

σSLN

)
, (5.17)

where Q(·) denotes the Q-function defined as Q(x) = (1/
√

2π)
∫ ∞

x exp(−t2/2) dt.

5.4 Proposed Framework for Updating PER

This section explains the principle of the proposed framework. Fig. 5.2 shows
the proposed framework for updating the PER. The proposed framework assumes
that the database is connected both with the PR and with the STs through wired
networks, and that messages from each entity are instantly transmitted. When
the PU experiences outage, the PU transmits a message to the database indicating
that the interference constraint of the PU is not met. Receiving the message, the
database updates the PER. On the basis of the updated PER, the database either
transmits transmission permission or transmission prohibition to the querying STs.

It is necessary to point out that the study of the impact of the database update
delay on performance is beyond the scope of this chapter; instead, the purpose
of this work is to evaluate the spectrum reuse efficiency depending on whether
knowledge about the SU is available. Specifically, this work focuses on the unusual
situation that a PU experiences harmful interference when an SU operates in the
licensed spectrum sent from the database, and a message from the PU indicating
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Figure 5.2: Proposed framework for updating PER size. ©2016 IEICE

that the PU is experiencing harmful interference arrives at the database within a
very short time.

The proposed scheme is not directly applicable to TV systems. This is because,
although the database establishes a PER centered at the location of a PR in the
proposed scheme, the location of a PR is unknown to the database of a TV
system [70]. On the other hand, in a radar system, the number of the primary
receivers is very small and their locations are well known to the database [70].

5.5 Database Knowledge for Numerical Evaluation

Here this section provides particulars of the knowledge, which is stored in the
database, and which is used to update the PER. Depending on these particulars,
the size of the PER after the update varies. Let the database knowledge set be
denoted by KDB. This work assumes that KDB consists of two knowledge sets,
namely KpST and KλST , i.e., KDB = {KpST,KλST}.

This work explains each knowledge set separately. The knowledge set KpST

indicates whether the database knows the distribution of the power levels of the
STs. KpST affects the value of Ep(pn) in (5.5). Now, this work considers the
following two cases.

1. One case is KpST = { fp}, i.e., the database knows the power levels of all STs
and their distribution fp. This case assumes that the power levels of all STs
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are distributed with fp, i.e., Ep(pn) is given by (5.7).

2. The other case is KpST = ∅, i.e., the database does not know the power
levels of all STs and does not know the distribution of these power levels.
This case considers the worst case in which all STs use the maximum power
level pmax = maxp′∈P p′, i.e., Ep(pn) is given by Ep(pn) = pmax

n. Of
course, STs are assumed to transmit with power pmax as a worst case. By
overestimating the ST transmission power, a large PER is established even
when the database does not know ST power levels during an early stage.

The knowledge setKλST indicates whether the database knows the actual density
of the STs. KλST affects the value of λST in (5.5). This work considers the following
two cases.

1. One case is KλST = {λ̃ST}, i.e., the database knows that the actual density of
the STs is λ̃ST. This case assumes that STs are distributed with a density of
λ̃ST, i.e., λST = λ̃ST.

2. The other case is KλST = ∅, i.e., the database does not know the actual
density of the STs. This case considers the worst case in which the STs
occur in a very high-density distribution λST,worst, i.e., λST = λST,worst

The purpose of this work is to evaluate the spectrum reuse efficiency depending
on whether the knowledge about the secondary user is available; thus, a discussion
of cases in which the knowledge is imperfect is beyond the scope of this chapter.
However, in general, when the information is imperfect, this work has to provide
a sufficient margin for the PER so that the PER radius satisfies (5.2).

5.6 Numerical Evaluation

This section evaluates the performance of the proposed framework. Let re,min(βtarget;KpST,KλST)
denote re,min for βtarget in database knowledge KDB = {KpST,KλST}. This work ob-
tains re,min for βtarget in the case KDB, by evaluating Pout(re) for re in the case KDB

and then by describing re and Pout(re) with re,min and βtarget, respectively.
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Table 5.1: ST power levels and their probabilities.

Power level p Probability fp(p)

0.001 W 0.4
0.01 W 0.3
0.1 W 0.2
1 W 0.1

5.6.1 Parameters

This work assumes two fading scenarios. The first scenario uses Nakagami-m
fading superimposed on log-normal shadowing. Recalling that the fading random
variable h is distributed with unit mean, Eh(hn) can be written as

Eh(hn) = Γ(m + n)
Γ(m)mn exp

[
n(n − 1)σdB

2

2ξ2

]
, (5.18)

where m and σdB denote the Nakagami-m fading parameter and the log-normal
shadowing parameter with the dB-spread, respectively, and ξ = 10/ln(10) [71].
The second scenario is with log-normal shadowing. Similarly, Eh(hn) can be
written as

Eh(hn) = exp
[
n(n − 1)σdB

2

2ξ2

]
. (5.19)

Table 5.1 shows the power levels of STs and their probabilities, i.e., P =
{0.001, 0.01, 0.1, 1} and pmax = 1.

This work simply uses λ̃ST = 10−3 m−2 and λST,worst = 10−6 m−2 such that
λST,worst ≥ λ̃ST is satisfied, as an example analysis. In general, with an increase in
λST,worst, this work has to enlarge the radius of the primary exclusive region in the
case KλST = ∅ because of an increase in the number of transmitting STs.

Finally, Table 5.2 lists the parameters and their values.

5.6.2 Trivial scheme for determining the PER radius

This work uses the following system model to determine re by using a trivial
scheme, which this work then compares with the results obtained by the proposed
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Table 5.2: Parameters.

Parameter Value

α 4
λ̃ST 10−6 m−2

λST,worst 10−3 m−2

m 1
σdB 6
Ith 10−8 W

scheme. Note that this system model differs from that shown in Fig. 1. Fig. 5.3
shows the system model for the trivial scheme with a PR at its origin. The database
establishes a circular PER centered at the PR with a radius of re. The PER radius
is determined such that the aggregate interference at the PR from NST transmitting
STs at the edge of the PER, Iagg, is less than a threshold Ith. The transmission
power levels of the STs are assumed to be pmax, where this work recalls that
pmax = maxp′∈P p′. In addition, this work assumes that there is no fading.

Using this system model, this work derives re,min for βtarget, i.e, re,min is the
minimum re satisfying (5.2). Iagg can be defined as follows:

Iagg = NSTpmaxre
−α. (5.20)

Iagg is not a random variable, and P(Iagg > Ith) ≤ βtarget is satisfied whenever
Iagg ≤ Ith. Thus, re,min is obtained from Iagg = Ith, and can be expressed as follows:

re,min =
α

√
NSTpmax

Ith
. (5.21)

5.6.3 Numerical results

Fig. 5.4 shows P(Iagg > Ith) for Ith in the case KDB = {{ fp}, {λ̃ST}}. Figs. 5.4a
and 5.4b show the results for the first scenario in which Nakagami-m fading
is superimposed on log-normal shadowing and for the second scenario of log-
normal shadowing, respectively. The blue and red lines are obtained from the
approximations with the GD and with the SLND, respectively. The black line
was obtained by performing a Monte Carlo simulation, where the number of
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Figure 5.3: Example of system model of the trivial scheme (NST = 100). ©2016
IEICE

simulation runs is 5 × 106. This figure shows that the performance for both of
these approximations is almost the same as for the black line when P(Iagg > Ith)
is lower than 10−3. In addition, it shows that the use of the SLND provides more
accurate approximation than that of the GD when P(Iagg > Ith) is lower than 10−3.

Fig. 5.5 shows Pout(re) for re in the case KDB = {{ fp}, {λ̃ST}}, where the points
indicated by crosses are obtained by performing a Monte Carlo simulation, where
the number of simulation runs is 5×106 for each cross point. In addition, Figs. 5.5a
and 5.5b show the results for the first scenario of Nakagami-m fading superimposed
on log-normal shadowing and for the second scenario of log-normal shadowing,
respectively, where the blue and red lines are directly obtained from (5.11) and
(5.17), respectively. This figure confirms that this work can quantitatively compare
the simulation and approximate analysis results for Pout(re).

Fig. 5.6 shows the minimum PER radius re,min satisfying the probability βtarget

of the PU experiencing outage with respect to database knowledge KDB in the first
scenario, where Nakagami-m fading superimposed on log-normal shadowing is as-
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(a) First scenario of Nakagami-m fading superimposed on
log-normal shadowing (re = 172 m).

(b) Second scenario of log-normal shadowing (re = 171 m).

Figure 5.4: P(Iagg > Ith) for Ith in the case KDB = {{ fp}, {λ̃ST}}. ©2016 IEICE

sumed. This figure confirms that re,min(βtarget;KpST,KλST) monotonically increases
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(a) First scenario of Nakagami-m fading superimposed on
log-normal shadowing.

(b) Second scenario of log-normal shadowing.

Figure 5.5: re vs. Pout(re) in case KDB = {{ fp}, {λ̃ST}} (cross points indicate
Monte Carlo simulation results). ©2016 IEICE
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Figure 5.6: re,min vs. βtarget with respect toKDB in the first scenario of Nakagami-m
fading superimposed on log-normal shadowing. ©2016 IEICE

with decreasing βtarget, i.e., the stricter the interference constraint imposed upon the
PU, the larger the PER radius must be determined to ensure that (5.2) is satisfied.
In addition, for all βtarget, both re,min(βtarget; { fp},KλST) < re,min(βtarget; ∅,KλST) and
re,min(βtarget;KpST, {λ̃ST}) < re,min(βtarget;KpST, ∅). That is, more detailed knowl-
edge of the SU density and transmission power levels leads to a smaller PER
radius satisfying (2) and to a more efficient spatial reuse of the licensed spectrum
as described in Sect 3.2.

Fig. 5.7 shows re,min for satisfying βtarget with respect to KDB in the second
scenario, where log-normal shadowing is assumed. Each curve in Fig. 5.7 is below
the corresponding curve in Fig. 5.6. This is because the elimination of the effect
of Nakagami-m fading reduces the variance of h, and then P(Iagg > Ith) decreases.

Fig. 5.8 shows re,min for satisfying βtarget with respect toKDB in the first scenario,
where Nakagami-m fading superimposed on log-normal shadowing is assumed.
Note that, only in this evaluation, this work assumes that P = {1 W} and pmax =

1 W, i.e., the variance of p is zero. This figure explains that re,min(βtarget; ∅,KλST) =
re,min(βtarget; { fp},KλST) for all βtarget in the same KλST . This is because in the worst
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Figure 5.7: re,min vs. βtarget with respect to KDB in the second scenario of log-
normal shadowing. ©2016 IEICE

case KpST = ∅, STs are assumed to be using the maximum power level.

Fig. 5.9 shows re,min for βtarget with respect to KDB = {KpST, ∅} in the first
scenario, where Nakagami-m fading superimposed on log-normal shadowing is
assumed. In addition, this figure is obtained from the SLND approximation. This
figure confirms that this work has to enlarge the radius of the primary exclusive
region in the case KλST = ∅ with an increase in λST,worst.

Fig. 5.10 shows re,min for βtarget in the trivial scheme obtained by using (5.21).
This figure also shows re,min for βtarget with respect to database knowledge KDB

in the proposed scheme, where this work assumes Nakagami-m fading superim-
posed on log-normal shadowing and use the SLND approximation. This work
emphasizes that the distribution of the power levels of the ST is the same as that in
Table 1. This figure confirms that the proposed scheme enables to determine the
PER size for βtarget, whereas the trivial scheme requires an appropriate NST such
that Pout(re) is less than βtarget.
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Figure 5.8: re,min vs. βtarget with respect toKDB in the first scenario of Nakagami-m
fading superimposed on log-normal shadowing (P = {1 W}). ©2016 IEICE

Figure 5.9: re,min vs. βtarget with respect to KDB = {KpST, ∅} in the first scenario
of Nakagami-m fading superimposed on log-normal shadowing, obtained from
SLND approximation. ©2016 IEICE
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Figure 5.10: re,min vs. βtarget in trivial scheme, and re,min vs. βtarget in proposed
scheme, where the first scenario of Nakagami-m fading superimposed on log-
normal shadowing is assumed and the SLND approximation is used. ©2016
IEICE

5.7 Conclusion

A PU could experience harmful interference due to random channel gain and
aggregate interference from STs even when an SU uses licensed spectrum on the
basis of a PER created with a database. This work solved this problem by proposing
a PER update framework for protecting a PU. In the proposed framework, the
PU informs the database that it is experiencing harmful interference, and then,
receiving the information, the database updates the PER by using knowledge it
has stored about the SU. On the basis of the proposed framework, this work
assumed a circular PER and applied stochastic geometry to derive an optimal
PER radius. Finally, this work employed various scenarios to evaluate the PER
radius that satisfies the outage probability of the target PU for each set of database
knowledge and confirmed that the more detailed the stored knowledge of the
density and transmission powers of the SU, the smaller the PER radius that needs
to be determined after the update.
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The purpose of this work is to evaluate the spectrum reuse efficiency depending
on whether the knowledge about the secondary user is available or unavailable,
where all messages are assumed to be instantly transmitted. In this work, two issues
are beyond the scope of this chapter. One issue is to design a scheme for updating
the PER when the database knowledge is imperfect and to evaluate the impact of
the imperfectness on the performance as mentioned in Sect. 5.5. The other issue
is to evaluate the impact of the delay among entities, i.e., the delay between the
database and the PU and between the database and the SU, respectively, on the
performance as described in Sect. 5.4.
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Exclusive Region Design for Spatial
Grid-Based Spectrum Database

6.1 Overview

This chapter presents a stochastic geometry analysis for a spatial grid-based spec-
trum database system. In this system, by dividing a two-dimensional space into
multiple regions, the local information, which includes the PR antenna pattern, and
the ST density and transmission power, in each divided region can be considered.
As spatial grids, this chapter introduces the polar and square grids. The polar grid
divides the space into annular sectors and realizes a simple stochastic geometry
analysis. On the other hand, the square grid divides the space into square regions
and is assumed to be used in an actual spectrum database system. For both the
spatial grids, this chapter introduces the allowable transmission probability (ATP)
of an ST in each divided region for describing the PER and derives the cumulants
of the aggregate interference at a PR from all the transmitting STs with stochastic
geometry. Additionally, this chapter discusses the moments of the interference
power at a PR from a single ST, which is distributed uniformly in a divided region.
Further, this chapter formulates a continuous optimization problem for determin-
ing the ST ATP in each divided region, for designing the PER. This work imposes
a constraint related to the PU OP on the optimization problem, where the PU OP is
defined as the probability that the PR aggregate interference exceeds the maximum
tolerable interference threshold at the PR. Finally, this chapter solves the problem
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for certain scenarios and verify that the complex-shaped PER, corresponding to
the local information, is designed.

The contributions of this chapter are twofold: The first contribution is the
analysis of the aggregate interference with the PGFL for the PPP, assuming that
the distribution of the STs in each divided region follows an inhomogeneous PPP.
This work can generate mutually independent inhomogeneous PPPs and analyze
the aggregate interference at a PR from all the transmitting STs. The second
contribution is the design of the PER as the solution of a continuous optimization
problem by introducing an ST APT in each divided region. Conventional PER
design is a combinatorial optimization problem because a region either permits
or prohibits the STs to transmit. By introducing an ST APT to describe the PER,
this work relaxes the problem to a continuous optimization problem and solve this
problem with a non-linear solver.

The remainder of this chapter is organized as follows: Sect. 6.2 presents the
system model in a spatial grid-based spectrum database. Sect. 6.3 derives the
statistics of the aggregate interference at a PR. Sect. 6.4 explains the optimization
problem for designing a PER. Sect. 6.5 describes the numerical evaluation in
various scenarios. Finally, Sect. 6.6 presents the conclusions.

6.2 System Model

6.2.1 System Outline

In a two-dimensional space, a PR is located at the origin, the STs are distributed
randomly, and there is a database. The space is divided into multiple regions. The
PR is assumed to be at a fixed location, for example, a radar receiver. The database
and STs are assumed to exchange information; the means of communication is
beyond the scope of this chapter. The database is assumed to collect the ST
locations and the transmission power levels.

This work considers a case, where an ST operates in a single radio channel
allocated to the PR. This work can then extend the discussion to a case, where an
ST operates in multiple radio channels allocated to the PR.

When an ST attempts to operate in a channel, it transmits a query to the database
with its location information. On receiving the ST’s query, the database replies
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to the ST permitting or prohibiting transmission. The ST receives permission and
operates in the channel.

6.2.2 Spatial Grid

This work introduces two types of spatial grids, polar and square, and present their
mathematical expressions.

Polar Grid

Fig. 6.1 shows the outline of the polar grid. This grid divides the space into Nr Nφ
annular sectors, where Nr and Nφ are the number of radial and angular divisions,
respectively. In polar coordinates ((r, θ)), each annular sector shown in Fig. 6.2,
Uir jφ for ir ∈ Ir = {0, . . . , Nr − 1} and jφ ∈ Jφ = {0, . . . , Nφ − 1}, can be
expressed as

Uir jφ = { (r, φ) | R1
√

ir ≤ r < R1
√

ir + 1, 2π jφ/Nφ ≤ φ < 2π( jφ + 1)/Nφ },
(6.1)

where R1 represents the radius of the divided sector, U0 jφ ; all the divided annular
sectors have the same area size, πR1

2/Nφ. Obviously, {Uir jφ }ir∈Ir, jφ∈Jφ
are disjoint

with each other. Note that this work ignores an ST outside
∪

ir∈Ir
∪

jφ∈Jφ
Uir jφ

because the interference from it at the PR is negligible.

Square Grid

Fig. 6.3 shows the outline of the square grid. This grid divides the space into
Nxy

2 square regions with a side length, W , where Nxy represents the number
of horizontal and vertical divisions and is an even number. In Cartesian coor-
dinates ((x, y)), each square region shown in Fig. 6.4, Vix jy , for ix, jy ∈ Ixy =

{−Nxy/2, . . . , 0, . . . , Nxy/2 − 1} can be expressed as

Vix jy = { (x, y) | ixW ≤ x < (ix + 1)W, jyW ≤ y < ( jy + 1)W }, (6.2)

where all the divided square regions have the same area size, W2. Obviously,
{Vix jy }ix∈Ixy, jy∈Ixy are disjoint with each other. Note that this work ignores an ST
outside

∪
ix∈Ixy

∪
jy∈Ixy Vix jy because the interference from it at the PR is negligible.
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Figure 6.1: Outline of polar grid.

Figure 6.2: Single divided region of polar grid.

6.2.3 Single Divided Region

This work models a single divided region, S, i.e., S = Uir jφ in the polar grid case
or S = Vix jy in the square grid case. Let the area size of S be denoted by |S |.
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Figure 6.3: Outline of square grid.

Figure 6.4: Single divided region of square grid.

The database stores three types of information related to the region, S. The first
information is the ST density in S, denoted by λS. λS can be generated from the
information on the number of STs in S. The distribution of the STs in S is assumed
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follow an inhomogeneous PPP with an intensity function, ΛS. ΛS is expressed as

ΛS(z) =

λS if z ∈ S,

0 otherwise.
(6.3)

The second information is the ST transmitting power in S, denoted by pS. pS can
be generated from the available transmission power levels of the STs in S. The
third information is the constant gain between the PR at the origin and the STs in
S, denoted by gS. gS can be generated from the antenna patterns of the PR and STs
in S.

This work introduces the ST ATP in S, denoted by aS with 0 ≤ aS ≤ 1. When
the database replies to the queried ST in S, it transmits the transmission permission
and prohibition with probabilities of aS and (1−aS), respectively. The transmitting
STs on S also follow an inhomogeneous PPP and their intensity function can be
expressed as aSΛS. Let the inhomogeneous PPP be denoted by ΦS,TX.

6.3 Aggregate Interference

This section derives the statistics of the aggregate interference at the PR from all
the transmitting STs. Let the aggregate interference power be denoted by Itotal.
Itotal is obtained as the summation of the aggregate interference power at the PR
from the transmitting STs in each divided region.

6.3.1 Interference

This work defines the aggregate interference power from the transmitting STs in a
single divided region, S, denoted by IS. IS is defined as

IS =
∑

z∈ΦS,TX

hzgS pS∥z∥−α, (6.4)

where hz denotes the fading coefficient (with unit mean) between z ∈ R2 and the
origin, ∥z∥ denotes the Euclidean distance between z ∈ R2 and the origin, and α is
the path-loss exponent with α > 2. This work assumes that the fading coefficient,
hz, is an independent and identically distributed (i.i.d.) random variable, h, with
unit mean and a probability density function (pdf), fh.
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6.3.2 Interference Cumulant

This work derives the nth cumulant of IS and then, derive the nth cumulant of
Itotal. Let the nth cumulant of a random variable, X , for n = 1, 2, . . . be denoted
by κn(X). κn(X) for n = 1, 2, . . . uniquely determine the distribution of X; for
example, κ1(X) and κ2(X) are the mean and variance of X , respectively [72].

From the PGFL for the PPP (Theorem 4.9 in [23]), the MGF of IS, denoted by
MIS (s), is expressed as follows:

MIS (s) = EIS (esIS )

= EΦS,TX

(
es

∑
z∈ΦS,TX hzgSpS ∥z∥−α

)
= EΦS,TX

( ∏
z∈ΦS,TX

Eh
(
eshgSpS ∥z∥−α ))

= exp

[
aS

∫
R2

(
Eh

(
eshgSpS ∥z∥−α ) − 1

)
ΛS(dz)

]
= exp

[
aSλS

∫
S

(
Eh

(
eshgSpS ∥z∥−α ) − 1

)
dz

]
. (6.5)

The MGF, MIS (s), corresponds to the Laplace transform of IS, which is used in
several stochastic geometry works. For example, in the special case, S = R2,
referring to [23], MIS (s) is expressed as follows:

MIS (s) = exp
(
− πaSλSgS

δpS
δEh(hδ)Γ(1 − δ)(−s)δ

)
, (6.6)

δ = 2/α, (6.7)

where Γ(·) denotes the gamma function. In this chapter, the MGF is used because
this work focuses on the cumulants of the aggregate interference.
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From (6.5), the nth cumulant, κn(IS), is expressed as follows:

κn(IS) =
dn

dsn ln MIS (s)
�����
s=0

= aSλS

∫
S
Eh

(
hngS

npS
n∥z∥−nα) dz

= aSλSgS
npS

nEh(hn)An(S), (6.8)

Eh(hn) =
∫ ∞

0
hn fh(h) dh, (6.9)

An(S) =
∫

S
∥z∥−nα dz. (6.10)

An(S)/|S | represents the nth moment of the interference power at the PR from a
single ST that is distributed uniformly in S and transmits with unit power. (6.10)
shows that An(S) depends only on the spatial grid and the location of S.

Polar Grid

In the polar grid case (S = Uir jφ ), Itotal can be expressed as

Itotal =
∑
ir∈Ir

∑
jφ∈Jφ

IUir jφ
. (6.11)

{IUir jφ
}ir∈Ir, jφ∈Jφ

are mutually independent random variables because {ΦUir jφ ,TX}ir∈Ir, jφ∈Jφ

are mutually independent inhomogeneous PPPs. Thus, from the cumulant addi-
tivity property [72], κn(Itotal) can be expressed as

κn(Itotal) =
∑
ir∈Ir

∑
jφ∈Jφ

κn(IUir jφ
). (6.12)

From (6.1), An(Uir jφ ) can be modified as

An(Uir jφ ) =
∫

Uir jφ

∥z∥−nα dz

=

∫ 2π( jφ+1)/Nφ

2π jφ/Nφ

dφ
∫ R1

√
ir+1

R1
√

ir
r1−nα dr

=
π

kR1
2k Nφ

[
ir−k − (ir + 1)−k

]
, (6.13)

k = nα/2 − 1. (6.14)

Thus, from (6.8), (6.12), and (6.13), κn(Itotal) in the polar grid can be calculated
analytically.
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Figure 6.5: Single divided square region for analysis

Square Grid

In the square grid case (S = Vix jy ), Itotal can be expressed as

Itotal =
∑

ix∈Ixy

∑
jy∈Ixy

IVix jy . (6.15)

{IVix jy }ix, jy∈Ixy are mutually independent random variables because {ΦVix jy ,TX}ix, jy∈Ixy
are mutually independent inhomogeneous PPPs. Thus, from the cumulant addi-
tivity property [72], κn(Itotal) can be expressed as

κn(Itotal) =
∑

ix∈Ixy

∑
jy∈Ixy

κn(IVix jy ). (6.16)

Using Fig. 6.5, this work simplifies An(Vix jy ), where θBR, θBL, θTR, and θTL, in
this figure, are angles and given as follows:

θBR = arctan( jy/(ix + 1)), (6.17)

θBL = arctan( jy/ix), (6.18)

θTR = arctan(( jy + 1)/(ix + 1)), (6.19)

θTL = arctan(( jy + 1)/ix). (6.20)
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Then, An(Vix jy ) is modified in polar coordinates as follows:

An(Vix jy ) =
∫

Vix jy
∥z∥−nα dz

=

∫ θBL

θBR

∫ (ix+1)W/cos φ

jyW/sin φ
r1−nα drdφ

+

∫ θTR

θBL

∫ (ix+1)W/cos φ

ixW/cos φ
r1−nα drdφ

+

∫ θTL

θTR

∫ ( jy+1)W/sin φ

ixW/cos φ
r1−nα drdφ

=
1

k′W k ′

[
B1

n + B2
n + B3

n + B4
n

]
(6.21)

B1
n =


0 if ix = 0,

ix
−k ′ ∫ θTL

θBL
cosk ′

φ dφ otherwise,
(6.22)

B2
n =


0 if jy = −1,

( jy + 1)−k ′ ∫ θTR
θTL

sink ′
φ dφ otherwise,

(6.23)

B3
n =


0 if ix = −1,

(ix + 1)−k ′ ∫ θBR
θTR

cosk ′
φ dφ otherwise,

(6.24)

B4
n =


0 if jy = 0,

jy−k ′ ∫ θBL
θBR

sink ′
φ dφ otherwise,

(6.25)

k′ = nα − 2. (6.26)

When α is an integer, the integrations in (6.22), (6.23), (6.24), and (6.25) can be
expressed as closed-forms; thus, (6.21) can be also expressed as a closed-form.
For example, in the special case, α = 4 and n = 1 (k′ = 2), (6.22), (6.23), (6.24),
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and (6.25) are expressed by the following closed-form expressions:

B1
1 =


0 if ix = 0,

1
2ix2 C(θTL, θBL, 1) otherwise,

(6.27)

B2
1 =


0 if jy = −1,

1
2( jy+1)2 C(θTR, θTL,−1) otherwise,

(6.28)

B3
1 =


0 if ix = −1,

1
2(ix+1)2 C(θBR, θTR, 1) otherwise,

(6.29)

B4
1 =


0 if jy = 0,

1
2 jy2 C(θBL, θBR,−1) otherwise,

(6.30)

C(θ1, θ2, q) = q{[tan θ1 + (tan θ1)−1]−1

− [tan θ2 + (tan θ2)−1]−1} + θ1 − θ2, (6.31)

θ1, θ2 ∈ {θBL, θTL, θTR, θBR}, (6.32)

q ∈ {−1, 1}. (6.33)

Thus, from (6.8), (6.16), and (6.21), κn(Itotal) in the square grid can be calcu-
lated analytically.

6.3.3 Cumulant Matching

This work treats the distribution of Itotal as a log-normal distribution, approxi-
mately, using the cumulant matching approach [63]. In this approach, by matching
the nth cumulant of an unknown distribution to the nth cumulant of a well-known
distribution, the unknown distribution can be approximated by the well-known dis-
tribution. Let the pdf of Itotal be denoted by fItotal; fItotal is approximately expressed
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as

fItotal(I) ≃
1

√
2πσLNI

exp

[
− (ln I − µLN)2

2σLN2

]
, (6.34)

µLN = ln

(
κ1(Itotal)2√

κ2(Itotal) + κ1(Itotal)2

)
, (6.35)

σLN =

√
ln

( κ2(Itotal)
κ1(Itotal)2

+ 1
)
, (6.36)

where (µLN, σLN) are the log-normal distribution parameters.
This cumulant matching approach is adopted in several works related to

stochastic geometry [24]. These works have treated the distribution of an aggregate
interference using various well-known distributions, approximately. In [19,22,73],
a log-normal distribution has been used, as in this work. In [19, 67, 69], a shifted
log-normal distribution [68] has been used. In [19, 64–66], a gamma distribution
has been used. The primary focus of this work is to design a PER based on a
spatial grid; hence, this work uses a log-normal distribution to approximate the
aggregate interference. Cases, where other well-known distributions are used, are
beyond the scope of this work.

6.4 PU OP and PER Design

With the derived expressions, this section designs a PER using an optimization
problem. On this problem, this work imposes a constraint related to the PU OP.
Recall that the PU OP is defined as the probability that Itotal exceeds the maximum
tolerable interference threshold at the PR, Ith; i.e., the PU OP can be expressed as
P(Itotal > Ith).

6.4.1 PU OP

The PU OP, P(Itotal > Ith), can be expressed as the complementary cumulative
distribution function (CCDF) of Itotal. From the discussion in 6.3.3, P(Itotal > Ith)

90



Chapter 6 Section 6.4

can be approximately expressed as follows:

P(Itotal > Ith) ≃ Q

(
ln Ith − µLN
σLN

)
, (6.37)

where Q(·) denotes a Q-function defined as Q(x) = (1/
√

2π)
∫ ∞

x exp(−t2/2) dt.

6.4.2 Optimization Problem Formulation

This work formulates the optimization problem for designing a PER. The object
of the optimization problem is to minimize the area of the PER, defined as the
summation of aS |S |. This work uses this object function to enlarge the region,
where the STs are permitted to transmit. This work imposes a constraint wherein
the PU OP, P(Itotal > Ith), is less than a target, βtarget.

This work formulates the optimization problem in the polar grid case (S =
Uir jφ ). This optimization problem is expressed as follows:

minimize
(aUir jφ

)ir ∈Ir , jφ ∈Jφ

∑
ir∈Ir

∑
jφ∈Jφ

(1 − aUir jφ
)|Uir jφ | (6.38)

subject to P(Itotal > Ith) ≤ βtarget

aUir jφ
∈ [0, 1].

Let the best solution, aUir jφ
, of this problem be denoted by a⋆Uir jφ

.
This work formulates the optimization problem in the square grid case (S =

Vix jy ). The optimization problem in the square grid case is expressed as follows:

minimize
(aVix jy )ix, jy ∈Ixy

∑
ix∈Ixy

∑
jy∈Ixy

(1 − aVix jy )|Vix jy | (6.39)

subject to P(Itotal > Ith) ≤ βtarget

aVix jy ∈ [0, 1].

Let the best solution, aVix jy , of this problem be denoted by a⋆Vix jy .
Optimization problems, (6.38) and (6.39), are constrained non-linear optimiza-

tion problems.
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Figure 6.6: PR antenna pattern, g(φ).

6.5 Numerical Evaluation

By solving (6.38) and (6.39), this section designs an optimized PER for various
cases. In addition, this work quantitatively evaluates the optimized PER size and
the simulated PU OP, obtained by Monte Carlo simulation.

6.5.1 Parameters

This work considers two scenarios regarding the ST density, λS and the transmis-
sion power, pS, in each divided region, S. In the first scenario, λS and pS for
any divided region S are set to λS = 10−5 m−2 and pS = 1 W, respectively. The
purpose of the first scenario is to evaluate the impact of the PR antenna pattern on
the optimized PER. In the second scenario, Nφ is set to be a multiple of four and
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Table 6.1: Parameters.

Parameter Value

α 4
Nr 15
R1 1.5 km

Narray 10
mN 2.5
σS,dB 6

Ith 10−12 W
βtarget 10−2

the tuple, (λS, pS), for the divided region, S, is given by

(λS, pS)

=



(10−5 m−2, 1 W) S in the first quadrant,

(5 × 10−6 m−2, 1 W) S in the second quadrant,

(5 × 10−6 m−2, 0.5 W) S in the third quadrant,

(10−5 m−2, 0.5 W) S in the fourth quadrant.

(6.40)

The purpose of the second scenario is to evaluate the impact of not only the PR
antenna pattern but also the ST density and the transmission power in the optimized
PER.

This work assumes that the divided regions in the polar and square grid cases
have the same area size. Then, W , which is the side length of the square grid, can
be expressed as

W =
√
πR1

2/Nφ. (6.41)

In addition, the ATP in the divided region, S, including the origin, is set to be
zero; i.e., aUir jφ

= 0 for ir = 0 and any jφ in the polar grid case, and aVix jy = 0 for
ix ∈ {−1, 0} and jy ∈ {−1, 0} in the square grid case.

This work uses the Nakagami-m fading superimposed on the log-normal shad-
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owing [71]; E(hn) can be written as

E(hn) = Γ(mN + n)
Γ(mN)mNn exp

[
n(n − 1)σS,dB

2

2ξ2

]
, (6.42)

where mN and σS,dB denote the Nakagami-m fading parameter and the log-normal
shadowing parameter with a dB-spread, respectively; ξ = 10/ln(10).

When this work evaluates the solution of the optimization problem, as the
worst case, gS for each divided region, S, is generated by the following equation:

gS = max
(r,φ)∈S

g(φ), (6.43)

where g(φ) denotes the PR antenna factor. g(φ) is assumed to be an Narray-element
linear uniform array in which the elements are spaced one-half wavelength apart
and the phases are zero [74]; g(φ) is given as follows:

g(φ) =
���� sin(πNarray cos φ/2)
Narray sin(π cos φ/2)

���� . (6.44)

Fig. 6.6 shows g(φ) for Narray = 10. Note that in the calculation of the simulated
PU OP with Monte Carlo simulation, this work uses g(φ); i.e., IS for each divided
region, S, is simulated as follows:

IS =
∑

z=(r,φ)∈ΦS,TX

hzg(φ)pSr−α. (6.45)

This work formulates the optimization problems, (6.38) and (6.39), in Python
using the Pyomo modeling framework [75] and solve this problems with the open
source software, interior point optimizer (IPOPT) nonlinear solver [76, 77].

Finally, Table 6.1 lists the parameters and their values.

6.5.2 Numerical Results

This work presents the results of the first scenario. Figs. 6.7 and 6.8 show the
optimized PER in the polar and square grid cases, respectively. These figures
demonstrate that a PER is designed, corresponding to the PR antenna pattern
shown in Fig. 6.6. In addition, as the area of the divided region is reduced (Nφ is
increased), the designed PER shrinks and becomes complex-shaped. Figs. 6.9 and
6.10 show the area of the optimized PER and the simulated PU OP for the area of
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Figure 6.7: Solution, (a⋆Uir jφ
), for the polar grid case, in the first scenario.

Figure 6.8: Solution, (a⋆Vix jy ), for the square grid case, in the first scenario.

the divided region, respectively. Fig. 6.9 demonstrates that, in both the spatial grid
cases, the area of the optimized PER converges, as the area of the divided region
is reduced. Fig. 6.10 shows that the constraint in (6.38) and (6.39) is satisfied, and
that the simulated PU OPs in both the spatial grid cases get closer to the target,
βtarget, as the area of the divided region is reduced. From these results, when the
area of the divided region is set to be large, the aggregate interference at the PR is
underestimated.

This work presents the results of the second scenario. Figs. 6.11a and 6.11b
show the optimized PER in the polar and square grid cases, respectively. These
figures demonstrate that the optimized PER in each quadrant corresponds to the
PR antenna pattern, and the ST density and transmission power, i.e., the smaller
the ST density or transmission power, the smaller is the optimized PER. Figs. 6.12
and 6.13 show the area of the optimized PER and the simulated PU OP for the area
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Figure 6.9: PER area for each spatial grid case, in the first scenario.

Figure 6.10: Simulated PU OP for each spatial grid case, in the first scenario.

of the divided region, respectively. The trends of the optimized PER area and the
simulated PU OP are the same as that of the first scenario.

6.6 Conclusion

This chapter has presented a stochastic geometry analysis and PER design for
a spatial grid-based spectrum database system. The purpose of the spatial grid
is to utilize the local information, such as the PR antenna pattern, and the ST
density and transmission power, in each divided region. Further, polar and square
grids were introduced. For these spatial grids, the cumulants of the aggregate
interference at a PR from the STs were derived, where the PGFL for the PPP was
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Figure 6.11: Solutions, (a⋆Uir jφ
) and (a⋆Vix jy ), in the second scenario.

used on the assumption that the distribution of the STs in each divided region
followed an inhomogeneous PPP. In addition, to obtain the PER as the solution
of a continuous optimization problem, the ST ATP in each divided region was
introduced. Then, for each spatial grid, the moments of the interference power
at a PR from a single ST, which was distributed uniformly in a divided region,
was presented. In the polar and square grids, the moments can be expressed as a
closed-form for any exponent and for an adjective path-loss exponent, respectively.
Finally, the optimization problems to determine the ST ATP in each divided region
were formulated and by solving the problem with a nonlinear solver, the optimized
PER was designed. Numerical results demonstrated that a PER, corresponding
to the local information, was successfully designed and that more detailed local
information, due to a reduction in the area of each divided region, led to a smaller
and complex-shaped PER.
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Figure 6.12: PER area for each spatial grid case, in the second scenario.

Figure 6.13: Simulated PU OP for each spatial grid case, in the second scenario.
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Conclusion

The theme of this thesis was the coexistence of wireless communication and non-
communication systems. Both systems were assumed to use the same spectrum
channel for improving spectral efficiency. This thesis focused on two topics. One
topic was an MPT system with a WLAN station, i.e., the co-channel operation of
MPT and IEEE 802.11-based data transmission. The other topic was a database
driven spectrum sharing system, i.e., the operation of a communication SU in the
channel allocated to a non-communication PU.

In the first topic, this thesis proposed two schemes. One was a scheduling
scheme that allocates time for MPT and IEEE 802.11-based data transmission. In
this scheme, on the basis of the time information on data and beacon frame trans-
missions, and microwave power was transmitted except when these frames were
transmitted. The other was a RAS based on exposure assessment with a rectenna
output. The devices, on which this scheme was implemented, determined the next
PHY data rate using historical data (e.g., data frame loss ratio) corresponding
to the assessment result. These proposed schemes were verified by performing
the experiments with commercial WLAN devices in a radio frequency anechoic
chamber.

In the second topic, this thesis attempted to design and to update a PER, and
presented stochastic geometry analysis of the aggregate interference at a PU, and
then determined a PER by solving an optimization problem with the analysis
results. This work addressed twofold. One was to present a framework for
updating a PER and to design a circular PER centered at a PU, and then to analysis
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the aggregate interference on the assumption that SUs were distributed following a
homogeneous PPP. The other was to design a complex-shaped PER by introducing
a spatial grid. For polar and square spatial grids, the aggregate interference
was analyzed on the assumption that SUs in each divided region were distributed
following an inhomogeneous PPP. Numerical results showed that the more detailed
database information, such as the PU antenna pattern and SU density and power,
led to a smaller PER.
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