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Abstract

Study on RF Energy Harvesting Rectenna System from
Ambient RF Signal for IoT Applications

NGUYEN THUY LINH

Doctoral Program in Electronic Engineering

The University of Electro-Communications

In this thesis, a structure of the RF energy harvesting (RFEH) system,
which is applied for RF sensor TAG and RF sensor TAG with weak-up receiver
(WuR), is studied and proposed. First, characteristics of the RF signal in the
environment are analyzed; hence, essential specifications of the ambient RFEH
system are pointed out. The analyzation indicates that the Q factor of RFEH
system affects bandwidth (BW) of the RF signal, and a wide bandwidth RFEH
system is an essential structure to harvest the ambient RF signal efficiently.

Second, principle specifications affecting the efficiency of a rectifier are
theoretically studied and evaluated. A 3-stage cross-coupled rectifier (CCR)
with the application of dynamic threshold MOSFET (DTMOS) and body-tire-
to-source MOSFET (BTMOS) in 65nm Silicon on Thin Buried oxide (SOTB)
technology was fabricated and evaluated. The measurement results indicate
that DTMOS CCR, which has a higher drain current than that of BTMOS
CCR, obtains two times output power higher than BTMOS CCR. Besides, the
Q factor of the rectifier is chosen to ensure the BW of the RF signal so that
the entire RF power is rectified. As a result, the output power of the rectifier
when excited by modulated signals becomes two times higher than that of the

rectifier when excited by a pure sine wave signal at -20 dBm input power.



Third, a system design methodology of the ambient RFEH system is an-
alyzed in which relationships between Q factor of the total system, Q factor
of the rectifier, and the Q factor of matching circuit are presented. From the
methodology, the wide bandwidth RFEH system from 950 MHz cell phone RF
signal is designed. In the system, the QQ factor of the rectifier dominated Q
factor of the total system to ensure the BW of Long-Term Evolution (LTE)
signal. A wide BW matching, which is 62 MHz, between a half wavelength
wired dipole antenna and the rectifier is designed to fulfill the system.

The measurement results with the 950 MHz LTE signal in the environment
show that the output power of the designed system, which is 3.48 pW, is 15
times higher than that of the other study at -20 dBm input power. The
designed rectenna with Yagi antenna generates 7.6 uWW DC power at outdoor
conditions when LTE signal is at a level of -18.6 dBm.

In conclusion, the proposed structure of the RFEH system in this work is

a potential candidate for battery-less [oT applications. The designed rectenna

is suitable for the RF sensor TAG and RF sensor TAG with WuR.
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Chapter 1

Introduction

In this chapter, the background research of Internet of Things (IoT) and energy
harvesting technologies are presented. Moreover, the motivation and main
contributions of RF energy harvesting in IoT are also described. Finally, the

dissertation layout is presented to clarify the composition of this dissertation.

1.1 Research Background

1.1.1 IoT definition and applications

Nowadays, with the vast improvement of technology, we tend to the world in
which everything and everyone can be connected and communicated by the
application of ToT [1]. The IoT allows people and things to be connected
anytime, anywhere, with anything and anyone, ideally with any network, and
any service [2], [3]. Fig 1.1 illustrates a definition of IoT of European research

cluster of IoT (IERC) [4].
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Anything Anytime
Any device Any context

Any place
Any where

Figure 1.1: IoT definition by IERC [2]

The Internet of Thing (IoT) brings immense utilities for human life, such
as makes daily life easier, faster, safer, and smarter [5]. The applications of
[oT can be listed as design of smart cities, predicting natural disasters, design
of smart homes, design of efficient transport systems, industrial applications,
and medical applications [1].

In general, an [oT device consists of four parts [6]:
e A sensor part

e A processing part, which is digital, consists of a processor, memory, fil-
ters, accelerators. Besides, a security IP and data encryption are included

for security.
e A radio part, which can utilize Bluetooth, Zigbee, Wi-Fi, etc.

e A power management part which is used to control power domains, power

supplies, etc.

In ToT applications, a vast amount of sensors is used to collect information

from social life as shown in Fig 1.2
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G

Monitoring Camera

Figure 1.2: IoT applications in human social

The sensors in [oT systems are diversity such as Global Positioning Sys-
tem (GPS) acquisition, weather sensor, liquid sensor, smoke sensor, soil and
moisture sensor, distance sensor [7]. The GPS sensor, which used for collecting
GPS data, is useful in position applications such as golf car finder, navigator,
lost-devices, and belongings tracker. Weather sensors are used to take the
surrounding atmosphere information such as temperature, humidity, pressure,
light. Applications using weather data are home automation and control, dis-
play notifications. Smoke sensor, which is used to collect data about smoke,
is handy for warning emergencies in case of fire happened.

Essential design requirements, which are taken into account when dealing

with IoT, include [6]:
e Connectivity: wireless;

e Security: secure boot, data encryption, authentication, authorization,

physical protection;
e Sensor: sensor hubs, vision & gesture, voice recognition, touch;

e Energy: energy harvesting, wireless charging adoption.

In [8], services specifications for the Padova smart city project, which is one of

the IoT applications, are presented. In this project, a requirement of supplying
3
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power for IoT applications is one of the crucial requirements, especially when
battery charging or removing is tricky. The energy harvesters are used in
waste management, noise monitoring, traffic congestion, and smart parking.

The energy harvesting technique becomes an essential solution in this case [9].

1.1.2 Energy harvesting technologies

In the energy harvesting technology, energy from ambient power sources, such
as vibration, heat, and electromagnetic waves, is collected and converted into
DC power to storage as a power supply for its applications [10], [11]. The
available ambient energy sources and their pros and cons are shown in table

1.1.

Table 1.1: Available Ambient Energy Sources [10].

Solar energy Thermal en- | Ambient RF en- | Vibration
ergy ergy
Power 100 mW /em? 60 puW/em? 0.0002 ~ 1uW/em? | 200 pW/cm?
density
Available | Day time (4 ~ 8 | Continuous Continuous Activity depen-
time Hrs) dent
Pros el arge amount | Always  avail- | eAlways available eWell developed
energy able eWidely available tech
eWell developed eLight weight
tech
Cons e Need large area eNeed large area | eDistance depen- | eNeed large area
eNon-continuous eLow power dence eHighly variable
eOrientation issue eRigid & Brittle | eDepending on | output
available source

The solar energy harvesting converts light energy to electrical energy by the

photoelectric [12]. The power of the solar source, which is 100 W /em? to 1000
puW/em? indoors and 100 mW /em? outdoors [11], is the strongest in compari-
son with that of other natural source but the power is not continuous. Besides,
the solar energy harvesting system usually requires a large area [13], [14]. A

thermoelectric generator electrical power from a temperature gradient between
4



1.2. Motivation and Contributions of this study

two dissimilar conducting materials [12]. Generally, the thermal power energy
density is quite large, but the output power of a thermal energy harvesting
is lower than that of the solar energy harvesting system [15]. Besides, the
thermal energy harvesting is less intermittent since they work as long as there
is a temperature difference across their surfaces [11]. Piezoelectric harvester,
which power is from vibration, converts vibrational energy into electrical en-
ergy by the piezoelectric effect [16], [17]. The output power of piezoelectric
harvester is normally lower than other energy harvesters, but it has a large
dynamic range when irregular motions are utilized as the driving force [18].
Ambient radio frequency (RF) energy is quite a low energy density, which
is normally form 0.2 nW/cm? to 1 uW/em? [19], [20], [22], compares to other
energy sources. However, the ambient RF sources now increasing with the
expanding of wireless communication and broadcasting infrastructure. Also,
the radio frequency (RF) energy is a promising source for energy harvesting
because of its general characteristics in daily life. The RF energy harvesting
(RFEH) enables the wireless devices harvesting energy from RF signals for
their information processing and transmission. Therefore, the RFEH network
can be applied to wireless sensor networks [23], wireless body networks [24],
wireless charging systems [25]. Besides, the RFEH system is easily integrated
with other harvesting systems, such as the photovoltaic EH system [26], and
the thermal EH system [27], to make a hybrid EH system. In conclusion,
the RFEH technique shows many advantages and has attracted a considerable

amount of attention in a scientific community:.

1.2 Motivation and Contributions of this study

1.2.1 Motivation

Wireless power transfer (WPT) is a technology, which is based on electro-
magnetic theory and radio wave theory, to transfer and harvest electrical
power [28,29]. The WPT technologies consist of three main techniques such as

resonant coupling WPT, inductive coupling WPT, and WPT via radio wave,
5
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which also called as RF energy harvesting, as presented in table 1.2

Table 1.2: Characteristics of WPT technologies [28,29].

RF energy | Resonant cou- | Inductive cou-
harvesting pling pling
Field Electromagnetic | Resonance Magnetic
(EM) (Electric, Mag-
netic or EM)
Method Antenna Resonator Coil
Efficiency Low to high High High
Distance Short to long Medium Short
Loss during Low Medium High
Transmission
Power Low to high High High
Regulation Radio wave Under  discus- | Under  discus-
sion sion

In the resonant coupling and inductive coupling techniques, transmitter
and receiver are electromagnetically coupled, and electrical power is wire-
lessly transferred via an electric field, a magnetic field, or electromagnetic field.
Therefore, these techniques are near-field wireless transmission and not suit-
able for mobile and remote applications. Besides, the RFEH technique, which
utilizes the RF power to generate DC power, is a far-field technique and has
remarkable advantages, as mentioned in part 1. With RFEH technique, the
radio wave carries both energy and information simultaneously so wireless in-
formation transfer (WIT) and WPT can combine in a wireless information and
power transmission (WIPT) to efficiently utilize the RF spectrum/radiation
and the network infrastructure [30].

The WIPT can be divided into three types:

e Simultaneous Wireless Information and Power Transfer (SWIPT): En-

ergy and information are simultaneously transmitted in the downlink
6
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from multiple access points or multiple receivers. The energy receiver

(ER) and Information receiver (IR) can be co-located or separated.

e Wirelessly Powered Communication Networks (WPCNs). Energy is trans-

ferred in the downlink, and information is transferred in the uplink.

e Wirelessly Powered Backscatter Communication (WPBC). Energy and
information are transferred as the case of WPCN. Backscatter modula-
tion at a tag is used to reflect and modulate the incoming RF signal to

communicate with a reader.

In conclusion, the RFEH technique shows many advantages in comparison to
other energy harvesting techniques such as well-known and continuous prop-
erties of energy source, ability to integrate with IoT sensors and networks.
Therefore, the RFEH technique has attracted a considerable amount of atten-

tion and the RFEH technique is the target of this study.

1.2.2 Research Contribution

The RF source of RFEH system can be classified into two types:

e Dedicated RF source. The dedicated RF source can be utilized to supply
the energy to the network nodes when necessary. The limitations of using
a dedicated RF source for RFEH are from criteria of the transmitted
frequency and power of the RF source [20]. The frequency of the RF
sources can use the license-free ISM frequency band. The output power
of the RF sources must be limited due to safety and health concerns of
RF radiation. The different schemes of RFEH from the dedicated RF
source are studied [31], [32].

e Ambient RF source. In the ambient RFEH system, the energy is from
ambient RF sources that are available in the environment. Consequently,
there is no need for an energy transmitter and therefor less complexity in
system design. This is a strong point of the ambient RFEH in compar-

ison with RFEH from the dedicated source. The RF energy sources are
7
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various, such as TV towers (analog and digital), Wi-Fi, mobile commu-
nication. There are majority theoretical studies about ambient RFEH

for battery-less devices from Wi-Fi, GSM, DTV sources.

The ambient RFEH technique shows prominent advantages; hence, in this
research, we study on RFEH system from ambient RF signal for IoT applica-
tions. Primarily, we focus on designing the structure of the RFEH rectenna
system that works efficiently in the real environment.

The main contributions of this study are:

e Base on analyzation on characteristics of the RF signal , the study in-
dicates that Q factor of the RFEH system affects bandwidth of the RF
signal, and a wide bandwidth RFEH system is an essential structure to

efficiently harvest the ambient RF signal.

e Rectifier circuit, in which Q factor is limited by BW of the RF signal,
is designed in 65 nm SOTB technology. Evaluation results successfully
prove that with the designed rectifier, output power in case of harvesting
modulated signal is 2 times higher than that in case harvesting CW

signal.

e The study proposed and designed a wide bandwidth RFEH rectenna
system that, in measurement with LTE signal, has output power 15

times higher than other study at the same input power of -20 dBm.

e The proposed system generates 3.5 uWW DC power at an indoor condition
and 7.6 uW at an outdoor condition which suitable to supply for RF
sensor TAG and RF sensor TAG with Wake-up receiver (WuR) for IoT

applications

1.3 Dissertation Layout

The dissertation contains six chapters which contents are as follows:



1.3. Dissertation Layout

e Chapter 1 gives an overview of [oT applications and requirements. The
role of energy harvesting in the design requirement of IoT application is
presented. Hence, the overview of energy harvesting techniques is pre-
sented. The motivation and contribution of the study are presented.
From that, the goal of this study, which is to design and implement a
structure of the RFEH rectenna that efficiently works in the real envi-

ronment.

e Chapter 2 provides the power requirement of IoT sensors, and the techni-
cal background of the ambient RFEH technique. The general structures
of the RFEH system in related studies are analyzed. The character-
istics of the ambient RF signal that affect the efficiency of the RFEH
system are also presented. Consequently, the required specifications of
the ambient RFEH system in order to propose an efficient structure are
considered. The wide bandwidth RFEH system is proposed that will
be effective for the ambient RFEH rectenna. The target of the study is
designing the ambient RFEH system that can supply for RF sensor TAG
and RF sensor TAG with WuR.

e Chapter 3 presents the principle specifications of the rectifier circuit. It
is the first time that a  factor of the rectifier is considered in rela-
tionship with bandwidth (BW) of the RF signal in the rectifier design
methodology. Besides, the effect of drain current in the low-level input
range and phase difference between the two RF inputs of the rectifier are
analyzed. The circuit was designed in 65nm SOTB technology for mea-
suring the efficiency of the rectifier. The measurement results shows that
the DTMOS cross-coupled rectifier with floating sub-circuit is suitable
to utilized in the proposed RFEH system.

e Chapter 4 presents the proposed structure of a wide bandwidth RFEH
system to harvest ambient RF signals. In the system, the wide bandwidth
specification is ensured by the domination of the Q factor of the rectifier
when the Q factor of the matching circuit and external component are

9
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high enough. The BW of the design system covers the BW of the target
RF signal. From the design methodology, the two structures of ambient

RFEH were designed.

e Chapter 5 shows the measurement results of the proposed RFEH recten-
nas in an anechoic chamber and in the real environment. The proposed
systems were evaluated with a 950 MHz Long Term Evolution (LTE)
mobile phone signal. Measurement results of the proposed rectenna are

compared with the current ambient RFEH studies.

e Finally, chapter 6 summarizes the principal results of the work. From

the results, the applications and future works are proposed.

10



Chapter 2

Requirements of RFEH
rectenna system for IoT

applications

In this Chapter, the energy requirement of [oT sensor node is presented. Be-
sides, the technical background of the RFEH structure is shown. Considerable
specifications of the RFEH structure in some related works are presented. In
addition, the characteristics of the RF signal in the ambient environment that
affect the output of the rectifier are analyzed. Base on these characteristics, the

structure of the RFEH system to harvest the environmental signal is proposed.

2.1 Characteristics of the ambient RF signal

2.1.1 The ambient RF signals in surveys

The RF sources for ambient RFEH were studied earlier [22,33,34]. In [22],
power densities (PDs) of the RF sources in urban and semi-urban environments

of London region was measured, and results are shown in the table 2.1

11
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Table 2.1: RF power density in London, UK [22]

Band Frequency(MHz) Average PD | Maximum PD
(nW/em?) (nW/cm?)

DTV 470-610 0.89 460

GSM900 (MTx) 880-915 0.45 39

GSM900 (BTx) 925-960 36 1930

GSM1800 (MTx) 1710-1785 0.5 20

GSM1800 (BTx) 1805-1880 84 6390

3G (MTx) 1920-1980 0.46 66

3G (BTx) 2110-2170 12 240

Wi-Fi 2400-2500 0.18 6

From the table, it can conclude that the ambient RF signals in the environ-
ment are at uW level range. The three strongest RF signals are a digital tele-
vision (DTV) signal, a global system for mobile (GSM) 900 and a GSM1800.
In [35], the median power of the DTV signal was measured at -38 dBm, and
that of a mobile phone signal was -25 dBm. In [36], measured powers of
GSM900, GSM1800, 3G are in range of (—35 ~ —25) dBm, (—25 ~ —15)
dBm,(—25 ~ —15) dBm, respectively. In [33], levels of the DTV signal was

measured in a range of (—44 ~ 3) dBm.

2.1.2 Characteristics of the RF signals at measurement

position of the study

The characteristics of the RF signals at measurement position of the study are
measured and presented in Fig 2.1. The measurement place was in an office
room at the University of Electro-communications, Tokyo, Japan, as shown in
Fig. 2.2. In the measurement, a signal analyzer Agilent CXA N900OA and a
dipole antenna CANDOX 44Sa21 were used. Specifications of the measure-
ment were set up as follows: resolution bandwidth was set at100 kHz, and
band power corresponds to 15 MHz. The ambient RF power is the total band

power that is set up as previous specifications.

12
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Figure 2.1: Measured spectrum of RF signals at the measurement place: (a)

Spectrum, and (b) Magnified spectrum of the 952 MHz signal.

As shown in Fig 2.1, at the measured position, there are some ambient
RF signals at 790 MHz, 880 MHz, 950 MHz, 1.5 GHz, 1.8 GHz, 2.15 GHz,
2.4 GHz. Among these signals, the level of the RF signal at 952 MHz is the
strongest, which is —20 dBm. The magnified spectrum of the 952 MHz signal
is shown in Figure 2.1b. From the characteristics of the signal, it is concluded
that the signal corresponds to an LTE downlink mobile phone signal with an
orthogonal frequency division multiplexing (OFDM) modulation.

Fig 2.2 presents a map of the measurement place. The measurement point

and the base station are approximately 162 m apart.

Antenna of the
base station

Measurement
Mobile phong

j ;Sgﬁm
ﬁ 5] )R

Figure 2.2: Map of the measurement position and picture of mobile phone

antenna.
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From the measurement results, because the 952 MHz LTE mobile phone
signal is the strongest signal at measurement position, so it is the target signal
of the proposed RFEH rectenna system. Besides, as indicated in Fig 2.3,
RF signals from 4G cell phone base stations are widespread in the ambient
environment today. Hence, the cell phone RF energy is one of the ideal energy

sources for ambient RFEH.
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Figure 2.3: The distribution of mobile phone base station in Tokyo.

2.2 Technical background

2.2.1 Energy requirement of wireless sensor node for

IoT applications

The structures of wireless sensor node (WSN) are presented in Fig 2.4. Figure
(a) shows a normal structure of the sensor node which consists of parts such
as sensor, micro-control unit (MCU), RF module and power supply. The RF
module consumes mainly the power of the sensor node to supply for an RF
oscillator and power amplifier of the module. At always ON operation mode,

the sensor node always transmits so the power consumption is large, which is
14
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in range of (30 ~ 100) mW in general. To reduce power consumption, the RF
signal is only transmitted when the information needs to be transferred. The
sensor node works in this mechanism is called an intermittent mode. The RF
sensor TAG, which shows in Fig 2.4, consumes a very low power because in
this structure there is no need to use the RF module. The RF sensor TAG
utilizes incident RF signals to transmits information. The power consumption

of the RF sensor TAG is minimized by using a wake-up receiver (WuR) unit.

; Incident Reflected
Y RF RF
Power Sypply RFEH
| |
I MCU
MCU RF Module WuR [_— - E
(1~10) uw (30 ~ 100) mw : : (1~10) uw —|
[ T
Sensor Sensor
(a) ®)
Power Power
A
(30;&00) — (1~10) uw
Time _Time

(a1). Always ON (b1). RF sensor TAG

Power Power
4
(30 ~ 100) Operation
- Operati
mwW Stoep (1~10) uW pe‘ra el | ‘
— —.Time » Time
(a2). Intermittent Operation (b2). RF sensor TAG with WuR

Figure 2.4: Structures of WSNs: (a) Sensor node, and (b) RF sensor TAG
powered by RFEH with/without WuR.

Table 2.2 presents power requirements of WSN structures for IoT appli-
cations. The WPT technique is chosen depending on the power requirement
of WSN. With ambient RFEH, because the level of RF signal in the environ-
ment is at puWW level so the power that RF energy harvester can generate is at

uW level. Therefore, the RF sensor TAG and RF sensor TAG with WuR are
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suitable for utilizing ambient RFEH.

Table 2.2: Power requirement of WSN structures for IoT applications.

Sensor mode structure Required power
(al) | Sensor node at always ON mode 30 ~ 100 mW [37], [38]
(a2) | Sensor node at intermittent operation | 0.1 ~ 1 mW [39], [40]
mode
(bl) | RF sensor TAG < 10 p W [41]
(b2) | RF sensor TAG with WuR <1p W [42]

2.2.2 RFEH technique

The ambient RFEH system utilizes available RF energy in the environment
so that the system consists of an energy receiver part. A general structure
of the RFEH system includes an antenna and a rectifier circuit; hence, the
system also called a rectenna. The block diagram and equivalent circuit of the

rectenna is presented in Fig 2.5

Re I peen )
X Lv T Row |
. Il \
Antenna : L vo I
| Il Rrect I
T — 1
Matching Rectifier
circuit b
(a) (b)

Figure 2.5: Block diagram and equivalent circuit of RFEH rectenna: (a) Block

diagram, and (b) Equivalent circuit

In the system, an antenna is used to receive an RF electromagnetic signal in
the environment, change it to an RF electrical signal, and supply the RF signal
to the following parts of the system. The rectifier, which is used to convert an
RF signal to a DC signal, is a main part of the rectenna system. The efficiency
of the rectifier decides the efficiency of the total rectenna system. Generally,

RF signal available in the environment at pWW level, which is smaller than
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a threshold voltage (Vi) of the rectifier component, resulting in significant
decreases in power conversion efficiency (PCE) of the rectifier and the total
rectenna system. A matching circuit is utilized to ensure impedance matching
between the antenna and the rectifier so that all received power from the
antenna is transfer to the rectifier, and reflected power is minimized. The
output of the RFEH system is stored in a energy store unit which is general a
high capacity capacitor.

There are a large number of study to increase PCE of the RFEH rectenna
system, and a majority of the studies is improving implement of separate parts
of the RFEH system. Some researches propose solutions to boost the PCE of
the rectifier by applying various device technologies or proposing new devices to
the rectifier circuit [43-45]. The other studies propose improving architecture
of the rectifier such as static Vj, cancellation scheme [46], differential-drive
topology [47-49], and floating sub-circuit bias [50].

In solutions to improve the PCE from antenna design, some authors pro-
posed solutions to collect RF signals in the environment by gathering a multi-
band ambient RF signal such as designing multi-antennas. In the multi-
antennas, each antenna is a high Q antenna at each frequency of the target RF
signals in the environment [22]. Besides, some studies propose designs of multi-
band antennas or broadband antennas in which the antenna can receive all the
target RF signal bands [35,51-54]. Multi-band matching circuit was proposed
in some studies to match with multi-band antenna in the RFEH [36, 56]

Recent years, study on total RFEH system was proposed in some studies
in which the systems can be a single band or multi-band harvesting system.
Besdies, some researchers proposed a multi-rectenna system in which recten-
nas are combined to synthesize the output DC power [57]. Related to single
band rectenna, a co-design rectenna, in which antenna is designed to match
with rectifier, was proposed and demonstrated outstanding results in terms of
sensitivity and PCE [58,59]. The recent state of art in the RFEH studies is

shown as in the Fig 2.6. The survey presents the studies from [33,48,51,58-83]
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Recent State of Art of RFEH studies
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Figure 2.6: Recent state of art in the RFEH studies

2.2.3 Related studies on ambient RFEH

Although there are many studies about the RFEH system which reach out-
standing results in the sensitivity and efficiency of the RFEH system, there is
a minority of research that the RFEH rectenna system implements in a real
environment. The studies, in which the results of the system measured in a
real environment, are listed in table 2.3.

The studies in the table harvested the RF signal from various sources such
as TV signal, mobile phone signal, Wi-Fi signal, or multi-signal. Structures
of the rectenna systems are also diversity from a single rectenna, multi-band
rectenna, and co-design rectenna. In [35,57], the multi-rectenna is utilized as
a solution to improve the efficiency of the rectenna. In [35], two rectennas
connected in cascade to harvest a mobile phone signal at 845 MHz. In [57],
five rectennas are combined to harvest RF signals in 5 bands. In [77], a high
impedance antenna is used to improve the PCE due to the high RF voltage
fed to the rectifier. The antenna is designed to be a wide bandwidth antenna
to receive full bandwidth DTV signal at 500 MHz bands. In [58,80], co-design
rectenna is utilized. In these studies, high ) antennas are designed to match

with high Q rectifier to improve efficiency of the systems.
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Table 2.3: Studies about ambient REFEH.

Antenna Rectifier Matching Measurement| Measurement
circuit with CW | with RF ambi-
signal from | ent signal
SG or
RFDS
Kitazawa Dipole an- | 6-stage charge | Unspecified With SG | Mobile phone
[35] tenna pump (Schot- | circuit at  900MHz: | 845MHz: 0.32V,
tky diode 0.79V, 19.7% | 0.22pWa@
HSB276AS) Q@ P = | Pin = —20dBm
—5dBm, Ry, =
10k€2,
Kitazawa Wire and tape | 2-stage charge | LC matching | With SG: | 5 bands:
[57] folded dipole pump/band network 9.1%@P;,, = | 1.9 pwa
(diode —20dBm, P;, = —15dBm
HSMS285C) 215MHz
Stoopman | Square loop | 5-stage Control loop | In  chamber | A phone call
[58] microstrip CCR  (90nm | by capacitor | room: 1V@ | GSM 900: -
antenna CMOS) bank -27dBm, open | 4.6dBm, 2m
load; 40%@- | distance: 2.2 V@
17dBm; 25 seconds, 350
1V@27m nF capacitor
Furuta High 2-stage LC matching | With AR- | DTV signal:
[77] impedance Cockeroft- network FEH 500 | 22.53 W @
dipole an- | Walton MHz: 49.8% | P;, = —13dBm
tenna Q@ Pn =
—15dBm
Sadagopan | High Q loop | 6-stage CCR | - RFDS: 1V@- | Wi-Fi 2.42 GHz:
[80] antenna (GP 65nm 36dBm, 2.4 | 3.3 nWQ P, =
CMOS) GHz (primary | —18.6dBm
mode)

In the studies in table 2.3, the rectenna mostly tested with continuous sine

waves (CW) signals in the laboratory. Measurement with RF signal in the
environment is implemented in a very short time, and evaluation conditions
are extremely unclear. Figure 2.7 presents measurement results of the ambient
RFEH studies when the system harvest (CW) signals in the laboratory and real

ambient RF signals in the environment. As shown in the figure, output powers
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of the studies when harvest real RF signals in the environment are much smaller

than that of the case harvesting CW signals in laboratory measurement.
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Figure 2.7: Recent state of art in the ambient RFEH studies

The results indicate that the characteristics of the real RF signal in the
ambient environment strong affect on the efficiency of the ambient RFEH
rectenna system. In conclusion, to design the structure of the ambient RFEH
rectenna system, the relationship between characteristics of the ambient RF

signal and specifications of the RFEH rectenna must be analyzed.

2.3 The proposed technique of the study

2.3.1 The proposed technique for ambient RFEH sys-
tem

In ambient RFEH, the rectenna harvests RF signal available in the environ-
ment to generate DC power, so characteristics of the RF signal decide specifi-
cations of the rectenna system. There are two main characteristics of the RF
signal that system design of RFEH rectenna must be considered as presented

in Fig 2.8:
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e Level of the RF signal.
e Modulation type of the RF signal.
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Figure 2.8: Ambient RFEH technique

The level of ambient RF signal in the environment is at pW level, therefore
the ambient RFEH system has to work efficiently at this level. Many tech-
niques are proposed such as synthesis the signals, reduction threshold voltage
of MOSFETs, and high Q rectenna. The high QQ rectenna system, in which a
high Q antenna and high Q rectifier are designed, shows a prominent result.
The passive voltage gain, which is proportion with the @ factor, is high, re-
sulting input voltage of the rectifier increasing. Hence, the efficiency of the
rectenna system improves. In recent times, researchers tend to design the
RFEH rectenna system in which the Q factor is increased. In [58,80], Q fac-
tors of antenna are 81 and 120, respectively. Sensitivities in these studies are
outstanding values, which are 1V at -27 dBm and -36 dBm, respectively.

Related to waveform modulation of the ambient RF signal, there are two
characteristics that affects to the efficiency of the rectenna which are waveform
excitation and bandwidth BW. The effect of the waveform excitation of RF
signal to the performance of the RFEH system is mentioned in [84-86]. In these
studies, theoretical analyzation or measured evaluation was performed just in
the rectifier circuit. The effect of the waveform excitation of the RF signal
to the performance of the total ambient RFEH rectenna has not mentioned

in any related study. In the ambient RFEH, the RF signal is available in
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the environment, hence the waveform excitation is not a specification that the
system can manage.

In this study, we point out the required specifications of the ambient RFEH
system in which the relation of the QQ factor of RFEH system and BW of RF
signal should be considered simultaneously.

The relationship between ) factor and BW is shown as in equation 2.1
[87,88]

E; c c
omu(m) » e=35=31 21

where E is energy stored in the circuit, Pp is average power dissipated in

the circuit, w, is the resonant frequency in radians/second, f. is the resonant
frequency in Hz, and Af is the BW.

The BW of the system can be determined by the reflection coefficient as
indicated in Fig 2.9.

0
)
2 -RL1
»
-RLO
f1 fc f2
Frequency (Hz)

Figure 2.9: Definition of BW on the reflection coefficient to calculate Q factor

of the system

In the figure, frequencies f; and f, are determined at which the return loss

RL1 is calculated by equation 2.2.

10-5% +1
L) (2.2)

RL1 = —10log ( 5

The Q factor followed by 2.1 is a limited value to ensure the bandwidth of
the target ambient RF signal. If the Q factor of the system is larger than the
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value of Q in equation 2.1, then BW of the system is smaller than BW of the
RF signal resulting in power loss.

In the ambient RFEH technique, the Q factor of the RFEH system should
be limited by BW of the target RF signal in the ambient environment so that
no power loss. The solution to maximizing the Q factor of the RFEH system
is not valid with the ambient RF signal. For this reason, in [58,80], output
powers are outstanding with the CW signal, but that of the case harvesting
real RF signals in the environment dramatically decreases.

In conclusion, to efficient harvest RF signal in the ambient environment,
in this study, we propose the structure of the RFEH rectenna that consists of

three main characteristics:

e Wide bandwidth RFEH system: BW of the system has to be large enough
to cover BW of the target RF signal. Therefore, the Q factor of the RFEH
is limited by BW following equation 2.1

e () factor of rectifier dominates Q factor of the RFEH rectenna system to

minimize power loss.

e Rectifier circuit works efficiently in uWW level, and Q factor of the rectifier
is chosen to ensure BW of the target RF signal

2.3.2 Required specifications of the proposed RFEH sys-

tem

From the designed methodology, two RFEH rectennas was designed to harvest
the 950 MHz LTE signal. The specific specifications of the designed RFEH

rectenna system are:

e Target RF signal is LTE signal with OFDM modulation at 950 MHz
band, from 945 MHz to 960 MHz

e Bandwidth of the RF signal is 15 MHz. The BW of the rectenna is

chosen 20 MHz at least to ensure discrepancy.
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e ( factor of the rectifier, which calculated follow equation 2.1, is maximum
47. The Q factor of the RFEH system is as much as the Q) factor of the

rectifier.

e Target application of the study is to supply power for RF sensor TAG
and RF sensor TAG with WuR. Therefore, output power of the designed

system are required in a puW level.
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Chapter 3

Rectifier circuit

3.1 Types of rectifier circuits

3.1.1 Half-wave rectifier

A rectifier is a circuit which converts alternative current (AC) signal to direct
current (DC ) signal. The circuit uses components, which enables current in
only one direction, such as a diode, transistor. The simplest rectifier circuit,
which consists of a diode, an ac source, and a resistive load, is presented in
Fig 3.1. First, we consider the circuit in a simple condition to figure out some
specifications of the circuit. Input source is an AC source, which generates a
sine wave signal. The diode has zero resistance in the forward direction and
infinite resistance in the reverse direction. The input voltage and the diode

current are shown in Fig. 3.1 (b) and (c).

VL Vi Ve = Vysinwt

fVac 3R ffm

Sy ¥

.

(a) (b) (c)

Figure 3.1: Half-wave rectifier circuits with resistive loads: (a) Half-wave rec-

tifier, (b) Wave form of input voltage, and (¢) Wave form of diode current
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3.1. Types of rectifier circuits

The excited voltage is Vao = Viysin(wt), and a root mean square (RMS)
of the voltage is Vrr_rars = Var/V/2. The excited current is [qo = Iyssin(wt),
and RMS of the current is Irp rps = In/ V2. In the half-wave rectifier
(HWR), the current only flows into the load in the forward direction when the
input voltage is positive, in the reverse direction, the current is nearly zero
because of infinite resistance of the diode. Therefore, the output voltage in
the load only has one direction. Specifications of the rectifier are listed as
follow: [89]

DC current in load current is an average of the load current, which is

calculated by equation 3.1
1 (7 . I
Ipc =1ay = — | Iysin(wt)d(wt) = — ~ 0.381) (3.1)
2m Jo s
The RMS of diode current is

1 27 1 T ) [
]D,RMS = \/%/O ]EXCd (wt) = \/%\/0 112\/182712 (wt) d(wt) = 7M (32)

Form factor is the ratio between the RMS and the average. Form factor

of the diode current in HWR is

Irr RMS 0.51y
F = = =1.57 3.3
T 03181y (3.3)

Ripple Factor. The rectifier is a nonlinear circuit, so the output of the
rectifier consists of DC component, first-order frequency, and harmonic fre-
quencies. These components make ripples in the output. The ripples can

smooth by using a filter in the output. The ripple factor is calculated by

_ Effecitve rectified AC load components
N Average load current

=VF2 =1 (34)

Ty

For HWR, ry = 1.21

Power conversion efficiency (PCE), which indicates the ability of the
rectifier to convert AC power into DC power, calculated by the ratio of output
DC power to AC input power. The maximum PCE of the HWR is shown in
3.5

pcE = 2hc _ é%cRL
Pac ]RMSRL

= 0.405 (3.5)
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3.1. Types of rectifier circuits

In conclusion, the HWR uses to rectify a half-wave of the RF signal. Besides,
another half-wave power has not been utilized to produce the output; hence,
the PCE of the HWR is not high, which is a maximum of 40.5 %. Main
advantages of HWR are:

e Simple: circuit structure and number of components;

e Low cost: because of using fewer components in comparison with other

rectifier structures.
Disadvantages of HWR are:

e Power loss: the circuit utilizes the power of one-half cycle of the RF

signal, and waste the power of the remaining half cycle;
e Low output voltage in comparison to other rectifier structures;
e High ripple in the output.
Applications of HWR:
e For rectification applications;
e For demodulation applications;

e For signal peak applications.

3.1.2 Full-wave rectifier

For rectification applications, to increase rectified efficiency, a full-wave rectifier

is used. Fig 3.2 shows schematic diagram of some basic rectifiers.
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3.1. Types of rectifier circuits

Voc

Vac

» Vbc

Figure 3.2: Basic rectifier circuits with resistive loads: (a) Half-wave rectifier,

(b) Full-wave center-tap rectifier, and (c) Full-wave bridge rectifier

In a full-wave rectifier (FR) and full-wave bridge rectifier (FBR), two half

cycles of the RF signal are utilized to generate DC output power. In FR,

diode D1 is in a forward direction in a half cycle while diode D2 is in the

forward direction in the remained cycle. In FBR, diode D1 and D3 work in

one-half cycle while diode D2 and D4 work in another half cycle. The current

in the load resistor is combined with currents in diodes, as shown in fig 3.2.

Specifications of the full-wave rectifiers are indicated in table 3.2

Table 3.1: Characteristics of basic rectifier circuits with resistive load

Half-wave rectifier | Full-wave rectifier | Full-wave bridge
rectifier
Diode average current 0.3181 0.6361 s 0.6361 s
Diode rms current 0.5 0.7071n 0.7071
Form factor of diode 1.57 1.57 1.57
Form factor of Load current 1.57 1.11 1.11
Ripple 1.21 0.48 0.48
Maximum PCE (%) 40.6 81.2 81.2

From table 3.2, full-wave rectifiers show better performance in comparison

with the half-wave rectifier, especially in PCE. In the full-wave rectifier, the

total cycle of the signal is used to generate output signal so that PCE of the
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3.1. Types of rectifier circuits

rectifier increases while ripple decreases. The main disadvantage of the full-
wave center-tap rectifier is the requirement of using center-tap transformer;
while, the main disadvantage of the full-wave bridge rectifier the requirement
of using more diodes than other rectifier circuits.

A voltage multiplier rectifier circuit has a high voltage ratio, low voltage
stress, high-efficiency [90,91]. Two common types of voltage multiplier rec-
tifier circuits are the Cockcroft-Walt rectifier and the Dickson charge pump
rectifier, which shown in Fig. 3.3. The Cockcroft-Walton rectifier is a combi-
nation of voltage multiplier circuits in series, while, Dickson charge pump is a

combination of voltage multiplier circuits in parallel.

A
RL
a
C5 @ D6
I Jg bt
D5
==C6 SR
—C4

(b)

Figure 3.3: Schematic of multiplier rectifiers: (a) 3-stage Cockcroft-Walton

multiplier rectifier, and (b) 3-stage Dickson charge pump rectifier
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3.1. Types of rectifier circuits

3.1.3 MOSFET rectifier for RFEH system

In a conventional rectifier, the Schottky diode is an attractive candidate to
utilize in the rectifier circuit due to low forward voltage drop and fast switch-
ing speed. However, Schottky diode can not properly be modeled in all CMOS
technologies, which shows powerful usefulness in low-cost applications, where
high integration levels are desired [92,93]. In recent times, researchers have
been best desired to replace Schottky through CMOS technology in the recti-
fier circuit. In IoT applications, CMOS technology is a preferred technology
because of integrated ability into sensors. In addition, in a low input power
range, as shown in Fig. 2.6 in chapter 2, results have got from CMOS technol-
ogy in RFEH show satisfactory in comparison with the results got from using
Schottky diode.

CMOS technology was successfully applied into many structure of rectifier
circuit such as Dickson charge pump [62,91], static V}, cancellation rectifier
[46], cross-coupled rectifier (CCR) [47]. Schematic diagrams of CMOS Dickson
charge pump and CCR are shown in Fig 3.4

INRF+ —»
- — lCC —
N1 P1
Vi
Ce T T
INRF+ JE Ve -
l Il
_L V2 4@ — <RL
1 § N2 P2 CL 3
CL RL INRF- s Jce —
INGF. = L

Figure 3.4: CMOS rectifier circuits: (a) Dickson charge pump rectifier, and
(b) Cross-coupled rectifier CCR

In a low input level range, which can compare to the threshold voltage
Vip, of the diode/MOSFET, the cross-coupled structure shows an advantage in

comparison to other structures. For instance, in a Dickson charge pump in
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3.1. Types of rectifier circuits

Fig 3.4, diode-connected PMOS turns on only when V;,, — Vpe > V;;, where
Vin = Vinrrse — Vinrr—. Besides, in CCR, P; or P, turns on when Vj,, > Vi3,
which means circuit can work at a low input level. In summary, the CMOS
CCR is a popular choice of researchers in order to design RFEH systems for
[oT applications.

In a CCR, a couple of cross MOSFET works in a half cycle of the RF signal,
the other couple of MOSFET works in a remained half cycle. For instance, in
Fig 3.4 (b), when positive half cycle is supplied into INRF+, PMOS P; and
NMOS N, will turn on, while P, and N7 turn off. Currents in the circuit flow
follow the black arrow. In a half-cycle after, the currents flow in the direction
of the red arrow. The operation principle of CCR is the same as the full-wave
bridge rectifier, so the efficiency of CCR is improved.

Base on CCR, [50] proposed the structure of CCR with floating sub-circuits,

which has a schematic shown in Fig 3.5.

INRF+
P N Main CCR
//’ N1 ~ /
1 1 \

/ S o I

| AVDC \ vDC

1 I

\ !

\\ J‘ M2 j‘ / — CL EE RL
S e B
~
- . ~ -~ ~— - - /__
A~ S~ - ’% LF RS N
7 / )
%_l FL11 LF- ,\\ N -
/! T T | /N T T \
\ \
LY opt—{ | | 122
\ Vo = \
' — m2| &[N~ L ’ ,
N K / Floating
] IR 7 sub-circuits
INRF-

Figure 3.5: Schematic of a CCR with floating sub-circuits
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3.1. Types of rectifier circuits

In one stage of CCR with floating sub-circuits, there are three CCRs which
are the main CCR and two CCR sub-circuits. Each CCR sub-circuit has an
open load so that DC level at point OP1 (or OP2) is maximized. Hence, DC
levels at FLL11, and FL12, which are almost half of OP1, are also maximized.
These voltages are supplied to the gates of the MOSFETSs in the main CC.
Hence, in comparison to a conventional CCR, CCR with floating sub-circuits
reaches a higher gate-to-source voltage of MOSFET in the main CCR, as

indicated in equation 3.6.
Vas(N1) = Vi, + AVDC (3.6)

where AV DC' is a DC difference level of the voltages at FLL12 and M1. The
voltage AV DC' shows the effectiveness of CCR with floating sub-circuits in
comparison to a conventional CCR.

In this study, CCR and CCR with floating sub-circuits are utilized to de-
signed rectifier circuit on an application of 65nm Silicon-On-Thin Buried Oxide
(SOTB) technology.

The SOTB, which is one of the FD-SOI CMOS processes, has been de-
veloped recently due to its advantages in comparison to a conventional bulk
CMOS [94,95]. In [95], the RF characteristics of 65 nm SOTB CMOS are

measured and presented as shown in table 3.2.

Table 3.2: RF characteristics of 65 nm SOTB [101]

PMOS NMOS
Gate length 60 nm 60 nm
Gate oxide thickness 2.0 nm 2.0 nm
Threshold Voltage -0.32 'V 0.35V
Fr 26 GHz 40 GHz
Froz 20 GHz 28 GHz

As indicated from the table, because F},,, of PMOS and NMOS of SOTB
devices are 20 GHz and 28 GHz, respectively, so, it is indicated that the SOTB

technology works effectively at 1 GHz frequency range.
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3.2. Principle specifications affect to efficiency of rectifier

3.2 Principle specifications affect to efficiency

of rectifier

3.2.1 Drain current

The relationship between drain current and output of the rectifier is indicated
from a current-voltage relationship in CCR. A single-stage schematic of CCR
is shown in Figure 3.6. IV relation in NMOS N1 is considered to simplify the
work of CCR. Positive drain current in N1 is a forward current that charges
the load. In contract, negative drain current in N1 is the flow-back current

that discharges the load.

RF1

N1 - P1

V1
T T
LF-‘ Vbc
© Ac
L 1 \

N2 == P2

s RL

RF2

Figure 3.6: Schematic of a single stage CCR

RF differential signals at V; and V5 are supplied by AC source through cou-
pling capacitor C, and can be denoted by Vgpsin2r ft and Vgpsin (27 ft + ),
respectively. V; and V5 also have DC voltages. We denote these voltages are
DCfsset voltages. Consider CCR is symmetrically designed, so voltages at Vi,
V5 have the same absolute value and can be express as equation 3.7, 3.8. Due
to the symmetry of CMOS devices, the drain and source of MOSFET can be
switched depending on the potentials at these ports.

Vi = Vbcooffset +V ppsin2m ft (3.7)

Vo= VDC,offset + VRFS?:’I’L (27Tft + 71—) (38)
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3.2. Principle specifications affect to efficiency of rectifier

If Vi < 0 which is equivalent to sin2xft < —%, then Vgg and Vpg

through N1 are:

VDS = —Vl = —VRFSiHQWft (310)

If Vi > 0 which is equivalent to sin2wft > —%, then Vgg and Vpg

through N1 are:

Vas = Vo = Vgpsin 2rft+m)  if  Vi>0 (3.11)

VDS = ‘/1 = VRFSiHZWft ’Lf Vi >0 (312)

Depend on the gate-source Vg voltage and drain-source Vpg voltage, MOS-
FET works in one of three regions: week inversion region, triode region, satu-
ration region [96].

Current in week inversion region, when Vg < Vjy, is calculated by

w Vas — Vi V)
IDJ/V[ = fftexp (G‘j’LTTth> |:1 — ExTP (—LS):| (313)

where [; is a drain current when Vgg = Vi, W/L = 1, and Vpg>Vi;
n = (1 + Cj;/Cs:) is a voltage division between the oxide capacitance C,,
and depletion-region capacitance Cjs; Vr is a thermal voltage, which is nearly
26mV at room temperature.

Denote I is

w Vin
o= —1 — .14
a="pteap (~) 319
then Ip y; can rewrite as
Vas Vs
1 =1, — ) |1- - 3.15
DWI 0C€TP (nVT) [ exrp ( Ve )] ( )
Current in triode region
kKW
Ipr = SN 2 (Vas — Vi) Vs — V] (3.16)
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3.2. Principle specifications affect to efficiency of rectifier

where k' = 11,Clp = 1,52

t0$

Current in saturation mode

KW
Ipg= EI(VGS — ‘/th)z (1 + AVDS) (317)

where A\ is a channel-length modulation coefficient.
The current flows in load is a combined current in two branches of the CCR.
The DC output current is an integral of the load current, which calculated by

equation 3.18. The output voltage and power are calculated by equation 3.19,

3.20

e e
Ipc =1y == | Indt== [ 2Ipdt 1
ve=lw =7 [ nar=g [ or (319
Vpe = IpcRy (3.19)
1 T
Pyt = — / IZRpdt (3.20)
T Jo

In a low input level, Vrr < Vi, so the MOSFETSs usually work in the weak-
inversion region. Therefore, the drain current is mainly calculated by equation
3.15. The equation indicates that current in this region depends on Iy, Vgs,
and Vpg. Iy presents characteristics of the MOSFET, while Vg and Vpg
depend on levels of the RF signal. It can conclude that Iy increases letting
DC current in load increases.

The driving body of MOSFET is a popular technique to increase the drain
current of MOSFET. The dynamic threshold voltage MOSFET (DTMOS)
technique, in which the body of the MOSFET is tied to the gate, is an effective
technique to drive the drain current. In [97], it has been proved that a very
low voltage on the DTMOS technique can obtain a much higher current drain
than regular MOSFET. In RFEH technique, DTMOS is utilized to the rectifier
as a diode-connected rectifier [98], self Vj;, cancellation rectifier [99].

In the SOTB technique, the threshold voltage of the MOSFET can be

modulated by body bias, such that DTMOS becomes more effective than the
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3.2. Principle specifications affect to efficiency of rectifier

normal MOSFET structure. The body bias constant, which is calculated by
equation 3.21, is almost 150 mV/1V in SOTB [100]. In [101,102], we proved
the effectiveness of DTMOS in terms of decreasing V;;, of the MOSFET in
comparison to body-tired-to-source (BTMOS) in the 65 nm SOTB technique.

_ AV
~ AVps

a (3.21)

Figure 3.7 present simulated results of IV characteristics in 4 configuration
types: diode-connected BTMOS, diode-connected DTMOS, DTMOS in CCR
and DTMOS in CCR with floating sub-circuits

o seagesee:
14 /,;_—E’{za‘z’a ID_BTMOS.i B—G-3-8-0
¢ o ID_DTMOSi ~ ——mme
1E-5+ < Ve .
_ ; = A ID_ DTMOS_CCR.i  w#s-5-9
< i e B -
g 1E6— il L ID_DTMOS_CCR_FLi ——
- BTMOS DTMOS
1E-7T—
VG |__| E_.LVG
1E-8— 1 NG il 2VG+0.063
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1E'9 TTTT | TTTT | TTTT | TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT
0.000 0087 0475 0262 02350 0438 0525 0612 0.700
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Figure 3.7: Simulated IV characteristic of the DTMOS diode, BTMOS diode,
DTMOS CCR configuration, and DTMOS CCR with floating sub-circuits con-

figuration

The figure indicates that applying DTMOS gains a higher drain current
than BTMOS. Besides, as shown in the figure, in DTMOS CCR and CTMOS
CCR with floating sub-circuit, the drain current is much higher than a diode-
connected configuration. In simulation conditions, a 63 mV DC voltage of
CCR floating sub-circuit is the amount of AV DC' that the circuit achieved

when input power is -20 dBm, as presented in Fig 3.8.
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3.2. Principle specifications affect to efficiency of rectifier

DC voltage boosted from floating sub-circuit

50 -

A VDC (mV)
8 =

N
S

. . .
-30 -25 -20 -15 -10 -5
Input RF power (dBm)

Figure 3.8: Simulated DC level-up amount (AVDC) from the floating sub-

circuit

Fig 3.9 shows the simulated the dependence of output power of the rectifier
on I,. Asin equation 3.15, Iy presents the characteristics of the MOSFET on
weak inversion region. The simulated results got from a conditions that input

power is -20 dBm, and load is 100k¢2

Pout vs IsO
450
400 *
250 DTMOS
DTMOS CCR CCR with FL
= 300
g .
£ 250
H 200
o BTMOS CCR
a 150 ® .
00 Pin =-20dBm
o RL=100kQ
0
o 1 2 3 4 5 6 7
I1sO (nA)

Figure 3.9: Simulated the dependence of output power of the rectifier on Is0O

As shown in the figure, the output power of the CCR with floating sub-
circuit is the highest because of the drain current of this structure is the highest.
To conclude, DTMOS CCR and DTMOS CCR with floating sub-circuit on 65
nm SOTB technique is the best choice for the low input level range. The

rectifiers in this study are chosen from these structures.
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3.2. Principle specifications affect to efficiency of rectifier

3.2.2 Q factor

The Q factor of a resonator, which is also a passive gain, is calculated by equa-
tion 2.1 in relationship with power and bandwidth of the resonator. Besides,
in a relationship with resistance and reactance of the resonator at a resonant
frequency, Q factor can be calculated by:

X B

where R, X, G, B are resistance, reactance, susceptance, conductance of the
resonator.

In the RFEH rectenna, when a matching condition between antenna and
rectifier is satisfied, the system is equivalent to a resonator, and at this con-
dition, the passive gain QQ will achieve. In chapter 2, the limitation of the Q
factor of the rectifier to ensure BW of RF signal is proved. In this section,
the relationship between the Q factor and the number of CCR stages is pre-
sented. First, the effect of the Q factor on the input voltage of the rectifier

is considered. A equivalent of the rectifier is shown in Fig 3.10 to simplify

analysis.
] L Rectifier |
[ Zs | [ Ro | Out
| I | YvYy |
: & : Prect | Crect | | :
| Vs | — = g Vo p—
I | : Rrect C) ! CL RL
| | — ! '
| | | |
| Ps ! ! ! l
e e e e e e = -1 e e — . — —
Zrect =

Figure 3.10: Equivalent circuit of a rectifier in the RFEH rectenna

A condition to ensure matching happen is analyzed in Chapter 4. In this
section, we consider that matching condition is satisfied so that a source Vg
supplies a power P,.; to the rectifier. At this condition, from input view,

rectifier equivalent to a capacitor C,.; and R,..;. Relationships between
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3.2. Principle specifications affect to efficiency of rectifier

Prect, Crecty Rreet, Vieet are shown in equation 3.23, 3.24, 3.25

Brec
Qrect = ! - (JJCrecthect (323)
Grect
V2 V2
Prec — rect COS 9 — rect 324
t |Zrect| ( ) Grect (1 + Q%ect) ( )
V;’ect = \/PrectGrect (1 + Q%ect) (325)

From equation 3.25, V.. is proportion with Q... With the same input
power P, . value, Q¢ is higher resulting V... higher; hence output is higher.
The output voltage of the rectifier also increases when number of rectifier stage

increase. The block diagram of n-stage CCR is shown in Fig 3.11

"1 T -
| 1 1 | |
oL o L | L :
T v T LT
[ I [ | |
[ o [ | |
Vre © CCR | CCR |- — CcrR |
| | I | | |
TFLTFL O F e
i T — T . i T |
| Stage1 | | Stage2 | | Stagen |

Figure 3.11: Block diagram of N stage CCR

In n-stage CCR, the RF signal is supplied in parallel while the DC signal
is added in serial through n stages. If RF power supplied into each stage is
unchanged, so the output of n-stage is equal to n times of one stage. However,
because n-stage is connected in parallel, so input impedance of rectifier Z,..
also changes. To analyze the Q factor in n-stage, first, we consider a small-

signal model of MOSFET as Fig. 3.12 [87], [103]
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Cgd
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T oD 1" O

Teab [ =+ T e

Figure 3.12: Complete MOS small-signal model

In the model, the effect of capacitors is taken into account. These capacitors
are in a range of nF/m?. A stage of CCR consists of four MOSFETSs and two
coupling capacitors. To analyze the effect of the number of stages to Q factor,
we assume that each stage of CCR is equivalent to a capacitor C,; in parallel

with resistor R,; as shown in Fig 3.13
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Figure 3.13: AC equivalent circuit of N stage CCR with effect of parasitic

components

In the figure, the effect of parasitic components is taken into account. The
parasitics components include on-chip components and off-chip components.
The off-chip parasitic components are from bonding wires and pads to attach
a rectifier chip onto a PCB board. The effect of the bonding wire is equivalent
to an inductor Lp, which value is approximate to InH/mm for gold wire. The
bonding wires can be designed as shortening as possible to reduce parasitic
effects. The effect of pads in the PCB is equivalent to a capacitor Cpap1, which
value depends on the size of the pad and specifications of the board. Typically,

pads in PCB is designed so that parasitic capacitors are small enough to not
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3.2. Principle specifications affect to efficiency of rectifier

affect to implementation of the circuit. The on-chip parasitic components in
the CMOS process are mostly from parasitic capacitors Cpapo of pads in the
frame of the chip. In SOTB chip, these capacitors are generally in a range of
few pF. In 65nm SOTB technology, for an in/out pin with ESD protection, we
assume parasitic capacitor is around 2.1 pF.

In conclusion, the effect of parasitic components is mostly from on-chip
parasitic capacitors of 10 pins, which can not reduce. Besides, the parasitic
capacitor Cpaps is in pF range, while C} is in a range of fF in CMOS tech-
nology, so the capacitor C'paps takes into account to the input impedance of

rectifier. The admittance of n-stage CCR is calculated in equation 3.26

n .
Yn,stage = R_l + jw (CPADQ + nOrl) (326)

Q factor of n-stage CCR is

w (Cpapz +nCpy Cpap2
Qn,stage = ( n ) = Wer
er n

+ cﬂ) (3.27)

From equation 3.27, the Q factor is inverse proportion with the number of
stages. When n increases, the Q factor of rectifier decreases.

To conclude, the Q factor of the rectifier should be high to level up the input
voltage of the rectifier. Besides, the Q factor is limited by BW of the target RF
signal and the number of stages of the rectifier. As the specifications pointed
out in chapter 2 to harvest LTE 950 MHz signal, the maximum Q factor is 47.

The number of rectifier stage is chosen to satisfy this value.

Dependence of Q factor on the number of stages

70 Pin =-20 dBm
RL =100 kQ
60
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& 40
R
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Figure 3.14: Simulated dependence of () factor on the number of rectifier stages

N-stage CCR with floating sub-circuits
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3.2. Principle specifications affect to efficiency of rectifier

Fig 3.14 shows simulated results of the dependence of ) factor on the
number of rectifier stages N-stage CCR with floating sub-circuits in conditions
of -20 dBm input power and 100k€2 load. From the figure, a 3-stage rectifier,
which has a Q factor of 43, is satisfactory requirements of the Q factor to

ensure the efficiency of the rectifier.

3.2.3 Waveform excitation

As presented in the Fig 2.8, the waveform excitation is also the specification
that affects the efficiency of the rectifier circuit. The RF signal available in the
environment is a modulated signal. The modulated signal can be characterized
by a Peak-to-Average-Power-Ratio (PAPR). With the same average power of
a signal, the different modulation type can have different PAPR as shown in

Fig 3.15 [36].
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Figure 3.15: Instantaneous power of the CW signal and OFDM signal

As shown in the figure, with the modulated signal, the peak power of the
modulated signal is higher than the peak power of the CW signal. In the
study [84-86], the PAPR is defined at a level that a Complementary Cumula-
tive Distribution Function (CCDF) of the signal is 0.001 %. Fig. 3.16 presents
the PAPRs in the measurement of this study in which the modulated signals
are generated by the signal generator SMJ100A. As shown in the figure, PA-
PRs of the CW, binary phase-shift keying (BPSK), 64 quadrature amplitude
modulation (QAM), 256 QAM signals are 0.09, 2.83, 6.21, and 5.72, respec-
tively.

The instantaneous voltage of the modulated signal differs from the CW

signal then Vg and Vpg in equation 3.9, 3.10, 3.11, and 3.12 are changed.
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3.2. Principle specifications affect to efficiency of rectifier

The output current is exponential proportion with the voltages at Vg and

Vps as indicated in equation 3.15, 3.16, and 3.17. Therefore, the different

PAPRs led to different output voltages.
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Figure 3.16: PAPRs of the measured RF signals with signal generator: (a)
PAPR of CW signal, (b) PAPR of BPSK signal, (¢) PAPR of 64 QAM signal,
and PAPR of 256 QAM signal

Although the waveform excitation is the specification which affects the
output of the RFEH system, but this is a fix characteristic of the ambient
RF signal in the environment. Therefore, the waveform excitation of the RF

signal does not a specification that designers can manage in the ambient RFEH

system design.
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3.2. Principle specifications affect to efficiency of rectifier

3.2.4 Phase difference

In section 3.2.1, the two input power at points RF; and RF, are assumed
differential signals which mean phase difference between these two signals are
180°. In the RFEH system, the RF signals supplied to the rectifier are from
the former parts such as antenna, matching circuits. Hence, the condition to
ensure the two signals are symmetrical is needed. In this section, we analysis
circuit performance when the two paired signals of the CCR have an arbitrary
phase difference, denoted by Ap. In this case, Vi and V; rewrite as equation

below.

Vi = Vbc offset + VRFSiHQWft (3.28)

Vo = Vicoffset + V ppsin (2w ft + Ag) (3.29)

Therefore, gate-to-source voltage Vizg of NMOS N1 is presented as equation

3.30

QWrpsin (52) cos (2mft +52) when Vi < 0
Verrsin (27 ft + Ap) when Vi > 0
Equation 3.30 indicates that Vg depends on Ay; hence outputs of the
rectifier also depends on Ag. Vg is maximum when Ag = 7 meaning the

paired RF input signals of the rectifier are symmetric.
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Figure 3.17: Dependence of DC output voltage with Ay in 3-stage CCR, 3-
stage CCR with floating sub-circuit using DTMOS and BTMOS.
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3.3. Evaluated results of fabricated rectifiers

Fig 3.17 presents simulated results of three 3-stage-CCR types: simple
CCR, CCR with floating circuit using DTMOS, CCR with floating circuits
using BTMOS. The simulation conditions are an input power of -20 dBm, a
load of 10 Mf2, and a frequency of 954 MHz. It can conclude from Fig. 3.17
that with all rectifier types, the DC output voltage strongly depends on the
phase between the paired RF inputs. The output voltage reaches the peak
value when Ay = 7 and significantly decreases when Ay changes.

From the analysis of the effect of the phase difference between the two
paired inputs of the rectifier, we can conclude that when designing the CCR

to ensure the highest PCE, the circuit must be symmetrically designed.

3.3 Evaluated results of fabricated rectifiers

3.3.1 Design of 3-stage DTMOS CCR and BTMOS CCR

The cross-coupled rectifier was fabricated in 65nm SOTB technology to evalu-
ate the effect of the specifications indicated in section 3.2. In the fabrication,
3-stage CCR with DTMOS and 3-stage CCR with BTMOS were designed as
the schematic diagram in Fig. 3.18. The layout of the designed CCR is shown
as in Fig 3.19 and 3.20. In the circuits, MOSFET specifications of DTMOS and
BTMOS are chosen exactly the same so that comparison conditionals between
the performance of the two circuits are equally. The W/L ratio of MOSFET

is 1.5 um/60 nm. Coupled capacitors of the CCR are designed 1 pF each.
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Figure 3.19: Layout of 3-stage BTMOS CCR
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Figure 3.20: Layout of 3-stage DTMOS CCR

3.3.2 Measurement results

Measurement was implemented with a signal generator (SG) to test the per-

formance of the rectifier circuits as a setup in Fig 3.21

RF+ Out
Signal | gp | Hybrid Matching+ | _|_ Digital
Generator Coupler Rectifier | CL RL| multimeter
(3B) | e,

L

Figure 3.21: Evaluation setup with signal generator

The SG SMJ100A is used to supply RF signals to the rectifiers. The SG
can generate a sine wave signal (CW) and some modulated signals such as
phase-shift keying (PSK) and quadrature amplitude modulation (QAM). The
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3.3. Evaluated results of fabricated rectifiers

SG has one port output, so to create two symmetrical RF signals, a hybrid
coupler KRYTAR4010124 is used. Matching circuits are designed to ensure
matching between rectifier circuits and 50 €2 of the hybrid coupler through
SMA connector. DC output of the rectifier after filtering by Cp and Ry is
measured by a digital multimeter DMM7510

3.3.3 Matching circuits for 3-stage CCR chip

The SOTB rectifier chip is attached to the FR4 board for measurement, as

shown in Fig 3.22.

uuuuu

cccccc

|74
Matching for
3-stage CCR DT

Matching for
3-stage CCR BTMOS

Figure 3.22: 3-stage CCR with matching circuit in FR4 board

The matching circuit is designed in L type matching to minimize compo-
nents added in the system, so that minimize loss. The equivalent circuit of
the total board chip is shown in Fig 3.23. The target matched frequency of
the matching circuits is 950 MHz. Components used for matching with 3-stage
BTMOS CCR consist of an inductor of 3.9 nH and a capacitor of 6.5 pF. Com-
ponents used for matching with 3-stage BTMOS CCR consist of an inductor
of 2 nH and a capacitor of 6.5 pF.
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Figure 3.23: Equivalent circuit of the rectifier and matching in the PCB board
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Figure 3.24: Measured S11 at two ports rectifier boards: (a) BTMOS CCR
board, (b) DTMOS CCR board
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3.3. Evaluated results of fabricated rectifiers

Fig 3.24 (a) presents measured S11 at the two SMA ports of the BTMOS
CCR board. From the figure, BW -3dB achieved from 810 MHz to 1050 MHz.
At 950 MHz, S11 is -15 dB. Fig 3.24 (b) presents measured S11 at the two
SMA ports of the DTMOS CCR board. From the figure, BW -3dB achieved
from 820 MHz to 1080 MHz. At 950 MHz, S11 at two ports are -11 dB and -14
dB. The results indicate that the two CCR board are matched at 950 MHz.

3.3.4 Measurement results of the designed 3-stage CCR
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Figure 3.25: Measured results of 3-stage BTMOS CCR at 950 MHz: (a) Out-
put voltage at different loads, and (b) PCE at different loads
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3.3. Evaluated results of fabricated rectifiers

Fig 3.25 presents measured results of 3-stage BTMOS CCR at a frequency of
950 MHz. From the figure, BTMOS CCR reaches a sensitivity of 1V when
input power is higher than -12 dBm. The highest PCE of the BTMOS CCR

is 30 % at -7 dBm input power.

Vout of 3-stage DTMOS CCR

1600
—&— 10 Mohms 1400
—&—5 Mohms 1200 =

1 Mohms
560 kohms

[=)]
o
o
Output voltage (mV)

-20 -18 -16 -14 -12 -10 -8
Input Power (dBm)

(a)

PCE of 3-stage DTMOS CCR
35

560 kohms
30
—8—82 kohms
25
—8—51 kohms ®
20 o
—8—30 kohms o
15 =
—8—10 kohms
10
5
L O 0
-15 -13 -11 -9 -7

Input power (dBm)
(b)

Figure 3.26: Measured results of 3-stage DTMOS CCR at 950 MHz: (a) Out-
put voltage at different loads, and (b) PCE at different loads

Fig 3.26 presents measured results of 3-stage DTMOS CCR at a frequency
of 950 MHz. From the figure, DTMOS CCR reaches a sensitivity of 1V when
input power is higher than -13 dBm. The highest PCE of the DTMOS CCR
is 30 % at -7 dBm input power.

Fig 3.27 indicates comparison results between the DTMOS CCR and BT-
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3.3. Evaluated results of fabricated rectifiers

MOS CCR. Figure (a) shows output voltages of the circuits at 10 M2 when
the CW signal excited. As shown in the figure, output voltages of DTMOS
CCR are higher than that of the BTMOS CCR over the range of input power.
Besides, Fig 3.27 (b) presents measured output voltages of the circuits when
excited by BPSK signal, 64 QAM, and 256 QAM. From the figure, with all
modulation types, output voltages of DTMOS CCR are higher that of BTMOS
CCR. The result proves that DTMOS configuration, which leads to a high
drain current, when applying in CCR boosts output of the circuit. Therefore,

DTMOS CCR is a good choice for RFEH rectenna.
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Figure 3.27: Measured output voltages of 3-stage DTMOS and BTMOS CCRs

at 10 MQ load: (a) Input is CW signal, and (b) Inputs are modulated signals
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3.4. Implement of 3-stage DTMOS CCR with floating sub-circuit

In [84-86], study about optimal waveform excitation of the rectifier are
validated. The studies proved that the PCE of the rectifier increased when the
rectifier is excited by the modulated signals. Fig 3.28 presents the dependence
of the output power of the CCRs on the PAPR of the RF signals. As shown in
the figure, the modulated signals are effective with both DTMOS and BTMOS
CCR. When the PAPR increases, the output power also increases. Notably,
these results got in a condition that designed BWs of the DTMOS and BTMOS

are wide as the results shown in section 3.3.3

Pout vs PAPR of 3-stage CCR
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Figure 3.28: Measured dependence of output power of CCR on PAPR of RF

signals

3.4 Implement of 3-stage DTMOS CCR with

floating sub-circuit

3.4.1 Matching circuit for 3-stage CCR with floating

sub-circuits chip
The 3-stage CCR with floating sub-circuits was designed before. In this study,
we designed matching circuits for the rectifier, and RFEH rectennas utilized

the rectifier. The board chip, which included the matching circuit and rectifier
chip, is shown in the Fig 3.29
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Figure 3.29: Matching circuit for CCR with floating sub-circuits for measure-

ment with SG

L type matching circuits were designed to match the rectifier with two
SMA ports. In the matching circuits, an inductor of 4.1 nH and a capacitor of
6.5 pF are chosen. Fig 3.30 presents measured S11 of the circuits at the two
ports P and P,. As shown in the figure, the BW of the matching circuit is
180 MHz. The target frequency band, which is from 945 MHz to 960 MHz, is
within the -10 dB loss band.

In Fig 3.30, simulated results of the total board chip are also presented.
In the simulation, a harmonic balance method (HBM) of advanced design
system (ADS) software (ADS) is used for simulation. In the simulation, SOTB
MOSFETSs are modeled by the BSIM4 model; all the parasitic components
are estimated and attached. From the results indicated in the figure, it can
conclude that the simulated results and measurement results of the total board
chip are almost identical. Therefore, the designed calculation about the Q
factor, which is calculated from the impedance of the rectifier, in section 3.2.2,

is validated.
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3.4. Implement of 3-stage DTMOS CCR with floating sub-circuit
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Figure 3.30: Measured S11 of 3-stage DTMOS CCR with floating sub-circuits:
(a) at Port 1, and (b) at Port 2

3.4.2 Measurement results of 3-stage CCR with floating
sub-circuits

Fig 3.31 presents measurement results of the 3-stage CCR with floating sub-
circuits with CW signal at a frequency of 950 MHz. The circuit reaches sen-
sitivity 1V at an input power of -14 dBm and 10 M2 load. The highest PCE
of the circuit is 52 % at -10 dBm input power and 10 k€2 load.
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Figure 3.31: Measured outputs of 3-stage DTMOS CCR with floating sub-
circuits with CW signal: (a) Output voltage, and (b) PCE

Fig 3.32 presents the measured PCEs of 3-stage CCR with floating sub-
circuits in conditions of multi-type signal excited. From the figure, at -20 dBm
input power and optimum loads, PCE of the case excited CW signal is 4 % but
that of the case using modulated signals is 9 %, which is 2.25 time increase.
At -15 dBm input power and optimum loads, PCE of the case excited CW
signal is 26 % but that of the case using BPSK is 34 %, which is 1.3 time
increase. The results prove that, with the designed matching circuit, the PCE
of rectifier board chip increased when harvested the modulated signal at a low

input power range
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Figure 3.32: Measured PCE of 3-stage DTMOS CCR with floating sub-circuits:
(a) at an input power of -20 dBm, and (b) at an input power of -15 dBm,

3.4.3 Measurement results of phase different effect

The measurement setup to evaluate the effect of the phase difference of the
two RF signals is presented in Fig 3.33. The signal generator generates the
RF signal to the input of a hybrid coupler, KRYTAR 4010124. The RF signal
then is divided into two RF signals by the coupler and supplied to the rectifier.
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Figure 3.33: Evaluation conditions for phase effect measurement

Phase difference between points RF, and RF_ in Fig. 3.33 is notated by
Ap(RF, RF_). Phase difference between two RF signals RF} and RF5, at
ports P; and P; of the rectifier board, is denoted by Ay. The phase Ay is the
phase difference of the two RF inputs supplied the rectifier. Ap(RF ., RF_)
and Ay are calculated by equation 3.31 and 3.32:

0 for X port
Ap(RF,RF) = (3.31)

m for A port

2m
Ap = o (L1 — L2) + ¢ (Ver+, Vrr-) (3.32)

where L, and Ly are lengths of coaxial cables used for connecting between the
hybrid coupler and the rectifier board. Ap is wavelength of the RF signal in
the coaxial cable.

From the equation 3.31 and 3.32, it can conclude that Ay can drive by
changing ports of the hybrid coupler and length of the coaxial cable.
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Figure 3.34: Measured and simulate results of phase difference effect into 3-

stage CCR with floating sub-circuits

Fig 3.34 presents measured results about phase difference effect into 3-stage
CCR with floating sub-circuits. As shown in the figure, the simulated and
measured results are almost identical. The results prove the theory about the
phase different effect. The output of the rectifier circuit in the cross-coupled
structure depends on the phase difference between the two paired RF inputs

of the circuit.

3.5 Chapter Conclusion

In this chapter, the principle specifications of the rectifier to rectify ambient
RF signals are presented. In a low input level range, the high drain current is
an important parameter to increase the output of the rectifier. The DTMOS
structure is proved that has high drain current than BTMOS type. Besides, to
harvest the ambient RF signal, an essential parameter needed to be considered
in rectifier design is the Q factor. In the theoretical analysis, the Q factor is
proved that it depends on the BW of the RF signal, the number of the rectifier
stage. The phase difference between the two RF inputs of the rectifier is also
a parameter affected by the output of the CCR.

The 3-stage DTMOS CCR and BTMOS CCR were designed and mea-
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3.5. Chapter Conclusion

sured. The measurement results prove that DTMOS CCR achieved higher
performance than BTMOS CCR. In addition, the 3-stage DTMOS CCR with
floating sub-circuits is also evaluated. The measurement results indicated that
the performance of the DTMOS CCR with floating sub-circuits reached the
highest performance in comparison with the DTMOS CCR and BTMOS CCR.
The simulated and measured results of 3-stage DTMOS CCR with floating
sub-circuits are compared and proved that they are identical. Therefore, the
Q factor of the circuit, which is designed as 43, is suitable to use in the RFEH
rectenna to harvest the LTE signal.

In conclusion, the 3-stage DTMOS CCR with floating sub-circuits is utilized

in the proposed structure of the ambient RFEH rectenna.
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Chapter 4

Design of wide bandwidth
RFEH rectenna to harvest RF
energy in the ambient

environment

In this chapter, a design methodology of the ambient RFEH rectenna system is
presented. The relationships between Q factors of the RFEH system and BW
of the ambient RF signal are considered. Besides, the impedance of antenna
is studied. From the considerations, the RFEH systems to harvest LTE 950

MHz cell phone is proposed and designed.

4.1 Design methodology

4.1.1 Consideration of Q factor of the RFEH rectenna

The Q factor of the rectifier is considered in chapter 3. In this section, the
relationships between Q factors of parts in RFEH are mentioned. The Q factors

of the RFEH rectenna is defined in Fig 4.1
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Figure 4.1: Q factor of RFEH rectenna

When the matching condition is satisfied at the target frequency, the Q
factors can be calculated as equation 2.1, 3.23. In Fig. 4.1, @) is loaded
Q factor of the total RFEH system. Because of a resonant condition, (), is
calculated from the BW of the system as presented in equation 2.2. Besides,
Qu is an unloaded Q factor of a combined circuit of rectifier and matching
circuit. The Q factor of the rectifier (), is defined in equation 3.23. The

relationships between ()r, Qu and Q. are shown in equation 4.1, 4.2, 4.3

_fo
Q=% (4.1)
Qu =20, (4.2)
1 1 1 (43)

QW Qi Q.
where (). is a Q factor of external components in the PCB, which consists

of transmission lines, matching components.
To reduce loss, Q. should be maximized, resulting in high  matching
components should be chosen for the matching circuit. Besides, the matching
circuit is designed in a simple structure such as L type to reduce using com-

ponents for matching. The transmission lines for RF signals are designed to
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4.1. Design methodology

be short to reduce loss. With these conditions, @), will dominate (Qyy and be
moderate value to ensure the BW of the RF signal.

When all conditions are guaranteed, the BW of the RFEH system is wide
enough to cover the BW of the RF signal, and the Q factor of the RFEH

system is large enough to achieve satisfactory efficiency of the ambient RFEH
rectenna.

4.1.2 Antenna impedance consideration

A simple model of a rectenna, as shown in Fig 4.2, is used to consider the
effect of antenna impedance to the efficiency of the RFEH rectenna. As shown
in the figure, antenna is modeled as a source that supplied a power Pg to the

rectifier circuit, resulting in a voltage Vg in the input of the rectifier.

Vs g VL Vs ‘u;nn on .
| " |

; D Iﬁig RL i ’ "1; RL

(a) (b)

Figure 4.2: Simple model of a rectenna: (a) The simple rectenna, and (b)

Equivalent circuit

In the figure, the rectifier is modeled as a diode. The figure (b) presents

the equivalent circuit of the figure (a) in conditions that diode is in the linear

region. In this region, diode current is presented by equation 4.4

0 when Vp < Vpo
Ip =

(4.4)
k(Vp—Vo) when Vp > Vpg

Figure 4.3 shows a piecewise-linear model of diode forward characteristic and

load line of the rectenna circuit. In the figure, Vpq is turn-on voltage of the

diode, r,, is on-resistance of the diode.
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Ip
A
Vrect/RL

VDo Vrect VD
Figure 4.3: Piecewise-linear model of diode forward characteristic
The relationships between currents, voltages, powers, and efficiency of the

circuit in Fig 4.2 are shown as below.

The supplied power of antenna source to the rectifier:

VQ
Po = -5 4.5
S = Ry (4.5)
Input power of the rectifier circuit:
V2
PIN rect = —5 4.6
INrect = T R (4.6)
Load voltage:
Vie = IpRy = (Vs — Vo) iz (4.7)
ot = Iplip = (Vg DO (rom + 1) .
Output power at the load:
Vs — Vpo)°R
Pout = ( 5 DO) L (48)

(T on T+ RL)2
From the equation 4.5 and 4.6, it can conclude that when a matching condition
Rs = r,, + Ry, happen, the input power of the rectifier is maximized. at this

condition the PCE of the rectenna is:

P 2
PCE (%) = ;:t 100% :<1 - ‘%") (1 - TR—Z> 100% (4.9)

Equation 4.9 indicates that in an ideal condition, when diode is lossless
and turn on voltage is Vpy) is zero, the PCE of the rectenna is 100%.
Besides, because Vs = /PsRg so if Ps is unchanged, when Rg increase,

Vs also increase. Hence, from equation 4.9, it can be concluded that, with a
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4.2. The proposed RFEH systems from 950 MHZ cell phone RF
signals

specific diode, when Rg and Vy increase, PCE will increase if the matching
condition is satisfied.

In conclusion, if input matching conditions are satisfied, the RFEH system,
which has high antenna impedance, can reach higher PCE than that of the

RFEH system with a small impedance antenna.

4.2 The proposed RFEH systems from 950 MHZ
cell phone RF signals

As mention in chapter 2, at the environment around the laboratory, the LTE
950 MHz mobile phone signal is the strongest, so this signal is a target signal
of our proposed RFEH rectenna. Base on methodology design, we propose two
ambient RFEH rectennas, which are an RFEH rectenna with a 75) antenna
and an RFEH rectenna with a 502 antenna. To easily distinguish, the RFEH
rectenna with the 75Q antenna is called a high impedance rectenna (HA)
RFEH system, and the remained rectenna is called low impedance antenna
(LA) RFEH system. The rectifier chip, which is a CCR with floating sub-
circuits, showed the best implementation, so it is used in the proposed RFEH
rectenna.

Fig 4.4 and 4.5 present the HA RFEH rectenna and LA RFEH.

Dipole antenna (16 cm)

@ il

Rectifier
chip

[

enna

HA RFEH rect

Figure 4.4: Figure of the proposed HA RFEH rectenna
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4.3. Matching circuits and antennas

Figure 4.5: Figure of the proposed LA RFEH rectenna

In this RFEH rectennas, wired dipole antennas are used to easily change the
length of the dipole, resulting in easily control the impedance of the antennas.
In the HA RFEH rectenna, the antenna is directly connected with a matching
circuit and rectifier circuit. In LA RFEH, the 502 antenna is connected with
the rectifier in the PCB board, which designed and showed in chapter 3, using
the hybrid coupler.

4.3 Matching circuits and antennas

4.3.1 Matching circuit and antenna for HA RFEH rectenna

The equivalent circuit of the HA RFEH rectenna is presented in Fig 4.6
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Figure 4.6: Equivalent circuit of the proposed HA RFEH rectenna

In the HARFEH, a 16 cm wired dipole antenna, which length is equivalent
to 0.5 wavelengths at 950 MHz, is designed to get 75{2 impedance. In this
structure, an ambient RF signal between two fingers of the dipole antenna
directly supplied to two inputs of the rectifier. Besides, the rectifier struc-
ture is differential-drive structure, so the impedance of the rectifier, in this
case, is differential-to-differential impedance, which called Z;; in Fig 4.6. The

measured impedance value is shown in Fig 4.7 (a)

S11 of HA RFEH rectenna

BW: 62 MHz

920 930 940 950 960 970 980 990
Frequency (MHz)

(a) (b)

Figure 4.7: Measured impedance and S11 of the HA RFEH rectenna: (a)
Impedance, (b) S11.

From Fig 4.7, an inductor of 2.7 nH, which is denoted by Lj;3 in Fig 4.6, is
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4.3. Matching circuits and antennas

utilized as a matching component. The differential-to-differential impedance
Z gy of the system, between point Ps and P, is presented in Fig 4.7 (a). The
rectenna system is matched, and S11 of the HA RFEH rectenna is shown in
Fig 4.7 (b).

From Fig 4.7 (b), the return loss at center frequency is RLO = 45 dB.
Hence, from equation 2.2, a level of the return loss that used to calculate the
BW is 3 dB. The figure indicates that BW of the HA RFEH rectenna at -3
dB loss is 62 MHz, which is from 926 MHz to 988 MHz. The center matched
frequency is at 959 MHz. The loaded Q factor ()11 and unloaded Q factor Q1

calculated from equation 4.1 and 4.2 are 16 and 32, respectively.

4.3.2 Matching circuit and antenna for LA RFEH rectenna

The equivalent circuit of the LA RFEH rectenna is presented in Fig 4.8

L e T PCB board!
|

Equivalent Rectifier

Dipole | e ——
Antenna :
| Hybrid
| coupler

Figure 4.8: Equivalent circuit of the proposed LA RFEH rectenna

In the LARFEH, a 14.3 cm wired dipole antenna, which length is equiv-
alent to 0.45 wavelength at 950 MHz, is designed to get 502 impedance. In
this structure, the rectifier with matching circuits designed in chapter 3 for
matching with 5012 is utilized. The impedance of the LA RFEH system is

measured and presented in Fig 4.9 (a)
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S11 of LA RFEH rectenna

BW: 41 MHz

35 . . . . . . . . .
920 925 930 935 940 945 950 955 960 965 970
Frequency (MHz)

(a) (b)

Figure 4.9: Measured impedance and S11 of the LA RFEH rectenna: (a)
Impedance, (b) S11.

The total impedance of a circuit part, which consisted of the rectifier,
matching circuit, and hybrid coupler, is denoted by Zg,. The antenna impedance
is Z49. The LA RFEH is matched, and S11 of the rectenna is presented in Fig
4.9 (b).

From Fig 4.9 (b), the return loss at center frequency is RLO = 35 dB.
Hence, from equation 2.2, a level of the return loss that used to calculate the
BW is 3 dB.The figure indicates that BW of the LA RFEH rectenna at -3
dB loss is 41 MHz, which is from 928 MHz to 969 MHz. The center matched
frequency is at 954 MHz. The loaded Q factor ()1, and unloaded Q factor Qy»

calculated from equation 4.1 and 4.2 are 23 and 46, respectively.

4.4 Chapter Conclusion

In this chapter, the structure of ambient RFEH is proposed. The Q factors of
the RFEH rectenna have to design from the limitation of BW of the RF signal
to ensure no RF power loss. The Q factor of the rectifier should dominate
the Q factor of the total system. In the two designed RFEH rectennas, the
Q factors of the total system are 32 and 46, which are satisfactory with the
limitation of the target Q value of 47. The bandwidth of the proposed systems

are 62 MHz and 41 MHz which are cover the target bandwidth of LTE mobile
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4.4. Chapter Conclusion

phone signal at (945 - 960) MHz band.

The two structures of rectenna, which have the same rectifier chip but different
antenna impedance, were designed. The HA RFEH rectenna consists of a 75(2
antenna while LA RFEH utilizes a 502 antenna. The theory analysis indicates
that a high impedance antenna RFEH system will gain high efficiency than
the system got a small impedance antenna. The performances of this rectenna

in the real ambient environment are evaluated in Chapter 5.
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Chapter 5

Performance of the proposed
RFEH rectennas in the ambient

environment

In this chapter, the performance of the proposed RFEH rectennas are pre-
sented. First, the measurement in an anechoic chamber room was performed
with the LA RFEH rectenna. After that, the two proposed systems were evalu-
ated in a real environment in the campus of University of Electro-Communications,
Tokyo, Japan. To increase the output of the RFEH, the system is designed

with the use of Yagi antenna and measured with ambient RF signal.

5.1 Measurement in an Anechoic Chamber room

The proposed RFEH rectenna was first evaluated in the anechoic chamber
room to check the performance of total rectenna system as shown in Fig 5.1.
The LA RFEH was used for evaluation because in this system antenna type

can easily change to test.
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5.1. Measurement in an Anechoic Chamber room

Transmitting
Antenna

Figure 5.1: Measure the propose RFEH rectenna in an anechoic chamber

In the measurement, evaluation setup was shown as in Fig 5.2. Signal
generator generated RF signal through a horn antenna. The input power of
the rectenna was measure by a standard dipole antenna at 950 MHz which is
CANDOX 44Sa21 as Fig 5.2 (a). Then the rectenna was put at this position

for measurement.

Horn Standard
antenna dipole
Signal | % | Signal
Generator RF signal Analyzer
(a)
Horn
antenna
Signal } SN f Rectifier Out
Generator : * —
RF signal matching
L J
b Y
(k) RFEH
rectenna

Figure 5.2: Measurement setup in the anechoic chamber

Fig 5.3 presents measurement results of the LA RFEH when system har-
vested a sine wave CW signal. With CW signal, the rectenna got sensitivity
1V at a level of -13 dBm input power and the highest PCE of 57 % is achieved

at -10 dBm input power and 10 k€2 load.
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Output voltage of CW signal
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Figure 5.3: Measured output of the RFEH scheme 2 when excited by CW

signal: (a) Output voltage, and (b) PCE

Fig 5.4 shows measured output voltages of the proposed rectenna at 10
MQ with CW signal and modulated signal. Output voltages of the rectenna
when harvested modulated signals are higher than that of the case harvested
CW signal. The results prove that the propsed rectenna successfully achieved
the target of design methodology. The system with the designed Q factor to

ensure wide bandwidth system can increase outputs when harvest modulated

signals
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5.1. Measurement in an Anechoic Chamber room

Output voltage (mV) at 10 MQ load
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Figure 5.4: Measured output voltages of the proposed LA RFEH at 10 MS2

with CW signal and modulated signal
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Figure 5.5: Measured PCE of the RFEH system in an anechoic chamber: (a)

at -20 dBm input power, and (b) at -16 dBm input power, and (c) at -10 dBm

Fig 5.5 presents measured PCE of the system in different input powers and
74



5.1. Measurement in an Anechoic Chamber room

loads. At -20 dBm input power level, PCE of the LA RFEH rectenna is 11 %
with CW signal while that of the system with modulated signal is 19 % which
is 1.7 times increase. At -16 dBm input level, the PCEs with CW signal and
modulated signals are 34 % and 40 %, respectively. However, at -10 dBm input
power level, PCE of the rectenna when excited by the CW signal became the
highest at 57 %. The results indicated that at a level of -10 dBm, effect of
modulation type to the efficiency of the rectenna is inefficient.

Fig 5.6 indicates the relationship between PCE of the LA RFEH rectenna
and PAPR of the modulated signals. From the figure, it can conclude that
the modulated signal bring gain for the wide BW rectenna in low input level
range, which is smaller than -10 dBm. Notably, the ambient RF signal in the
environment is in this range. At a level of -20 dBm input power, the PCE
of LA RFEH rectenna is -19 % while at this range, the rectenna reaches 19
% when harvest real LTE signal in the environment. The results prove the
efficient performance of the proposed LA REFH system in a real environment
and essential agreement with the results achieved from measurement in the

chamber room.

PCE vs PAPR
60
. — —# =Pin=-10dBm
40 .,.‘--__“ w==gh + Pin=-16 dBm

@ Pin=-20dBm

20 | - - - — — - ——__ m

10 B Pin=-20dBmin
environment

0

(OFDM)
0 2 4 6 8 10 12 14
PAPR (dB)

Figure 5.6: Measured dependence of PCE on PAPRs of RF signals
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5.2. Indoor measurement with RF signal from ambient environment

5.2 Indoor measurement with RF signal from

ambient environment

5.2.1 RF signal in the ambient environment

Fig 5.7 presents the measurement setup in an office room at a laboratory in
the University of Electro-Communications, Tokyo, Japan, which has the map
is shown in Fig 2.2 in Chapter 2. The RFEH rectennas is put in the center
of the office room to ensure evaluated condition is as normally daily life. The
input power at measured point is measured by the reference standard dipole
CANDOX 44Sa21 and a signal analyzer Agilent CXA N900OA. Output voltages
of the RFEH rectennas are measured by digital multimeters, and the data is
stored on a computer. The time resolution of the measurement is set to a

second.

Figure 5.7: Evaluation setup in the office room

In the real environment, the level of RF signal is unstable and continu-
ously changes depending on factors such as time, position, weather. In our
measurement, the data is measured and stored over a long time evaluation to
comprehensively express the performance of the proposed RFEH system when

harvest real RF signal. The stored data then is analyzed and from the analyzed
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5.2. Indoor measurement with RF signal from ambient environment

result, the performance of the proposed system is studied. Therefore, all the
measurement results, which consist of input and output data, were performed
in real-time, and then distribution data is presented. In the recent context of
ambient RFEH studies, the measurement conditions and results are unclearly
presented, so the measurement setup of this study show a strong point of pre-
sentation.

Fig 5.8 presents measured input power of the 950 MHZ LTE mobile phone sig-
nal at measurement position. The result presents a measured data for 1 hour.
The distribution data indicates that at the measurement point, the general
level of the LTE signal is -19.4 dBm and the average of input power is -18
dBm.
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Figure 5.8: Measured input power of the 950 MHz LTE mobile phone signal at

measurement position: (a) Input power, and (b) Distribution of input power

5.2.2 Performance of the HA RFEH rectenna

The performance of HA RFEH rectenna is firstly tested by measuring a volt-

age charge at 100 puF' capacitor and open load. The measurement result is
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5.2. Indoor measurement with RF signal from ambient environment

presented in Fig 5.9. As shown in the figure, the voltage at the capacitor is
charged to 1V after 15 seconds.

Output volatge and Power at 100uF capacitor

Power (uW)

Time (seconds)

Figure 5.9: Measured output voltage of the RFEH scheme 1 at 100 uF capac-

itor

Pc in the figure stands for a power charged at the capacitor, which is

calculated by equation 5.1

C Vouz = Voun) _ € (Vouro = Vounn)

%

Pe = =
¢ 2(ty — 1) 2At

(5.1)

In the next measurement, the output voltage of the HA RFEH system is
evaluated as an hour with a load of 10 M€). The result is presented in Fig
5.10. As shown in the figure, output voltages are in a range of 0.8 - 1.15 V

Output voltage of the HA RFEH rectenna at 10 MQ load

12
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11
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Figure 5.10: Measured output voltage of the HA RFEH rectenna at 10 M2 as

measured for 1 hour

Fig 5.11 presents output power and its distribution of the HARFEH as

measured for 1 hour with a load of 100 k€2. The figure indicates that the
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5.2. Indoor measurement with RF signal from ambient environment

general DC power that the HA RFEH rectenna can generate when harvest
ambient LTE signal is 2.7 uW. The average DC power that the rectenna

generate through one-hour measurement is 3.63 puW.

Output power of the HA RFEH rectenna at 100 kohm load as measured for 1 hour
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Distribution of output power of the HA RFEH rectenna as measured for 1 hour

700 General: 2.7 uW

Output power (uW)
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Figure 5.11: Measured output power of the HA RFEH rectenna at 100 k2 as

measured for 1 hour: (a) Output power, and (b) Distribution of output power

The HA RFEH rectenna then is evaluated in a day to test the stability
performance. Fig 5.12 present output power of the HA RFEH rectenna as
measured for 24 hours at a load of 100 k2. As shown in the Fig 5.12 (a), the
instantaneous value of the output power is unstable but it is in a range of (2.4
- 10) pW. Through a day, the rectenna work stably. The general DC power
that HA RFEH can generate through a day is 2.44 pW, while the average
generated DC output power of the system is 3.48 uW. A total DC power that
the HA RFEH rectenna can generate from LTE mobile phone signal is 0.3J.
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5.2. Indoor measurement with RF signal from ambient environment

Output Power of the HA RFEH rectenna at 100 kohms load as measured for 24 hours
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Figure 5.12: Measured output power of the HA RFEH rectenna at 100 k(2

as measured for 24 hours: (a) Output power, and (b) Distribution of output

power

5.2.3 Performance of the LA RFEH rectenna

The output voltage of the LA RFEH system is evaluated as an hour with a
load of 10 M€). The result is presented in Fig 5.13. As shown in the figure,

output voltages are in a range of 0.9 - 1.15 V

Output voltage of the HA RFEH rectenna at 10 MQ loads as measured for 1 hour

Time (minutes)

Figure 5.13: Measured output voltage of the LA RFEH rectenna at 10 MS as

measured for 1 hour
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5.2. Indoor measurement with RF signal from ambient environment

The performance of the LA RFEH rectenna was measures in a day. Fig
5.14 present output power of the LA RFEH rectenna as measured for 24 hours
at a load of 100 £Q. As shown in the Fig 5.14 (a), the instantaneous value of
the output power is in a range of (2 - 8.5) uW. Through a day, the rectenna
work stably. The general DC power that the system can generate through a
day is 1,97 uW, while the average generated DC output power of the system
is 2.77 uW. A total DC power that the HA RFEH rectenna can generate from
LTE mobile phone signal is 0.238]J.

Output power of the LA RFEH rectenna as measured for 24 hours
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Figure 5.14: Measured output power of the LA RFEH rectenna at 100 k2
as measured for 24 hours: (a) Output power, and (b) Distribution of output

power

5.2.4 Performance of the RFEH rectenna with CCR cir-
cuit

The measurement results of 3-stage DTMOS CCR and BTMOS CCR pre-
sented in Chapter 3 with SG showed that the rectifier circuit with the ap-
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5.2. Indoor measurement with RF signal from ambient environment

plication of DTMOS on 65 nm SOTB can achieve higher performance than
normal BTMOS type. In this section, the performance of DTMOS and BT-
MOS CCR is also tested with the real signal in the environment as shown in
the Fig 5.15. The RFEH system is designed as the structure of the LA RFEH
structure where the PCB board of the CCR chip is connected to 5082 dipole
by the hybrid coupler.

Figure 5.15: Measured the RFEH rectenna with CCR circuit

The performance of the systems are firstly tested by measuring a voltage
charge at 10 puF' capacitor and open load. The measurement result is presented
in Fig 5.16. As shown in the figure, after 150 seconds, the output voltage of

the system with DTMOS is charged to 0.55 V, while that of the system with
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5.2. Indoor measurement with RF signal from ambient environment

BTMOS is 0.35 V.

Vout of 3 CCR at capacitor 10uF
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Figure 5.16: Measured output voltage of the RFEH with 3-stage DTMOS and
BTMOS CCR chip at 10 uF capacitor

Fig 5.17 presents measure output power of the systems with DTMOS and
BTMOS at a load of 10 M. As shown in the figure, output voltage and power
of the system with DTMOS is higher than that of the system with BTMOS.
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(b)
Figure 5.17: Measured outputs of the RFEH with 3-stage DTMOS and BT-

MOS CCR chip at 10 MS2 loads: (a) Output voltage, and (b) Output power

In conclusion, the application of DTMOS on 65 nm SOTB technology
83



5.3. Outdoor measurement with the designed dipole rectenna

brings higher drain current than normal BTMOS. The DTMOS rectifier shows

better performance with signal from SG and real signal in the ambient envi-

ronment. Therefore, DTMOS structure is a good candidate to apply in the

rectifier in a low input power range for harvest ambient RF signal.

5.3 Outdoor measurement with the designed

dipole rectenna

The proposed HA RFEH is measured at various buildings of the UEC to test

the performance at different conditions. In our measurement, we chose three

buildings in the West Campus, which map is shown in the Fig 5.18. The chosen

measurement positions are at outdoor of the fifth floor of West 2, the fourth

floor of West 8, and the fourth floor of West 10.

)

\/ w5
Point {a} 155 m
?or 162m
S uWw

w3

W10

Point (c): 93m

B
3

Point (b): 68m
1uW

/\.
Mobile phone
Base station

s

ws

Figure 5.18: The map of the measurement at various places in the UEC

In theory, the distance dependence of received power on transmitted power

of base station are shown in equation 5.2

AQ
Prp = PrDrD
= o )

(5.2)

where Pr, Pr are the transmitted power and available power at received an-

tenna, respectively.

Dy, Dy are the directivity of transmitted and received
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5.3. Outdoor measurement with the designed dipole rectenna

antennas, respectively. A is the wavelength of the mobile phone signal. d is

the distance between received position and base station.

The figure of the measurement at West campus of the UEC is shown in Fig
5.19

Figure 5.19: Figure of the measurement at various places in the UEC: (a) At

West 2, (b) at West 8, and (c) at West 10

In real condition, the available power of the RF signal is depended on the
transmit condition such as: weather, time, multi-path fading,etc. The available
power Pg at received position is usually smaller than the value calculated from
equation 5.2. For example, in figure 5.18, 5.19, measurement points (b) and
(c) are close to the base station but there are trees in the transmit direction

so the available powers at these positions are reduced.
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5.3. Outdoor measurement with the designed dipole rectenna
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Figure 5.20: Measured output power of the HA RFEH: (a) At West 2, (b) at
West 8, and (c) at West 10

The measurement results are presented in Fig 5.20. At the measured posi-

86



5.4. Measurement with the designed Yagi rectenna

tion of West 2, the output power of the rectenna is general 0.1 W at an input
power of -25 dBm. The output power of the proposed rectenna is 1 uW at an
input power of -21 dBm at the measurement place of West 8. At West 10, the
rectenna generated 0.5 uWW output power at an output power of -22.5 dBm.
Fig 5.21 summarizes the results of measurement in various positions in the
UEC of the proposed rectenna. The figure indicates that the proposed RFEH
rectenna can harvest the LTE mobile phone signal at different conditions. The

results prove the efficient performance of the proposed RFEH system
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Figure 5.21: Measured output power of the HA RFEH rectenna at various

positions

5.4 Measurement with the designed Yagi rectenna

The rectenna was designed with the use of a simple dipole antenna which
gain is nearly 2 dBi. To improve input power of the RF signal, a high gain
antenna which is the Yagi antenna is designed to utilized in the ambient RFEH
rectenna. The rectenna, which is designed by our RF desig group in the

laboratory, is shown in the Fig 5.22
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120 mm Director

Half-wave Driven
Element

155 mm Reflecto

155 mm Reflector

Figure 5.22: The high gain rectenna with Yagi antenna

In the system, the 750 half-wavelength dipole of the HA RFEH system is
utilized as a driven antenna. A 120 mm wire which length is equivalent to 0.4
wavelength of 950 MHz is used as a director element. Two wires of 150 mm
which is equivalent to 0.48 wave length works as reflector elements of the Yagi

antenna. The specifications of the designed Yagi antenna and dipole antenna

are presented in table 5.1:

Table 5.1: Specifications of the designed Yagi antenna and dipole antenna.

Designed dipole antenna

Designed Yagi antenna

Gain

2 dBi

7 dBi

Size (total RFEH system)

15.5 cm x 5 cm

15.5 cm x 11.5 cm

Effective area with 950 MHz

signal

0.016 m?

0.04 m?

The high gain rectenna is firstly tested with the experiment to light up the
LED as shown in the Fig 5.23. The rectenna is put in the room center, the
output of the rectenna is fed to light up the LED. As shown in the figure, the
LED is lighted.
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5.4. Measurement with the designed Yagi rectenna

Figure 5.23: Experiment to light up the LED

Measured input and output power of the high gain rectenna in the office room
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Figure 5.24: Measure the high gain rectenna at office room: (a) Input power
and output power measured as 15 minutes, (b) output power versus input

power
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5.4. Measurement with the designed Yagi rectenna

The output power of the high gain rectenna is measured at 100 k€2 load.
Fig 5.24 presents the measurement results. Input power was in a range of (-21,
-28) dBm, output power is in a range of (-24,-31) dBm.

Fig 5.25 presents the results at an outdoor measurement condition of the
high gain rectenna. The measurement position is at outdoor stairs between
fifth floor and sixth floor of W8 building, As shown in the figure, average input
power is -18.6 dBm, average output voltage is 0.874V at 100 k€2 load which
equivalent to 7.6 uW. The results indicate that with the high gain antenna

output power of the designed rectenna increases.
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Figure 5.25: Evaluate the high gain rectenna at fifth floor of W8 building in
the UEC campus: (a) Measured input power, and (b) Measured output voltage
at 100 k€2 load

Table 5.2 presents the measurement results of the high gain rectenna at
different position at outdoor stairs of W8 building of the UEC campus. From
the table, when input power is more than -23 dBm, output power of the high
gain antenna reaches more than 1.4 pW. With the Yagi antenna, at an -18.6
dBm input power level, the output power of the rectenna reachhed 7.6 uW at
100 k€2 load, which equivalent current is 8.77 pA.
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5.5. Chapter Conclusion

Table 5.2: Measurement results of the high gain rectenna at different positions

out side of W8 building.

Location: stairs of W8 Input power (dBm) Output power (pWW)
Floor: 8-7 -23.2 0.71
Floor: 7-6 -21.5 3.35
Floor: 6-5 -18.6 7.6
Floor: 5-4 -19 4.19
Floor: 4-3 -21.1 3.65
Floor: 3-2 -23 1.44
Floor: 2-1 -31.7 0.01

5.5 Chapter Conclusion

5.5.1 Comparison between two proposed RFEH rectenna

structures

The HA RFEH rectenna and LA RFEH rectenna have some specification as

below:

e Using the rectifier chip with DTMOS CCR with floating-subcircuits on
65 nm SOTB technology;

e The HA RFEH rectenna using 75(2 antenna while the LA RFEH antenna

using 50€) antenna;

e The general DC power and average DC power that HA RFEH rectenna
generated a day are 2.44 uW and 3.48 puW. The total DC power gener-
ated a day is 0.3J;

e The general DC power and average DC power that LA RFEH rectenna
generated a day are 1.97 uW and 2.77 uW. The total DC power gener-
ated a day is 0.238J.

From these points, we can conclude that the HA RFEH system with higher

antenna impedance show better performance than LA RFEH rectenna.
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5.5. Chapter Conclusion

5.5.2 Comparison results between the study and other

ambient RFEH studies

The output DC power of the proposed rectenna is 1 uW when the system
harvest CW signal. However, with the real LTE signal in the ambient environ-
ment, a 3.48 uWW DC power can generated by the proposed HA RFEH rectenna
and a 2.77 uW DC power generated by the proposed LA RFEH rectenna. The
output powers increase 3.5 times and 2.8 times in the real performance in en-
vironment. The results prove the efficient operation of the proposed RFEH
systems when performs in the environment. Therefore, the proposed structure
of the ambient RFEH system in this study is essential effectiveness.

Table 5.3 presents comparison results between specifications of the pro-
posed RFEH rectenna in this study and the other ambient RFEH studies. Fig
5.26 presents the recent state-of-the-art in the ambient RFEH studies. From
the table 5.3 and Fig 5.26, it can conclude that in the present studies, the
proposed RFEH rectenna can harvest the highest output power at the same
input power level range when compare to the other studies. At -20 dBm input
power level, the RFEH system in [35] got 0.22 uWW DC output power when
harvest mobile phone signal at 845 MHz. In this studies, the proposed RFEH
rectenna generated 3.48 pW, which is 15 times higher than that of [35].

92



5.5. Chapter Conclusion

Table 5.3: Comparison table.

This work Kitazawa Kitazawa Stoopman | Furuta Sadagopan
2012 [35] | 2013 [57] | 2014 [58] | 2016 [77] | 2018 [80]
Technology 65 nm SOTB | Diode (un- | Diode 90 nm | Diode GP 65 nm
CMOS specified) HSMS285C | CMOS HSMS285C | CMOS
Rectifier 3-stage DT- | 2 RF-DC | 2-stage 5-stage 1-stage 6-stage
stages MOS CCR | stages charge CCR and 2-stage | CCR
with floating pump Cockcroft-
sub-circuit Walton
Frequency LTE 950MHz | 845 MHz V-High GSM-900 DTV 500 | Wifi
band (205-225) (886-907) MHz band 2.4GHz
MHz, DTV | MHz band
(465-545)
MHz, BTS
(850-900)
MHz
Sensitivity@ 0.9vVa - 1079V @ -5 | na 1V @- | 0.8V*@- 1V @ -36
Input power, | 20dBm, dBm 27 dBm, | 15dBm, 39 | dBm, R, =
Load 10MQ Rp, = o kQ oo Primary
mode
Max PCE | 57% @ -10 | 19.7% @ -5 | 9.1% @ -20 | 40% @ -17 | 48.9%@Q-15 | na
with CW dBm dBm dBm dBm dBm
Poyt @ Py, in | 3.48uW @- | 0.22 yW* @ | 1.9pW™ @ | 0.16pW™* @ | 22.53uW*@-| 3.3nW* @
ambient envi- | 19.4 dBm, | -20 dBm —15dBm”* -4.6 dBm 13 dBm —18.6dBm™
ronment 7.6uW @-
18.6 dBm

*: Calculated from graph
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Figure 5.26: Recent state-of-the-art in the ambient RF energy harvesting

Fig 5.26 also presents a comparison between the results of this study and
the study in [80]. The wireless energy harvester in [80] is a high Q co-design
rectenna which Q factor of the system is 120. The rectenna generated 0.2 pW
output power at -30 dBm input a CW signal, but that at -18.6 dBm input
power of a real Wi-Fi signal is 3.3 nWW. Whereas, to ensure a wide BW| in the
proposed rectenna of this study, the Q factor is limited. Therefore, the output
power of the proposed system when harvested the CW signal is 1 uW at -20
dBm input power. However, with the real LTE signal at the same level, the
DC output power of the proposed rectenna is boosted to 3.48 uW, which is
3.5 time higher than that of the case harvest the CW signal. The results prove
that to harvest ambient RF signal in the environment, the RFEH system must
have moderate Q) factor to ensure wide bandwidth system.

To increase the output power, the dipole antenna of the designed RFEH
rectenna is changed to a Yagi antenna. With the Yagi antenna, the designed
system produced 7.6 uW DC power. When measured at seven points, the
system can generate output power at uW levels at six points.

The proposed RFEH system is evaluated at various positions in the UEC.
The rectenna proved the ability to harvest the LTE mobile phone signal and
supply for IoT sensor TAG with/without WuR.
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Chapter 6

Conclusion and Future works

6.1 Conclusion

In this dissertation, the requirements of IoT applications are presented; hence,
the ambient RFEH technique shows a prominent candidate to utilized in IoT
applications. The fundamental characteristics of the RF signal in the environ-
ment affecting the efficiency of the RFEH system are presented. The required
specifications of the proposed RFEH system to supply for RF sensor TAG and
RF sensor TAG with WuR are proposed in Chapter 2.

In Chapter 3, principle parameters, which are drain current and Q factor,
that influence the output of the rectifier, are analyzed. The 3-stage DTMOS
CCR and BTMOS CCR were designed and evaluated. The measurement re-
sults proved that applying DTMOS on 65nm SOTB on the rectifier gained
higher PCE than the BTMOS structure. In addition, with the wide BW de-
signed system, the PCE of the rectifier when harvesting the modulated signals
is boosted than that of the case harvest CW signal. The 3-stage DTMOS CCR
with floating sub-circuit is evaluated and got the highest PCE.

Chapter 4 proposes the structures of the ambient RFEH rectenna. In the
proposed structure, the  factor of the rectifier, which dominated the Q factor
of the total system, must be limited by the BW of the target RF signal in the
ambient. Based on the designed methodology, the HA RFEH rectenna and
LA RFEH rectenna are designed.
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6.1. Conclusion

Chapter 5 presents the measurement results of the prosed structures in
the anechoic chamber room and the ambient environment. The measurement
results indicate that the PCE of the rectennas, when harvested the LTE signal
in the real environment, is boosted 3.5 times in comparison to that of the case
harvest CW signal. The HA RFEH rectenna achieved higher performance
than LA RFEH. The output power of the proposed system reached 3.48 pW
at -19.4 dBm input power of the LTE signal. The designed system with Yagi
antenna generated 7.6 pWW DC output power at -18.6 dBm LTE input power.
The output power of this study is the highest output in comparison to other
studies about ambient RFEH.

According to the architecture proposals, numerical analyses, measurement
results presented in this dissertation, the following remarkable conclusions are

obtained:

e By analyzing the fundamental characteristics that affect the efficiency
of the RFEH system, the dissertation proposes that a wide bandwidth
RFEH system with a moderate QQ factor is a useful structure to harvest

a real RF signal in the ambient environment.

e Measurement in the real ambient environment in the dissertation is eval-
uated and examined in detail and comprehensiveness in comparison with
other studies. All the measurement data is evaluated, stored, and ana-
lyzed. The two proposed rectennas are evaluated through 24 hours to
test the stability property of the system. The HA RFEH rectenna and
Yagi-antenna rectenna are evaluated at various places in the West cam-
pus of the UEC. The rectenna proved the ability to harvest the LTE

mobile phone signal in the real ambient environment.

e The output power of the proposed rectenna is 3.48 W, which is 15 times
higher than that of the other study when harvested the LTE signal at a
-19.4 dBm input power. The proposed RFEH rectenna exhibits the best
performance when compared to that of other realistic RFEH systems and
is a potential candidate for battery-less IoT applications.
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e The implement of the proposed rectenna is improved by using Yagi an-
tenna. The designed system can generate 7.6 uWW DC power at -18.6
dBm.

6.2 Applications and Future works

6.2.1 Applications of the proposed study on IoT sensors

The proposed ambient RFEH rectenna can harvest 3.5 uWW power at 100 kS2
load, which equivalent to a current of 5.92 pA in the load. The total power
that the rectenna system can generate a day is 0.3J. With the Yagi antenna,
the designed rectenna can generate a power of 7.6 puW at 100 k€2 load which
equivalent current is 8.7 uA. This DC power can store in a stored power unit
to use for supplying power to a sensor node of the IoT applications.

As shown in the table 2.2, the power requirements of the RF sensor TAG
and RF sensor TAG with WuR are in rage of (1 ~ 10) uW. The outputs of
the proposed system satisfy the requirement at both conditions indoor and

outdoor measurements. The proposed system reaches the target of study.

6.2.2 Future works

Although the output power of the proposed rectenna is the highest in compar-
ison to other studies about ambient RFEH, the proposed rectenna also exists

some drawbacks that need to improve in the future, such as:

e The designed rectenna works efficiently at positions around mobile phone
station. When the level of RF signal is lower than -23 dBm, the output
of the proposed RFEH system is reduced. In this case, there is a need
of dedicated source to transmit powered RF signal to the harvesting

rectenna system.
e Size of the rectenna, which consists of the dipole antenna, is quite large.

From the above features, several studies can be extended in this work as follow:
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e Design a high impedance antenna for the rectenna to achieve higher PCE.
e Design a smaller antenna size to reduce the size of the system.

e Design multi-band rectenna to harvest multi-signal in the ambient envi-

ronment.
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Appendix A

Full chip photos
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Figure A.1: The fabrication of 3-stage CCR in 65 nm SOTB technology and

its layout.
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