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Summary

The appropriate Radio frequency (RF )source is the foundation of
any RF energy harvesting model. In this work a thorough examination of
the various radio frequency sources Digital television, Global system for
mobile communications, and Wireless fidelity (DTV, GSM, WiFi) has been
presented. As a renewable energy sources that are available in the
frequency range 400MHz - 3GHz of an electromagnetic signals

To convert the energy of electromagnetic (EM ) waves into a
direct current ( DC )voltage, In this work an electronic circuits have been
built using several electronic components such as diodes, capacitors, and
an antenna. The relationship between the output voltage and the charging
time of the capacitor was determined using various types of multi-voltage
circuits consisting of a voltage doubling circuit for stages ranging (3, 5,
7,10,and 12).

Using a series of voltage doubling circuits, the output power of the
electric current was measured. The relationship between the number of
phases and the output power was set . Parallel circuits were built for a
three-phase voltage doubling circuit consisting of two parallel circuits to
eight circuits in order to boost the efficiency of the voltage doubling
circuits. The ambient radio frequency was measured according to the city
of Hilla, where it is in Iraqg.

The voltage doubling circuit was simulated using ADS (Advanced
Design System 2020 64-bit Simulations) software. The output voltages of
the three, five, seven, ten, and twelve voltage doubling circuit were (5.6, 9,
11, 13, and 12) Volt respectively. The results showed that the output
voltage of the stages (3,5, 7) is significant, but there is a steep slope of the

output voltage of the phases 10 and 12.



The efficiency of the stage circuits (3, 5, 7,10,and12) which was

calculated. The results have been plotted as a function of the input power
under the frequency ranges (400-680) MHz, (700-900) MHz, and (2.5)
GHz, respectively. Demonstration that at three stages, more efficient, with
max value( 15.4) % for frequency (2.5) GHz at load (4)KQ. And as the
number of steps increases, the efficiency decreases. The greatest efficiency
in a five-phase circuit was (3, 4, and 5)% for all frequency ranges
respectively. In a seven-phase circuit, the highest efficiency values were (3,
4, and 5)%. In a ten-phase and twelve-phase circuits, the efficiency is very
low .
To maximize the amplification circuits efficiency, a model of an energy
harvesting system has been designed as a parallel stages (two , three , four,
five , six, seven, and eight) stages for a voltage doubling circuit with three
phases. The circuit becomes more efficient as the parallel phases of a three-
phase voltage- doubling circuit grow. This is the result of putting the
current values together. As a result, the output voltage rises while the load
decreases.

In practically, testing the circuit for three phases yielded the
maximum voltage of (2.1) Volt and an efficiency of (4.8 ) % within the
frequency range (850-960) MHz. The maximum voltage value within the
frequency range of (2.11-2.17) GHz was (2.3) Volt, while the efficiency
value was (5.3) %.

A two-phase parallel circuit was implemented for a three-stage

circuit, yielding a (26) % efficiency.



Chapter One

Introduction

1-1: Introduction

Energy-harvesting low-power systems considered as a remarkable
and valuable hotspot of an expanding both energy efficiency and spectral
efficiency. Radio Frequency (RF) energy is currently broadcasted from
billions of radio transmitters around the world, including mobile
telephones, handheld radios, mobile base stations, and television and radio
broadcast stations. There are a number of alternative ways to extract energy
from the surroundings and convert it into electrical energy. To feed the low
power electronic circuits directly or gather then for later on use for

example, an energy from the radio frequency[1].

The major concern for these devices is typically the battery life and
replacement. The ability to harvest RF energy from ambient or dedicated
sources enables wireless charging of low-power devices and has resultant
benefits to produce design usability and reliability. Battery-based systems
can be trickled charged to eliminate battery replacement or extend the
operating life of systems using disposable batteries. Battery-free devices
can be designed to operate upon demand or when a sufficient charge is
accumulated. In both cases, these devices can be free of connectors, cables,
and battery access panels, and have freedom of placement and mobility
during charging and usage. However, since the power density of the
ambient RF power is extremely small. It is very challenging to design RF
energy-harvesting systems with satisfying RF-to-D.C power conversion
efficiencies (PCEs) [2,3].



The decrease in electronic components consumption has led to
the development of wireless devices. Unlike most energy sources, the
Electromagnetic ( EM ) or Radio Frequency (RF) energy sources are
continuously available when multiple RF energy sources are available. The
amount of energy harvested can be increased if the system is designed to
work over a wide frequency band. Ambient RF energy is present in various

frequency bands As shown in the Tablel.1 [4].

Table(1.1): Ambient RF energy in various frequency bands[4].

Meaning Abbreviations | Range of frequency
Digital television DTV (550-600)MHz
Long term evolution LTE (750-800)MHz
Global system for mobile GSM900 (850-910)MHz
communications GSM1800 | (1850-1900)MHz
Universal mobile telecommunications UMTS (2150-2200)MHz
system
Wireless fidelity Wi-Fi (2.4-2.45)GHz
Band for radio and television (900MHz-2GHz)
Industrial, Scientific, and Medical ISM (2.1-2.6)GHz
Wireless local area network WLAN (3.1-4.4)GHz

The RF harvester measurements show that the proposed stacked
multi-band RF harvester is able to supply typical electronic devices. It can
charge low power devices such as watches, calculator (10) u\Watt, Hearing
aids, temperature sensors (100) uWatt, Active Radio-frequency

Identification (RFID) 1 mW [5]. Finite electrical battery life encourages

businesses and engineers to develop innovative concepts and inventions to




power portable electronic devices over an indefinite or extended period of
time [2,3].

Wind, solar, vibration, thermoelectric, temperature gradient, radio
frequency (RF), acoustic, and other external atmospheric energy sources
are the most often considered and used for energy harvesting [5]. In fact,
due to the high receiver sensitivity of cell phone antennas, only a few
milliwatts of RF power can be scavenged from the environment for mobile
communication. The main cause of such a drastic decrease in transmitted
power is absorption by a obstacles in the direction of the RF waves, as well
as power loss in the form of heat in materials where it is absorbed. Most
portable machines, such as cell phones, use only a few microwatts or

milliwatts of power in their sleep and active modes, respectively [2,3].
1-2: Literature survey

In (2010) Bouchouicha D.et al.,[6] measured ambient RF power
density for two systems: the first is a broadband device without a matching
circuit, and the second is a narrow band (1.8-1.9) GHz system with a
matching circuit. The power density fluctuation in the ( 680MHz-3.5GHz)
range is determined to be between (-60 and -14.5) dBm/m?, (1nW/m? and
35.5 W/m?) .This power density was tested at its highest in the (1.8-1.9)
GHz range. The total of all observed power densities indicates a higher
power density of about (12) dBm/m?. The gain is more than 2.5dBi over the
whole frequency range (1-3) GHz. At a frequency of 3 GHz, the gain can
approach (7) dBi. The efficiency of the rectifier is in the range of (0.6)%.



In the same year Ojaroudi M. et al.,[ 7] presented A new printed
monopole antenna for ultra-wide band applications. The suggested antenna
Is made up of a square radiating patch with an inverted T-shaped slot and a
ground plane with an inverted T-shaped conductor-backed plane. From (2.9
to 14.1) GHz, the manufactured antenna meets the (10) dB return loss
criterion. By severing a modified inverted T-shaped slot with changeable
size from the radiating patch and inserting an inverted T-shaped. At (4 and
10) GHz, as well as (12.2 and 14.4) GHz, there is reasonable agreement

between models and observations.

In(2011) Mikeka C. et al.,[8] studied a design architecture for a
micro power RF energy harvesting in the Digital TV (DTV) band. Given a
single tone excitation at( 550) MHz, the rectifying antenna (rectenna) has a
measured conversion efficiency of 0.4 percent for (-40) dBm input and
(18.2 )% for (-20) dBm input, respectively. Along with this rectenna, a DC

boost converter circuit is designed and built.

Also in this year Arrawatia M. et al.,[9] studied an experimental RF
energy harvesting device is being capture energy from cell towers. A
square microstrip antenna that is linked has a gain of (9.1) dB with a
bandwidth ranging from (877 to 998) MHz. A single stage voltage doubler
and a six-stage voltage doubler based on Schottky diodes have also been
built for DC voltage production. The measured findings reveal that at a
distance of (10)m from the cell tower, a voltage of (2.78)V is obtained, and
at a distance of (50) m, a voltage of (0.87)V is obtained.

In(2012) Md Din N. et al.,[3] studied an RF energy harvesting
system that can harvest energy from the ambient surroundings at the

downlink radio frequency range of the GSM-900 band. The system design



consists of three modules: a single wideband 377- E-shaped patch antenna,
a pi matching network, and a 7-stage voltage doubler circuit. These three
modules were fabricated on a single printed circuit board. The antenna and
Pi matching network have been optimized through electromagnetic
simulation software in the Agilent advanced design system (ADS) 2009
environment. The DC voltage obtained from the harvester system in the
field test at an approximate distance of (50) m from the GSM cell tower
was (2.9) V.

In same year Nintanavongsa P. et al., [10] they propose a dual-
stage energy harvesting circuit composed of a seven-stage and ten-stage
design for Villard multiplier and Dickson multiplier simulation is a
modified voltage multiplier of HSMS-2852 and MSP430G2553. Each stage
IS organized into series. The operational point for these two stages, is
between the high (20 ) dBm and low power ( -20 ) dBm extremities . run
out designed on a printed circuit board to demonstrate how such a circuit
can run a commercial Mica2 sensor mote. Throughout the (-20 to 7) dBm
range, the suggested prototype delivers a greater voltage than the power
cast P1100. The power cast P1100's output voltage remains constant at
(3.3) V at (20 ) dBm. This is due to the power cast P1100's built-in voltage
regulator, which begins to regulate its output voltage at (7) dBm at a
voltage of (3.3) V.

In (2013) Hong S. et al.,[11] suggested rectenna architecture
which consists of a receiving antenna attached to a rectifying circuit. A
seven stage Cockroft-Walton voltage multiplier optimized for low input
power (below 0 dBm) is proposed. The prototype was fabricated on an
RT/Duroid 5880 (RO5880) printed circuit board( PCB) substrate with a
dielectric constant and loss tangent of (2.2) and (0.0009) respectively.



Experimental results show that( 2 )V output voltage can be harvested from

an operating frequency of (2.48 ) GHz.

Also in this year (2013) Barroca N. et al.,[ 12] determine spectrum
possibilities for RF energy harvesting to power wireless sensor nodes in
real-world indoor/outdoor settings. power density observations ranging
from (350) MHz to (3 ) GHz It is proposed to use a dual-band band printed
antenna working at GSM bands (900/1800), with gains on the order of 1.8-
(2.06) dBi and an efficiency of (77.6-84)%. They discussed the
recommendations for building energy harvesting circuits in a situation
where a wireless body area network (WBAN) is supported by a TX91501
power east RF dedicated transmitter and a five-stage Dickson voltage
multiplier responsible for collecting the RF energy. The range input power
ranges from (-27 -37 ) dBm .

In (2014) Ali E.et al.,[13] studied design of voltage doubler stages
for RF energy harvesting device based on the HSMS-2850 Schottky diode.
The architecture is based on the Villard voltage doubler circuit, which is
optimized for the 900 MHz frequency range. They made simulations of a
three-stage Schottky diode voltage doubler circuit by using ADS software
.They obtained output voltage of (6.335 )V, which is considered optimal
for GSM applications.

In same year Akter N.et al.,[14] provided an improvement of the
voltage doublers stages in an energy conversion module for Radio
Frequency (RF) energy harvesting system at (950) MHz band is presented.
An ADS simulator was used to design a 10-stage voltage multiplier RF
energy harvesting circuit, which produces approximately (5) Volt at (0 )

dBm and amaximum of (36.489) %. Two 10 stage voltage multipliers were



designed and the Agilent diode HSMS-2850 and HSMS-2822 were
compared, and finally, it was confirmed that the HSMS-2850 works much
better than the HSMS-2822 diode. The proposed system can be used to
power low power sensors in sensor networks ultimately in place of

batteries.

In(2015)Siddhesh S. and Roshan L.,[15]designed an antenna for
the frequency range of (2110-2170)MHz. A rectifier circuit with (12 )
stages of a voltage doubler circuit was simulated and built. The voltage
output of the voltage doubler circuit was calculated to be (3.764)V. The
measured voltage, on the other hand, was (1.53)V. The reason for the loss
in power is the use of the SMA connector (SubMiniature version A,

connectors are semi-precision coaxial RF connectors).

Also in this year Lee T. et al.,[16] studied energy harvesting
applications requiring low input power levels, an efficient rectifier
operating at (2.45 )GHz is used. For functioning at low input power levels,
a single diode shunt-mounted architecture is used. At( -20) dBm of input
power, the efficiency is (27.7) %, (39.2 )% at (-15) dBm, and (51.2) percent
at (-10 ) dBm. At (-0.4 ) dBm input power, the maximum efficiency of
(61.7)% is achieved.

In (2016) Zeng M. et al.,[17] suggested two rectifiers
(differential serial rectifier and differential doubler rectifier) at GSM 1800
band (1.83) GHz. The rectifiers with Schottky diodes (SMS7630) are
fabricated on aTeflon substrate. The proposed rectifiers are compact, low-
cost, power sensitive, and can be used in the RF energy harvesting system.

Measured maximum efficiencies of two rectifiers are (49% ) at (0) dBm



and (53)% at (2) dBm, and the highest output voltage (1.9, 3.17)V

respectively.

Also in this year Bakkali A. et al.,[18] suggested a novel dual-
band rectenna ,This rectenna is created from a dual-band antenna and a
dual-band rectifier which operates at GSM bands (900 MHz and 1800
MHz). The printed monopole antenna is miniaturized by two meander-
lines. The received signal from the receiving antenna is rectified by a
voltage double using a Schottky diode, SMS-7630. The output voltage
ranges from (183-415) mV.

In (2017) Shanpu S. et al.,[19] proposed a broadband design L-
probe microstrip patch rectenna for ambient RF energy harvesting. The
antenna L-probe microstrip patch has a wide band capability. For power
harvesting, ambient radio frequency signals from the UMTS-2100 band
(2110-2170) MHz and WLAN spectrum (2400-2500) MHz are received. In
advance, wideband antenna L-probe microstrip patch simulation and
measurement effects. It indicates that the RF-DC efficiency over the
UMTS-2100 band and WLAN band are around( 25- 20)%, providing good

dual-band characteristics of the rectifier under low input power.

In same year Song C. et al.,[20] studied a novel rectenna with a
wide , operates at four different frequency bands from (1.1 to 2.8) GHz.
Over (60)% energy conversion efficiency is achieved for the desired
frequency band, rectenna a much-simplified structure and reduced cost.
The capacitors are typical (100 ) nF chip capacitors from Murata, the
rectifying diodes are Schottky diodes HSMS2852 from Avago, and a
typical (2000) n resistor is used as the load.



In(2018) Amjad O. et al.,[21] shows the design and analysis of a
dual-band microstrip patch antenna working at (2.4 and 5.8) GHz, an
impedance matching network, a 4-stage voltage doubler, and a storage
circuit for RF energy harvesting. The antenna was developed with ADS
Agilent and sonnet suite software, and it has a directivity of (5.5) dBi at
(2.4) GHz and (6.3) dBi at (5.8) GHz. The constructed antenna's measured
findings correspond well with the simulated results. Simulated findings
demonstrate that for a (10 ) mW input received power, the proposed system
can deliver (4.5) mW power at the output of a 4-stage voltage rectifier with

a (45 )% overall efficiency at a (10) KOhm output resistance.

Also in this year Sedeek A.et al.,[22 ] presented a( 2.45)
GHz low power rectifier that harvests radio frequency (RF) energy via a
180° hybrid junction. When compared to a standard Greinacher voltage
doubler rectifier, this rectifier has higher efficiency at low input power
levels. The proposed rectifier has two rectifying branches and two output
ports.Each rectifying branch is based on the Greinacher voltage doubler
arrangement, however each branch has just one rectifying diode and only
one diode. It is simulated using (ADS). The maximum power conversion
efficiency (PCE) of (70)% is compared to a maximum PCE of( 51)% for

the conventional voltage doubler circuit.

In(2019) Filiz S. and Yunus U.,[23] studied Voltage multiplier
circuits (Villard, Dickson, and Greinacher) without impedance matching .
the impacts of load resistance, input power, and input frequency are
examined and compared. (ADS) is a simulation tool. These voltage
multipliers are built with HSMS 2852 Schottky diodes and capacitors. The
results demonstrate that identifying load resistance is crucial for assessing

high efficiency; efficiency differences of up to (33) % are achieved for the



Dickson voltage multiplier at 100 MHz input frequency. the Greinacher
voltage multiplier achieves the highest efficiency for low input frequencies
of less than (1) GHz, while no significant variations are seen for high
frequencies. The Greinacher voltage multiplier is the ideal choice for

achieving high efficiency in low frequency RF harvesting applications.

In same year Park S.et al.,[24] studied avoltage multiplier that is a
hybrid of a Cockcroft-Walton multiplier and a Dickson charge pump . As
the number of multiplier stages rises in the Cockcroft-Walton construction,
the output voltage drops significantly under load. This is due to the fact that
all coupling capacitors are linked in series. The Dickson charge pump
solves this problem by connecting all capacitors in parallel. The suggested
hybrid structure organizes certain capacitors in parallel and others in series,
resulting in a minimal output voltage drop and low capacitor voltage stress.
They were test of hybrid multipliers. They also show a (60 - 2.25 ) KV
D.C-D.C converter based on a 16-stage hybrid voltage multiplier with a

voltage gain of (12.8) and a maximum capacitor voltage stress of (660) V.

In (2020) Nguyen C. et al., [25] studied a hybrid solar-radio
frequency (RF) harvesting system capable of supplying electricity for the
continuous and efficient operation of electrically propelled wheelchairs
This system can gather electricity from both an RF and a solar source that
are both available in the surrounding environment. The standalone solar
system is equipped with a maximum power point tracking (MPPT) and a
boost converter, whilst the standalone RF system is outfitted with a 9-stage
Voltage Multiplier (VM). The charging voltage level is calculated by

10



summing the output voltages of each source. producing a charging current
of (16) Amps and a voltage of (24 )Volts.

Also in this year Tafekirt H. et al.,[26] studied a triple-band power
receiver for RF energy harvesting systems where GSM-900, GSM-1800,
and Wi-Fi-2450 bands are available. Using the improved impedance
matching technique, which consists of three parallel branches Each branch
contains a narrowband matching network . Each branch is connected by a
single voltage doubler made of HSMS-28 52 Schottky diodes. A rectifier
circuit was built and tested to compare its performance to the Simulation
findings. The observed RF to DC conversion efficiency is (33.7, 21.8, and
20 )% at (0.9, 1.8, and 2.45) GHz, respectively, with an optimal load
resistance of (3.8) KOhm at (-10) dBm input power level. Under (0 ) dBm

input power, the efficiency is more than (46.5) % for all bands of interest.

In (2021) Ali E. et al., [27] investigate an analytical novel mode
designed for RF energy harvesting systems to investigate the voltage and
current output of rectifier stages for efficiency optimization. A seven-stage
voltage multiplier rectification circuit is included in the design. For the
circuit modeling voltage multiplier circuit, the Schottky diode HSMS
285C was chosen. The equations of the theoretical model derived with
MATLAB code were validated using ADS simulation. The manufactured
system was tested throughout a (10) W to (100 ) mW input power range,
with a maximum output power of (0.2577) mW and a maximum efficiency
of (29.85)%.

In same year Yalcin A. and Filiz S.,[28] designed a multi-band RF
energy harvesting circuit. The output voltage and power of the system built
at frequencies of (900, 1800, and 2450) MHz are revealed. The (ADS)

11



2017 program is used for all simulations. The load resistances that provide
the most power at each frequency are determined, and the appropriate load
Is chosen for all three frequencies. Then, using the selected load, a multi-
stage Dickson Voltage Multiplier (DVM) with two to six stages is
designed, and the number of stages providing the maximum power for each
frequency is determined. L type and type impedance matching have been
used to achieve the highest output power in a DVM design with this
number of stages and two Schottky diode models (HSMS-2852). Finally,
Thus efficiency of the triple band reaches (83.37)% where it reaches
approximately (44, 32 and 30 )% efficiency for (900, 1800 and 2450 )
MHz respectively.

In(2022) Surender, et al.,[29] suggested a single band circularly
polarized (CP) rectenna for smart city applications that operates at a (2.45)
GHz Wi-Fi band and employs a hexagonal form of a microstrip radiator
and a voltage doubler rectifier. The suggested antenna exhibits
omnidirectional radiation behavior, which aids in the collection of RF
energy from its surroundings. The SMS7630-005 LF diode is used in a
voltage doubler configuration to design a rectifier circuit with a maximum
conversion efficiency of (65.1) % and an output voltage of (1.65) V at an
input power of ( 0) dBm for a load resistance value of (4.1) KOhm, which

is very much suitable for powering low power sensing devices.

In same year Roy, S. et al.,[30] introduced a novel impedance
matching network is with novel broadband rectifying components to better
align the usable RF signals with comparatively lower RF power density
levels. The highly sensitive full-wave rectifier circuit is intended to
strengthen the low power sensitivity. The simulated and measured

performances have shown that the harvester has a maximum D.C.

12



rectification efficiency of about (52 )% for (—20) dBm input RF power
from (0.9 to 2.6) GHz. Measurement in an ambient RF setting shows that
the proposed harvester is able to harvest dc energy at (—20) dBm up to
(0.678) V. This harvester can be used for ambient wireless RF energy
scavenging for a huge number of wireless devices and network

applications.
1-3:Aim of the study

The main aims of this research are:

1-Obtaining a source of renewal energy.
2-Searching ambient frequencies in space for getting an electrical energy.
3-Identify the frequencies that can be received and useful for high energies.

4-Using different types of voltage multiplier to obtain the highest value of

voltages.
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Chapter Two

Theoretical Part

2-1:Introduction

Wireless networking has become increasingly common in the
electronic world in recent years. These RF signals can be used and
converted into DC power. The growing number of RF transmission
sources has provided an explosion of ambient microwave energy sources,
which has sparked widespread interest in Frequency modulation (FM )
radio stations and TV transmitters. Radio Frequency radiation is generated
from sources that produce strong electromagnetic waves, such as TV
broadcasts, cellular radio networks, and mobile phone towers, and we are
surrounded by it. There are over a billion mobile phones in use today,
thousands of radio and television stations, and numerous home Wi-Fi

systems emitting RF radiation into the environment [31,32].

E.M harvesting has potential for stimulation of low-power
electronic devices circuits, In order to eliminate the need for batteries, this
principle needs an active antenna as well as a circuit qualified for
translating RF signals into direct current ( DC) voltage [33,3,34]. Antenna
systems cannot only meet the applications of multi-functional electronic
and cellular devices, but the number of compact antenna designs is growing

to meet user and safety specifications [35,36].
2-2: Architecture of RF energy harvesting network

An energy harvester is usually made up of four parts: an antenna,

matching circuit, a rectifier, a storage or load component, and a to

14



maximize power transfer. The various components are shown in Figure 2.1.
Each component of the construction will be discussed in detail in the sub-
chapters that follow [37,38, 18].

Matching Storage

Antenna " E>> - [|:> Rectifier EE:>
Net Wor Multiplier or Load

Figure2.1:Typical energy harvesting circuit layout.

1-The antenna can be configured to operate on a single frequency or
several bands frequency, allowing the network node to collect from a single
or numerous sources at the same time. Nonetheless, because the energy
density of RF signals varies with frequency, the RF energy harvester

generally functions over a wide range of frequencies.

2-The impedance matching circuit is a resonator circuit that operates at the
specified frequency to enhance power transmission between the antenna

and the multiplier. At the specified frequency, the impedance matching is

highly efficient.

3-The diodes of the rectifying circuit, which transform RF signals
alternating current (AC) signals in nature into DC voltage, are the essential
component of the voltage multiplier. In general, diodes with a lower built-
in voltage have greater conversion efficiency. The capacitor guarantees that
electricity is delivered to the load in a smooth and consistent manner.
Furthermore, if RF energy is not accessible, the capacitor can be used as a

temporary reserve.

15



The RF energy harvester's efficiency is determined by the antenna's
efficiency, the precision of the antenna-to-voltage-multiplier impedance
matching, and the power efficiency of the voltage multiplier that transforms

the received RF signals to DC voltage.
2-3: The RF sources

RF sources may be divided into two categories: dedicated RF

sources and ambient RF sources.
2-3-1:Dedicated RF sources

When a more consistent energy supply is required, dedicated RF
sources can be installed to deliver energy to network nodes. For RF energy
transfer, dedicated RF sources can utilize the license-free ISM frequency
bands. The Powercaster transmitter [5,39].Which operates on (915) MHz
with (1 or 3) W transmit power, is an example of a marketed dedicated RF
source. However, establishing dedicated RF sources might be expensive for
the network. Furthermore, due to concerns about RF radiation safety and
health, laws such as the Federal Communications Commission (FCC) must
restrict the output power of RF emitters. For example, the highest threshold
in the (900) MHz spectrum is (4)W [40].

Even at this maximum level, the received power is just (10) W at a
reasonable distance of (20) meters. Due to this restriction, a large number
of specialized RF sources may be required to fulfill customer demand.
Because the RF energy harvesting process using dedicated RF sources is
entirely controlled, it is more suited to support Quality of Service (QoS) -

constrained applications. It's worth noting that the specialized RF sources

16



might be movable, with the ability to travel and transmit RF energy to

network nodes on a regular basis [39,40-42].
2-3-2:Ambient RF sources

Ambient RF sources are RF transmitters that are not designed to
convey RF energy. This radio frequency energy is virtually unrestricted.
Ambient RF sources have a wide range of transmitting power, ranging
from about (106) W for TV towers to around (10) W for cellular and RFID
systems to around (0.1) W for mobile communication devices and WiFi
systems. Static and dynamic ambient RF sources are the two types of
ambient RF sources. The frequency range of ambient RF transmission is
(0.8-3) GHz, and this includes most of the radiations from domestic

appliances (e.g., television, Bluetooth, WiFi) [5,42,43].
2-3-2-1:Static ambient RF sources

These are transmitters that emit relatively steady power throughout
time, such as TV and radio towers. Although static ambient RF sources can
supply predictable RF energy, long-term and short-term variations may
occur owing to service scheduling (e.g., TV and radio) and fading,
respectively. Typically, the power density of ambient RF sources in
various frequency bands is low. As a result, a high gain antenna is
necessary for all frequency bands. Furthermore, the rectifier must be built

for a broad spectrum [5,43].
2-3-2-2: Dynamic ambient RF sources

It is RF transmitters that operate on a regular basis or employ time-
varying transmit power (e.g., a WiFi access point and licensed users in a

cognitive radio network). To seek energy harvesting possibilities in a
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certain frequency band, RF energy harvesting from dynamic ambient RF
sources must be adaptable and perhaps intelligent to search for energy
harvesting opportunities in a certain frequency range. A secondary user can
harvest RF energy from a secondary user is sufficiently remote from main
users or when the adjacent primary users are inactive, it can harvest RF

energy from nearby transmitting primary users and send data [42,43].
The most important criteria for the energy harvesting circuit [44,45].
1- Ability to function with low input RF power.

2- Choosing the right antenna and it may be set up to work on a single

frequency or several frequencies.

3-Diodes with the lowest possible turn on voltage are preferred since the
peak voltage of the AC signal produced at the antenna is typically

significantly lower than the diode threshold .

4- Because the energy harvesting circuit operates at high frequencies,
highly fast switching diodes are required. Instead of a semiconductor—
semiconductor junction, Schottky diodes(a metal-semiconductor junction )
are used. This enables the junction to function significantly quicker, with a

forward voltage drop as low as (0.15) V.

5- Another key element influencing diode efficiency is saturation current.
Diodes having a high saturation current, low junction capacitance, and low
Equivalent Series Resistance are preferred (ESR). Furthermore, diodes that
have a greater saturation current have a higher forward current. which is

beneficial for load driving.
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2-4: Schottky diode

A P-N junction is produced when a p-type and an n-type
semiconductor are connected together as shown in Figure 2.2. The p-n
junction diode works well as a rectifier and switching device at low
frequencies (50 to 400 ) Hz, but its performance as a rectifier suffers
greatly at high frequencies due to the existence of stored charge carriers in
the junction. When reverse voltage is supplied, It has the effect of
temporarily enabling current to flow in the other direction. This problem
becomes increasingly difficult when the frequency of the alternating
current source is raised and the periodic time of the applied voltage
decreases. To obviate these issues, utilize a diode with a metal
semiconductor contact instead of a p-n junction. It is advantageous for load
driving when metals such as aluminum or platinum replace P-type
semiconductors [46]. Metal-Semiconductor (M-S) or schottky diode is
formed. The Schottky diode is named after the German physicist Walter H.
Schottky [47]. Construction of Schottky diode as shown in Figure 2.3.
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0000000 == —=——= — Free Electron

0000000 ——=——=——
OO0 0000IfE===—==—
O000000IYB, —— —=—— = @ Positive Ion
000 C00CHOlel == ——=——
0]0]0]0]0]010 ][] <) up——

—1 | | 1= Depletion Region

R
N Electrostatic Field

© Negative Ion

Figure 2.2:PN Junction[48]
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Figure 2.3:Construction of Schottky diode[48].

In terms of switching ON and OFF speed, the Schottky diode better
than the p-n junction diode. When the Schottky diode is forward biased,
electrons travel from the n-type material to the metal and quickly lose
energy. Because there are no minority carriers (holes), conduction comes to
a halt fast and switches to reverse bias. It also produces less unwanted
noise. Because of, these characteristics, it is excellent for use as a rectifier
for high frequency transmissions. A conducting Schottky diode generally
has a forward voltage drop of (0.3 to 0.5 )Volts, as opposed to (0.6 to 0.8)

Volts in a silicon junction [45,46].

Current begins to flow forward when a sufficient voltage is applied
to the Schottky diode. As a result of this current flow, a small voltage drop
occurs between the terminals of the Schottky diode. This voltage loss is
referred to as voltage drop. A Schottky diode has a voltage loss of (0.2 to
0.3) Volts. Voltage loss or voltage drop is the amount of voltage wasted
when turning on a diode. The voltage necessary to activate a Schottky
diode is the same as the voltage required to activate a germanium diode.
However, because its switching speed is significantly slower than that of
Schottky diodes, germanium diodes are rarely used. The depletion region
of a Schottky diode is insignificant. As a result, the Schottky diode will
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quickly flip from ON to OFF. Additionally, the Schottky diode has very
low capacitance. The diode is an important building block when designing
a rectifier. SMS7630-079LF is the diode used in this project. These diodes
feature a low forward voltage, rapid switching, and have been designed for
energy harvesting circuits. [47-49]. The symbol of the Schottky diode is

shown in Figure 2.4. Datasheet of diode notes is shown in Table 2.1.

Anode I\r' Cathode
& L -

Figure 2.4: Symbol of the Schottky diode.

Table2.1: Datasheet of diode SMS7630-079LF[50]

Schottky diode SMS 7630-079LF

Meaning Symbols Value Unit

Saturation current Is 5*10° A
Series resistance Rs 20 Q
Emission coefficient N 1.05 -
Transit time TT 1*10™ S
Zero —basic junction capacitance Cio 0.14 pF
Grading coefficient M 0.4 -
Energy gap Ec 0.69 eV
Forward-bias depilation FC 0.5 -
capacitance coefficient

Reverse breakdown voltage Bv 2 \Y/
Reverse breakdown current Iy 10 A
Junction voltage drop V; 0.34 \/
Is temperature exponent XTI 2 -
Series inductance Ls 0.7 nH
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CHAPTER TWO THEORETICAL PART

2-5: Radio Frequency Signals

As a result of several high-frequency technology, ambient RF
radiation is abundant in metropolitan surroundings. Wi-Fi, radio
transmission, television, RFID tags, and mobile phones are all examples of
applications that employ the radio frequency band, As shown in Figure 2.5,
RF energy is the energy carried by the radio spectrum ,which ranges from
(3) KHz to (300) GHz. Amplitude modulate (AM) radio (535-1705) KHz,
(FM) radio (88-108) MHz, microwave ovens (2.45) GHz,and Wi-Fi are
examples of specific frequency bands utilized for various purposes (2.41-
2.46) GHz, and (5.18-5.82) GHz. Because of the low power density of
ambient RF energy, collecting a usable quantity of energy is a difficult
undertaking that necessitates meticulous research and design of both the

antenna and processing circuitry[ 51,52].

The Electromagnetic Spectrum
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Figure 2.5: Electromagnetic wave spectrum|[51 ]
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2-6:Antenna

An antenna is a metallic apparatus such as a rod or wire for
radiating or transmitting radio waves. It is a transport hub between a free
space and a steering machine. By transmission line, is a hollow pipe
transporting electromagnetic energy from the transmitting source to the
receiving device [53,54]. It is supplies oscillating electric currents with
appropriately localized and angled directions. The directional properties of
the radio waves that emits are determined by the sizes and shapes of the
conductors that make up the antenna. Electrical currents delivered by the
transmission line from a source are converted by a receiving antenna. a
receiving antenna transforms radio waves into electrical currents that are
transmitted to a receiver through a transmission line [54,55].
A communication device requires a single antenna at the end or a mixture
of different entities in order to form a single antenna unit. Also, antennas
can be formed in 1D, 2D or 3D configuration and maybe in linear, planar,
circular, spherical, etc. Antennas come in a variety of shapes, sizes, and
structures [56-58].
2-7: Directivity and gain of an antenna

Directivity refers to an antenna's ability to focus energy in a certain

direction while transmitting or to receive . Gain is the practical worth of
directivity [59].

Gain is the difference between the radiation intensity in a given
direction and the radiation intensity received if the antenna radiated all of
the RF power delivered to it evenly in all directions [53, 56]. Directional
properties are required for all practical radio antennas. Since all of the
power delivered to it is radiated fairly well in all directions, it has a gain of

unity (g = 1 or G = 0) decibels (dB) in all directions. Although the isotropic
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antenna is a fundamental reference for antenna gain, the dipole is a
common alternative The gain of an ideal (lossless) half-wave length dipole
is used in this instance .An antenna'’s gain is normally measured in decibels
(dB).

The antenna differential causes one power loss of directivity,
which is the same as gain. In fact, some of the power is lost in the antenna
due to holmic losses in the components on shape of heat, leakage through
the insulators, etc. The gain and directivity (in a given direction) would be

the same if an antenna was lossless (100% efficient)[55,56].

2-8:Classification of antenna

It is classified in several ways. The first method is by frequency band
of operation ,and second involves physical structure and electrical and
electromagnetic architectural design. The antennas are widely used for land
mobile radio, but mobile phones and base stations make up a limited

percentage of all antenna types [55].

Most plain, non-directional antennas are basic dipoles or monopole.
and other more complex directional antennas use arrays of components,
such as Yagi-Uda , microstrip patch array, aperture array, slotted
waveguide array, Used for systems with a high gain and additional benefits

such as a controllable radiation pattern [58 ].

New antenna technologies are being developed that allow an antenna
to adjust its pattern quickly in response to changes in the received signal's
direction of arrival. These antennas, as well as the enabling technologies,
are known as adaptive or "smart" antennas, and they could be used in the

future for higher frequency land mobile radio (LMR) bands [55] , Adaptive
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antennas (AAs) are a group of antennas that can dynamically modify their

antenna pattern in response to noise, interference, and multipath.
2-8-1:Wire antennas

The wire antenna is a type of antennas created by wires of
arbitrary length. Wire antennas can be oriented horizontally, vertically, or
irregularly in relation to the ground. It may also be fed in the middle, top,
or between the lengths [59,60].The length of the wire antennas is usually a
multiple of the half-wavelength, i.e. n A/2. However, an antenna with a
length greater than A/2 is referred to as a long wire antenna [53]. Straight,
spiral, helix, and other types of wires are available in a variety of sizes.
Monopoles and Dipoles are often used in personal applications, vehicles,

homes, ships, aircrafts, and satellites [56-58].
2-8-1-1: Dipole antenna

Dipole antenna is made up of two straight electric lines separated by
a tiny gap in the middle, through which electricity is supplied. It is shown
in Figure 2.6 [55,61]. Dipole antennas are those in which the conductor
length is shorter than the signal wavelength. The wire is usually half the
wavelength in length. As a result, they are referred to as half-wave dipoles
[42].

The electric cables should be as thin as possible. The position of the
electric cable, which may be horizontal, longitudinal, or slanting. Short,
half-wavelength, monopole, V-shaped, folded, Yagi-Uda, and whip
antennas are examples of dipole antennas [ 58,60]. It should be noted that

this type of antenna was utilized in the current study.
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Figure 2.6: Dipole antenna[53]

2-8-1-1-1: Short dipole antenna

It is one of the most basic types of antennas, In comparison to the
wavelength, the wire length is small, To be accurate <A/10 [53]. It is made
up of two thin conductors that are separated by just a limited distance.
Since It is inefficient, they have fewer implementations. used in mobile

communication devices , Figure 2.7 show Short dipole antenna [ 58,60].

i
|

Figure 2.7: Short dipole antenna[58]

2-8-1-1-2: Half-wavelength dipole antenna

It is dipole antenna whose linear dimension from tip to tip is A/2. Its
directivity D is (1.64, or 2.1) dBi, and its Half Power Beam Width (HPBW)
is 78°. A half-wavelength dipole antenna provides a good match between
the radiation resistance and the impedance of the transmission line.
Therefore, it is used as the reference dipole antenna to specify the directive
gain of an omnidirectional antenna [55,60].
2-8-1-1-3: Monopole antenna

It is a kind of antenna that formed by replacing half of a dipole

antenna with a perpendicular ground plane. When the ground plane is large
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enough, the reflection of the EM wave makes it behave exactly the same as
the missing half of the dipole, and the monopole becomes a dipole.
Therefore, it is also called a half-dipole antenna. It has a half-toroidal
radiation pattern, The radiation pattern is the same for monopole and half-
wave dipole antennas. The field is radiated in the upper hemispheric region,
resulting in half the average radiated power of a dipole antenna. These are
almost all used as vehicle-mounted antennas [ 58,60,61], Figure 2.8 show

Monopole antenna [61].

Length =A/4
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/ Ground
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Figure 2.8: Monopole antenna [61]

2-8-1-1-4: V antenna

Rabbit ears are small V antennas that are normally hung vertically ,
such as those found on TV set-top boxes. To attain unidirectional
properties, the V antenna's wires must be non- resonant, which can be done
by reducing, if not fully removing, reflections off the wire ends. By making
the slanted wires of the V relatively thick, the reflected waves can be

minimized [58]. Figure 2.9 shows an inverted V antenna diagram [60].
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Figure 2.9: V antenna diagram|[60]

2-8-1-2:Loop antenna

Another simple, inexpensive, and very versatile antenna type is the
loop antenna. It is a coil with two ends that are attached to the two
conductors of a transport line. The enclosed field of the loop determines the
gain and loop shape (circular, rectangular, triangular, or rhombic). The use
of rigid wire is needed for a circular loop. Since elastic electric cables can
be used to make square and triangular loops, Because they don't need a
ground plane, they're more resistant to ambient noise.

It is used for radio direction finding to filter out unwanted signals
and noise. an acicular loop antenna's radiation pattern is identical to that of
those radiated by an infinitesimal magnetic dipole. Loop antennas with
electrically tiny circumferences or perimeters have small radiation
resistances that are typically less than their loss resistances.

As a result, they are poor radiators and are rarely used for
transmission in radio communication. When they are employed in such
applications, they are often in the receiving mode, as in portable radios and
pagers [58,59,63]. Usually, The typical circumference of a circular loop is a

multiple of A/2. The directivity E can be approximated by [60].
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E ~ 602 x C\1 (2.1
Where:-
C :is the circumference of the loop

Loop antenna is seen in Figure 2.10.

Figure 2.10 : Loop antenna[60]

2-8-1-3: Helical antenna

A normal mode cylindrical helix antenna is defined by its geometry
and radiation mode. This antenna has a circumference much smaller than a
wavelength (circumference < 2/3A). As a result, its current distribution is
nearly sinusoidal similar to a long straight wire antenna [59,62]. It is a
terrestrial sheet placed on a helically coiled electrical cable. This is
depicted in Figure 2.11 .

An axial or normal mode of operation may be used for a helical
antenna. It has a single main beam that points in the direction of the helix's
axis. When (nd/ A) is in the (3/4-4/3) range, it produces circular polarized
EM waves, and when (nd/ A = 1) and (S = A /4), it produces the best
circular polarization. The polarization direction is determined by the coil's
orientation. The rubber antenna used in walkie-talkies and mobile phones

is an example of this antenna is use [57].
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Figure 2.11 : A helical antenna[60]

According to equation 2.2 the helix arm length is related to height and
radius. The helix has two special cases. When the pitch angle is zero, the
antenna becomes a loop; when the pitch angle is 90°, the antenna becomes
a linear antenna [57,62,63].

L =/H? + (2nrM)? (2.2)
H=MS (2.3)
Where:-

L:length of arms , M:number of arms , H:height, r: radius and S:putch

between arms.
2-8-1-4:Yagi-Uda antenna

The Yagi- Uda antenna consists of a series of straight components,
each length roughly half of the wavelength. The powered part is the same
as a half-wave dipole antenna that is center-fed. Reflectors and directors
are straight rods or wires that run parallel to the powered part and are
between (0.2 to 0.5) wavelengths on either side of it [53,59].
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A reflector is placed behind the driven element, while a director is
placed in front of the driven element. One reflector and one or two
directors are present in a typical Yagi, And the antenna gain is proportional
to its length. A Yagi antenna is seen in Figure 2.12 . Yagi- Uda has been
widely used as a home TV antenna [56,57]. t should be noted that this type

of antenna was utilized in the current study.

Figure 2.12: A Yagi antenna[57].

2-8-2:Aperture antenna

At microwave frequencies, aperture antennas are the most popular.
An aperture antenna can be designed in a variety of geometrical forms.
They can take the shape of a waveguide or a horn, with apertures that can
be square, rectangular, circular, elliptical, or any other shape. Because
aperture antennas may be flatly placed on the exterior of a spacecraft or
aircraft, they are ideal for space applications. To protect them from
environmental conditions, their aperture might be closed with a dielectric
substance. The horn antenna , waveguide antenna and slot antenna are

examples of aperture antennas [56,58,64].
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2-8-2-1:The horn antenna

The horn is widely used as a feed element for large radio astronomy,
satellite tracking, and communication dishes found installed throughout the
world. [57].They are called feed horns when they're used as feed
components in larger antennas. The overall radiation orientation
corresponds to the horn antenna's axis, which may be circular, rectangular,
cylindrical, or conical. Horn antennas can be fed with waveguide very
easily, but they can also be fed with a coaxial cable and a proper transition.
Horn antennas are usually used as active elements in a dish
antenna[59,63,64].Horn antenna dimension show in Figure 2.13.The

relationship between the measurements of the horn [65].

D2

Where:-
L:length and D: Diameter

Figure 2.13:Horn antenna dimension[64].
2-8-3:Lens antennas

Lenses are generally employed to collimate incident divergent

energy in order to keep it from spreading in undesirable directions. By
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carefully designing the geometrical arrangement and selecting the right lens
material [57].1t is a convex parabolic-shaped dielectric or glass structure
that allows light to converge or diverge. Since it is an optical instrument, it
can emit and receive electromagnetic waves in the optical frequency

spectrum.

Lens antennas are classified based on the material they are composed
of as well as their geometrical form [57]. These antennas are usually used
for applications requiring extremely high frequencies. Lens antennas are
used as meteorological aids optical sensors, radio telescopes, and in radio

astronomy , a Fresnel lens show in Figure 2.14 [57,58,60].

Figure 2.14: A Fresnel lens with a conical mount [60].

2-8-4:Reflector antenna

A reflector antenna has at least one reflecting surface as well as a
radiator. The radiator, also known as a feeder, can be either a linear or a
horn antenna. a parabolic reflector antenna or Parabolic antenna is used to
send and receive signals that are utilized to communicate across long
distances such as It employed in radio astronomy, microwave
communications, and satellite tracking because of their high gain. Antennas

of this sort has been erected with diameters as large as 305m.This kind
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involve flat-plate reflector antenna, Parabolic Reflector Antenna and
Corner Reflector Antenna [56,58,60]. It should be emphasized that in the

current study, this form of antenna was used.
2-8-4-1: Parabolic reflector dish

The paraboloid reflector antenna is made up of a main antenna, such
as a dipole or horn, that is located at the focal point of the paraboloid
reflector. When high gain is desired, the most common kind of antenna is
the parabolic reflector dish. The major benefit of the parabolic antenna is
its high gain and directivity. The primary downside is the huge size of the
dishes, however the main disadvantage is the big size dishes which are not
easy to mount. A reflector can concentrate parallel rays on the focal point
or the reflected beam from the parabola will be parallel to the axis of the
parabola, As shown in the Figure 2.15 [ 60,62,66].
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Figure 2.15: Direction of reflected beam from a parabolic reflector
antenna[66].

The parabolic reflector antenna's beam width is proportional to its
wavelength [96].
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2
6 = kE (2.5)
Where:-

6: is the beam width, D :is the diameter of the reflector.
Aisthe wavelength and k is a constant depending on the illumination

from the primary feed with a value of about 60.

The location of the emphasis, or the focal length, shall be determined
by

DZ

f=2 (2.6)

"~ 16C
C the width of the parabola, The gain is given by:

G=""xn (2.7)

Where:-
n: Efficiency
can see from equation (2.5) that the beam width of the antenna rises
as the diameter of the parabolic dish decreases. Equation (2.7) indicates
that the gain of the parabolic dish is proportional to the square of the
diameter [62,66].
2-8-4-2:Corner reflector antenna
An antenna with one or more dipole elements in front of a corner
reflector is known as a corner-reflector antenna. it has two flat sheets, one
grid and the other a solid plate, as well as a radiator, which is normally a
dipole in the corner. While this antenna has a high gain, The gain in the
main beam direction is significantly greater than in the opposite direction
[53,60]. It has a wide range of uses because of its ease of manufacture. For

example, if the reflector is employed as a passive target for radar or
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communication applications, it will return the signal in the same direction
as it received it when the included angle is (90). Because of this
distinguishing characteristic, military ships and vehicles are constructed
with as few sharp corners as possible in order to avoid their detection by
enemy radar. Corner reflectors are also commonly employed as receiving
components in home television systems [58]. It is illustrated in Figure 2.16
[54].

Actlve Antenna
Element

(a) Sold reflector (b) Wire reflector

Figure 2.16:Corner reflector antenna[54].

2-8-4-3: Cassegrain antenna

It is a type of antenna that is fed from one side to the other, The main
reflector has a hole at the center of the paraboloidal surface to
accommodate the horn antenna's opening. A sub-reflector is positioned in
front of the radiator to reflect the EM wave back to the main reflector. The
Cassgrain antenna's sub-reflector is convex in relation to the main reflector,
while the Gregory antenna'’s sub-reflector is concave in relation to the main
reflector, Figure 2.17 shows the Cassgrain and Gregory Antennas
diagrams [58,60,62].

36



remeeenenp PATAGOLOIdA] R paraboloidal
eemeenn, ____‘1113111neﬂecmr # \mainreflector
! K
/,n" ~ P
s
A )
convex | T rbe-ds
sub-reflector /< T adiator 2 - .
A concave A radiator
A sub-reflector ™ .
n, kN .
™, ", - Bqessasnanns )
Gnammnnetipennnns ) I ,
ray path n ray path
A rwrmmmnrmna s y P AP 5,
(a) Cassegrain Antenna (1) Gregory Antenna

Figure2.17 :Cassgrain and Gregory antenna diagrams[60].

2-8-5: Microstrip antenna

The importance of antenna development stems from the fast
expansion of contemporary wireless communication.  Wireless
communication necessitates the use of an antenna with an ultra-wide band,
, a light weight, and a high efficiency. A microstrip patch is a type of
antenna that may meet all of the requirements of contemporary wireless
communication systems.

The microstrip antenna can be found in high maneuverability flights,
satellites, spacecraft, missile applications, and rockets used for satellite
launches and mobile phones [58]. The interesting features of the Microstrip
antenna include its low profile, low cost, ease of manufacturing,
compatibility with microwave semiconductor devices, and robust nature
[62,65].

A microstrip antenna, also known as a patch antenna or printed
antenna, consists of three layers: a metallic ground plane at the bottom, a
dielectric substrate, and the metallic radiator. The radiator is fed by either a
microstrip in the top layer or a coaxial line under the radiator through the
ground plane and the substrate. The diagram of a microstrip antenna with

the feed line in the top layer is shown in Figure 2.18 [60,66], as well as
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their appealing radiation properties, rectangular and circular patches are the
most common metallic patches. radiation with low cross polarization, in
particular [59,60].
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Figure 2.18:Sketch of microstrip antenna[60]

2-8-6:Array antenna

A single element patch cannot provide the required radiation
characteristics for larger applications. By fabricating them as a continuous
sequence of irradiative element with a valid geometrical and electrical
arrangement, we can achieve the required results for various applications.
An array antenna consists of a geometrical arrangement of individuals
radiators that together create the desired characteristics. This array antenna
can be an array of aperture antennas, microstrip antennas, or other type of
antennas [64].A typical arrangement of the array is as shown in Figure
2.19.

This not only increases the characteristics but also increases
additional radiation energy to radiate maximum radiation distance and
direction for getting minimum in other directions [65,66]. The modern era
of communication and digital equipment which are connected wirelessly
one to another one needs an compact and low profile element as an

interfacing device for sustained connectivity among objects that are using
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either of the technologies like Wi-Fi, Bluetooth, UWB, Wi-Max, etc.
[65,66].

(2) Microstrip Arnay (b) Waveguide Arrav with slot

Figure 2.19: Array antenna[65].

Yagi-Uda antenna, microstrip patch array, aperture array, slotted
waveguide array ,Used for very high gain applications with added
Advantages, such as a controllable radiation pattern[57,59].This kind

involve collinear array, slotted array, and log-periodic antenna.
2-9:Matching network

Due to design or technology constraints, the ideal impedance of
the Power Amplifier (PA) and/or the optimum impedance of the Low-
Noise Amplifier (LNA) are seldom at ( 50) Ohms. The construction of an

impedance matching network is required for this [67].

Impedance matching is the second important component of the
harvesting system. It is technique used to ensure maximum signal power
transmission from the source to the receiving device while limiting signal
power reflection back to the source. The received signal will reflect from

the load to the source if the source and load impedances are not equivalent.
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As a result, the received signal will a loss of power. The matching
circuit guarantees that the load and supply impedances are matched,

eliminating such a power loss [67,68].

A simple matching circuit can be designed from a combination of
resistance, inductor or capacitor. The resistor is the real part of the

impedance, while the inductor and the capacitor are the reactance [67].

There are numerous methods for impedance matching circuits, as
well as approaches for matching the circuit to several frequencies.
Impedance matching networks are often constructed with reactance (coils
or capacitors). The cost of the components, mistakes in the component
value, and easier production are all advantages of not utilizing lumped
components. However, the advantages of using lumped components are
that they are easier to calculate and can be made smaller than microstrips
(which is a type of electrical transmission line which can be fabricated with
any technology where a conductor is separated from a ground plane by a
dielectric layer known as the substrate). Microstrip lines are used to convey

microwave-frequency signals [69,70].

Numerous matching configurations are available. The choice of
configuration depends on the number of elements used for the matching
and the way in which they are positioned. Nonetheless, three main circuits
have been proposed . At transformer, a shunt inductor and an LC network
are examples of typical matching network circuits for RF harvesting
circuits. A transformer is shown in Figure 2.20 . It increases the input
voltage by the factor N, which is the ratio of the transformer’s secondary

voltage to its primary voltage. This approach is too expensive in RFID
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applications where the cost is restricted to a few cents, but it is viable for

autonomous sensors [67,69].

MATCHING
ANTENNA - NETWORK LOAD

[ Vin
R | ]

E@ [ ]Hn c]n —
| ]
[ ] = ]
| [

Figure 2.20: Transformer as matching circuit[69].

In RF transponders, the shunt inductor matching network is frequently
employed as seen in Figure 2.21 [69]. Lsnun must chime with the C;, of the
rectifier in order to match the antenna and rectifier impedances. As a result,

at the operating frequency their impedances must be equivalent[67- 69].

at resonance

XL = XC (28)

X, = 2nfL (2.9)
= - (2.10)

¢ 2nfC '

w, = 2nf (2.11)

L = ! 2.12
shunt — (1)12 Cin ( . )
Where:-
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X, : reactance of inductor , X: reactance of capacitance,, w :is the angular

frequency at resonance and C;,,: impedances of the rectifier.

So, as Cj, increases, Lg,n Mmust decrease. High C;, values may need
a very tiny Lg, value, which may be problematic. If the reactive
components are well-matched, Maximum power will be transferred for R;,
= Rs. The most widespread answer to the higher voltage generated on the
antenna as a result of increased Rs (see eq.2.13) is to increase the rectifier's
input voltage (Vi,) and minimize the resultant rectifier's losses. This is
accomplished by using antennas with high radiation resistance (a folded

dipole, for example, has a radiation resistance of around 300Q2) [67,69].
vS - 2 ZRSPAV (213 )
Where:-

v, : IS an AC voltage source, Rs is radiation resistance, and P,y is the

available power at the antenna.

MATCHING
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Figure 2.21: Shunt inductor matching network [69].

LC type impedance matching networks are often made up of a

series capacitor and a shunt inductor, or vice versa [70,71]. The LC

42



matching network raises the voltage of the antenna. It is beneficial because
it gives a greater peak voltage to the rectifier and has a higher efficiency,
particularly when P,y (and therefore vs) is low. This circuit is also useful
in antennas with low Rg that also have a low vs. The impedance faced by
the matching network must be the conjugate of the antenna impedance in
order to produce a resonant circuit. Thus, equating the real and imaginary
portions of both impedances yields two equations that allow the values of
L and Cp, to be calculated. Figure 2.22 show LC-impedance matching
network [69,72,73].

MATCHING RECTIFIER
ANTENNA  NETWORK 0D
lll"". ."ﬁ" "I""- || Vi
— VA I L :
__\_\I HE Cm -.;I -____}
QY . 2R Co
I'I"| 'i {__-"}
]
| |

Figure 2.22. LC- impedance matching network[69].

The required values of the matching network are given by[73]

C, = ! R 2.14
m_erRs Rin_Rs ( . )

R; 1
L, =—2"- (2.15)

w.

T erinCin +
S
Rs Rin

43



Equations (2.14) and ( 2.15) show that L, is affected by the value of
Cin, but Cy, is not: it is solely affected by Rs, Rj,, and ®,. L, drops as Cj,
rises, just as it does in the shunt inductor matching network. As a result, Cj,
must be maintained low enough [67,69].
Uﬂ 1 Rin

G = == |= 2.16
vs 2 | R ( )

Where :
G:denoted the voltage gain.

As a result, if Rj, > R, the voltage will be increased. Because the
circuit Q is provided by equation(2.17),The circuit becomes more selective.

The boosting factor (Q ) is depicted in the equation below[69].

Q= [Sn_4 (217 )

2-10: Rectifier theory

A rectifier is a circuit that transforms an AC voltage into a DC
voltage collected by an antenna . The generation of a battery-like voltage
from extremely little input RF power is a major challenge for the rectifier
design. Generally, there are three main options for a rectifier, A diode , a
bridge of diodes and a voltage rectifier multiplier. There are lots of
different types of rectifier design and this section will focus on those

commonly used in RF harvesting application [67,74,75].
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2-10-1:Villard circuit(half-wave rectifier)

The most fundamental topology of the rectifier is the half-wave
rectifier that comprises. This consists a single diode D, and a capacitor.
The circuit is shown in Figure 2.23. Since a silicon diode will pass current
in only one direction, it is ideally suited for converting alternating current
AC to direct current DC When AC voltage is applied to a diode, the diode
conducts only on the positive alternation; that is, when the anode of the
diode is positive with respect to the cathode. When positive voltage is
applied from the source current will go through the diode D; and charge
capacitor C;.When the waveform becomes negative, charge will be
released from the capacitor and can be seen as a DC-voltage at the output,
Capacitor smooths the rectified voltage. Moreover, the output. Vo IS
discontinuous since the negative cycle is cutoff. As seen in Figure 2.24, the
first diagram is the original sine wave, the middle one shows the use of a
diode, and the bottom one shows the combination of a diode and a
capacitor [37,48].

Despite its simplicity, a half-wave rectifier is usually inadequate for
common applications for ambient RF energy harvesting since the incident
power density is relatively low which does not satisfy the biasing
requirement of the circuit. Also, the breakdown voltage of the single diode
rectifier is limited which could affect the power handling capability of the
circuit [72, ,77 ].
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Figure 2.23:Diode rectifier( A half-wave rectifier) circuit [77].
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Figure 2.24: Diagram of output wave of diode rectifier [37].

A half-wave rectifier produces a large alternating component and
discards half of the cycle. In order to use the whole cycle, you need to
rectify the other half as well, flipping it to the positive side. This can be
done in several ways, one of the most commonly used is the Graetz diode
bridge rectifier [72,77].
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2-10-2:Graetz diode bridge rectifier

A half-wave rectifier generates a significant alternating component
while discarding half of the cycle. To use the entire cycle, must correct the
other half as well, turning it to the positive side. This may be accomplished
in a variety of methods, one of which is the Graetz diode bridge rectifier,
which is named after its inventor. a bridge rectifier that rectifies both
positive and negative cycles of the AC input but retains Vou = Vpeak DY
alternatively blocking pairs of diodes D;, D, and D,, D; Figure 2.25
[75,76].

Figure 2.26 depicts the implementation of a Graetz diode bridge
rectifier. The top figure depicts the original waveform, the middle one
depicts the rectified waveform, and the bottom one depicts the usage of a

capacitor in conjunction with the diode bridge. [37, 76,77].

D1 D2

+Vpeak

VAN
RVATARE

'Vpeak

L L o YWV

Figure 2.25: Diode bridge rectifier circuit [77].
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Figure 2.26: Diagram of output wave of diode bridge rectifier[37].

The diode in Figure 2.23 and the diode bridge in Figure 2.25 .provide
an output DC voltage to the load (Vout) whose amplitude is lower than that

of the incoming signal. So full-wave rectifier is preferable [75,77].
2-10-3:Greinacher circuit

An additional advantage of rectifiers is that they can , depending on
construction, multiply the voltage they deliver. the method for increasing
voltages is known as voltage multiplication. VVoltage multipliers are used
primarily to develop high voltages where low current is required. When
voltage is stepped up, the output current decreases. This is also true of
voltage multipliers. Although the measured output voltage of a voltage
multiplier may be several times greater than the input voltage, once a load
is connected the value of the output voltage decreases [78,79]. Also any
small fluctuation of load impedance causes a large fluctuation in the output
voltage of the multiplier. For this reason, voltage multipliers are used only
in special applications where the load is constant and has a high impedance

or where input voltage stability is not critical. Voltage multipliers may be
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classified as voltage doublers, triplers, or quadruplers. The classification

depends on the ratio of the output voltage to the input Voltage [72,80].

The Greinacher rectifier is a more sophisticated rectifier compared
to the Villard circuit and is shown in Figure 2.27. The primary advantage is
that the output voltage has significantly less ripple. Assume ideal diodes
with a threshold voltage of (0) V, no reverse current, and zero conduction
resistance and that vin is a sinusoidal wave. When the input is in its
negative period of the sinusoidal waveform, current will flow through D,
and charge C; to the input voltage V,. During the positive period of the
input, C; will be discharged through D, and charge C, up to 2V, [51,70].

If all the elements are ideal, the voltage at this point is Vi, + Vi, (V1 In
Figure 2.28). D, rectifies the signal at point A and capacitor C, holds the
output voltage (Vour) at the peak value of V. Thus, the OCV (open circuit
voltage) of the rectifier is a DC voltage with a value 2V;,. In steady-state
operation, loyr is drained from C,, and this capacitor is recharged when V;
is higher than Voyr dashed line in Figure 2.28 [51,67,82].

C1 D2
T

o O
Imma

V,, D1A Q= Vo

Figure 2.27: Grenaches circuit [70].
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Figure 2.28:Transient wave forms [67].

Vi, can be in the millivolt level, so in order to obtain higher output
voltages, the circuit can be cascaded by using n stages Figure 2.29 shows a

two stage rectifier multiplier [67,76,79].

Vour

s
o]
i

Figure2.29: Two-stage voltage multiplier rectifier circuit [67].
In the case of an n-stage rectifier , V. in open circuit is[67].

Ve = 20V, (2.18)
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The input power (Pj,) equals the output power (Poyt) in a lossless
rectifier, and Rin may be computed from the resistance connected at the
output (R caq) as[97]:

Vin2 — Vout2 1 — RLoad
2P; P,,; 8n?  8n?

Rin = (2.19)

As n rises, Rin drops for a given R .. Otherwise, the ideal value of
Rioad grows as n increases given a matched value of Ry, = Ra. When
considering the diode's threshold voltage (V+), the OCV is[67]:

Vout = 2n(Vyy, — Vr) (2.20)
The output D.C. power in dBm can be calculated by[77 ].

2
Vout

RLoad

Ppc(dBm) = 10 X logy( x 1073) (2.21)

Where:-
Vpc is the measured output voltage and R | ,4q IS the optimal load.

Rectifier efficiency can be calculated by [76].

Pout
n= (2.22)
Pin
VZ
P, = R"—”t (2.23)
load
Vzout VZDC
n= = 2.24
PinRLoad PinRLoad ( )
Where:-
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Vpc Is the output DC voltage through the resistive load R, ,oq and Pj, is the
input power of the rectifying circuit.
It should be emphasized that in the current study, this form of rectifier was

used.
2-10-4:Full wave series multiplier (Delon Circuit)

Figure 2.30 shows a circuit called Delon circuit. The function is
similar to the Greinacher circuit and the output voltage is double the input
voltage. The two capacitors are each charged during the positive

respectively the negative part of the input sinusoidal [70,72].

Figure 2.30: Full wave series multiplier circuit [72].
2-10-5:Full wave Greinacher voltage quadruple circuit

A rectifier based on the Greinacher circuit but extended into a voltage
quadrupler. It is equivalent to a two-stage voltage doubler circuit formed in
a bridge type and the topology is given in Figure 2.31. There are two
branches with two diodes in each branch. The biasing voltage of each diode
can be partially produced by the output of the previous diode. The total RF

power consumption is reduced by using the new configuration . Resulting
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in a higher output voltage compared to the original Greinacher rectifier.
The benefit is obviously a higher output voltage, however it creates a more
complex circuit and the total power output will not be higher since the

energy will be divided into two sub circuits [76,78,82].

C p3 > =
J 2 Output

Input

al D2 D

T Ko

Figure 2.31: Full wave Greinacher voltage quadruple circuit[78].
2-11:Filter Circuit

When AC is converted to DC using rectifiers, the DC output contains
unwanted alternating current components known as ripple. Ripple
components are high frequency AC Signals in the DC output of the
rectifier. These are not desirable, so they must be filtered. If the ripple
surpasses the prescribed value, the system experiences a variety of
undesirable impacts such as include stray overheating, audible noise, and

so on. Ripple can be mitigated using an output filter [83,84,85] .

The filter is a device that allows passing the DC component of the
load and blocks the ac component of the rectifier output. Thus the output of

the filter circuit will be a steady DC voltage. The filter circuit can be
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constructed by the combination of components like capacitors, resistors,
and inductors. Inductor is used for its property that it allows only DC
components to pass and blocks AC signals. Capacitor is used so as to block
the dc and allows AC to pass. Depending upon the passive element used,
the filters can be classified as [86,87]

2-11-1: Shunt capacitor filter

This sort of filter is made out of a big capacitor linked across the
load resistor RL. This capacitor has a low reactance to the alternating
current components and a very high impedance to direct current. As a
result, the alternating current components in the rectifier output find a low
reactance path through the capacitor and only a small part flows through

RL, producing small ripple at the output as shown in Figure 2.32 [83].

.—

- L] +
Ny Rectifier c== & 3
.—

Figure 2.32:Rectifier with shunt capacitor[83].

¥ - 1
¢ 2nfc

(2.25 )

In this case, X, shown in equation (2.25 ) should be smaller than R,.
Because current must flow through C, and C must be charged. If C is very
tiny, X, is high, and current runs through R alone, with no filtering action
taking place. When the diode (in the rectifier) is conducting, the capacitor

C is charged, and when the diode is not conducting, the capacitor C is
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drained through R,. When the input voltage (v =V, sinwt ) Exceeds the
capacitor voltage, C is charged. When the input voltage is less than the
capacitor voltage, C discharges via RL. The capacitor's stored energy keeps
the load voltage high for an extended length of time. The diode only
conducts for a brief period of high current [70,87].Figure 2.33 depicts the

waveforms [83].

Vo

0l 6, 8 ¢ 2 51

Figure 2.33:The waveforms of rectifier with shunt capacitor[83].

A capacitor resists rapid voltage changes across it. As a result, the
ripple voltage is reduced. The capacitor's discharge is determined by the
time constant t = C.R;. As a result, the smoothness and amplitude of the
output voltage are determined by the values of capacitors C and R.. The

smoothness of the output rises as the value of C increases [83].

However, the maximum value of the capacitor is restricted by the
diode's current rating. A reduction in the value of RL also raises the load
current and decreases the time constant. These filters are employed in
circuits with low load current, such as transistor radio receivers,

calculators, and so on [83,87]. Advantage shunt capacitor low cost, small
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size and weight ,can be connect with for Half Wave ( HW) and Full Wave

(FW) rectifier, good characteristics and improved D.C output.
It should be noted that this form of filter was utilized in the current study.
2-11-2: Series inductor filter

The Inductor L is linked in series between the rectifier circuit and the
load, as the filter circuit's name indicates. The inductor has the property of
resisting current changes that pass through it. In other words, the inductor
provides high resistance to the ripples while providing no impedance to the
required DC components. As a result, the ripple components will be
removed. When the rectifier output current exceeds a specific threshold,
energy is stored in the form of a magnetic field, which is released when the
output current falls below the average value [84]. Because the current in all
sections of the series circuit is the same, an inductor L is connected in
series with the load, as illustrated in Figure 2.34 [86,87 ].

[\} Rectifier L1 A
- | (FWR) S

Figure 2.34:Rectifier with series inductor[83].

The use of an inductor prevents the current from rapidly increasing
or decreasing. When the inductor is sufficiently big, the current becomes
continuous and almost constant. The inductor stops the current from ever

reaching its maximum value, which would otherwise be achieved in the
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absence of a filter inductor. As a result, the output voltage is never equal to
the peak value of the applied sine wave. As a result, a rectifier whose
output is filtered by an inductor cannot produce as high a voltage as a
rectifier whose output is filtered by a capacitor. However, this disadvantage
is partially offset by the inductor filter, which allows for a higher current
without causing a significant change in output voltage. This is why an

inductor filter is appropriate for high power applications [83,87].

Figure 2.35:The waveforms of rectifier series inductor filter [87].

Advantages series inductor filter are sudden changes in current out
and Improved filter action at high load currents. Disadvantages are reduced
output voltage due to the drop across the inductor , bulky and large size,
Not suited for HW.

2-11-3: LC filter

To increase the filtering effect of rectified voltage and current, a
capacitor-inductor filter is employed. As observed in previous sections, the

capacitor or inductor alone cannot perform the filter action properly since
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the former is appropriate for low-power applications and the latter is

suitable for high-power applications[84].

When the capacitor and inductor are coupled, however, they create
high quality DC voltage and current. The capacitor's role is to smooth out
changes in voltage, whereas the inductor's function is to smooth out
variations in current. The capacitor-inductor filter is extensively utilized in

high-power applications due to the uniform flow of current [84,87].

L-C filters can be of two types: Choke Input L-section Filter and IT —

Filter or Capacitance Input Filter.
2-11-3-1: Choke Input L-section Filter

The ripple factor of an inductor filter grows as the load current Rqqq
increases. The ripple factor of a capacitor filter is inversely proportional to
the load resistance. In terms of cost, both inductor filters and capacitor

filters are unsuitable for sensor applications [84,87].

L-C inductor input, also known as an L-section filter, is made up of
an inductor (L) connected in series with a half or full wave rectifier and a
capacitor (C ) the load. Because its form resembles an inverted L-shape,
this configuration is also known as a choke input filter or L-section filter. A
single L-C circuit will not suffice to improve the smoothing action of the
filter circuit. A smooth filtered output will be obtained by arranging many
L-section filters. The circuit design and smoothed waveform of a full wave
rectifier output are shown in Figures 2.36 and 2.37 [84,87].
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Figure 2.36: Circuit diagram of L-section filter[87].
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Figure 2.37 : Waveform of a full wave rectifier output with LC
filter[87 ]

2-11-3-2: II - Filter or Capacitance Input Filter

IT shape with two shunt capacitances (C; and C,) and an inductance
filter ( L ). As the rectifier output is provided directly into the capacitor it
also called a capacitor input filter. The output from the rectifier is first
given to the shunt capacitor C. The rectifier used can be half or full wave
and the capacitors are usually electrolytic even though they large in size. In
practical applications, the two capacitances are enclosed in a metal

container which acts as a common ground for the two capacitors. Circuit
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diagram and the waveform are given below in Figures 2.38 and 2.39

respectively [87].

When compared to other type of filters, the IT — Filter has some
advantages like higher DC voltage and smaller ripple factor. But it also has
some disadvantages like poor voltage regulation, high peak diode current,
and high peak inverse voltage. This filter is divided into two — a capacitor
filter and a L-section filter. Here the first capacitor C, offers a low
reactance to AC component of rectifier output but provide more reactance
to DC components. Therefore most of the AC components will bypass
through C, and the DC component flows through chock L. The chock
offers very high reactance to the AC component. Thus it blocks AC
components while pass the DC [84,87].

The capacitor C, by passes any other AC component appears across
the load and get steady DC. The voltage regulation is poor for this circuit
as the output voltage falls off rapidly with the increase in load current.
Advantages circuit more output voltage, ripple less output and suitable to
be used with both HWR and FWR .Disadvantages are large in size and
weight and high cost [84, 87].

[\} Rectifier A
- | (FWR) §

Figure 2.38 : Circuit diagram of capacitance input filter[87].
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Figure 2.39 : Waveform of a full wave rectifier output with capacitance
input filter [ 87 ]

2-12:ADS software

ADS software it has superior characteristics such as freedom in
schematics and layout modification, as well as time-efficient simulation.
The ADS platform includes solutions for design entry, synthesis, system,
circuit, 3D EM simulation, analysis/post processing, and a complete
manufacturing cycle. The modeling and analysis can be done through
simulations to create an approximation of the results that will be obtained.
The software comes with a significant number of predefined libraries and
components that can be used. There are several different simulations that
ADS can perform [88].

It is commonly used for simulating analog RF and microwave
circuits. Harmonic balance simulation is ideal for high-frequency circuit
and system simulation and has several advantages over traditional time-
domain transient analysis. The frequency-domain voltages and currents are

obtained through harmonic balance simulation. Calculating the steady-state
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content of voltages or currents in a circuit directly. ADS Main Window
show in Figure 2.40.1t is the first interface to start using the ADS. It helps

to access all the features supported by ADS. It allows to:
1-Create and manage a workspace .

2-Organize design data in virtual folders.

3-Open design view (s) and data display window.
4-Perform design flow settings.

5- Set program preferences.

6-ADS allows you to open only one workspace for a given instance.

File  View Options Tools Window DesignKits DesignGuide Help

Ww Bo%Ee Wl

File View | Folder View I Library View |

File Browser
4 = MyWorkspacel_wrk
t. .
4 [= data
t. .
4 = MyLibraryl_lib
T .
B2 cell 1

Figure 2.40: The ADS software main window.

The Drawing area is where you create your designs. The Component

Palette contains buttons for placing components. The Prompt panel
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provides messages to assist you during the execution of most commands, as
well as various pieces of information to assist you in creating a design. The

following Figure 2.41 displays the parts of a schematics view.

Eile  Edit = Select  View Insert  Options Tools  Layout Simulate  Window  Dynamiclink  DesignGuide »
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- — M ofjeoco0000000000000¢
i 7| IR | Bl A A Click and drag to select vertices
CARR Ll e Press and held Ctrl, then Click and drag to
Forrms [ Toomm S X EEE R EEEEE Y select more vertices or ohjects
e S | Press and hold Shift, then Click to deselect
IND RES I
= r— 1 I s | B | R ﬂ Press M to move an object using reference
DEMO DEMD . N
"'t; "'t; - g e e e e e e e e e e e e e Press € to copy an object using reference
FET e || N | IR I T I T ST I S Press Ctrl+R to rotate an object
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oo 117 DE@T .................... i
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Select: Click and drag to select. 0 items ads_device:drawing -0.750, 2125 -0.125, 0.000 in

Figure 2.41: Front view window of ADS software.
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Chapter Three

Simulation Work

3-1: Simulations Work setup

To identify the suitable frequency bands field A field investigation
was done in Babylon to determine the availability of cell phone towers and
the Internet. To perform a suitable and neat circuit design a finest diodes,
and capacitance values have been chosen. After performing a study on
rectifier circuits that were typically used in radio frequency harvesting
applications, the optimal rectifier circuit and voltage doubling circuit were
determined. The voltage doubling circuit was simulated using the software
ADS ( 2020 64-bit Simulations). the circuit stage is an HSMS-7630
modified voltage multiplier, arranged in series .The voltage output ,and
efficiency of each phase was measured. To maximize the amplification
circuits efficiency, a model of an energy harvesting system has been
suggested as a parallel phases (two , three , four, five, six, seven, and eight)
phases for a voltage doubling circuit with three phases. Practical
measurements of series and parallel circuits were also taken, and these

were compared.
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Figure3. 1: Simulation Schematic
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3-2:Simulation measurements

The number of rectifier stages has a significant impact on the energy
harvesting circuit's output voltage. Each stage works as a voltage
multiplier which has been connected in series. The number of stages in the
energy harvesting circuit is directly proportional to the output voltage.
However, practical constraints impose a limit on the number of stages that
can be used and as well as on a result of the output voltage . Due to the
parasitic effect of the constituent capacitors of each stage, the voltage gain
decreases as the number of stages increases. The voltage doubling circuit
was simulated using the software ADS ( 2020 64-bit) Simulations. The
voltage doubling circuit was designed with values ranging from (20 to -20)
dBm for the input RF power and circuit stages ranging from (1 to 12) . In
the simulation, the circuit stage is an HSMS-7630 modified voltage
multiplier, arranged in series. After that, the voltage output of each phase
was measured. The output power was calculated using Equation (2.20) .The
capacitance values (8) pF were used to have the same value for all the
stages at the frequency range (400-680) MHz, and (7.5) pF at the
frequency range (700-900) MHz and (7) pF at the frequency range (2.5)
GHz.

3-2-1: Three-stages voltage multiplier circuit

The design of a three- stage voltage multiplier circuit has been
implemented as shown in Figure 3.2, with the filter capacitor across the
load resistor. The range values of the input voltages within (2.23-0.22 )Volt
and the output voltages of the three-phases voltage multiplier circuit have
been presented in Table 3.1 under different frequencies of the waveforms
(400-680) MHz, (700-900) MHz, and (2.5) GHz.
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Figure 3. 2: The voltage doubling circuits for three stages
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Table 3. 1:V, of three- stage at (400-680) MHz,(700-900) MHz and

(2.5) GHz
Three-stage
Vin(Volt) (400-680) MHz | (700-900) MHz (2.5) GHz
V out (VoIt) V out (VoIt) V out (Volt)
2.23 5.600 5.700 5.600
1.77 5.500 5.490 5.490
141 4.960 4.900 4.950
1.12 3.970 3.850 3.820
0.89 3.100 2.850 2.850
0.70 2.190 2.100 2.110
0.56 1.600 1.540 1.540
0.44 1.180 1.100 1.070
0.35 0.850 0.780 0.740
0.28 0.580 0.550 0.500
0.22 0.400 0.370 0.320
0.17 0.260 0.235 0.180
0.14 0.160 0.145 0.117
0.11 0.100 0.090 0.070
0.08 0.065 0.058 0.047
0.07 0.038 0.036 0.028
0.05 0.024 0.023 0.018
0.04 0.015 0.014 0.011
0.03 0.010 0.009 0.007
0.025 0.006 0.005 0.004
0.022 0.004 0.003 0.003
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The V, of the doubling circuits for three stages is illustrated in
Figures 3. 3, 3. 4, and 3. 5 at V;, equal to (2.23) Volt and under frequency
waveforms of  (400-680) MHz, (700-900) MHz and (2.5) GHz,

respectively.

sos ©
5_
4_
> i
3 3
> _
2 2
0 _
|_
1—
0_
1 T | T | T | T | T | T | T | T | T | T
0 1 2 3 4 5 6 7 8 9 10
time, usec
Figure 3. 3: V¢ with time at (400-680) MHz
ADS 6 |
5_
4_
> i
R
> _
Z 2-
0 |
|_
1_
0_
1 T | T | T | T | T | T | T | T | T | T
0 1 2 3 4 5 6 7 8 9 10
time, usec

Figure 3. 4:Vy, with time at (700-900) MHz
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TRAN.vout, V

time, usec

Figure 3. 5 :Vy, with time at (2.5) GHz

3-2-2: Five-stage voltage multiplier circuit

The design of the five- stage voltage multiplier circuit is presented in

Figure 3. 6 . A filter capacitor is connected across the load resistor.
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Figure3. 6: The voltage doubling circuits for five stages

Table 3.2 shows the values of the input voltages in the range of
(2.23-0.22 ) Volt and the output voltages of the five -phase voltage
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multiplier circuit . At (400-680) MHz, (700-900) MHz, and (2.5) GHz

frequencies.

Table 3.2:V, for five stages at (400-680)MHz,(700-900)MHz and

(2.5)GHz
Five -stage
Vin(Volt) (400-680) MHz (700-900) MHz (2.5) GHz
V o (VoOIt) V o (VoIt) V o (VoIt)
2.23 8.800 8.800 9.000
1.77 8.200 8.200 8.300
141 7.200 7.100 6.850
1.12 5.600 5.500 5.200
0.89 4.200 3.600 3.810
0.70 3.130 2.300 2.750
0.56 2.330 1.600 1.950
0.44 1.700 1.050 1.360
0.35 1.210 0.700 0.920
0.28 0.840 0.440 0.600
0.22 0.560 0.260 0.400
0.17 0.380 0.150 0.260
0.14 0.250 0.093 0.165
0.11 0.160 0.055 0.099
0.08 0.105 0.034 0.065
0.07 0.065 0.021 0.040
0.05 0.043 0.013 0.026
0.04 0.025 0.008 0.016
0.03 0.017 0.005 0.010
0.025 0.011 0.003 0.007
0.022 0.007 0.002 0.005
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Figures 3. 7, 3.8 and 3. 9 show the V, for voltage doubling
circuits with five stages . At a Vin of (2.23) Volt and frequencies of (400-
680) MHz, (700-900) MHz, and (2.5) GHz.

£DS 10

TRAN.vout, V

time, usec

Figure 3. 7: Vo With time at (400-680) MHz

£DS

TRAN.vout, V

time, usec

Figure 3. 8:Vout with time at (700-900) MHz
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AOS 10

TRAN.vout, V

time, usec

Figure 3. 9:Vout with time at (2.5) GHz

3-2-3: Seven-stage voltage multiplier circuit

The seven-stage voltage multiplier circuit design that was
implemented is depicted in Figure 3.10. Across the load resistor is

connected filter capacitor.
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Figure 3.10: The voltage doubling circuits for seven stages

Table 3.3 shows the values of the input voltages in the range of
(2.23-0.22 )Volt and the output voltages of the seven -phase voltage
multiplier circuit . At (400-680) MHz, (700-900) MHz, and (2.5) GHz

frequencies.
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Table 3.3:V, for seven stages at(400-680)MHz,(700-900)MHz and

(2.5)GHz
Seven-stage
Vin(Volt) (400-680) MHz (700-900) MHz (2.5) GHz
V out (VoIY) V ot (VoIt) V out (VoIt)
2.23 11.00 10.50 11.00
1.77 10.00 9.300 9.35
141 8.500 7.840 7.60
1.12 6.700 6.100 5.80
0.89 4.990 4.550 4.20
0.70 3.700 3.300 2.99
0.56 2.650 2.360 2.15
0.44 1.700 1.700 1.49
0.35 1.210 1.190 0.99
0.28 0.840 0.800 0.65
0.22 0.560 0.530 0.401
0.17 0.380 0.350 0.260
0.14 0.250 0.231 0.165
0.11 0.160 0.148 0.105
0.08 0.105 0.099 0.063
0.07 0.065 0.062 0.043
0.05 0.043 0.040 0.028
0.04 0.025 0.025 0.018
0.03 0.017 0.017 0.012
0.025 0.011 0.010 0.007
0.022 0.007 0.007 0.005
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Figures 3.11, 3.12 and 3.13 depict the V. for seven-stage
voltage doubling circuits. at (2.23) Volt and frequencies of (400-680) MHz,
(700-900) MHz, and (2.5) GHz.

ADE

TRAN.output, V
|

time, usec

Figure 3.11:V, with time at (400-680) MHz

£DS

TRAN.output, V
N
|

time, usec

Figure 3.12:Vq with time at (700-900) MHz



ADS

TRAN.output, V

time, usec

Figure 3.13:Vy, with time at (2.5) GHz

3-2-4: Ten-stage voltage multiplier circuit

Figure 3.14 depicts the ten-stage voltage multiplier circuit design that

was implemented . A filter capacitor is connected across the load resistor.
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Figure 3.14: Ten-stage voltage doubling circuits

The values of the input voltages in the range of (2.23-0.22 ) Volt and
the output voltages of the ten-phase voltage multiplier circuit are shown in
Table 3.4 at frequencies of (400-680) MHz, (700-900) MHz, and (2.5)
GHz.
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Table 3.4:V, for ten stage at(400-680) MHz,(700-900) MHz and (2.5)

GHz
Ten-stage
Vin (Volt) (400-680) MHz (700-900) MHz (2.5) GHz
V out (VoIt) V out (VoIt) V out (VoIt)
2.23 13.50 13.00 12.800
1.77 12.20 11.90 10.95
1.41 10.80 10.00 8.700
1.12 8.200 7.800 6.500
0.89 6.100 5.700 4.700
0.70 4.450 4.100 3.400
0.56 3.300 3.000 2.430
0.44 2.390 2.150 1.700
0.35 1.850 1.560 1.200
0.28 1.320 1.130 0.831
0.22 0.940 0.780 0.595
0.17 0.530 0. 550 0.410
0.14 0.380 0. 370 0.275
0.11 0.275 0. 250 0.180
0.08 0.190 0.170 0.081
0.07 0.125 0.113 0.054
0.05 0.085 0.072 0.034
0.04 0.054 0.049 0.023
0.03 0.035 0.031 0.010
0.025 0.023 0.021 0.015
0.022 0.014 0.013 0.019
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The V, for ten-stage voltage doubling circuits is depicted in Figures
3.15, 3.16, and 3.17 at a voltage of (2.23) Volts and frequencies of (400-
680) MHz, (700-900) MHz, and (2.5) GHz.

TRAN.output, V
o)}
|

time, usec

Figure 3.15: Vy, with time at(400-680) MHz

TRAN.output, V
[e)]
|

time, usec

Figure 3.16: Vout with time at(700-900) MHz
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TRAN.output, V
0]
|

time, usec

Figure 3.17: V¢ With time at (2.5) GHz

3-2-5: Twelve-stage voltage multiplier circuit

The twelve-stage voltage multiplier circuit design that was
implemented is depicted in Figure 3.18. A filter capacitor is connected

across the load resistor.
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Figure 3.18: The voltage doubling circuits for twelve- stage
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The values of the input voltages within the range of (2.23-0.22 ) Volt
and the output voltages of the twelve -phase voltage multiplier circuit are
shown in Table 3.5 at frequencies of (400-680) MHz, (700-900) MHz, and
(2.5) GHz.

Table 3.5:V,, for twelve stages at(400-680) MHz,(700-900) MHz and

(2.5) GHz
Twelve-stage
Vin(Volt) (400-680) MHz (700-900) MHz (2.5) GHz
V ou (VoIt) V oue (VOIY) V oue (VoY)
2.23 12.70 12.50 12.80
1.77 11.80 11.50 10.80
141 10.10 9.550 8.720
1.12 7.900 7.500 6.450
0.89 6.000 5.600 4,700
0.70 4.500 3.900 3.400
0.56 3.300 2.800 2.400
0.44 2.350 2.000 1.700
0.35 1.700 1.400 1.200
0.28 1.160 1.000 0.841
0.22 0.790 0.680 0.595
0.17 0.550 0.480 0.415
0.14 0.380 0. 340 0.280
0.11 0.250 0.220 0.185
0.08 0.170 0.154 0.130
0.07 0.110 0.100 0.084
0.05 0.075 0.065 0.056
0.04 0.049 0.042 0.035
0.03 0.030 0.027 0.023
0.025 0.020 0.018 0.015
0.022 0.012 0.011 0.011
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The V, for voltage doubling circuits for twelve- stage is depicted in
figure 3.19 , 3.20, and 3.21 at V;, equal to (2.23) Volt and frequencies of
(400-680) MHz,(700-900) MHz and (2.5) GHz.

ADS

TRAN.output, V
[0)]
I

0 1 2 3 4 5 6 7 8 9 10

time, usec

Figure 3.19: V,: with time at(400-680)MHz

£DE

TRAN.output, V
)]
|

0] 1 2 3 4 5 6 7 8 9 10

time, usec

Figure 3.20: Vout with time at (700-900) MHz
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TRAN.output, V
o
|

time, usec

Figure 3.21:Vout with time at (2.5) GHz

Parametric research is carried out prior to the manufacturing of
the final structure to pre-determine the best performance of the proposed
rectifier. The following parameters were investigated: (1) the number of
stages; and (2) capacitance variation in stages. All of the experiments were
carried out utilizing the (ADS) software for simulation. The first parameter
studied is the number of stages of the suggested rectifier for optimum
rectified output voltage is. an analysis on the optimum number of stage
was carried out for the proposed rectifier for input power from 20 dBm to -
20dBm. The proposed rectifier is designed to operate at 400-680 MHz ,700-
900 MHz and (2.5) GHz frequencies for energy harvesting.

Figures 3. 3, 3. 4, and 3. 5 show that the output is equivalent to
(5.6)Volt for input voltage (2.23)Volt, showing a voltage doubling that is
nearly three times input voltage of a three-phase circuit. Figures 3. 7, 3. 8,
and 3. 9 indicate that when the input voltage is (2.23) Volt, it doubles to 9
volts, which is approximately equal to five times the input voltage.
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Figures 3.11, 3.12, and 3.13 demonstrate that the input voltage is
increased to (11) Volt, which is which is approximately equal to seven
times the input voltage. Figures 3.15, 3.16, and 3.17 demonstrate that the
input voltage is increased to (13) Volt. Figures 3.19, 3.20, and 3.21
demonstrate that the input voltage is increased to (12.8) Volt. See that the
output voltage of the phases (3,5, 7) is good, but there is a steep slope of
the output voltage of the phases (10 and 11), which is due to the parasitic
impact of the constituent capacitors of each stage, and the voltage gain
diminishes as the number of stages grows, In addition to increasing the
circuit's impedance. The circuit has been implemented for all frequency

bands.

The table below compares the theoretical results of reference[9] with
the present study results at frequency of 900 MHz.
Table 4.6:Voltage at 4 - 6" stages of rectifier voltage doubler

reference [9 ]Jand Voltage at 3 th,5th and 7th stages of rectifier voltage
doubler [current work].

Power(dB)[9] |6™  stage |5th  stage | 4"  stage | Frequncy | Load
voltage(V) | voltage(V) | voltage(V)

15 4.83 3.89 3.92 900MHz | 2KQ
10 2.32 2.08 2.1

5 0.95 0.95 0.95

0 0.3 0.31 0.31

Power(dB)[ 7" stage | 5th  stage | 3th  stage | Frequncy | Load
current work] | voltage(V) | voltage(V) | voltage(V)

15 8 6.3 441 900MHz | 4KQ
10 4.6 2.75 2.1

5 19 1.12 0.93

0 0.78 0.36 0.37
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From Table 4.6 see that the results obtained from the voltage

doubling circuits are superior to those obtained from the reference [9].

The effect of various combinations of capacitance in circuits on the
rectified output voltage has been examined. The rectified output voltage
does change substantially for different combinations of stage capacitance,

as seen in Tables 3. 1, 3.2, 3.3, 3.4 and 3.5.

The relationship between the output voltage and the input power has
been set at phases (3, 5, 7, 10, and 12 ) at (400-680) MHz as shown in the

diagram 3.22.
@ 3-stages
16 -~ ® 5-stages
7-stages
1 o | ©10-stages
12-stages
12
=10 -
S
< 8 -
3
> 6 -
4 -
2 -
0 SRR
-20
P,,(dBm)

Figure 3.22: P;, with V, at (400-680) MHz for 3,5,7,10 and 12 stage

At (700-900) MHz, the relationship between the output voltage and
the input power has been drawn for phases 3, 5, 7, 10, and 12. As shown in

the diagram 3.23.
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14 - ® 3-stage

® 5-stages
7-stages

© 10-stages

X 12-stages

V,.: (Volt)

Figure3.23: P;, with V, at (700-900)MHz for 3,5,7,10 and 12 stage

The relationship between the output voltage and the input power has

been drawn for phases (3, 5, 7, 10, and 12) at (2.5) GHz. As illustrated in
the diagram 3.24.

@ 3-stages

14

@ 5-stages
7-stages

© 10-stages

X 12-stages

V  .(Volt)

ACALA R A A AR o

0
P,,(dBm)

Figure 3.24: P;, with V at (2.5) GHz for 3,5,7,10 and 12 stage
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Figures 3.22,3.23, and 3.24 show the proposed circuit's diodes and
capacitors validate the circuit's role as a rectifier and multiplier of input
power. At all measured input powers, it works better at all the ranges of
frequency approximately. It was also shown that increasing the number of
phases in the voltage doubling circuit increases the output voltage. As
shown in the figures above, a ten-phase circuit produces the highest voltage
(13.5,13) Volts, followed by seven-phase the highest voltage (11,10.5)
Volts and finally three phases providing the highest voltage within values
(5.6,5.5) Volts, for all regions of frequency, This is the same as what was
described in reference [ 10, 27,93]. However, after (12) phases, the voltage
begins to fall, which is ascribed to an increase in the circuit's resistance,
and the circuit therefore loses its characteristic as a voltage doubling

circuit.

Figures 3.25, 3.26, and 3.27 show the efficiency of the stage circuits
(3,5, 7, 10, 12) which was calculated using Eq. 2.24. The results have been
plotted as a function of the input power under the frequency ranges (400-
680) MHz, (700-900) MHz, and (2.5) GHz, respectively.

10 - @ 3-stages
5 @ 5-stages
X 7-stages
, X 10-stages
X
% 6
c5
(]
oS4
[ e
b 3
2
1
0 »S858 KPR R IR IR PR PRI RIRIRTRIST~T T k !
20 -15 10 5 Pg, (dBm) 5 10 15 20

Figure 3.25:P;, with Efficiency at (400-680) MHz for 3,5,7,10 and 12

stages
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o "\‘ 7-stages
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7 - ° 4 o 12-stages
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o
S 4
&=
w 3
2
1
0

Figure 3.26: P;, with Efficiency at (700-900) MHz for 3,5,7,10 and 12

stages
16 - @ 3-stages
® 5-stages
14 7-stages
X 10-stages
12
o 12-stages

[any
o

Efficiency%
(0]

Pi, (dBm)

Figure 3.27: P, with Efficiency at (2.5) GHz for 3,5,7,10 and 12 stages
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Demonstrate that at three stages, more efficient, with values of
(8.89) % for frequency (400-680) MHz, (10.25) % for frequency (700-900)
MHz, and (15.4) % for frequency (2.5) GHz at load (7,6,4) KQ. And as the
number of stage increases, the efficiency decreases. The greatest efficiency
in a five-phase circuit was (3, 4, and 5 ) % for frequency ranges (400-680)
MHz, (700-900) MHz, and (2.5) GHz, respectively. In a seven-phase
circuit, the highest efficiency ratings were (3, 4, and 5) %. In a ten-phase
and twelve-phase circuits, the efficiency is very low . The decrease in
efficiency as the number of stages rises is due to parasitic effects of each
stage's component capacitors, as well as an increase in the amount of load

on each stage. This is the same as what was described in references [28,94].

Also, Figures 3.28, 3.29 and 3.30 illustrate the relationship between
the input and output power of amplification stages (3,5,7,10,and 12) at the
frequency ranges (400-680) MHz, (700-900) MHz, and (2.5) GHz,

respectively.

-25 -20 -15 -10 0 5 10 15 20

10

210 -

-20 -

Pou (dBm)

-30 -

-40 -

-50 - == 3-stages
—4—>5-stages

7-stages
-70 - == 10-stages

=ie=12-stages

-60 -

Figure 3.28: P;, with P, at (400-680) MHz for 3,5,7,10 and 12 stages
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CHAPTER THREE SIMULATION WORK

P;,(dBm)
-25 -20 -15 -10 -5 0 5 10 15 20
20 1 1 1 1 1 1 1 1 J
10 -
E ]
- -10 -
5
a’ -20 -
-30 -
-40 - ==f—3-stages
-50 - == >5-stages
60 - ==he=7-stages
== 10-stages
70 - ==12-stages

Figure 3.29: P;, with P, at (700-900) MHz for 3,5,7,10 and 12 stages

P,,(dBm)
-25 -20 -15 -10 -5 0 5 10 15 20
20 1 1 1 1 1 1 1 1 J
10 -
0 .
A-lo .
5
< -20 -
0.230 .
-40 -
50 - == 3-stages
=4 15-stages
-60 - =l T7-stages
=0O=10-stages
-70 - == 12-stages

Figure 3.30: P;, with P, at (2.5 GHz for 3,5,7,10 and 12 stages

As demonstrated in Figures 3.28, 3.29, and 3.30, the relationship
between Pyt and Pj, has a high value at P;, (20) dBm ,which is equal to




(6.5,4.9,3.4,-2.44 ,and -2.7) dBm for (three ,five , seven ,ten ,and twelve )
stages at (400-680) MHz and (7.2,5.2 , 4.4,-2 ,and -2.8) dBm for ( three
five , seven ,ten ,and twelve) stages at (700-900) MHz and (7.8, 7.3 ,
6.67,- 0.16, and -2.16) dBm for (three ,five , seven ,ten ,and twelve) stages

for (2.5)GHz begins degreasing until (-20) dBm.

Figure 3.31 exhibits a relationship between V,,and the number of
amplification stages (1-12) at (P;,=20) dBm P;, and (2.5) GHz .

16 +

14 -

12

10 -

V,,: (Voult)
o

o 1 2 3 4 5 6 7 8 9 10 11 12 13
Number of stage

Figure 3.31: The relationship between the output voltage and the
number of amplification stages (1-12)

The output increased as the number of rectifier stage
increased. Level ten is the most effective since it can provide an
optimal rectified voltage, at (11 and 12) stages, the voltage begins

to fall, which is ascribed to an increase in the circuit's resistance,
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and the circuit therefore loses its characteristic as a voltage

doubling circuit .

To maximize the amplification circuits efficiency, a model
of an energy harvesting system has been suggested as a parallel
(two , three , four, five, six, seven, and eight) stages for a voltage
doubling circuit with three phases ,shown in Figures (3.32- 3.38).
It should be noted that the input power is set to (10) dBm, and the
frequency is set to (2.5) GHz.
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Figure 3.32: RF energy harvesting with two parallel lines of the

voltage doubling circuits for 3-stage
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Figure3. 35:RF energy harvesting with five parallel lines of the
voltage doubling circuits for 3-stage
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voltage doubling circuits for 3-stage
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Figure3. 36:RF energy harvesting with six parallel lines of the




Figure3. 37:RF energy harvesting with eight parallel lines of the
voltage doubling circuits for 3-stage
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By implementing the above circuits, the efficiency was calculated

with the number of stages as shown in Figure 3.38.

95 4
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Efficiency%

1 2 3 4 5 6 7 8
Number of stage

Figure 3.38: Number of stage for (2-8) parallel lines of the voltage

doubling circuits for 3-stage and efficiency percent

Given the low efficiency of series circuits, parallel circuits were
proposed to enhance the amount of efficiency. To maximize the
amplification circuits efficiency, a model of an energy harvesting system
has been suggested as a parallel phases (two , three , four, five , six, seven
and eight) phases for a voltage doubling circuit with three phases. The
circuit becomes more efficient as the parallel phases of a three-phase
voltage- doubling circuit grow. This is the result of putting the current
values together. As a result, the output voltage rises while the load
decreases. As shown in Figure 3.38 .
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Chapter Four

Experimental Work

4-1:CNC machine

The word “CNC” stands for Computer Numerical Control, CNC
Machining is a process used in the manufacturing sector that involves the
use of computers to control machine tools. Tools that can be controlled in
this manner include lathes, mills, machines and grinders. The CNC depends
on digital instructions usually made on Computer Aided Manufacturing
(CAM) or Computer Aided Design (CAD) software like SolidWorks or
Master CAM. The software writes G-code that the controller on the CNC
machine can read. The computer program on the controller interprets the
design and moves cutting tools and/or the workpiece on multiple axes to
cut the desired shape from the workpiece [89-91]. Figure 4.1 depicts the

CNC engraving machine.

Figure 4.1:CNC machine

102



Steps of printing the circuit map using a CNC machine [91]:

1-The design is loaded into a computer connected to the CNC machine.
The design is converted by the computer into a particular code numerical

(0,1) that regulates how the CNC cuts and forms the material.

2- The material to be shaped is taped on to a block with double sided tape.
This must be done carefully so that it does not come off the block during

machining.

3- The guard is placed in position. It protects the machine operator in case
the material is pulled out of the vice by the power of the cutter. For safety
reasons, if the guard is not in position the motor will not start.

4- The CNC is turned on and the shape is cut from the material. When the
cutter has stopped the shaped material can be removed from the clamping

device.
4-2: Three-stages voltage multiplier circuit test

Each level of the voltage doubling circuit is a series and parallel
HSMS-7630 modified voltage multiplier. For compared the empirical and
theoretical outcomes Theoretical calculations were performed in the
frequency bands (850-960) MHz and (2.11-2.17) GHz. In addition, the
input power with range (15 to -15) dBm.

A CNC engraving machine see Figure 4.1 was used to construct a
connecting circuit lines. A three-phase schematic in Figure 4. 2 has been
prepared using a printed circuit board, Figure 4.3 shows the electrical
components. Figure 4.4 and Figure 4.5 show the electrical components on

the printed circuit board.
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Figure 4.2: A printed map of a three-phase circuit

Figure 4. 3: Electronic components
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4-3 :The DC measurements and results

The necessary measurements were taken using an experimental
setup in Figure 4.6. A frequency transmitter (High power disk signal
jammer for worldwide all networks ) has been implemented to obtain
different frequency range start from (850 )MHz Where different colors
fixed on the device gives a specific frequency range. For example red color
(2.11-2.17) GHz, and so on of the other colors. A DC voltmeter has been
used to measure the amount of the DC voltage which has been collected

from a specific frequency range using the three stage circuit.

The design of a three- stage voltage multiplier circuit has been
implemented with the filter capacitor across the load resistor. The range
values of the input voltages within (1.25 -0.039 ) Volt and the output
voltages of the three-phases voltage multiplier circuit have been presented
in Table 4.1 under different frequencies of the waveforms (850-960)MHz,
and (2.11-2.17) GHz.

voltmeter

Antenna

Figure4. 6. The electrical circuit for a three-phase circuit
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Table 4. 1:V, of three- stage at (850-960)MHz and (2.11-2.17)GHz

Simulation results for a three-stage

Practical results for a three-stage

Vin(Volt) [ (850-960)MHz | (2.11-2.17)GHz | (850-960)MHz | (2.11-2.17)GHz
V ot (VOIY) V ot (VOID) V ot (VOID) V ot (VOID)
1.25 4.6 4.6 2.1 2.3
1.12 3.7 4.2 2.03 2.07
0.89 3 34 1.4 1.42
0.7 2.3 25 121 1.23
0.56 18 1.9 0.7 0.87
0.44 13 1.5 0.52 0.72
0.35 0.97 11 0.29 0.34
0.28 0.65 0.69 0.25 0.27
0.22 0.45 0.48 0.19 0.21
0.199 0.35 0.39 0.12 0.15
0.158 0.25 0.27 0.07 0.085
0.125 0.14 0.19 0.039 0.030
0.102 0.1 0.13 0.026 0.025
0.079 0.055 0.058 0.019 0.015
0.063 0.04 0.047 0.01 0.011
0.05 0.025 0.027 0.008 0.009
0.039 0.015 0.016 0.0047 0.005
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5 -1 @ Simulation of three stage at
frequency(850-960)MHz

4.5 A

a1 ® Practical of three stageat
frequency(850-960)MHz

3.5 -

V,.: (Volt)
N
w

-15 -10 5 P;, (dBm) 5 10 15

Figure 4. 7: P, with V; at (850-960)MHz for three-stages

> 1| @ simulation of three stage at
4.5 - frequncy (2.11-2.17)GHz

4 | @Practical of three stage at
35 frequncy (2.11-2.17)GHz

V. (Volt)

P.a(dBm)

Figure 4. 8: Pin with Vout at (2.11-2.17)GHz for three- stages

Figure 4.7 shows a comparison curves between a simulation results

and experimental measurements of the input power and the output voltage
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in the frequency range (850-960) MHz. The results show the curves are
almost identical at the values (-7 to -15) dBm . However, there is a clear
and somewhat small Approximately difference at the values (15 to -6 )
dBm. This is, due to the practical values of the capacitors and load values
that were used in the circuit and energy consumption in the connecting

wires and circuit welding.

Also, calculated the output voltage for a three-phase circuit in the
frequency range (2.11-2.17) GHz, then established the relationship between
the output voltage and the input power has been drawn and compared it to

the theoretical results. As seen in Figure 4.8.

The range values of the input voltages within (1.25-0.039 ) Volt and
the output voltages of the three-phases voltage multiplier circuit have been
presented in Table 4.1 under different frequencies of the waveforms (850-
960) MHz, and (2.11-2.17) GHz. Figure 4.8 shows a comparison curves
between a simulation results and experimental measurements of the input
power and the output voltage. The results show the curves are almost
identical at the values (-8 to -15) dBm. However, there is a clear and
somewhat small Approximately difference at the values (15 to -7) dBm.
This is, due to the practical values of the capacitors and load values that
were used in the circuit and energy consumption in the connecting wires

and circuit welding.

Figure 4. 9 illustrate the relationship between the input and output
power of amplification stage three-phase at the frequency range (850-960)
MHz. The relationship between P, and P;, has a high value at P;, (15) dBm
,which is equal to (0.34) dBm begins decreasing until (-15) dBm. The drop

in power is caused by a fall in output voltage, which is caused by practical
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values of the capacitors and load values employed in the circuit, as well as

energy consumption in the connecting wires and circuit welding.

Pout (dBm)

-20
10

Pln(dBm)

-15 -10 -5 0 5 10 15

-10 -

-20 -

-30 -

-50 -

-60 -

Simulation of three stage at
frequncy (850-960)MHz

® Practical of three stage at
frequncy (850-9660)MHz"

Figure 4.9: P;, with Py at (850-960)MHz for three- stages

P, (dBm)

-10 -

-30 -

@ Simulation of three stage at
frequncy (2.11-2.17)GHz

@ Practical of three stage at
frequncy (2.11-2.17)GHz

Figure 4.10: P;, with Py at (2.11-2.17) GHz for three- stages
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Figure 4. 10 depicts the relationship between the input power and
output power of a three-phase amplification stage operating at a frequency
of (2.11-2.17) GHz. The relationship between P, and P;, has a high value
at P;, (15) dBm ,which is equal to (0.34) dBm begins decreasing until (-15)
dBm. The drop in power is caused by a fall in output voltage, which is
caused by practical values of the capacitors and load values employed in
the circuit, as well as energy consumption in the connecting wires and

circuit welding.

14 1 @ simulation of three stage at

frequncy (850-960)MHz

@ Practical of three stage at
frequncy (850-9660)MHz

Effecincy%

P, (dBm)

Figure 4.11: P;, with Efficiency at (850-960)MHz for three- stages
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frequncy (2.11-2.17)GHz
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10 -

Figure 4.12: Pin with Efficiency at (2.11-2.17)GHz for three- stages

Figure 4.11 depicts the efficiency of a three-stage circuit
determined using Eqg. 2.19. The findings were shown as a function of input
power over a frequency range of (850-960) MHz. The greatest efficiency
value, (4.8) % was reached. The decline in efficiency value is due to the

same factors discussed above.

Figure 4.12 depicts the efficiency of a three-stage circuit . The findings
were shown as a function of input power over a frequency range of (2.11-
2.17) GHz. The greatest efficiency value, (5.3)% was reached. The decline

in efficiency value is due to the same factors discussed above.

A two-phase parallel circuit was implemented for a three-stage
circuit. The circuit is shown in Figure 4.5, yielding a (26) % efficiency. It
Is worth noting that the input power is (10) dBm and the frequency is (2.15)
GHz.
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4-4:Simple harvesting circuit

It Presented thorough examination of the various radio frequency
sources (DTV, GSM, Wi-Fi) available electromagnetic signals as
renewable energy sources. Using existing commercial antennas such as TV
network and dish antenna, as well as a wire antenna, then can to discover
energy sources. By using experimental electronic circuit described in
Figure 4.13. One can ran a number of experiments in the absence of an

antenna and with various types of antennas

A model of a simple RF energy harvesting circuit is displayed in
Figure 4.13. The architecture in this research focuses on the circuitry of
processing, which includes filtering (C3, C4 and D4, D,), and switch mode
power conversion (C,, C,, and Ds;, D). C;,C,=100 pF, C3Cs=20 nF
,D1,D,,D3,D4= diodes, C;,C,= electrolytic capacitor and Cs;,C,=ceramic

capacitor.

Antenna
)
o
A
o
O

Figure 4.13: Design of on RF energy harvesting circuit

The circuit itself exhibits nonlinearity, because the energy

harvesting circuit consists of diodes, which are nonlinear devices [95]. This
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ensures that the energy harvesting circuit's impedance changes with the
amount of antenna power produced. Because when the circuit is combined
with the antenna, the full power transfer occurs, the impedance matching is
typically achieved at the same input power. The impedance matching

network converts impedance to ensure optimal power distribution [96].

4-3-1: Without an antenna

Figure 4.14-a shows the circuit connection without using an
antenna and Figure 4.14-b,c displays the amount of energy DC.
voltage on the screen of the oscilloscope at t= 0 minute and t= 3

minutes respectively.

(b) (c)

Figure 4.14 : The circuit connection without using antenna, a- circuit
design, b- the amount of voltage at t=0 min and c-the amount of
voltage at t=3 min
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Table4. 2: The amount of voltage without an antenna

V(mV) t(min)
Without antenna 20 0
22 3

This is representative of the exponential recovery function, which
Is the predicted charging characteristic of the capacitor. These findings
show the RF energy harvester's proof-of-concept, as well as validating the
processing circuitry's ability to rectify the RF signal received. These
findings, however, indicate that the circuit cannot work as planned. The
circuit was desigened to output a voltage of approximately 5V, which is far
higher than the real voltage calculated through the capacitor. The potential
explanation why it does not produce the desired output is that the RF
energy harvester is unable to reach this threshold, insufficient power

received poor power transfer.

4-3-2: With wire antenna

To extract more energy from the RF signal, a wire an antenna
(dipole antenna) of has been proposed. Figure 4.15-a shows the circuit
design, and the amount of the DC voltage on the oscilloscope screen
at time (0,3) minute is shown in Figure 4. 15- b and ¢ respectively, and
Table 4.3.

The wire antenna has been suggested to get more energy from
RF signal. Although the input power obtained from the antenna varies
over time, the RF energy harvester will have to sustain a voltage level of at

least (625) mV at the input even though the threshold is exceeded
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Table 4.3 : The amount of voltage for wire antenna

Wire antenna

V(mV) t (min)
50 0
75 3

=919 /4723 09410

(b)

wire antennmna

; wire
at-3-min

)
|

2019/4423 09:17

(c)

Figure 4.15: The circuit and the amount of the DC voltage on
the oscilloscope screen are :a- circuit design, b- at time 0 minute, and c-

after 3 minute

Using an electrolytic capacitor for research is an added challenge that

may restrict the maximum output voltage reached by the circuit. In a low

QD
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power application like the one discussed here, the leakage current of the
capacitor may have a substantial negative effect on the output voltage. If
the output current decreases to a degree equivalent to the capacitor's
leakage current, Then the capacitor will no longer receive a charge.
4-4-3:With air antenna

The results of the air antenna (type of yagi antenna) recorded at

t= (0, 3) min. are shown in Figure 4.16 and Table 4.4.

Figure 4.16 : The circuit and the amount of the DC voltage on
the oscilloscope screen: a- circuit design, b- air antenna , c- the amount
of voltage at time 0 minute, and d- the amount of voltage after 3
minutes.

The amount of voltage has been increased up to (400) mV at t=0, and
(700) mV at t=3min. That’s because the air antenna has an ability to
capture the ambient E.M. waves more than the wire antenna.
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Table 4.4 : The amount of voltage for air antenna

V(mV) t (min)
Air antenna 400 0
700 3

4-4-4: With dish antenna
The results of the dish antenna(type of reflector antenna have

been recorded at t = (0, 3) min. as shown in Figure 4.17 and Table
4.5,

at 0 min

(c) (d)

Figure 4.17: The circuit and the amount of the DC voltage on the
oscilloscope screen: a- circuit design, b- dish antenna, c- the amount of
voltage at time 0 minute, and d- the amount of voltage after 3 minutes
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Table4. 5 : The amount of voltage for dish antenna

V(mV) t (min)
Dish antenna 280 0
800 3

The amount of voltage increased up to (800) mV at t=3min.
Obviously, the value of the energy gain in this case is higher than the
energy gain in the case of air antenna. It may be referred to the size of the

dish antenna larger as compared to the size of the air antenna.
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Chapter Five

Conclusions and Recommendations

This chapter includes the conclusions, which are extracted from the

present study and recommendations for future studies.

5-1: Conclusions

1.

The number of rectifier stages has a major influence on the output
voltage of the energy harvesting circuit.

The results have shown that the voltage amount that can be obtained
from the three steps, five steps, seven , ten and twelve steps voltage
multiplier circuits are approximately the expected and valuable
amount.

The circuit yields higher efficiency at three stage and decreases with
the number of stages increasing, due to the parasitic effect of the
constituent capacitors of each stage, and finally it becomes negligible.
The circuit yields higher efficiency with the increase in parallel phases
of a three phase voltage doubling circuit due to the output power to
being increased while the load is reduced.

The ambient RF frequencies are a considerable, powerful, and
promising source of energy.

The amount of the DC. voltage that is collected from the RF
frequencies without an antenna can be considered and employed after
using an amplifier circuit.

The wire antenna gives a significant improvement in the value of DC.
Voltage as compared with the kinds of antenna.

Although the air antenna raised the DC. power to a higher level, the

shape and the large size of the antenna could be limited to its use.
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9. The amount of the DC. power that is obtained using a dish antenna is
approximately the same as the energy that is collected using an air
antenna.

10.The amount of the DC. Power could be controlled by the charging time
(RC) of the capacities.

5-2: Future works

1. Using a different shapes of antenna design.

2. Using different frequencies as a source for the RF circuits.

3. Designing a multiple RF (energy harvesting - system using different
capacitance) and inductance values.

4. Using a transistor, construct an energy collecting circuit.

5. Using several types of matching networks and comparing their

performance.
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