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ABSTRACT

Increasing a number of the electronic devices connected to the internet or ones

that will be connected in the future impose restriction and challenge, which is how

to power all these devices. An energy harvesting system is a promising technique

to achieve battery-less devices, which means enabling devices to be more compact

when removing the necessity of batteries that must be periodically maintained or

replaced. Ambient RF energy harvesting is based on scavenging the energy from

environmental (external) RF sources. With this type of the energy, the power

destiny in space is very low, and the energy source location is unknown. These

two challenges have to be taken into account. Firstly, this thesis is focused on

solving the RF power source location and orientation issue. The multibeam RF

(i.e., sort of beamforming) networks (BFNs) are adopted to cover most directions in

space, while antennas with circular polarization capabilities are utilized to defeat

orientations of the RF power sources. Using several RF energy harvesters in a

form of an array called rectenna array is the solution for the second challenge.

This increases an amount of the power delivered to each single recti�er, where

problems of the nonlinearity will dominate the scene. The author has solved this

problem by using the impedance compression network ICN. Recti�ers with ICNs

are designed, analyzed, and optimized utilizing the particle swarm optimization

PSO algorithm. The proposed recti�er deals with a range of the RF input power

and variable load resistance at a resonance frequency of 2.4 GHz. To collect the DC

powers from output antenna ports, there are many ways to do so such as DC, RF,

Hybrid (RF/DC), and BFN/DC power combining techniques. Each combining

technique o�ers several bene�ts over others.
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CHAPTER 1

GENERAL INTRODUCTION AND LITERATURE

REVIEW

1.1 Wireless Power Transfer (WPT)

Wireless power transfer (WPT) systems have attracted great attention re-

cently where transmission of the electrical energy across space to the receiver

devices without using wires (wireless link) becomes fact. The adoption of WPT

technology as a substitution employs power electronic devices with self-sustaining

energy, thus eliminating the need for batteries from billions or trillions of devices.

Accordingly, many bene�ts can be obtained, such as compact design, low cost, less

pollution devices, etc.

In the late 19th century, Nikola Tesla's experiments discovered the short-range

transmission of the power between induction coils using inductive and capaci-

tive coupling. Tesla had been enthused to distribute power wirelessly over huge

distances, in which relatively high frequency �KHz� had been utilized. Also, he

succeeded to generate hundreds of kilowatts [1]. Tesla's experiment had made a

lot of inventors, investors, and researchers to think about how to leverage from

the electromagnetic to transfer and distribute the power. Since then, the WPT

idea was a hot research topic although no commercial work appeared until our cur-

rent day. Table 1.1 summarizes the most important trends in the WPT technique

development [2].



Table 1.1: Historical trends in WPT

Person Year Contribution
James C. Maxwell 1860 formulate the �rst theoretical basis of WPT
John H. Poyntig 1884 describe the energy �ux of an EM �eld
Nikola Tesla 1890 �rst WPT experiment
William C. Brown 1963 the �rst microwave power transfer (MPT) system
William C. Brown 1964 rectenna, microwave powered helicopter

In the recent years, the WPT technology has been used in various applica-

tions, where several types of energy sources have been exploited. For instance,

solar energy coming from Sun light has been converted into the DC power us-

ing photovoltaic panels. Some uses of solar energy such as generating electricity

for houses and companies to o�set the property owner's usage [3], Figure(1.1a).

Also, to power all transportation and machinery. A wireless charging pad for mo-

bile phones, based on the Qi standard de�ned by the Wireless Power Consortium

(WPC) as Figure(1.1b).

One stunning application of WPT is the wireless charging of electric vehicles

(EVs) that are low-cost and fully autonomous. These attributes can be realized

through wireless charging. These are applied by various WPT techniques includ-

ing inductive coupling, resonant coupling, or microwave power transfer (MPT), as

in Figure(1.1c) [4]. Autonomous radio frequency identi�cation (RFID) sensor is

the most well-known commercial application. Another innovative WPT applica-

tion is the batteryless sensor. Wireless sensor networks (WSNs) with advanced

technologies are capable of obtaining and collecting relevant information quickly

which widely used in many applications requiring monitoring of systems [5], Fig-

ure(1.1d).
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(a) (b)

(c) (d)

Figure 1.1: Some feasible applications on wireless power transfer technique (a) So-
lar power to charge electric vehicles (b) The simple way to charge mobile devices by
WPC (c) The wireless charging of electric vehicles (d) A Batteryless RF-powered
wireless sensor system targets building automation

A WPT system can be classi�ed according to the distance between the trans-

mitter and receiver sources into two categories, near-�eld and far-�eld wireless

power transmission systems. Near �eld technology or non-radiative energy transfer

over short-range distances, this type includes inductive coupling technique where

energy is transferred by a magnetic �eld, and by an electric �eld in the capacitive

coupling technique. Far-�eld or radiative technology, energy transmission over

long distances, includes RF/microwave energy transmission techniques, where en-

ergy is transmitted as an electromagnetic wave using electric and magnetic �elds,

in addition to laser-based optical energy transmission [6].

3



1.2 Wireless Energy Harvesting (WEH)

Energy harvesting (EH) or the energy scavenging of ambient power is a promis-

ing technique by which energy is collecting from external environmental sources

(e.g. solar energy, kinetic energy, thermal energy, electromagnetic energy), stored

or used directly to provide wireless autonomous devices used at numerous appli-

cations. The purpose of energy harvesting is to increase the lifetime of �eld nodes

and devices, also to power a sensor network and mobile devices without batteries

or to recharging batteries. Thus, EH is potentially attractive to a lot of �elds

such as the military and commercial sectors. There are several types of ambient

environment sources reported as illustrated in Table1.2:

Table 1.2: Comparison of energy sources and harvesting methods,[7]

Energy sources Power density Harvesting methods
Solar 100 mW/cm3 Solar cells
Vibrations (human motion) 4 µW/cm3 Piezoelectric Electrostatic
Vibrations (machine motion) 800 µW/cm3 Electromagnetic
Wind 177 mW/cm2 Generator
Thermal (human) 60µW/cm2 Thermal electric
Thermal (industry) 10 mW/cm2

Radio frequency (RF-GSM) 300µW/cm2 Patch antenna
Radio frequency (RF-WiFi) 150µW/cm2

Radio frequency (RF-AM) 2mW/cm2 Magnetic coil antenna

1. Solar energy

Among all the ambient environmental sources, solar energy has the high-

est power density. The ambient sun energy uses by thermoelectric to convert

temperature di�erences into equivalent electric current and voltage. Photo-

voltaic converts solar energy and light energy into electrical current.Energy

harvesting systems provide a good amount of fuel savings for cars, lorries

and trucks.
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2. Mechanical energy

Mechanical energy or piezoelectric energy harvesting attached to moving

objects or ambient vibrating generating such as a cousin noise, low-frequency

vibration, human motion and even motors, and vehicles and machines mov-

ing, convert them into an electrical signal by piezoelectric devices. Example

of mechanical energy includes piezoelectric �oor tiles and batteryless remote

control.

3. Thermal energy

Heat and temperature variations are the mains sources of thermal en-

ergy thermo- electric technique, employed to convert the temperature �uc-

tuations into a usable energy form, as examples as terrestrial and space

applications. Pyroelectric device converts waste heat into electrical energy,

useful for IoT and wireless sensors.

4. Wind energy

Wind energy harvesting system converts wind power into an electric

signal, wind turbines micro-wind turbines are techniques that generate elec-

trical power from wind energy.

All the above types mentioned above are used in WSN applications and

also structural health monitoring (SHM) [7].
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5. RF/Electromagnetic energy

Electromagnetic (EM) energy sources are signi�cantly increased in our

surrounding environment, for example, WiFi routers are connected every day.

Not all power emitted by those devises will be captured by other devices such

as our phones. Thus, the local atmospheres are contaminated with the EM

energy. Consequently, a lot of researchers have devoted their research to

leverage this wasted EM energy regardless where and when the EM energy

is. One drawback associated with this type of energy is the low density in

space, but it is always available (durability). Despite this de�cit, the EM

durability was the main reason to make researchers pursuing the research

in this �eld on collecting the wasted RF energy, at a frequency range of

(3 KHz - 300 GHz), from ambient environment RF sources. The EM-RF

harvester can obtain the energy from various RF sources including mobile

phones, WiFi systems, routers, TV towers, radio stations, and mobile base

stations. RF sources operate at one of the following bands, AM radio (550 -

1720) kHz, FM (88 - 108) MHz, DTV (400 - 800) MHz, GSM (0.9/1.8) GHz

and WiFi (2.4/5/5.8) GHz. Figure(1.2) demonstrates measured input power

density [8].

In [7], authors have investigated various RF energy harvesting applications,

extracted power from di�erent types of sources. For instance, the 1mW was ex-

tracted from the GSM station as well. AM signals, emitted from a 50m far-station,

have exploited to power the WSN with a maximum power of 2.39 mW. Further

less, the WiFi sources extracted power at range (10nW - 0.1µW) away as a maxi-

mum as 10m from the harvester. Authors, in [9], have designed PoWiFi harvester

6



Figure 1.2: Input power density measured vs frequency [8]

as a novel system for charging battery-free camera and battery-free temperature

sensor, also recharging two types of batteries. Figure(1.3) and Figure(1.4)show

designs and results for the PoWiFi system.

(a) Battery Free Camera

(b) Battery Free Temperature

Sensor

(c) Li-Ion Battery Charger (d) NiMH Battery Charger

Figure 1.3: Prototype hardware demonstration of the power over WiFi (PoWiFi)
[9]
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(a) Temperature Sensor (b) Camera

Figure 1.4: Sensor update rate [9]

1.3 Challenges

There are two issues facing the far-�led RF energy harvesting designers:

1. Most energy harvesters (EH) have low RF to DC conversion e�ciencies owing

to the low densities of the ambient RF power, ranging from 0.1 µ W · cm2

on average in urban areas to some µ W · cm2 closing to WiFi access points

or routers. Also, the RF-to-DC conversion e�ciency rapidly decreases or

at least deviates from its optimal value when a single serial diode operates

with the low power which means that the recti�cation e�ciency is directly

proportional to the input power.

2. The second issue is locations of the RF sources (i.e., transmitters) or orienta-

tions of rectennas which are usually unknown or time varying. Consequently,

the angle of arrival of RF signals incident on EHs are completely random.

1.4 Literature Review

Ambient energy harvesting is based on scavenging energy from environmental

(external) sources. Since radio frequency power sources are available ubiquitously

and permanently, such as Wi-Fi, mobile base station, and digital TV towers, so

it is preferred over others because it can provide the power 24 hour a day. Thus,
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battery replacement is avoided. Also, a constant energy transfer could be provided

by the ambient RF sources over distance form away RF energy harvesters. The

RF power captured is signi�cantly limited, as observed in Table 1.2, hence this

low power density limit the conversion e�ciency, the factor that measures the ef-

fectiveness of the system, [10].

The �rst essential part is designing an e�cient antenna that has the ability

to capture a maximum ambient RF energy source. As in the recti�er design,

several researchers have adopted e�ective antenna designs for the RF energy har-

vesting systems. Various types of antennas have been implemented in the rectenna

circuits, for instance, dipole, monopole, loop, microstrip, Yagi and so on. The mi-

crostrip patch antenna is the most popular antenna type used because of its low

pro�le, low cost, lightweight, and simple integration with other printed circuits[11].

Most antennas introduced in the literature have linear polarization, considering

the RF energy emitting source is known where it is located in space. Thus, the

antenna orientation and location in space are known with respect to the RF energy

harvesting system designers. However, this is not the case in the real-world ap-

plications. The question here is how to overcome these two problems (i.e., known

of the emitting antenna location and orientation). The answer is usually impos-

sible. Then, what should we do? Design an antenna that is able to receive the

RF signals coming from any direction and with any orientation is the best choice

to overcome these two challenges. The proposed solution will be adopted in this

work. The �rst part is to design an antenna array, while the second part is to

design a circularly-polarized antenna. Adopting an antenna array is not enough

to solve the problem of known a direction of the RF emitting source. The smart
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feeding RF network adds more �exibility to antenna array to choose the RF signals

from many directions, simultaneously. Consequently, the harvested power amount

will be increased relatively, thus increasing the conversion e�ciency. Furthermore,

broadband or multiband antenna array con�gurations, with high directivity and

wide spatial coverage area, are adopted in other works to increase harvested power.

The authors, in [12], have reported broadband slotted antenna operating at a range

of 2-3.1GHz, but only single antenna is used in the design. Whereas an antenna

array consisting of 1x4 broadband microstrip quasi Yagi antennas is presented in

[13]. The latter design has high gain at cost of the size occupation, but the former

one o�ers a low footprint design at cost of the low gain antenna. Wideband fractal

planer monopole antenna is proposed in [14], where the design resonates at many

frequency bands. Dual polarization is adopted in [15] to deal with more ambient

RF sources.

To overcome the polarization mismatch, the circular polarization (CP) is pro-

posed to capture signals regardless of the polarization of the transmitter sources

and has been reported with di�erent techniques. The CP which is achieved in

some literature is reported as in [16, 17]. The [16] introduces a square loop patch

antenna with spatial feeding network, while the [17] presents the 2x2 disc patch

antenna array fed with a modi�ed sequential phase network. Another researcher

has modi�ed a shape of the patch circuit to generate a CP as in [18], in [19, 20]

a square patch antenna with truncated four edges is the easiest way to implement

the circular polarization. Authors, in [21], present a 2x2 truncated square patch

planar array with a simpli�ed feed network.

In terms of increasing the spatial angle coverage, an antenna array, with multi-
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beam patterns, should be adopted. A lot of research has been focused on Beam

Forming Networks (BFNs) to implement a multibeam antenna concept which is of

great interest chosen to enable the antenna to receive a signal from several beams

rather than only one beam. As the number of inputs is equal to the number of

outputs, which is the same as the number of beams generated, so each output

port has its own beam. The signal, arriving from a speci�c angle in space, enters

at all the input ports, whereas only single output port will have a signal because

the input signals have di�erent phases, thereby accumulated at a speci�c output

port. As a result, a wide view angle can be scanned. There are various techniques

for BFNs, but the Butler Matrix (BM) beamforming is the simplest to implement

and commonly used in the RF energy harvesting systems. The BM has been in-

troduced di�erently, and the [22] has reported the BM that is constructed as a

conventional schematic where the 4Ö4BM presents scanning-capability with four

beams. In [23] authors present the conventional schematic of the 4Ö4-BM in ad-

dition to a miniaturized version as an attempt to reduce the overall size of the

conventional schematic. A planar BM is proposed in [24] as an attempt to reduce

the overall size by removing some parts from the conventional BM structure. The

[25] presents a compact 4x4 BM with a highly e�cient structure and symmetrical

radiation beams distributed around the broadside direction.

After antenna designing, the recti�er circuit is the next to complete the rectenna

system design. A recti�er circuit is the main component in energy harvesting sys-

tems and has an essential impact on the overall performance of the system. Several

types of recti�er topologies have been implemented, for instance, series [26], shunt

[27], voltage doubler [12], and bridge [10]. The topology utilized is a paramount

point that can a�ect system performance. The topology selection is dependent on
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available power density, loads and how does bulky size it [6].

Input power level, operating frequency, and output load resistance are the most

substantial parameters a�ecting the RF -DC conversion e�ciency. Therefore, most

previous researchers have signi�cantly focused on optimized their designs to en-

hance RF-DC e�ciency. Increasing the RF power harvested from space means

higher conversion e�ciency. Consequently, several papers reported capturing sig-

nals from several bands such as multiple-band [15, 18, 26], broadband recti�ers

[16, 28], with di�erent topologies.

To ensure the maximum power transfer from an antenna to a recti�er circuit,

the matching network must exist. The recti�er circuit depends primarily on diodes

in their underlying design. In other words, can say that the diodes have variable

impedances with frequency, input power, and load resistance owing to their non-

linear characteristics. As a result, the design performance will be sensitives for

these three parameters, and reducing their impact on the overall performance is

a hot research topic. There is a variety of matching circuit designs to circumvent

this problem, such as RLC series resonance matching circuit and coupling tech-

nique. Recycling output harmonics and re�ected power of a recti�er is adopted

in some designs to increase the input power to the recti�er thereby, increasing

the e�ciency as in [29]. A researchers in [30, 31] have reported how to get a

high-e�ciency system with a variable extent of both input power and load. The

authors in [30] have investigated the high impedance complex conjugate matching

system. The integrated tapered matching network topology is proposed in [31].

In order to increase the range of input power as in [32�34], it is proposed to use

two diodes with a di�erent threshold voltage. The drawback of most previous
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works, mentioned above, is the complexity and size of the designs, ranging from

90X90mm2 to 21X12mm2.

Another approach to improve conversion e�ciency is compression networks. In

[35] researchers have designed an RCN (Resistance Compression Network) operat-

ing with only a single frequency, in [36] a dual-band RCN has been implemented,

and an RCN working with a wide range of frequencies is reported in [28]. Fig-

ure(1.5a) explain the conventional schematic of RCN circuit.

(a) (b)

Figure 1.5: The conventional schematic for compression network [37], (a) RCN (b)
ICN

All these designs, in their RCN circuits, rely on lumped elements. The lumped

elements have an inherent problem which is the parasitic e�ects. Parasitic e�ects

enforce them to behave di�erently from their main functionalities (i.e., the capac-

itor will have dominant inductance behaviour or vice versa), especially at high

microwave frequencies. Alternatively, the transmission lines are the optimum can-

didate, as investigated in [38], [39]. It is a dual-branch design, so RCN increases

the design complexity. In [40] a single branch RCN has proposed to reduce the

input impedance variation where the design complexity is reduced as well but still

using an auxiliary component to remove the imaginary part. The RCN needs only

a real resistance to deal with and this is a big constraint because most nonlinear

circuits have complex impedances. A procedure using the auxiliary part increases
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the complexity of the design. Based on that, the compression network compresses

both the real and imaginary parts at the same time being preferred to improve the

e�ciency of the overall performance of a circuit with as few as possible a number of

the lumped components. Therefore, some researchers have reported works regard-

ing this issue as in [41], a complex impedance compression network is introduced,

which compresses the real and imaginary parts simultaneously, with dual-branch

work and in [37] with single and dual-band works because of the main drawback of

most previous proposed RCN and ICN circuits are the requirement for dual output

branches, which increases the design complexity. In [42] author also has proposed a

single branch integrated impedance compression network (IICN) to compress com-

plex impedance but with a circuit that has a big footprint which is 31.3x25.3 mm2.

1.5 Contributions

1. Design and build single branch impedance compression network as a match-

ing circuit appropriates for nonlinear recti�er circuit.

2. Optimize the matching circuit by particle swarm optimization algorithm.

3. Design and build antennas having more than one polarization in order to

combat the orientation de�cit.

4. Build a passive beamforming circuit.

5. Investigate four type of power combining strategies.
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1.6 Organization of Thesis

CHAPTER 2 presents theoretical background of energy harvesting.

CHAPTER 3 presents antenna array design for RF energy harvesting system.

CHAPTER 4 describes recti�er circuit design for RF energy harvesting. In ad-

dition to, Particle swarm optimization algorithm will be mentioned.

CHAPTER 5 discuss the rectenna design with various power combining strate-

gies.

CHAPTER 6 carried out the conclusion and future work for this thesis.

APPENDIX
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 RF Energy Harvesting System (RFEH)

The energy harvester collects the adequate power from RF energy sources to

power the low power devices (e.g. sensors), thereby leading into batteryless de-

vices. The main di�culty that encounters the designers and researchers is the low

power density of the RF signals in space. This is why no more works existed in the

previous until the emergence of the advanced semiconductor technology although

the RF energy harvesting idea was existed. The sought to scavenge as much RF

energy as possible from space was and still is the foremost goal for all those inter-

ested in this �eld.

The key component for the RFEH system is the �rectenna �. Figure(2.1) illus-

trates the block diagram of the rectenna which is composed of a receiving antenna

and recti�er, combined in one structure. The antenna picks up the incident EM

wave at a certain RF band, and the recti�er converts AC energy into DC energy.

Usually, the DC power is preferred because of its compatibility with the existing

electronic devices and battery functionality. The rectenna performance is usually

assessed through the RF to DC conversion e�ciency. To ensure the maximum

power transfer from an antenna to a recti�er circuit without high re�ection, the

matching circuit must exist.
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Figure 2.1: Block diagram of Rectenna model

2.2 Capture Power

The power captured by the antenna, located a distance away from the RF power

sources, can be de�ned by the radiation power density multiplied by the captur-

ing antenna area (i.e., antenna e�ective aperture), and the direction of capturing

de�ned by (θ, φ), by virtue of [43];

Pcapture(θ, φ) = Srad(θ, φ) ∗ Ae(θ, φ) (2.1)

Srad(θ, φ) is a quantity that describes the RF power associated with EM waves.

Ae(θ, φ) is the maximum e�ective area by which the antenna can deliver as max-

imum as RF power to load. In fact, all power captured by the antenna does not

deliver for load, some of the captured power is dissipated as heat, because of the

losses, or scattering (re-radiated). In order to determine the dissipation and scat-

tering power in addition to the delivered power to load, the e�ective area is written

as:

Ptotal captured(θ, φ) = Srad(θ, φ) ∗ (Ae + As + AL)(θ, φ) (2.2)
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As is the scattering area, where it increases under mismatching case. AL is the

area loss. When assumed that no conduction/dielectric loss and highly matching

between antenna and load exist, the e�ective area can be rewritten as follows:

Pcaptur(θ, φ) =
λ2G(θ, φ)

4π
= ηrad

λ2D(θ, φ)

4π
(2.3)

ηrad is the antenna radiation e�ciency. G(θ, φ) is the gain of antenna. D(θ, φ)

is the directivity of the antenna, which is the ratio of total power received in the

given direction from the antenna to power distributed overall other directions. The

increasing directivity of the antenna enables it to receive power from a larger area,

thus receiving more RF power.

2.3 Patch Antenna

A patch antenna or also known as microstrip antennas, is one of the most types

of antennas used in wireless applications because of their own various features

such as low pro�le, simple, and inexpensive to manufacture using printed circuit

technology. Moreover, it is compatible with monolithic microwave integrated cir-

cuit (MMIC), and suitable to the non-planar and planar surfaces. Patch antenna

feeding can be con�gured in di�erent ways, such as microstrip line feed, aperture

coupled and coaxial feed line as shown in Figure(2.2c). Various forms can take in

patch to meet the design requirements, such as rectangular, circular, thin strip,

square, circular ring.

The patch antenna is suitable for low power application by virtue of the capabil-

ity of handling low power [44]. Figure(2.2a) illustrates the structure of microstrip

antenna, which composed of the two-conductor transmission line parallel to each
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other and separated by a dielectric layer known as a substrate. A patch (radiated

element) on the top side, while on the bottom side a thin layer metal is known as

a ground plane. In this work, square patch antenna with microstrip line feed was

chosen.

(a)

(b)

(c)

Figure 2.2: Microstrip antennas and their feeds (a) a microstrip antenna with its
coordinates (b) Side view shows the e�ective and physical length of patch (c) three
feeding con�gurations: coupling feed, microstrip feed and coaxial feed [44]

2.3.1 Analysis Square Patch Antenna

Figure(2.2a) explains some parameters that have a signi�cant e�ect on con-

trolling the properties of an antenna. L, W represents to the length and width of

a radiated element (patch), respectively. In addition, εr represents the dielectric

constant which is the expression of the ratio of the permittivity of a substrate to
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the permittivity of air. h is the thickness of the substrate, and a value of this

parameter must be carefully determined.

The fringing e�ect refers to that the �elds extending from edges of the radiated

element to the substrate. A fringing e�ect is a function of L, W, and h. Hence

fringing e�ects make the antenna length is larger than what the antenna seems as

shown in Figure(2.2b). In addition, when W/h >> 1 and εr >> 1, the electric �eld

line concentrate in the substrate. The e�ective dielectric constant εreff introduce

to take into account e�ects of the fringing �elds and wave propagation inside the

transmission line. It is a value enclosed in the range of 1< εreff < εr, obtained as

in the following expression, [43]:

εreff =
εr + 1

2
+
εr − 1

2
∗ 1√

1 + 12h/W
(2.4)

The e�ective length Leff becomes

∆L = 0.412h
(εreff + 0.3)(W

h
+ 0.264)

(εreff − 0.258)(W
h

+ 0.8)
(2.5)

Leff = L− 2∆L (2.6)

∆L is an extra length introduced by fringing e�ect, subtracted from the L

which is the length without taking into account an e�ect of the fringing �elds

(L=λ/2). Since the patch form selected is a square patch antenna. Therefore, W

is equal to L, and they can be also obtained by [43]:

W =
C

2f
√
εr

(2.7)
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Figure 2.3: Design of square microstrip patch antenna

Zo =
120π

√
εr(

Wf

h
+ 1.393 + 0.667 ∗ ln(

Wf

h
) + 1.44)

(2.8)

Lf =
C

4f
√
εreff

(2.9)

Za = 90
ε2

r

εr − 1
(
L

W
) (2.10)

Zt =
√
Zo ∗ Za (2.11)

Operating frequency expressed by f is equal to 2.4 GHz. C is the velocity

of wave in free space. The input impedance of the feeding transmission line to

determine the feeding line-width (transition line) Wf . The length of feeding Lf

is quarter the e�ective wavelength. Za is the input impedance of radiated patch,

and Zt is the input impedance of the transition line.

2.3.2 Circular Polarization

Polarization is the property of an electromagnetic(EM) wave that describes the

magnitude and the time-varying direction of the electric �eld vector. Polarization

can be classi�ed according to the the transmission ways of the electric �eld in space

into three types linear, circular and elliptical polarized. In the linear polarization,

the electric �eld vector moves in the same direction (i.e., one axis) throughout
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the transmission, and there will be two cases which is either vertical or horizontal

linear polarization.

Figure 2.4: Polarization types, rotation of a plane electromagnetic wave [43]

The power received from surrounding RF power sources is very little, so in

order to ensure a su�cient power reaches the into recti�er the possible higher

power as should be collected to operate the harvester permanently at high and

stable e�ciency. Avoiding mismatch polarization between the receiver and the

transmitter is the key in all communication systems to increase the power captured,

where the receive and transmit antennas must be in the same orientation in a case

of the linear polarization, which is adopted in the most communication systems.

In the circular polarization, electric �eld traces are in a circle and ellipse forms

which appear like a rotation with circular or elliptical motion with a direction of

the wave propagation, as shown in Figure(2.4). In this work, circular and elliptical

polarization is required to overcome problem of linear polarization, which is the

overlapping between vertical polarized and horizontal polarized, thereby leading

into higher and more stable reception signal levels without interruption.
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The circular polarization waves can be obtained if the time phase di�erence

between two orthogonal modes is 90o, and this can be achieved in a di�erent

way, such as using multiple feeds or by adjusting the physical dimensions of the

radiating patch. The easiest way to implement typically the circular polarization

antennas uses a square patch form with truncated corners with a single microstrip

feeding line. Circular polarization is generated by deviating the current �ow, since

in the microstrip antenna the most of the �owing current is at the edges. Cutting

part of some of the edges leads to a change in the polarization of the antenna in

the microstrip and shifting the operating frequency.

2.4 Beam-Forming Network for Energy Harvesting

Increasing the view angle area to scan a large number of the ambient RF sources

is preferred in the energy harvesting systems. A multi-beam antenna is a perfect

choice in order to scan a wide spatial coverage area by multi beams radiation. The

adoption of the multi-beam antenna imposes dealing with beamforming network

(BFN) in order to leverage from its features in accumulating RF power combination

and wide radiation beam width obtained by it. As a result, the increment in the

received power will be obtained.

2.4.1 Butler Matrix Structure

Analog passive BFN is the simplest and easiest RF power distribution circuit to

feed the antenna array elements, which is used to provide a multi-beam rectenna

system design. BFN is an RF power combining network, with N input port and

N output port, where N is the same number of feeds in the array also a number

of generated beams. The power passing from one of the input ports is distributed

with equal amplitude between the output ports, but at di�erent phases with a

23



�xed phase di�erence angle which passively controls by BFN components. Various

types of BFN has been implemented such as Rotman lens, Nolen and Blass matrix

but Butler matrix con�guration is the simplest and easiest to implement than the

other types [45]. Figure(2.5) illustrates the architecture of a conventional N X N

Butler matrix, which is composed of several hybrid branch-line couplers, crossover

and phase shifters.

Figure 2.5: The architecture of a conventional 4 X 4 butler matrix

Hybrid branch-line couplers (HBLC), also known as 90o branch-line coupler,

is a microwave component utilized to combining power passively. HBLC is a special

case of the directional coupler circuit (called a 3dB directional coupler) that has

four ports with two input ports and two output ports. The power passing into any

port is separated with equal amplitude and 90o phase di�erence between output

ports. The number of HBLC utilized in BFN con�guration is selected according

to ((N/2) ∗ log2N), [45]. Figure(2.6) shows the HBLC structure design and also
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dimensions of transmission lines explain.

Figure 2.6: The architecture of a Hybrid branch-line coupler [46]

By virtue of [46] the scattering matrix of 90o HBLC is given as following:

[S] =
−1√

2



0 j 1 0

j 0 0 1

1 0 0 j

0 1 j 0


(2.12)

A crossover circuit is a cascade of two HBLC. The crossover utilizes to pass

the signals to the second stage without loss and with 0dB insertion loss. The

scattering matrix of crossover is given as following:

[S] =



0 0 j 0

0 0 0 j

j 0 0 0

0 j 0 0


(2.13)

phase shifters are required to complete the butler matrix con�guration.The

phase shifter controls the phase di�erence between the output ports of the Butler

matrix. The phase shifter circuit consists of two coupled transmission lines folded

at one of its edges.
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2.5 Recti�er Circuit and its Principle

The RF harvesting device is composed of an antenna which picks up the RF

signals from the surrounding RF sources located everywhere. Then, the captured

power will pass through the transmission lines into recti�ers, which is the second

component in the RF energy harvester. In this part, the process of converting the

RF signals into DC power occurs (i.e., the recti�cation process). Semiconductor

diodes are preferred over others because of various bene�ts such as low cost, small

form factor and the low power handling [6]. Schottky diode is typically the right

choice in numerous RF harvesters for several bene�ts like, the operation at high

frequencies, due to low junction capacity and the low turn-on voltage required to

turn on the diode. These features make the Schottky diode preferred over other

types of diodes in the energy harvesting systems.

A diode is an electronic component, passing an electric current in one

direction and blocks it in the opposite direction. This behaviour is called recti�ca-

tion. The main characteristic of the diode is nonlinearity, which means the input

diode impedance varies when the load resistance, operating frequency, and input

power change. The nonlinear behavior due to nonlinear current-voltage character-

istic is shown in Figure(2.7), I-V characteristic curve for diode, where three regions

are observed as an operation principle of the diode. The �rst region is reverse-

breakdown voltage (Vbr) when a low voltage less than Vbr and conduct will be in

the reverse direction. In the second region between Vbr and Vf (forward voltage),

called reverse bias, a diode is OFF through this voltage range. The last region is

above Vf where, in this case, the diode is ON and called forward bias.
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Figure 2.7: I-V (current VS voltage) characteristic curve of Schottky diode

2.6 Compression networks

A special case of the matching network aiming to compress the variations

in input impedance thereby enhancing the overall performance. The principle of

these networks is to compress the input impedance variations to small ranges,

which allow for the recti�er to operate with a wide range of input power and

load, although the recti�ers have nonlinear elements (i.e., diodes) in their under-

lying structures. It is known, diode equivalent impedances vary with power and

frequency. There are two approaches for compression networks, resistance com-

pression network (RCN) and impedance compression network (ICN). Both types

are a special class of matching circuits that provide a reduction in input impedance

variation at the recti�er input. Some research e�orts have been done. Their works

depended on dividing the load resistance into parallel branches with the same cur-

rent and opposite phase. The resulting load will be a pure real impedance and it

has a slow change in its value.
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2.7 Particle Swarm Optimization Algorithm

Particle swarm optimization (PSO) is one type of meta-heuristic algorithms

for optimization technique which learning from nature speci�cally, the principle

of the survival of the �ttest to solve a wide range of optimization problems where

just the best and robust solution can be obtained [47]. PSO was developed by

Kennedy and Eberhart in 1995 [48], and it is simple to be implemented because

there is no crossover and selection. Also, there are few parameters to be modi�ed.

Meanwhile, it is e�cient in solving a large number of optimization problems. In

the PSO algorithm, the particles are randomly placed in the search space and then

by using the �tness function they evaluate their quality in that position. Then,

for a predetermined number of iterations, each particle moves to a new position

providing better �tness than the previous position. With a speci�c velocity of the

moving particle, this movement depends on the history of the particles having the

current best positions with the best positions achieved by other particles in the

swarm and sure with some random perturbation. Hence in subsequent iterations,

the swarm achieves the optimal solution to the �tness function in the problem

space, with a �nite number of particles working together. Figure(2.8) illustrate

the �ow chart of PSO algorithm.

Various recent related work investigates by using optimization algorithms to

search about the best enhancement of the harvesting system adopted. Based on

the PSO algorithm in [49] authors reported a local and global optimum to adjust

locations and orientations of antenna chargers to support wireless rechargeable

sensor networks (WRSNs) to be sustainable. In [50] PSO algorithm was utilized

to lead the swarming drone that depended on an RF power harvesting system to
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Figure 2.8: Flow chart of the PSO algorithm

recharge its batteries towards the location with the highest RF power. Moreover,

the PSO algorithm has been used in another part of the RF harvester structure,

as optimized power management circuits proposed in [51].

In this work, PSO is utilized to obtain the optimal dimensions of ICN com-

ponents to reach as maximum as conversion e�ciency of the proposed circuit.

The ICN consists of only three transmission lines connected in parallel to give a

maximum compression for input impedance variations. Consequently, the input

impedance equation of ICN will be as a �tness function of PSO. The PSO �nds

the optimal possible solutions based on the movement of the particle. The search

starts with initializing random swarms containing a number of particles (search
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points), each single particle represents a candidate solution and encoded by a posi-

tion vector with N elements where N refers to a number of decision variables. Each

position vector is evaluated by the �tness function, for a �nite number of iterations.

The particle swarm positions are updated by movement within the solution

space and the velocity vector computed by using the velocity equation. In each

iteration, comparing the best particle in the swarm (Global best position Gbest)

for each particle in the best swarm (personal best position Pbest) to provide the

optimal global best position particle which guides the swarms toward the optimum

solution. The equation of velocity is obtained as following, [48]:

Vi,t+1 = W ∗Vi+C1∗rand(N)∗(Pbesti,t−Xi,t)+C2∗rand(N)∗(Gbesti,t−Xi,t) (2.14)

Where W is the inertia weight and it is a constant number that provides a bal-

ance between personal exploitation and global exportation. Moreover, W enhances

the accuracy and the production results. t is a number of iterations, i is a number

of populations. C1 and C2 are the personal and social acceleration coe�cient. The

updated position equation is obtained as following:

Xi,t+1 = Xi,t + Vi,t+1 (2.15)
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CHAPTER 3

ANTENNA ARRAY DESIGN FOR RF ENERGY

HARVESTING

3.1 Overview

Exploiting the ambient RF signals will alleviate the need for batteries and

then no need for charging, recharging, and even replacing batteries. Energy har-

vesting technology was introduced to provide self-powering electronic devices for

IoT and WSN applications. Rectenna ( recti�er + antenna ) is a key component

for the RF harvesting system technique. High gain antenna is what will be in-

troduced in this chapter. The antenna is the transducer device that converts the

electromagnetic signal to electrical, where it plays an essential role in energy har-

vesting technology. The selection of the main properties of an antenna (e.g. type

of antenna, shape, polarization etc.) has a substantial role for leading to a higher

output DC signal. A highly e�ective antenna with high gain and wide spatial

coverage is what we seek to reach it in this chapter.

3.2 Single Square Patch Antenna Design and Simulation Results

The square patch antenna with microstrip feed line is chosen, a square patch

form selected in order to implement the easiest circular polarization way, which

is a truncated corners. Figure(3.1) illustrates the antenna design, with cutting

applied at upper left and lower right corners, the dimension of cutting is obtained
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by equation (3.1).

Lcut =
Leff

8
(3.1)

Figure 3.1: Design of square microstrip patch antenna with truncated corner

The dimensions that are determined using a mathematical model, and the op-

timized dimensions by the simulator, are given in the Table3.1.HFSS software is

used, and the Rogers RT/duroid 6006 laminate is selected. The substrate has 6.15

as a dielectric constant, as substrate with thickness equal to 1.7 mm.

Table 3.1: Calculation and simulation dimensions for the square patch microstripe
antenna.

Parameters Calculation; mm simulation; mm

W 25.2 24.5

L 25.2 24.5

Wf 1.768 1.7

Lf 13.35 10.25

Lcut 3.15 3.2

Return loss (re�ection coe�cient) and VSWR are plotted in Figure(3.2). As

can be seen, the antenna works well at desired frequency. Axial ratio (AR) which
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evaluates the e�ectiveness of circular polarization and its value must be less than

3 dB, is given in Figure(3.3).

(a)

(b)

Figure 3.2: Simulated results for a single element square patch antenna(a) The
simulated S11 (b) VSWR and its almost equal to zero at 2.4GHz

Figure 3.3: simulated axial ratio

Gain of 5dB has been accomplished as observed in Figure(3.4). The radiation

e�ciency of single element for square patch antenna designed illustrated at Fig-

ure(3.5), which it is close to 85% at the resonance frequency.

A Left hand circular polarization (LHCP) is radiated by the antenna at Z

direction as shown in Figure(3.6). Figure(3.7) shows the radiation pattern in 3D
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(a)

(b)

Figure 3.4: Simulated gain for a single element square patch antenna (a) Gain
achieved for single element square patch antenna (b) The normalized total gain as
function of theta angle

Figure 3.5: Radiation e�ciency for single element

and 2D for E and H plane. The current distribution and E �eld in Figure(3.8)

demonstrate successfully an occurrence of the circular polarization.

34



(a) (b)

Figure 3.6: The gain of radiation pattern (red line LHCP , blue line RHCP)(a) yz
plane (b) xz plane

(a)
(b)

Figure 3.7: The simulated radiation pattern for antenna, radiate at Z direction (a)
3D (b) 2D for two plane

3.3 Linear Array Patch Antenna Design and Simulation Results

To increase the gain of the square patch antenna and make the radiation pat-

tern more direct to meet the demands of long-distance RF sources, multi-element

is what it need. A multi-element is also known as an array, where multi patch ele-

ments are arranged in line and planer form. The radiated �eld from each element

of the array combines constructively in the desired direction and destructively in

the other undesired directions. Thus, the pattern of the radiated �eld generated

by an array is high directivity . There are various parameters that can be used to
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(a)
(b)

Figure 3.8: Simulated animation results for a single element square patch antenna
(a) Current distribution (b) The magnitude of E �eld radiation

control the overall radiation pattern for a square microstrip antenna such as the

distance between the elements, the radiation pattern of the individual element,

amplitude excitation and phase excitation of the individual elements. The total

�elds of the array are computed by multiplication the electrical �eld of a single

element by the array factor (AF) [52]. As shown in Figure(3.9), antenna elements

of the linear array is placed along one axis and separated by the d distance, excited

with β (phase di�erence) and the same amplitude.

Figure 3.9: A linear patch antenna con�guration [52]
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Array factor can be determined by;

AF =
N∑
n=1

exp j(n = 1)ψ (3.2)

ψ = kdcos(θ) + β

Where k is the propagation number (k= 2π
λ
), n is an array element number

and θ represents to the scan angle of the array. The d has a signi�cant role, and

it should be larger enough to avoid the mutual coupling between the elements,

also should not be very large to avoid the grating lobe. Figure(3.10) shows the

identical square microstrip linear antenna array designed.

(a) Top view

(b) Trimetric view

Figure 3.10: A linear patch antenna con�guration

Using four identical antenna elements, each with its own feed, with a separation

distance between elements that were selected by measuring the distance from the

center of an element to the center of the adjacent element, it is optimized at 37.9

mm ( λ/3.3). This distance is su�cient to obtain a high matching for all output

ports. So that Figure(3.11) illustrate the re�ection coe�cient in dB at operating

frequency which is close to the -20 dB for all ports. Also, the voltage of the re-
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�ected signals (VSWR) is close to zero, in addition, mutual coupling between the

elements was obtained with a value of less than -10 dB, as shown in Figure(3.12).

Figure 3.11: The simulated S11 for the linear patch antenna

(a)

(b)

Figure 3.12: Simulated results for square patch antenna array (a) Mutual coupling
between array elements (b) VSWR and its almost equal to zero at 2.4GHz

Typical circular polarization has been carried out for linear array, where all

elements the array are circularly-polarized. As illustrated in Figure(3.13) the E

�eld and current distribution animation is introduced to proof concepts of the

circular polarization. Two degenerate modes generated along symmetrical sides

of the square with 90 degree phase shift. This will be very useful to capture the
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(a)

(b)

Figure 3.13: Simulated animation results for square patch antenna array (a) Cur-
rent distribution (b) The magnitude of E �eld radiation, for square patch array
antenna

energy from space at any orientation. Figure(3.14b) shows the axial ratio versus

(a)

(b)

Figure 3.14: Simulated axial ratio

the frequency at the broadside direction (i.e., θ = φ= 0), while Figure(3.14a) shows
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the axial ratio versus θ with �xed frequency equal to 2.4 GHz and φ = 0. As can be

observed, the value of axial ratio is less than 3 dB. In Figure(3.15), the 2D radiation

pattern of the array depicts the gain in LHCP (co-polarization component) and

RHCP (cross-polarization component) at xz and yz planes, respectively.

(a) (b)

Figure 3.15: The gain of radiation pattern for antenna array (red line LHCP ,
green line RHCP)(a) xz plane (b) yz plane

The purpose of designing multiple elements of the individual square patch

antenna is to obtain a higher gain compared to a gain achieved in the individual

antenna, enabling the proposed energy harvesting system to pick up signals from

long distances. Figure(3.16) shows the achieved total gain of the antenna array.

Figure(3.17)shows the radiation pattern in 3D and 2D for E and H plane. The

e�ciency obtained from the individual patch antenna at the operating frequency

was 85%, while in the array design, the e�ciency increased by 10% and became

95% as shown in the Figure(3.18).
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(a)

(b)

Figure 3.16: Simulated gain for square patch antenna array(a) The normalized
total gain as function of theta angle (b) Gain total achieved for square patch
antenna array VS frequency

(a) (b)

(c)

Figure 3.17: The simulated radiation pattern for antenna, radiate at Z direction
(a) 3D (b) 2D for two plane (c) Radiation pattern �gured on the array structure
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Figure 3.18: Radiation e�ciency for single element

3.4 Simulation and Results for 4X4 Butler Matrix Design

The Butler matrix is simulated by using Keysight ADS software, at centre

2.4 GHz as an operating frequency and Rogers RT Duroid 6006 as substrate with

6.15 relative permittivity and thickness 1.7 mm. Also, it is matched to 50 Ω.

Figure(3.19) shows the structure of the Butler matrix based on the conventional

geometry of the Butler matrix which is shown in Figure(2.5).size con�guration, it

is unsuitable to integrating with the square patch antenna array designed in the

previous section. The Butler matrix designed is a bulky In an attempt to reduce

Figure 3.19: The butler matrix designed designed as a conventional geometry of
butler matrix
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the size of the Butler matrix, it is re-designed and optimized to obtain the sim-

plest design, although small dimensions which have been realized. Figure(3.20)

illustrates the improved copy after reducing one of the crossovers. Where the new

Butler matrix consists of 4 hybrid branch line coupler, 2 phase shifters and one

crossover, in addition to the feeding lines utilized to connect the antenna with the

Butler matrix.

Figure 3.20: The optimized butler matrix designed

The Butler matrix design begins with the hybrid branch line coupler. The

shape in the Figure(2.6) is used as a reference for the hybrid branch line coupler

design. Parallel transmission lines are connected vertically once and horizontally

in another, as shown in Figure(3.21) with impedance characteristics (Zo) equal to

50Ω. In order to get a 3dB branch line coupler that provides equal division of the

magnitude amount between the two output ends and with a phase di�erence of

90o. Four feed lines per port in the hybrid branch line coupler dimensions are Z1

and θ1, Z1=Zo and θ1= 45o, as shown in Figure(3.21). The parallel transmission

line, which is connected in horizontal with Z2 and θ2, Z2= Zo/
√

2 and θ2= 90o.
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Figure 3.21: The Hybrid branch-line coupler designed

Thereafter the parallel transmission line, which is connected in vertical with Z3 and

θ3, Z3=Zo and θ3= 90o. Figure(3.22) explains the HBLC designed results, which

demonstrate a 90o phase di�erence between output ports and -5dB insertion loss

that means maximum transfer from input to output ports, furthermore almost

-30dB isolation loss at operating frequency.

(a)

(b)

Figure 3.22: Simulated results for the hybrid branch-line coupler designed (a) The
insertion loss and isolation loss (b) The output phases
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Crossover is the second component required for the Butler matrix design, the

crossover can be obtained from merging two HBLC to pass the signal to the sec-

ond stage as shown in Figure(3.23). Crossover has demonstrated successful per-

Figure 3.23: The crossover designed

formance as in Figure(3.24). When exciting port1 the 0dB insertion loss from

port1 to port4 and less than -20dB isolation loss for all other ports. In the second

case, When exciting port2 the 0dB insertion loss from port2 to port3 and less than

(a)

(b)

Figure 3.24: The insertion loss and isolation loss for crossover designed when excite
(a) port 1 (b) port 2
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-20dB isolation loss for all other ports. Also two phase shifter designed. After

integrating the components of the Butler matrix shown in a Figure(3.20), where

it consists of 8 ports, 4 of which are dedicated to the input of the RF power cap-

tured by the square patch antenna array, the other 4 ports on the opposite side

are mapped to the outputs of the Butler matrix network, then they are connected

to four recti�ers. Each recti�er will receive an RF power from a phase that di�ers

from adjacent output ports. The magnitude of the power received from the recti-

�ers is 3 times more than the received signal, because of the accumulation process

that occurs within the Butler matrix network. The magnitude in dB of isolation

loss illustrated in Figure(3.25) is less than -20dB for all ports and that interpret

there is no return loss also no mutual coupling between input and output ports.

(a)

(b)

Figure 3.25: The insertion loss and isolation loss for a butler matrix designed (a)
when excite ports one and four (b) when excite ports two and three
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One of the signi�cant features of the Butler matrix network is symmetric, where

port1 is symmetrical with port4 and port2 is symmetrical with port3, so the results

for all symmetrical ports are identical. The phase di�erence between output ports

with various exciting input ports shown in Figure(3.26) when exiting port 1 and

port 4 the phase di�erence is around 45o but this does not stand to obtain the

same phase di�erence for port 2 and port3, although they still give the purpose to

its design in this work.

(a)

(b)

Figure 3.26: The output phases for butler matrix designed (a) when excite ports
one and four (b) when excite ports two and three

The progressive phase or the excitation angle is range from −180o to 180o and

for this range for each port has own angle by which the port is excited. The ph is a

symbol for the progressive phase. Figure(3.27a) illustrates the RF power received

in watts from the output ports as a function of the Theta angle.
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(a) (b)

(c)

Figure 3.27: Output power simulated for port1(Red, solid line), port2(Blue, dash
line), port3 (Pink, dot dash line), port4 (Yellow, long dash line) (a) The output
power in mW as function to the excitation angle for butler matrix network (b) The
output power in mW as function to the scan angle for design (c) polar plot for the
radiation pattern VS output power in mW

In order to determine the beam scan angle (angle) for each output port by

following equation:

angle = sin−1(
phλ

2πd
) (3.3)

Where d represents the distance between output ports. Figure(3.27b) shows

the RF power received in watts from the output ports as a function of the beam
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scan angle (angle), the angle range extends from −90o to 90o . The 2D radiation

pattern of output power to angle is present in Figure(3.27c). Table 3.2 shows the

progressive phase di�erence for each port when the single input port is excited

every time.

Table 3.2: The progressive phase di�erence and scan beam angle for output ports.

Port no. Progressive phase scan beam angle

5 −1080 −820

6 −400 −21.50

7 400 21.50

8 1080 820

The simulation results implemented in ADS software is plotted in Figure(3.28)

with a clear explanation for BFN principle work. The signal injected in any input

port will be distributed through the Butler network and arrive into all output

ports. As observed, there is no mutual coupling and the designed circuit has high

isolation.
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(a) (b)

(c) (d)

Figure 3.28: The simulation result for a butler matrix con�guration designed in
various case for excitation (a) excite the input port one (b) excite the input port
two (c) excite the input port three (d) excite the input port four

3.5 Multi-Beams Antenna Simulation and Results

In order to perform a multi beams antenna array, the antenna array is incor-

porated with a beamforming network as is shown in the Figure(3.29). An Ansoft

HFSS simulator was utilized, and the Rogers RT Duroid 6006 substrate for all con-

�guration with 6.15 relative permittivity and thickness 1.7 mm is adopted. The
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operating frequency is 2.4 GHz as illustrated in the Figure(3.30a), with relatively

high matching. The mutual coupling among all the output ports is less than -10dB

as shown in Figure(3.30b).

(a)

(b)

Figure 3.29: Multi-beams antenna designed (a) A con�guration for BFN com-
pacted with a square patch antenna array. (b) 3D view with radiation box

For each input port, the simulated 3D radiation pattern is displayed in Fig-

ure(3.31). The radiation patterns of the entire design (i.e., integrating the BFN

and antenna array to each other), when each input port is excited at 2.4 GHz, are
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(a)

(b)

Figure 3.30: Simulated results for a multi-beams antenna(a) A re�ection coe�cient
for compact design (b) A mutual coupling or re�ection coe�cient between adjacent
ports

(a) (b)

(c) (d)

Figure 3.31: The 3D gain pattern simulated at 2.4GHz correspond to (a) Port1
(b) Port2 (c) Port3 (d) Port4.
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(a) (b)

(c) (d)

Figure 3.32: The simulated radiation pattern for incorporating design (BFN and
antenna) at two plane, solid line for yz plane and dash line for xz plane. Results
correspond to (a) Port1 (b) Port2 (c) Port3 (d) Port4.

illustrated in Figure(3.32). Radiation plots are carried out in xz and yz planes.

The plots demonstrates that the design can have a wide beam width and can cover

a wide scan that will be useful for the energy harvesting systems to capture the

RF signals from almost all directions. As shown in the Figure(3.33), the direction

of the radiation propagation is able toward 90o plane, and in this plane, the lobes

look quite di�erent. The input ports were excited sequentially. As can be seen,

the main direction is -50o, -16.5o, 15.5o, 56o when excite port1, port2, port3 and
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(a) (b)

(c) (d)

Figure 3.33: The simulated radiation pattern for incorporating design (BFN and
antenna) cuts in main lobe at perpendicular plane correspond to (a) Port1 (b)
Port2 (c) Port3 (d) Port4

port4, respectively.

Directivity for ports 1, 2, 3 and 4 is 6.8, 7.1, 8.3, 10.3 dB, respectively. Fig-

ure(3.34) illustrates the gain versus the scan angle (theta) when antenna elements

of the array are fed directly or are fed by using the Butler matrix (BFN). There is

very obvious discrepancy between the two curves overlaid on the same plot of Fig-

ure(3.34), because the BFN has inherent phase errors introduced by the internal

structure.

Figure 3.34: The simulated total gain in dB as function of theta for two case BFN
and antenna design and only antenna array design
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The comparison between the antenna present in this work and the related work

is given in Table 3.3.

Table 3.3: The Comparison of the proposed antenna array single beam and some
related designs

Ref.(year) Freq.[GHz] Gain(dB) Polarization Microstrip Type

[12] (2018) 2-3.1 2.73 LP Single slot

[13] (2013) 1.8-2.1 9.9-13.3 LP 1X4 Yagi

[14] (2020) 0.91-2.55 5-8.3 LP 2X2 fractal

[15] (2019) 1.8-2.5 11 dual polarize 2X2 square

[16] (2020) 1.7-2.9 4.5 CP single square loop

[17] (2015) 5.75 8.25 CP 2X2 disc

[18] (2016) 0.55-2.5 3-5.5 dual CP single annular ring

[20] (2019) multi-band 10.56 CP 4X2 square

[21] (2019) 10.4 9.8 CP 2X2 square

Our work 2.4 9 CP 1X4 square
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CHAPTER 4

RECTIFIER CIRCUIT FOR RF ENERGY HARVESTING

4.1 Introduction

In this chapter, describes recti�er circuit design for RF energy harvesting.

In the begin, recti�er and matching circuits, discussion their selection, topology

and mathematical model and simulation results. In addition to, Particle swarm

optimization algorithm will be mentioned.

4.2 Recti�er Selection

In order to design recti�cation structure (RF to DC signal) with high e�-

ciency in RF energy harvesting systems. Several topologies of recti�ers had been

checked with di�erent types of Schottky diodes as a step to choose the better

entire con�guration in order to obtain the highest output DC power. The right

diode element used with an appropriate topology, followed by the DC pass �lter to

prevent the DC propagation back into the recti�er, operate as a combination. The

DC pass �lter also operates to remove the fundamental frequency and harmonics

signals produced by the nonlinear behavior of the diode to propagate forward into

the output. The one reason that in the circuit mentioned above cannot harvest

the large power is the di�erence in impedances of the input recti�er and the RF

source. This causes the impedance mismatching. So, the matching circuit will be

used to ensure the maximum power transfer from an antenna to a recti�er circuit.
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As an operating frequency, 2.4 GHz is considered because of the widespread

use of 2.4 GHz applications, less attenuation in free space. Moreover, it is free-

licensed to use. In this thesis, the load resistance is varied under a range (0.4-1.4)

KΩ, which provides the possibility to test the proposed work under di�erent loads

(i.e., di�erent real-life applications).

4.2.1 Diode Selection

The input power range considered in this thesis is from -5 dBm to 20 dBm

(0.316 mw to 100 mw), thereby guaranteeing su�cient forward voltage above 0.3

V, to ensure a current to �ows in the forward direction. The silicon P-N (Positive-

Negative) diode has a forward voltage of 0.6 to 0.7 V, while the Schottky diode

has a forward voltage of 0.15�0.45 V. Schottky diode is a lower forward voltage

that allows higher switching speeds, the low energy can be harvested and better

system e�ciency can be obtained.

Schottky diode consists of a metal conductor layer, and the typical metal used

is platinum, where the semiconductor layer (P or N) with a low barrier junction

between two layers is realized. Figure(4.1) shows the equivalent circuit model of

the Schottky diode, which is composed of Rs (series resistance) that represents the

parasitic series resistance. Rs is a sum of loss due to semiconductor resistance,

contact and jacket component loss, all lost as heat. Rj and Cj denotes resistance

junction and capacitance junction, respectively. Rj and Cj are time-varying with

applied voltage of a diode. There are di�erent types of Schottky diode, a di�erence

between them by the values of Rs, Rj and Cj consequently, changing some features

of diode e.g. frequency range, input power range and forward voltage (threshold

voltage).
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Figure 4.1: Schottky diode chip with the equivalent circuit at high frequency

In purpose of presenting the diode characteristics that are suitable for the de-

sired application, the SPICE (Simulation Program with Integrated Circuits Em-

phasis) model is used to simulate commercial diode into the simulation circuit

environment. The SPICE model is more appropriate than the vendor model to

observe diode characteristics, while the other is typically similar to practical cases

in the measurement. Schematic in Figure(4.2) is a construction of SPICE model

diode with parasitic elements, and its performance analysis is monitored using the

Advanced Design System (ADS) software from Keysight Inc. by the aid of HB

(Harmonic Balance) solver, the parameter sweeps, AC power source and power

meters for input and output. The diode is connected in series to capacitance and

load, which are connected in parallel to each other to act as a DC pass �lter. The

simulation circuit is built in the absence of the matching.

Four types of the schottky diode from the HSMS-28XX (Hewlett-Packard

Surface Mount Schottky) series are selected to choose one of them that is a com-

patible with our given application, as in Table4.1. The built-in ADS library for

high-frequency diodes consist of 164 diodes from 7 manufacturers for the nonlinear
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Figure 4.2: Schematic of the simulation diode in SPICE model at ADS software

diode models , all these diodes di�er between them by the small changes in main

parameters of the diode (g.e., junction voltage Vj, saturation current Is, diode

quality factor n, breakdown voltage bv etc.) as shows in Table4.1.

Table 4.1: A parameters of Schottky diode HSMS-28XX

Parameters HSMS-280X HSMS-282X HSMS-285X HSMS-286X
Frequency(GHz) RF RF below 1.5 0.915-5.8
Rs(Ω) 30 6 25 5
Cj(PF) 1.6 0.7 0.18 0.18
Vj(V) 0.65 0.65 0.35 0.65
Vf (mV) 0.41 0.34 0.15-0.125 0.25-0.35
n 1.08 1.08 1.06 1.08
Is(A) 3e-8 2.2e-8 3e-6 5e-8
bv(V) 75 15 3.8 7

The circuit examines by applying variable load, input power and frequency

as shown in Figure(4.3). Figures(4.3c, 4.3a) shows the e�ciency versus the input

power and in Figures(4.3d, 4.3b) the output power versus a wide range of the input

power. As can be seen, HSMS-285x has higher e�ciency and higher output power

at low input power below 5dBm. HSMS-280x has higher e�ciency and higher

output power at high input power above 25dBm. HSMS-282x and HSMS-286x

both have high e�ciency and high output power at a moderate range between
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5 dBm to 25 dBm. Relatively a HSMS-282x requires higher input power than

HSMS-286x, and it therefore has higher e�ciency because the forward voltage is

0.34 V while 0.25-0.35 V is for HSMS-286x. Since the input voltage range adopted

in this thesis starts at 0.316 V, the HSMS-286X is the best choice. The HSMS-

286X diode has a high e�ciency at an adopted range of the input power and load

at the operating frequency, as seen in Figure(4.3).

(a) (b)

(c) (d)

(e) (f)

Figure 4.3: The simulation results show some types of diodes in terms of (a) com-
parison e�ciency VS low transmitted power (b) Output voltage VS low transmit-
ted power (c) comparison e�ciency VS high transmitted power (d) Output voltage
VS high transmitted power (e) comparison e�ciency VS variable load resistance
(f) comparison e�ciency VS frequency
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4.2.2 Diode Topology Selection

It is paramount to implement a diode circuit within the appropriate topology

to obtain a su�cient output DC voltage compatible with the harvested power.

There are multiple ways to implement RF energy harvesting recti�er circuits, and

Figure(4.4) illustrates the most common topologies used in the previous works.

The half-wave recti�er topology uses one diode connected in series and followed by

a DC pass �lter (shunt capacitor). A parallel single diode also used in single shunt

recti�er topology, and a quarter-wave transformer utilizing between the diode and

dc pass �lter in order to re�ect back the harmonic signals.

Figure 4.4: Various RF energy harvesting recti�er topologies

The voltage doubler is a combination of two topologies, shunt, and series.

Hence, a double DC output power will be produced compared to the topologies

with single diodes. Greinacher recti�er topology is a combination of two-voltage

doubler topology that is means the power higher than a single voltage doubler but,

at the expense of increasing complexity and losses for overall circuit. Consequently,

a voltage doubler is a more appropriate topology to implement the recti�er circuit.
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Three methods of topology are simulated in ADS software, voltage doubler,

half-wave and shunt single. Figure(4.5) and Figure(4.6) clarify the comparison

of the output DC voltage results from these circuits. As observed in the results,

voltage doubler has a maximum output power, so the voltage doubler topology is

adopted in this work.

Figure 4.5: Schematic of the three methods of topologies by using HSMS-286X
diode

Figure 4.6: The comparison between output DC voltage for three methods of
topologies by using HSMS-286X diode
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Figure 4.7: The optimization tool in ADS software

4.2.3 Mathematical Model for the Voltage Doubler Diode

As shown in Figure(4.8a) the block diagram of the typical voltage doubler

recti�er, Schottky HSMS2862 is used. Figure(4.8b) shows the equivalent circuit

of voltage doubler. Based on the assumptions presented in [53] for expression,

the rectifying e�ciency and the e�ective impedance of dual voltage are derived as

follows.

(a) (b)

Figure 4.8: Recti�er equivalent circuit (a) voltage doubler recti�er (b) equivalent
circuit of the voltage doubler.

V1 = Vdc1 + VinCOS(wt) (4.1)

V2 = −Vdc2 + VinCOS(wt) (4.2)

V1 and V2 in equations (4.1) and (4.2) are RF waveform for diode1 and diode2,
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respectively. For both diodes, the RF signal consists of DC output voltage (Vdc)

for each diode and fundamental frequency component (VinCOS(wt)). As noted in

equations (4.1),(4.2) the fundamental component signals are equal for both diodes

because of the parallel connection between them.

Vdc1 = −Vdc2 = Vdc/2 (4.3)

Vdc is output DC voltage for voltage doubler circuit. The output voltage from each

diode can be expressed as a following:

Vd1 =


Vd1dc1 + Vd11COS(wt− Φ1) D1 OFF

Vf D1 ON

(4.4)

Vd2 =


Vd2dc2 + Vd21COS(wt− Φ2) D2 OFF

Vf D2 ON

(4.5)

The phase delay between RF signal V1 and the DC signal Vd1 can be represented

by Φ1. Also, Φ2 represents phase delay between V2 and Vd2. In equations (4.4)

and (4.5), the terms Vd11 ,Vd21 denote to the fundamental frequency component

of junction voltage for diode1 and diode2. The value of Vd1 has two probability

according to a threshold voltage of diode model, Vf if input signal greater than

threshold voltage and equal to the other value if it is lower than threshold voltage.

Vf is a forward voltage drop of the diode. According to Appendix(A) in [54], since

the junction capacitance of Schottky HSMS2862 diode is small (Cj = 0.18pF ), so,

phase delay negligible because it will be very small, so that (wt = θ). The input

impedance of the diode circuit can be de�ned as:
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ZD =
Vin
Iin

(4.6)

The fundamental component of input current Iin can be calculated by applying

Kirchho�`s current law as shown in Figure(4.8b).

Iin = Id1 + Id2 (4.7)

Id1, Id2 are complex values with real and imaginary parts of fundamental compo-

nent that can be expressed as following:

Iin = Id1r + Id2r − j(Id1i + Id2i) (4.8)

Figure 4.9: Time domain waveform of output voltage across diodes

Fourier series is used to analyze the fundamental frequency component current

by taking full period as shown in Figure(4.9), where is given a time domain cosine

waveform of output voltage across diodes. Thereby, the current across the diodes

can written as following, [53]:

Id1r =
1

πRs

[

∫ π−θ

−(π−θ)
(Vin − Vd1)cos(θ) dθ +

∫ π+θ

π−θ
(Vin + Vf )cos(θ) dθ] (4.9)
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Id1i =
1

πRs

[

∫ π−θ

−(π−θ)
(Vin − Vd1)sin(θ) dθ +

∫ π+θ

π−θ
(Vin + Vf )sin(θ) dθ] (4.10)

When the diode1 is ON to rectify signal (V1), the equation for the current

�owing through series resistance (Rs) is given below, where it is calculated by

using Kirchho�'s voltages law as following:

Rs
dCjVd1

dt
= Vin − Vd1 (4.11)

Id2r =
1

πRs

[

∫ 2π−θ

θ

(Vin − Vd2)cos(θ) dθ +

∫ θ

−θ
(Vin − Vf )cos(θ) dθ] (4.12)

Id2i =
1

πRs

[

∫ 2π−θ

θ

(Vin − Vd2)sin(θ) dθ +

∫ θ

−θ
(Vin − Vf )sin(θ) dθ] (4.13)

When the diode2 is ON to rectify signal (V2), the equation for the current

�owing through series resistance (Rs) becomes, calculated by using Kirchho�'s

voltages law as well.

Rs
dCjVd2

dt
= Vin − Vd2 (4.14)

By substituting equations (4.1), (4.2) into (4.11), (4.14), respectively, then they

will be as

Vin − Vd1 = Vin − Vd2 = −RsCjwsin(wt) (4.15)

From (4.6)-(4.15), the input impedance of recti�er before diode breakdown can

be derived as in equation(4.16), and the details explained in APPENDIX-A.

ZD =
πRs

(2θ − 1)sin(2θ) + j(RsCjw)(2π − 2θ + sin(2θ))
(4.16)

The ratio of output DC power (Po) to input RF power (Pin) in addition to power

loss (Pl) on the diode during one full period and after breakdown, determines a
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conversion e�ciency value, e�ciency derived as η

η =
Po

Pin + Pl
(4.17)

Power losses are assumed to be between all losses generated inside both diodes

owing to threshold and reverse voltage, series resistance, junction capacitance. The

output DC power is expressed as

Po =
V 2
dc

RL

(4.18)

A comparison between simulation and calculation results of voltage doubler

recti�er are clarify in Figure(4.10), where schottky diode HSMS-2862 is used at

(a)

(b)

Figure 4.10: Comparison between simulation and calculation results of voltage
doubler recti�er as a function of (a) Output voltage with power (b) E�ciency
with output voltage
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simulation case. Figure(4.10a) illustrates the input and output power in (mW)

with respect to the output voltage in volt. Figure(4.10b) illustrates the e�ciency

(%) with respect to the output voltage in volt.

4.3 Matching Circuit

The AC power is converted into DC power by the recti�er circuit. To ensure

the maximum power transfer from an antenna to a recti�er circuit, the matching

network must exist. The recti�er circuit depends primarily on diodes in their

underlying design. The diodes have variable impedances with frequency, input

power, and load resistance owing to their nonlinear characteristics. A special case

of the matching network aiming to compress the variations in input impedance

thereby enhancing the overall performance, is utilized. The compression network

technique acts to reduce the impedance variation to maintain a good matching

over wide ranges of frequencies, input powers, and load resistances.

4.3.1 Single Branch Impedance Compression Network

A single-branch complex impedance compression network is simulated to demon-

strate the compression in the input impedance variations of the microwave recti-

�er. By using only three transmission lines in the proposed design, the results

show that compression of the input impedance has been noticeably obtained when

the load and input power vary over wide ranges. Figure(4.11) shows the schematic

of the single branch ICN. It consists of three main parts, open-ended stub with an

impedance characteristics Zo1 and electrical length θ1, short-ended stub with an

impedance characteristics Zo2 and electrical length θ2, and a transmission line with

an impedance characteristics Zo3 and electrical length θ3. They are connected in

parallel. ZD represents the variable load, but in the real-life application this vari-
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able load is active microwave circuit such as power ampli�er, low noise ampli�er,

mixer, recti�er, etc. All these circuits contain nonlinear electronic elements such

as transistors and diodes where their internal impedances vary with RF power,

frequency and loads. Zin denotes the compressed impedance.

Figure 4.11: Schematic of single branch impedance compression network (ICN)
proposed for RF energy harvesting system

After capturing the RF signals from space, they will travel through the ICN to

reach the ZD. Z3 acts to compress the ZD but it has a high mismatch. Z1 and Z2

maintain the compression and match the input impedance. Figure(4.12) displays

di�erent impedances on the Smith chart. As can be seen, the input impedance

is compressed and matched. The ICN circuit designed in this work can perform

both compression and matching by the same circuit. Thus, it is a very compact

and simple design as well. The circuit is designed and simulated using the ADS to

come up with the �nal values for the proposed circuit. The Zo1, Zo2, and Zo3 are

20.2Ω, 51.3Ω, and 9.85Ω, respectively, while θ1, θ2, and θ3 are 6.45◦, 13.75◦, and

28.78◦, respectively.
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Figure 4.12: Simulated impedances of the ICN at three reference planes as a
function of the wide input range, on the Smith chart

4.3.2 Mathematical Model for the Single Branch Impedance Compres-

sion Network

By virtue of [46], the mathematical model of the ICN can be derived as in the

following. The input impedance of the open-ended stub is:

Z1 = jZo1cot(θ1) (4.19)

To obtain the compression, electrical lengths of stubs should obey the role θ1

= 90◦ - θ2, accordingly:

Z1 = jZo1tan(θ2) (4.20)

Z2 = −jZo2tan(θ2) (4.21)

Z3 is given as [46]:

Z3 = Zo3
ZD + jZo3tan(θ3)

Zo3 + jZDtan(θ3)
(4.22)
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where ZDis assumed to be complex.

ZD = R− j ∗X (4.23)

Figure 4.13: Equivalent circuit design for signal branch impedance compression
network

ZD is the recti�er impedance. The recti�er circuit consists of a voltage doubler

diode with variable resistance load. From Figure(4.13), which shows the equivalent

circuit of the single branch ICN circuit designed, the connection between stubs can

be written as following:

Zin = Z1||Z2||Z3 (4.24)

The input impedance variations range decreases when variations of the input

power and load are the main goal to design compression network. By substituting

the equations (4.20), (4.21), and (4.22) into (4.24), and the details explained in

APPENDIX-B, it leads to:

Zin =
ZD + jZo3tan(βL3)

(1− Zo3(Zo1+Zo2)tan(βL3)
Zo1Zo2tan(βL2)

) + jZD( tan(βL3)
Zo3

+ (Zo1+Zo2)
Zo1Zo2tan(βL2)

)
(4.25)

Where as shown in Figure(4.13) the βL1, βL2 and βL3 represents to the elec-

trical lengths θ1, θ2 and θ3, respectively.
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Figure 4.14: The variation range of input impedance of diode impedance comparing
with mathematical compressed impedance results after utilized of single branch
ICN proposed

As shown in Figure(4.14), the real part of ZD is assumed to vary from 30 Ω

to 94 Ω, while its imaginary part varies from -100 Ω to -20 Ω. These variations

are wide. After adding the ICN, the real part varies from 14 Ω to 30 Ω and the

imaginary part varies from 45 Ω to 57 Ω.

4.4 Implementation of the Single Branch Recti�er Based on ICN

Single branch recti�er based on impedance compression network at 2.4 GHz is

designed and optimized using keysight ADS software from Agilent technologies.

Taking into account, the nonlinear characteristics of recti�er diode, Large Signal

Scattering Parameter (LSSP) and Harmonic Balance (HB) employed for the evalu-

ation of the re�ection coe�cient, input impedance and conversion e�ciency under

input power from -5 dBm to 20 dBm and load resistance from 400 Ω to 1400 Ω.

The Roger-RO3010, with a thickness of 0.15 mm, is selected. Figure(4.15) shows

the overall recti�er circuit designed in this thesis based on single branch ICN.

As shown in Figure(4.16) the TL1,TL6, TL10, TL11, TL13, TL14 are the

transmission lines that have no noticeable e�ect on the circuit. Also, TL5, TL9,
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Figure 4.15: The whole proposed recti�er circuit based on the ICN

Figure 4.16: Con�guration of the single branch recti�er based on (ICN)

Table 4.2: Dimensions of the proposed recti�er, unit:mm

TL W L

TL1 0.2 0.25

TL2 0.6 0.8

TL3 0.12 1.9

TL4 1.48 3.4

TL5( Taper) 0.25

TL6,TL10,TL11 0.11 0.24

TL7 0.1 0.9

TL8 0.15 1.8

TL9,TL12 0.2 1

TL13,TL14 0.2 0.24

TL12 are transmission lines but have a little tuning e�ect on the overall perfor-

mance of the design, while TL7 and TL8 have a big e�ect on overall performance.

Table4.2 illustrates dimensions of the 2.4 GHz single branch recti�er based on ICN

for schematic simulation
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4.4.1 Recti�er Design

As shown in the Figure(4.8b), the equivalent diode circuit is composed of three

elements, Rs, Cj and Rj. The recti�cation performance depends on all elements

of the equivalent circuit of the diode mentioned above when frequency or junction

capacitance increases, the Rj will be shorted out and RF energy diverted to Rs

where it is converted into heat thereby reducing the output voltage [55]. The single-

stage full-wave recti�er (voltage doubler recti�er topology) is used. According to

the schematic shown in Figure(4.15), the recti�er design consists of HSMS2862

Schottky diode, two Murata (where Murata is an electronic component library in

ADS) capacitors of 33pF and a variable resistance load. The DC pass �lter where

placed after D1 is composed of capacitor C1 in parallel with the DC output load.

The �ltering capacitor will pass only the DC signal and suppress of the funda-

mental signal and its harmonics. The transmission line TL7 with a characteristic

impedance Z4 achieve a good match between dc block capacitor and diodes.

4.4.2 The Proposed ICN Design

The con�guration of the proposed design with true microstrip transmission

lines is shown in Figure(4.16). TL2, TL3 and TL4 represent the entire ICN cir-

cuit. TL4 is employed to compress the variations of input impedance as small

as possible. TL2 and TL3 are optimized to match the compressed impedance

with diode impedance. When the input power is varied from -5dBm to 20dBm

according to simulation results, the input impedance of the recti�er varies from

(12.852-j*53.395) Ω to (78.537-j*31.437) Ω. Inserting the ICN circuit into the rec-

ti�er circuit will produce compressed input impedance varies from (65.19-j*53.395)

Ω to (46.668+j*24.575) Ω, as shown in Figure(4.17a).
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(a)

(b)

Figure 4.17: Input impedance variations with and without ICN as a function of
(a) Input power (b) Load

Also, the proposed circuit is designed under an output load ranging from 400

Ω to 1400 Ω and the input impedance of the recti�er without ICN circuit varies

from (79.224-j*32.029) Ω to (36.68-j*75.029) Ω. By using the proposed ICN cir-

cuit has got compressed input impedance ranging from (43.714+j*19.066) Ω to

(89.499+j*2.498) Ω as shown in Figure(4.17b). The proposed ICN improve the

RF-DC conversion e�ciency as shown in Figure(4.18) because it improves the

impedance matching at an operating frequency under wide input power range and

with the variable output load resistance.

As can be seen in Figure(4.19), the ICN has a signi�cant ability to compress

the input impedance variation. The impedance variations con�ne inside a small

region of impedances. This is a clear evident that ICN proposed design is able to
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Figure 4.18: Comparison of the recti�er e�ciency with and without using the
proposed ICN

(a) (b)

(c) (d)

Figure 4.19: Input impedance as a function of load and frequency for the proposed
recti�er circuit (a) without ICN (b) with ICN. Input impedance as a function of
input power and frequency for the proposed recti�er circuit (c) without ICN (d)
with ICN

compress the large variation in impedances to small variations. To have fair com-

parison, someone can see the di�erence in the values range as indicated in color

map for each plot in Figure(4.19). The color bar shows the magnitude of input

impedance before compression at Figure(4.19a) and Figure(4.19c) range from 20

to 200 Ω, while at Figure(4.19b) and Figure(4.19d) the color bar shows the mag-

nitude of input impedance after compression range from 10 to 90 Ω.
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These �gures are blotted for the input impedance with and without the ICN

in proposed design. The re�ection coe�cient (i.e., the scattering parameter S11)

evaluates the re�ected power from the recti�er circuit to the antenna, which is

an essential parameter to evaluate the performance of the matching impedance

network. Figure(4.20) illustrates the simulated S11 of the single branch recti�er

based on ICN. Figure(4.20a) illustrates the S11 as a function of the input power

and load. The color bar shows the return loss in dB, range from below -10 dB to

-26 dB. As can be observed, the recti�er is well matched for wider ranges of the

input power and load. The re�ection coe�cient S11 extends from -14 dB to -26

dB over wider ranges of the input power and load which are (-2 to 19) dBm and

(400 to 1400) Ω, respectively. The operating central frequency is 2.4 GHz.

(a)

(b)

Figure 4.20: The simulated S11 for recti�er circuit with (a) vs. the load and input
power (b) vs. the frequency.
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Figure(4.21) shows the output voltage versus the input power and load, the

color bar shows the output DC voltage (V) ranges from 0 to above 5.5 V, where

5.5 V is the maximum output DC voltage can be obtained.

Figure 4.21: The simulated output DC voltage versus the variable input power
and load

As a function of frequency, load, and input power, the Figure(4.22) reports the

simulated RF-DC conversion e�ciency. As observed in Figure(4.22a) the e�ciency

under variable load and input power. A maximum e�ciency 73.4% can be obtained

is at 17 dBm and 600Ω, and from 5 to 19 dBm the e�ciency remains above 50%.

Figure(4.22b) illustrates the e�ciency as a function of variable load and frequency,

and the maximum frequency is realized at operating frequency 2.4 GHz. Finally,

Figure(4.22c) shows the e�ciency versus the input power and frequency. From

all the simulated results demonstrated above, the color bar shows the RF-DC

conversion e�ciency ranges from 0 to above 70 %, it can deduce that proposed

recti�er design based on the ICN can sense and operate almost at a moderate

input power.
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(a)

(b)

(c)

Figure 4.22: RF-DC conversion e�ciency (a) vs. the input power and load (b) vs.
the frequency and load (c) vs. the input power and frequency

4.5 Implementation and Results for ICN Optimized by the Particle

Swarm Optimization Algorithm

A formula of the input impedance Zin given in equation (4.25), is governed

by �ve parameters namely (Zo1, Zo2 , θ2, Zo3, θ3) where Zin represents the best

�tness function in PSO algorithm procedure to come up with the optimum dimen-

sions for the whole design with the ICN. The constraint of the algorithm utilized
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in this work is to make the input impedance 50+i0Ω for a wide range of input

power. Figure(4.23a) shows the best personal position (BestCost) convergence of

the PSO algorithm. Results are good enough to produce a signi�cantly narrow

input impedance variations range despite a wide input power range. Figure(4.23b)

depicts the input impedance variations for di�erent number of iterations. As can

be seen, as a number of iteration is increased, the desired results are obtained.

(a)

(b)

Figure 4.23: PSO algorithm impelmention results (a) the best �tness value of the
real part of input impedance for a number of iterations (b) real and imaginary
parts of the input impedance for a number of iterations

To show the usefulness of the ICN, e�ciency is the most important recti�cation

metric parameter. In addition, the re�ection coe�cient S11 is illustrated because

this parameter determines how much power transfers from the RF signal source

(i.e., an antenna) to the recti�er.
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Table 4.3 introduces the PSO parameters. Figure(4.24a) illustrates how match-

ing is improved by having lower re�ection coe�cients, especially when employing

the PSO.

Table 4.3: PSO parameters

Parameters Range

Inertia weight 1

C1 , C2 2

N 5

Swarm No.(i) 50

Iterations No.(t) 200

The PSO with ICN case has the best matching about -25 dB. Moreover, Fig-

ure(4.24b) shows that the e�ciency is improved by almost 10% when using the

circuit with only ICN and 15% with the ICN and PSO. The e�ciency remains

above 50% for the input power range of (4.5-19.5) dBm and a load range of (0.4-

1)KΩ. As expected, the PSO algorithm has achieved the goals, being matching

enhancement and RF-to-DC conversion e�ciency. By virtue of the PSO, this has

been done only in few minutes, whereas the ICN without optimization take hours

or days depending on the designers experience and how to deal with the software.

This is the key point how the optimization techniques accelerate the design process

and reduce the time.

Figure(4.25) shows a recti�er with ICN after applying the PSO. The �nal phys-

ical size will be (8.86x4.3x0.15) mm3. The whole size of the circuit is slightly in-

creased compared to the circuit without optimization, but this increment does not

have a big e�ect on the overall reduction form.
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(a)

(b)

Figure 4.24: Enhanced results by using PSO algorithm (a) Simulated return loss
before and after optimization also, without ICN. (b) Simulated conversion e�-
ciency of the recti�er with and without ICN in addition to PSO e�ciency

The Matlab code adopted in this thesis is given in the APPENDIX-C.

Figure 4.25: Con�guration of recti�er based on single branch (ICN) optimized by
using PSO
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Table 4.4 gives a comparison between the recti�er present in this work and the

previous related work.

Table 4.4: The Comparison of the proposed recti�er and some related designs

Ref.(year) Freq.[GHz] O/P volt(V) Load(Ω) Size(mm2) Max E�.(%)

[34] (2020) 0.9 3.1 1000-5000 45.4x7.8 60

[31] (2017) 2.45 1.9 800-2800 41x21 57

[29] (2018) 2.45 - 820 ,1200 - 63

[32] (2019) 2.41 12 , 3.9 430 , 1500 55x38 72.8

[33] (2020) 5.8 2.7 220 21x12 70.2

[42] (2019) 2.45 - 360 31.3x25.3 73.6

[54] (2016) 0.915 - 1000-3000 - 84.8

[37] (2017) 2.45 - 80-200 - 79.2

Our work 2.4 5.5 400-1400 8.65x4.2 73.4

With PSO 2.4 6 400-1400 8.86x4.3 76
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CHAPTER 5

RECTENNA ARRAY DESIGN FOR RF ENERGY

HARVESTING

5.1 Overview

In this chapter, both of the antenna arrays with BFNs and recti�ers will be

integrated together to have the whole RF energy harvesting system. As shown

earlier, the output of the antenna array has several outputs. Each single output

can be integrated with a recti�er. Thus, �rst, the DC power combining technique

is introduced since this will enable us to accumulate the power as much as pos-

sible. Some combining techniques impose to make each single output port from

the BFN has its own recti�er. In other words, several DC sources will be available.

After that, all DC power that has resulted from all outputs recti�er branches

will adding these DC sources in somehow will enforce the system to provide the

highest power. As demonstrated in the previous chapter, each port in the BFN

has di�erent beam of the radiation pattern that covers di�erent direction in space.

This means that the incoming RF signals from di�erent direction excite di�erent

recti�ers integrated with the di�erent ports of the BFN. The whole energy system

can harvest the power from a wide range of the spatial angles. Figure(5.1a) shows

a schematic of the RF power combining technique. Conventional antenna arrays

cannot cover most spatial directions simultaneously, and then the DC power level

will decrease as the main scan angle is deviated from the intended directions. How-
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(a) (b)

(c)

Figure 5.1: The combination power methods (a) RF power combining method (b)
The hybrid power combining system using Butler matrix network (c) DC power
combining method, [56]

ever, our BFN makes our antenna array has several beams directed to di�erent

directions at the same time. As indicated in the previous chapter, a multi-beam

antenna is required. Figure(5.1b) illustrates BFN and DC combining approach to

provide wide view angle to scan.

The BFN is utilized as an RF combining method, which exhibits an e�ective

employment to enable a multi beams antenna array to be introduced, and therefore

an output DC power with a broad incident angle will be guaranteed. This circuit

has advantages over the one introduced in Figure(5.1a) because the former can

capture the RF signals from di�erent directions with the same e�ciency, whereas

the latter it works well with only one direction. In the proposed BFN, the rectenna
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can harvest the RF signals through four beams and each beam is associated with

a speci�c direction, thereby having four RF output signals with di�erent phase

between them, signals pass over Butler matrix network and directly pass to recti�er

circuits to convert the RF signals to DC signals. Figure(5.1c) shows the DC

power combining technique where each out port of the single antenna element is

integrated with a recti�er. Then, output ports of recti�ers are added in somehow

(i.e., either in series or in parallel).

5.2 DC Power Combining System

The DC power combining technique is the �rst rectenna design scenario that

will be investigated. The 1x4 antenna array that was designed in the previous

chapter is used. Figure(5.2) depicts the DC combining strategy adopted here.

Four RF-DC recti�ers based on a single branch complex impedance compression

network are arranged in parallel to the 1x4 multi-feed antenna array.

After that, the RF signals pass through recti�ers and then are converted to DC

signals. At this point, four output loads have been presented. Figure(5.3a) illus-

trates the DC output voltage for all loads as a function of the theta. Figure(5.3c)

and Figure(5.3d), compare the contrast among the outputs. The maximum volt-

age has obtained from the �rst output which is 5V at 20dBm RF harvested power,

and 52.5% is maximum RF-DC e�ciency at 16dBm RF harvested power. For the

second output, the output DC voltage is 3.6V at 20dBm RF harvested power,

and 35.7% is maximum RF-DC e�ciency at 3dBm RF harvested power. A 3.6V

at 20dBm RF harvested power, 35.7% is maximum RF-DC e�ciency at 3dBm

RF harvested power and a 5V at 20dBm RF harvested power, 57% is maximum

RF-DC e�ciency at 18dBm RF harvested power, for both outputs three and four,

respectively. To obtain the single load for rectenna design by a DC power com-
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Figure 5.2: The schematic of the rectenna design employing the DC power com-
bining technique

bining system the parallel accumulation for all outputs is what is adopted, as

demonstrated in Figure(5.2). Figure(5.3b) introduces the output as a function of

theta. From Figure(5.3c) and Figure(5.3d), a 6V at 20dBm RF harvested power,

one can deduce that the proposed DC combining technique operates with a wide

range of the input RF power and with e�ciency above of 40% from -3 to 17 dBm

and maximum RF-DC e�ciency is 53%.

5.3 RF Power Combining System

The RF power combining strategy is implemented by using an RF power

combiner circuit to accumulate every two RF branches and pass it through three

combiners to produce one RF power port. The same 1x4 antenna array is connected

to two Wilkinson power combiners, and their resulting terminals are combined to

a third Wilkinson power combiner to obtain a single RF power line. Figure(5.4)
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(a) (b)

(c) (d)

Figure 5.3: The simulated results (output1(Red, solid line), output2(Blue, dot dot
line), output3 (Pink, dot dash line), output4 (Yellow, long dash line), the single
output(black, dot line) ) (a) output DC voltage (V) related to Theta (deg) angle
for all outputs for multi-output DC combining design (b) output DC voltage (V)
related to Theta (deg) angle for a single output for DC combining design (c) DC
voltage (V) to the RF power harvested (dBm) (d) the recti�cation e�ciency to
the RF power harvested (dBm)

illustrates the RF combining strategy. Wilkinson power combiner is simulated

with high matching at the operating frequency with 0dB insertion loss.

A single line that has been generated from an RF combining system is con-

nected directly to only one RF-DC recti�er. Figure(5.5a) presents the output as

a function of theta. From Figure(5.5b) and Figure(5.5c), a 5V at 20dBm RF har-

vested power, the system has e�ciency above of 50% from -15 to 11.5 dBm and

maximum RF-DC e�ciency is 66%.
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Figure 5.4: The schematic of the rectenna design employing the RF power com-
bining technique

5.4 Hybrid Power Combining System

To take bene�t of the characteristic features of both RF and DC combining

systems. The signals will be combined in front of the recti�er and behind the

recti�er circuit The arrangement of hybrid combining strategy is as follows; the

same 1x4 antenna array which is with four feed lines, each two lines are added by

the Wilkinson power combiner in order to produce two outputs. Then, these two

RF power outputs are connected directly to a couple of RF-DC recti�er circuits.

At this point, an RF combining was attained. The DC combining is made

by adding the two DC ports in parallel form. Figure(5.6) illustrates the adopted

hybrid combining approach. Figure(5.7a) presents the output as a function of

theta. From Figure(5.7b) and Figure(5.7c), a 5.5 V at from (16-20) dBm RF

harvested power, the system has e�ciency above of 60% from -10 to 15 dBm and

maximum RF-DC e�ciency is 81.3%.
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(a) (b)

(c)

Figure 5.5: The simulated results for the RF power combining system (a) output
DC voltage (V) related to Theta (deg) angle for RF combining design (b) DC
voltage (V) to the RF power harvested (dBm) (c) the recti�cation e�ciency to the
RF power harvested (dBm)

5.5 BFN/DC Power Combining System

There are two ways to investigate the BFN/DC power combining system :

5.5.1 Simulation for the Multi-Beam/Multi-Output rectenna

As indicated in chapter two, a recti�er circuit design has been fully investigated.

A recti�er circuit composed of two diodes as a voltage doubler in addition to a

single branch impedance compression network is employed as a matching network.

A 2.4GHz recti�er design has demonstrated a high-e�ciency approximately 76%

after optimizing the ICN dimension using the PSO algorithm, in addition to the
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Figure 5.6: The schematic geometry for rectenna design by the Hybrid power
combining

wide RF input power range of (-5 to 20)dBm. Furthermore, the recti�er circuit

performance was simulated with a variable load resistance within a range 400 to

1400 Ω. A recti�er circuit is shown in Figure(4.25).

To implement a multi-beams structure with four of the recti�ers are utilized

and connected to the output ports 1, 2, 3 and 4, as shown in Figure(5.1b). In order

to present a rectenna which is able to harvest the RF signals from 4 beams with

di�erent scan angles ( 56o, 15.5o, -16.5o, -50o), it only can be achieved with multi-

beam feeding network. Furthermore, a circular polarization has been adopted to

overcome the mismatching case in polarization problem and to harvest from sev-

eral di�erent directions of ambient RF sources. Hence, utilizing the Butler matrix

will be the useful circuit, as an RF combiner, and increases the RF power at recti-

�ers because of the accumulation of the RF signals received by all four input ports

and distributed it over the output ports with a constant phase di�erence. The

Figure(5.8a) shows the output DC power in watt as a function of antenna scan

angle, the value of power varies between 0.023 watts at the �rst and fourth ports,
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(a) (b)

(c)

Figure 5.7: The simulated results for the hybrid power combining system(a) output
DC voltage (V) related to Theta (deg) angle for Hybrid combining design (b) DC
voltage (V) to the RF power harvested (dBm) (c) the recti�cation e�ciency to the
RF power harvested (dBm)

to 0.019 watts at the second and third ports.

Figure(5.8b) illustrates the magnitude of the DC voltage signals as a function

of the antenna scan angles, to observe the DC signals produced by rectennas, as

they will be generated through four beams at angles of (-48.4o, -16.5o, 16o, 47.9o

), the magnitude can reach to 3.74V at �rst recti�er, 3.38V at second, 3.37V at

third, 3.75V at last recti�er. These results occur when the RF power harvesting is

equal to 10dBm from all antenna elements, and the load resistance is �xed at 600Ω.

The recti�cation e�ciency related to the antenna scan angle is presented in
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(a)
(b)

(c)

Figure 5.8: The simulated results (port1(Red, solid line), port2(Blue, dash line),
port3 (Pink, dot dash line), port4 (Yellow, long dash line)) related to antenna scan
angle with: (a) output DC power (W) (b) output DC voltage (V) (c) recti�cation
e�ciency

Figure(5.8c). The e�ciencies for ports 1, 2, 3 and 4 are 93.4%, 76%, 75.6%,

93.6%, respectively. The output voltage for the DC signal (V) as a function of

RF power (dBm) clari�ed in Figure(5.9a). As observed, the maximum DC signal

for the rectenna reaches to a 5V at the maximum RF input power over ports of 2

and 3, and 4.5 over ports of 1 and 4. The DC power versus the RF input power

in Figure(5.9b) shows that one can observe that the maximum DC power for the

rectenna reaches to 43 mW at the maximum RF input power over ports of 2 and 3,

and 34 mW over ports of 1 and 4. Figure(5.10) illustrates the recti�cation e�ciency

as function to RF input power and theta angle in a form of the 3D simulation.
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(a) (b)

Figure 5.9: The simulated results (port1(Red, solid line), port2(Blue, dash line),
port3 (Pink, solid line with star symbol), port4 (Yellow, solid line with circle
symbol)) for: (a) The simulated magnitude of DC signals (V) for rectenna output
ports VS RF power (dBm) (b) the relationship between the DC power to the RF
power (mW)

(a) (b)

(c) (d)

Figure 5.10: The 3D simulation results for BFN and DC combining compact when
excite (a) port1 (b) port2 (c) port3 (d) port4

5.5.2 Simulation for the Multi-Beam DC Combining System

A single branch rectenna is the easiest and simplest than a multi-branch one.

The DC combining will be implemented to complete the rectenna designed above
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to be a rectenna system with a compact BFN DC combining system geometry as

shown in Figure(5.11). The DC power generated from each single recti�er will be

accumulated at single port to provide a su�cient power to power sensors or to

recharge batteries. A parallel DC combining approach is what will be used with

the BFN.

Figure 5.11: The schematic geometry for rectenna design by the BFN and DC
combining

In this work, the parallel connection is more appropriate and easier than the

series connection. A passively accumulating DC for voltage, Figure(5.12a) illus-

trates the output voltage for the single branch to the RF power in dBm. The

maximum voltage that can be reached to 6.6V when RF also is a maximum. Fig-

ure(5.12b) present the relationship between DC power to RF power, 72.3 mW

is a maximum power. A 83.7% at 13 dBm is a maximum RF-DC e�ciency ob-

tained as shows in Figure(5.12c) and from 1.5 to 16 dBm has e�ciency above 60%.

The recti�cation e�ciency as a function of scanning angle is illustrated in
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(a) (b)

(c)

Figure 5.12: The simulated results for rectenna with hybrid combining system (a)
the magnitude of output DC signal (V) for rectenna output port VS RF power
(dBm) (b) the relationship between the DC power to the RF power (mW) (c)
recti�cation e�ciency VS RF power harvested (dBm)

Figure(5.13), as the rectenna can obtain high recti�cation e�ciency along a theta

angle with a wide range for RF input power and load resistance. The rectenna

design operates with high performance in the case when the load resistance is �xed

to one value, which is 600 Ω, but the e�ciency of its performance does not con�ict

or decrease with dependence on a variable resistance load within a range of 400 Ω

to 1400 Ω.
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(a)

(b)

Figure 5.13: The 3D simulation results for rectenna designed explain the recti�-
cation e�ciency as a function of Theta angle with wide range of (a) RF power (b)
load resistance

5.6 A comparison between Power Combining Techniques

The comparison among all types of the power combining techniques mentioned

above is provided in this section. From the simulation results, one can infer that

the e�ective way to harvest power or to say which combining technique is the best

over others and vice versa. The comparison is introduced according to a rectenna

performance at a wide range of incident angles, the input RF power and the vari-

able load resistance.

Figure(5.14) demonstrates the DC harvested output power versus the scan an-

gle and the input RF power for all combining systems. The dot blue line is related
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(a)
(b)

(c) (d)

(e)

(f)

Figure 5.14: The simulated results for (DC combining system (Red, solid line),
BFN/DC combining system (Blue, dot dot line), for RF combining system (Pink,
short dash dot line ), Hybrid combining system (Yellow, long line)): (a) DC power
(mW) VS scan angle (deg) (b) DC power (mW) VS RF power (mW) (c) DC
voltage (V) VS RF power (dBm) (d) Recti�cation e�ciency VS RF power (dBm)
(e) Recti�cation e�ciency VS load resistance (Ω) (f) Recti�cation e�ciency VS
frequency (GHz)
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to a scan angle determined using Equation (3.3) of BFN/DC combining system

to show the e�ectiveness of the BFN. As can be seen, the proposed work with the

BFN is able to harvest the power from almost all directions and with a wide range

of the input RF power. The reason why other systems operate with a limited

range of scan angles is that they have only one beam, whereas our proposed work

has several beams at the same time. The �uctuations in the DC harvested power

belongs to that there are a lot of problem such as the destructive interference at

some speci�c scan angles or the deterioration in the antenna performances because

of the increase in the mutual coupling among antenna elements in the array.

Then, the DC combining operates with scan angles from -50o and +50o.Hybrid

combining has a stable DC power along a wide range of the input RF power, a

50mW dc power has obtained from 40 to 100 mW the input RF power. Since only

one recti�er is used in RF combining scenario, the scan angle is limited, thereby

resulting in a reduction in the harvested power as compared to other systems.

Figure(5.14d) illustrates the recti�cation e�ciency over a wide range of the input

RF power in dBm.

As can be observed, the rectennas implemented by RF and hybrid combining

systems have higher e�ciency above 40% over a wide range of the input RF power

from -3 to 17dBm and above 60% from -10 to 15dBm, for DC and hybrid combin-

ing, respectively. However, the BFN/DC combining system has higher e�ciency

but a little narrower than DC or hybrid system, 1.5 to 16dBm that is 60%. The

lower system that has e�ciency is RF combining system. Rectennas can work with

higher e�ciency related to the input RF power is 83.7%, 53%, 66% and 81.3%, for

BFN/DC, DC, RF and hybrid combining systems, respectively. The RF-DC e�-
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ciency related to range of load resistance and frequency is investigated as shown in

Figures (5.14e, 5.14f). In conclusion, the BFN/DC combining system and hybrid

power combining system exhibit a great interesting performance to the rectenna

circuit design.

5.7 Discussion the Results of the E�ectiveness of the PSO Algorithm

in the Rectenna Array Design

The importance of using the PSO algorithm that was employed to obtain an

improvement in the performance of the impedance compression circuit to enhance

the system performance over wide ranges of the input RF power, load resistances,

and frequency. The recti�er circuit used in Figure(4.16) is adopted in Figure(5.11)

to ful�ll the rectenna design without using the PSO.

The overall performance of rectenna is illustrated in Figure(5.15). As observed,

the rectenna implemented without using the single branch impedance compression

network optimized by PSO algorithm, the performance of recti�er to convert the

RF power to DC power will not operate well along the scan angle as shown in

Figure(5.15a), also with the input RF power as shown in Figure(5.15b). Therefore,

the e�ciency obtained is lower than the rectenna with the PSO algorithm, as

illustrated in Figure(5.15c). A 76.7% which is the maximum e�ciency has been

obtained by the whole proposed system with the BFN while it is 83.7% when the

matching circuit is optimized using the PSO algorithm.
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(a)

(b)

(c)

Figure 5.15: The simulated results for rectenna designed with (Blue, long dash
line) and without(Red, solid line) PSO algorithm (a) DC power (mW) VS Theta
angle (deg) (b) input to output power (mW) (C) recti�cation e�ciency VS RF
power (dBm)
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5.8 A Comparison between Circular and Linear polarization Rectenna

Array Design

As indicated in challenges of the RF energy harvester design, locations of the

ambient RF sources are unknown or time-varying. Therefore, the angle of ar-

rival of the RF signals incident on rectennas is random. In order to increase the

probability of picking up signals, the mismatch polarization between RF sources

and RF energy harvester is removed by employed the circularly polarized rectenna.

A circular polarization antenna has been investigated in the previous chap-

ter. To validate the e�ectiveness of circularly polarized rectenna in picking up

the RF signals, a comparison between linear polarization rectenna and circularly

polarization rectenna is preformed. The circular polarization rectenna is adopted

in Figure(5.11). The linear polarization rectenna has the same con�guration as

a circular polarization rectenna, but it has been achieved with a linear polariza-

tion antenna. To implement this validation a patch antenna transmitter source

were placed away 1 meter from a rectenna utilized. Figure(5.16) illustrates the

input power and output power of the rectenna as a function of rotation angle or

mismatch polarization angle for the transmitter. As can seen, the rectenna main-

tains almost the same received harvested power even if the polarization of RF

transmitter antenna sources change.
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(a)

(b)

Figure 5.16: The 3D simulation results for rectenna designed RF power (mW) VS
mismatch polarization angle (deg) VS DC power (mW) (a) linear polarization (b)
circular polarization

5.9 Related Work

Table 5.1 investigated a comparison with the entire rectenna system with another

rectenna in related work. The authors in [57] a 2.45GHz 2x2 rectenna array is

proposed with a two combining power system DC and RF power combining, each

rectenna element consists of a dual-polarized antenna and simple recti�er circuit. A

hybrid coupler has been utilized to connect the antenna and recti�er. The recti�er

exhibited wide e�ciency over above 50% from -3 to 13 dBm, 3.5 V maximum

DC voltage has been obtained. The overall rectenna array design demonstrates

a signi�cantly wide and stable recti�cation e�ciency for DC combining systems

above 50% for the entire power density range. While in an RF combining system,
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the recti�cation e�ciency curve decline at meanwhile increasing the power density.

In addition to that, the RF combining system achieved narrow band e�ciency.

Table 5.1: The Comparison of the proposed rectenna and some related designs

Ref.(year) Freq. Polari. DC volt RF power Max E�. combining

[GHz] (V) (dBm) >40% (%) approach

[57] (2020) 2.45 DLP - (-5)-15 70,65 DC and RF

[58] (2019) 0.915 CP 7.5 (-5)-15 90.6 directly

[59] (2020) 2.45 LP 16.5 11-27 73 directly

[30] (2018) at 2.45 LP - (-6)-17.5 82.5,80.7 directly

[16] (2020) at 2.45 CP - (-3)-20 50 directly

[60] (2018) 2.45 LP 7,1.8, 3.6 - 70, 73, 75 DC by 3 ways

Our work 2.4 CP 6.6 (-3)-18.5 83.7 BFN/DC

5 , (-18)-16 66 RF

5.5 (-14)-17 81.3 Hybrid

6 (-3)-17 53 DC

Huygens circular polarization rectenna has been introduced in [58], 0.915GHz

single rectenna composed of spiral line based on Huygens CP antenna connected

directly to a high-e�ciency single recti�er circuit. Captured Power range from -15

to 15 dBm. 7.5 V was a maximum DC voltage obtained at 15 dBm. The RF-DC

e�ciency was above 50% along with the range from -5 to 10 dBm.

A simple rectenna compact was reported in [59] at 2.45 GHz and harvested

power range from 0 to 27 dBm. A linear polarization antenna is connected di-

rectly to the recti�er circuit through the e�cient matching circuit. 4 V has been

achieved at 15 dBm RF power and the maximum voltage was 15V at 27 dBm.

Recti�cation e�ciency above 50% at an input power range from 13 to 27 dBm,

maximum recti�cation e�ciency has been achieved was 75% at 21 dBm.
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In [30] the rectenna circuit consists of a microstrip antenna to gathering the

RF energy. The antenna is connected to the two recti�er circuits for low and high

power, the input power range from -20 to 20 dBm. A selectable frequency design

was achieved. At 2.45 GHz the rectenna get an RF-DC conversion e�ciency of

60% at 15dBm for high power and 48% at the range from 0 to 11 dBm.

CP rectenna with broadband frequency range is investigated in [16] with wide

input power range (-15 to 20) dBm. The rectenna proposed consists of the square

loop patch antenna connected to the recti�er circuit through a feeding network.

The recti�er circuit was utilized the resistance compression network RCN as a

matching network. At a maximum power density employed, the rectenna has been

achieved a 50% at 2.4 GHz.

A 2x2 rectenna array was presented in [60]. Also, the three con�guration ap-

proaches have been investigated in order to implement the DC power combining

system series, parallel and series-parallel associations. The rectenna element con-

sists of a fractal patch antenna with a recti�er circuit. 2.45 GHz was the operating

frequency, the signi�cantly e�cient power captured range (-2 to 8) dBm. Series

association achieve above 7 V at 8 dBm and recti�cation e�ciency above 50%

over the entire input power range. Parallel association achieve above 1.8 V at 8

dBm and recti�cation e�ciency above 50% also over entire input power range.

Series-Parallel association has been achieved above 3.6 V at 8 dBm and recti�ca-

tion e�ciency above 50% from 2 dBm to 8 dBm.
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In this work, CP multi beams rectenna has been introduced. Four combina-

tions strategies RF, DC, hybrid(RF and DC), BFN/DC power combining have

been investigated. The rectenna was composed of a square patch antenna array

connected to the recti�er circuit based on a single branch impedance compression

network as a matching network. For all combining strategies, the voltage has been

achieved closed values of around 6 V, 5 V, 5.5 V and 6.6 V for DC, RF, hybrid and

BFN/DC power combining, respectively. The maximum recti�cation e�ciency has

been achieved by each one of the strategies that were 53%, 66%, 81.3% and 83.7%

for DC, RF, hybrid and BFN/DC power combining, respectively.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

This thesis focused on wireless energy harvesting radiated from ambient RF

sources and used in charging instead of batteries. Two problem statements have

been faced with the RF energy harvesting system, �rst is the location of RF

sources, which are usually unknown and time-varying, furthermore ambient RF

signals diversity. The second issue is the low power density for available RF power

sources. Both problems have been pointed on in this thesis, as an attempt to

introduce a contribution to getting a highly e�cient RF energy harvester.

Rectenna is a key component for the harvesting system, composed of an an-

tenna and a recti�er circuit. The linear square patch antenna with circular polar-

ization is what gathers the ambient RF EM energy. Four symmetric CP square

patch antenna, 9dB gain has been achieved, an axial ratio was lower than 3dB for

the entire array with high matching at resonant frequency 2.4GHz. The beamform-

ing network has been investigated, to increase the scan coverage area by generating

multi beams instead of a single beam. So, a butler 4x4 matrix con�guration has

been designed. Four beams have been generated with scan beam angles -82o, -

21.5o, 21.5o and 82o for output ports 1, 2, 3, and 4, respectively.

A recti�er circuit with voltage doubler Schottky diode has been introduced,
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which is based on a single branch impedance compression network as a matching

circuit. A compression network has been implemented to be achieved matching

and compression for impedance variation range to readable as a single value by

diodes. The single branch ICN has been merged with diodes. The simulated results

exhibited 73.4% recti�cation e�ciency and good matching at 2.4GHz with a range

of large-scale input power (-5 to 20)dBm and (400-1400) Ω for load resistance.

From 5 to 19dBm have above 50% recti�cation e�ciency. Mathematical models

for voltage doubler recti�er circuits and a single branch impedance compression

network had been introduced in this thesis. To obtain more enhancement on ICN

circuit design. The particle swarm optimization PSO algorithm has been proposed

to look forward to maximum leveraging from ICN to get great performance. By

using the PSO algorithm the dimension of the ICN implemented have been opti-

mized. As expected, performance after using the ICN optimized, the recti�cation

e�ciency reaches 76%, in addition to enhancement in the matching. The Recti�er

adopted in this work, has a smaller size, compared to the previous related work,

so that it reaches 8.86x4.3x0.15mm3.

This thesis introduced four rectenna circuits that are able to harvest RF sig-

nals with high gain, circular polarization. To present a completed rectenna design.

Various incorporation strategies are appropriated, for di�erent input power range.

For instance, rectenna with RF combining strategy and rectenna with hybrid com-

bining strategy exhibited wide recti�cation e�ciency above of > 40% at an input

power range from -18 to 17 dBm. While rectenna with DC combining strategy

and rectenna with BFN/DC combining strategy suitable for power range from 0

to 20 dBm with recti�cation e�ciency above of > 40% along with the input power

range.
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6.2 Future Work

1. Build single recti�ers with very lower input power less than -10dBm to in-

crease the harvested power.

2. Design single recti�ers with multi band or broadband operating frequency

to increase the harvested power.

3. Develop a highly symmetric a passive beam forming network.

4. Miniaturize the butler matrix designed in this work to be low pro�le.

5. The coverage area can be greater by developing a symmetric 8X8 butler

matrix to obtain 8 beams to scan the antenna view angle.

6. Miniaturize the size of the antenna designed or adopting the planar method

in the design of the array.

7. Design antenna array with multi-band or broadband operating frequency to

increase the harvested power.

8. Adopt the series DC power combining system to arrange the rectenna array.

9. Design multi-substrate rectenna design to build low pro�le rectenna for RF

energy harvesting system.
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APPENDIX - A

By substitute the equation(4.15) into equations(4.9) and (4.10), and solving

the integration for diode1:

Id1r =
1

πRs

[

∫ π−θ

−(π−θ)
(−RsCjwVin)sin(θ)cos(θ) dθ+

∫ π+θ

π−θ
(Vin +Vf )cos(θ) dθ] (6.1)

Id1r =
CjwVin
π

[cos(2θ)] (6.2)

Id1i =
1

πRs

[

∫ π−θ

−(π−θ)
(−RsCjwVin)sin(θ)sin(θ) dθ+

∫ π+θ

π−θ
(Vin + Vf )sin(θ) dθ] (6.3)

Id1i =
CjwVin
π

[π − θ +
sin(2θ)

2
] (6.4)

The current through diode1 given by following equation:

Id1 =
CjwVin
π

[cos(2θ)]− jCjwVin
π

[π − θ +
sin(2θ)

2
] (6.5)

By substitute the equation(4.15) into equations(4.12) and (4.13), and solving the

integration for diode2:

Id2r =
1

πRs

[

∫ 2π−θ

θ

(−RsCjwVin)sin(θ)cos(θ) dθ +

∫ θ

−θ
(Vin − Vf )cos(θ) dθ] (6.6)

Id2r =
(Vin − Vf )

πRs

[2sin(θ)] (6.7)

Id2i =
1

πRs

[

∫ 2π−θ

θ

(−RsCjwVin)sin(θ)sin(θ) dθ +

∫ θ

−θ
(Vin − Vf )sin(θ) dθ] (6.8)

Id2i =
CjwVin
π

[π − θ +
sin(2θ)

2
] (6.9)
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The current through diode2 given by following equation:

Id2 =
(Vin − Vf )

πRs

[2sin(θ)]− jCjwVin
π

[π − θ +
sin(2θ)

2
] (6.10)

When substation the equations(6.5) and (6.10) into equation(4.8), after that into

equation (4.6). The input impedance equation can written as following:

ZD =
πRs

RsCjwcos(2θ) + 2sin(θ)(1− Vf
Vin

) + j(RsCjw)(2π − 2θ + sin(2θ))
(6.11)

Depending on the input voltage, the θ is variable and can given by the following

equation:

Vf
Vin

= cos(θ) + θcos(θ)− sin(θ) (6.12)

Now, when substitute the equation(6.12) into equation(6.11) and simpli�cation

can obtained the equation(4.16).
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APPENDIX - B

By virtue of equation(4.24) �rst will be determine the Z1||Z2 and given as following:

jZo1tan(θ2) ∗ (−j)Zo2tan(θ2)

jZo1tan(θ2)− jZo2tan(θ2)
(6.13)

With the parallel relation between Z3 and equation(6.13):

Zin =
j ∗ Zo1 ∗ Zo2 ∗ Zo3 ∗ tan(θ2) ∗ (ZD + Zo3 ∗ tan(θ3))

(Zo1 − Zo2) ∗ (Zo3 + j ∗ ZD ∗ tan(θ3)) ∗ (Zo3∗(ZD+Zo3∗tan(θ3))
Zo3+j∗ZD∗tan(θ3)

+ j∗Zo1∗Zo2∗tan(θ2)
Zo1−Zo2

)

(6.14)

By simpli�cation the above equation can get a equation(4.25)
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APPENDIX - C

Matlab code adopted for the particle swarm optimization algorithm
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