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ABSTRACT

Wireless power transmission, an idea first proposed and demonstrated by Nikola tesla in the
beginning of the 20" century has seen immense improvement up until date, with the latest
developments in the field including wireless charging of electronics having already graced the
consumer market. In this paper, tremendous focus is put into improving the efficiency of the
system, notably, the antennae efficiency, specific waveforms used to in transmission to achieve
optimal efficiency. First, the non-uniform antenna array is designed and discussed. Additionally,
mathematical analysis and software simulation designs of rectenna division, specifically, the
rectifier part were performed. Consequently, a special type of rectifier known as the class F
rectifier is discussed in detail simulated with different diode models to show the different
improvements in the efficiency of the system depending on the type of diode used. Four waveforms
were also compared, and simulation results given and compared to experimental results done in

earlier work.
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Chapter 1 Introduction

1.1 Background

Wireless power transmission dates way back to the beginning of the 20™ century when it was first
proposed by Nikola Tesla after which he successively demonstrated the idea through wirelessly
lighting a bulb that he held in his hands at Colorado Springs laboratory. Up until date, rigorous
research has been done in wireless power transmission both far and near field. Notably, near field
techniques have been developed the most, with present-day implementations like wireless
charging having already graced the consumer market, especially on the smart phone end.
Consequently, now emphasis is being put into far field wireless power transmission research due
to its promising outcomes which include but not limited to; transmission of power to remote or
geographically poorly located places for example mountains or islands, where wired transmission
would be difficult, the omission of power lost due to current flow in the conductor (I’R losses),
theoretically feasible way of transmitting harvested power from satellites to a station on earth
without harming any bio elements passing through the line of sight between the satellite and the
ground station. Currently, the approaches for far field transmission available include Laser power
transmission and Microwave wireless power transmission (MWPT). In this paper, mathematical
analysis and numerous simulations are to be presented in argument of improving efficiency of

MWPT.

1.2 Literature review

[1] describes the work done in the field of wpt, the current trends both in far and near field
techniques. The paper also throws light on the bottle necks still halting the development of the
field especially in far field. Furthermore, the work elaborates on the various applications and
importance of wpt. Experiments done in [2] demonstrated coupling of microwave RF power from
using a magnetron and also simulation results from Multisim showed efficiency varying from 5.5%
to 0.2%. Since having a high peak to average power ration is fundamental in the system to improve
the conversion efficiency at the rectifying end, a great deal of work should be put into the type of
waveforms used in the transmission. Therefore, [3] - [4] demonstrate with simulation results the
different types of waveforms that can be used to provide better efficiency in wpt. [3] further
compares white noise signal waveforms, OFDM signal waveform, and Chaotic signal waveform

and successively shows how chaotic signal has the highest PAPR amongst the three mentioned
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waveforms thus theoretically promising the best conversion efficiency amongst them. Another
keen area of interest in the system is the type of antenna used, both at the receiving and transmitting
end. For that reason, very much work in recent years have been done to improve the antenna output.
However, since the traditional antenna has a lot of challenges in transmitting power with a high
directivity (for example, the size would be large according to the Friis transmission equation),
more effort has been put into antenna arrays since they are more effective in increasing the
directivity and gain without necessarily increasing the physical size of the antenna. Papers [5], [6]
[7], [8], [9], [10], [14] discuss more on the antenna arrays. Finally, the rectification circuit to
convert the received AC current to DC. For this case, tradition rectifying circuits struggle to handle
the very high frequency signals and hence this work takes a deep look into the Schottky diode and
the Class F rectifier. [11] discussed the different rectennas that can be used for microwave power

transmission. [12]. The special Class F rectifier is discussed in [15] and [17].

1.3 Motivation

Today, a lot of causalities of electric shock are reported frequently and multiple fatalities like fire
occur due to fault in electric transmission lines. However, this night mare can be omitted using
wireless power transmission (WPT). Since there’s no tangible means of transmission between the
transmitter and the receiver, injuries occurring due to wires breaking or short circuits are easily
eradicated in WPT. Additionally, WPT omits power loss due to current flow in a conductor (I°R
loss), provides a solution to transmit power to places with unfavorable geographical locations for
example mountainous areas and Islands, among other advantages. Having come from countries
with such major geographical barriers, that is to say, Uganda which is hilly and Bangladesh which
has a lot of water sources, we got motivated to have a contributing hand in the sector promising to
overcome the constraints we that cannot control (the geography). Thus, for the afore mentioned

reasons, we take on this work.

1.4 Choice of Approach
Given the fact that significant work in near field wpt has already been done and even the
technology availed to the end users, far field is the next destination for researchers hence our choice

of approach. Far field today is being implemented in two major ways;



1.4.1 i) Laser power transmission

In this approach, power is beamed from a transmitter as laser light along a given line of sight to
the receiving end. In the receiving end, light sensitive diodes are used which emit electrons when
light of a given wavelength strikes their surface. In this way power is transmitted. However, the
efficiency of laser power transmission is really low, and it also requires a clear line of sight and
hence power transmission may easily be blocked in case there is an obstacle between the

transmitting and receiving end. Thus, a need for a better or different approach.

1.4.2 ii) Microwave wireless power transmission (MWPT)

In the microwave approach, electrical energy is transformed to electromagnetic waves and
transmitted along a wireless medium (channel) to a receiver which converts the received
electromagnetic waves into electrical power specifically, direct current. MWPT currently provides
the highest efficiency between the two far field techniques at 2.45GHz according to experiments.

It also however has low efficiency at long distances thus the need for more work.

1.5 Over View of Entire Work

Introduction of the entire work flow of this paper and a brief history of wireless power transmission
are covered in chapter 2. Chapter 3 discusses the antenna array both uniform and non-uniform.
Then, chapter 4 discusses the methods that can be used to improve the efficiency of the channel.
Chapter 5 covers the optimal waveforms to be used in the system for better rectification efficiency,
followed by the discussion of the rectenna part, in particular, the class F rectifier covered in

Chapter 6. Finally chapter 7 combines the entire system’s contribution.



Chapter 2 Overall System Overview

Chaotic
Waves

\ £
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Fig. 2.1

2.1 System components

MPT has a lot of components that must be assembled to make it happen. To mention but a few,
Antenna (both receiving and transmitting), signal fed to the antenna (in this case chaotic signal),
amplifiers, filters, rectifiers at the receiving end energy converters (DC to DC converters for the
system in question), the channel characteristics have to also be taken into consideration to reduce
the distortion of the signal received, and finally the load or energy storage device like a battery. In

this work, we focus mainly on the major part of the system that include;

1. Input signal, that is, Chaotic signal
2. Channel efficiency

3. Transmitting and receiving antenna
4

Rectifier (Class F rectifier)

2.2 Input Signal

A great deal of scrutiny must be put in the choice of signal to be used in MPT because; 1) we are
dealing with microwave frequencies thus a lot of electrical properties of electrical and electronic
devices change. 2) The signal has to be transmitted through free space where characteristics of the
wireless transmission line cannot be predicted to perfection. For the afore mentioned reasons,

much research is done today about the signal to be used in the WPT systems. In this work, we take



a deeper look at signals with a high peak to average power ration (PAPR). These include white
noise, OFDM, and chaotic waveforms. The roles of high PAPR are discussed in chapter 4.
However, with these three signal waves forms analyzed as shown in [3] and [4], chaotic waveforms
are the most promising ones in giving the required PAPR thus our choice of choosing these for

our system. Fig. 2 shows an example of a signal with high PAPR specifically OFDM signal.

OFDM Signal
0-6 ! ! ! 1 ! ! !

Amplitude

0.8 ] ]
o 10 20 30 40 50 60 70 80

Fig. 2.2 OFDM signal waveform

2.3 Channel efficiency

The channel is the medium linking the transmitting antenna to the receiving antenna. In case of
WPT, the channel is the wireless free space (ideal condition) between the transmitter and receiver.
The efficiency of the channel can be calculated using the Friis transmission formula (1) as
described in chapter 4. With the equation’s dictation, few methods are available to increase the
efficiency of the channel, that is, increasing transmission frequency, increasing the aperture of
either one of the antennas, finally decreasing the space between two antennas. In this work, we

choose the increase of frequency due to reasons described in chapter 4. [6]



2.4 Transmitting and receiving antenna

Antenna choice is fundamental to successful transmission and reception of signals in any wireless
system. Therefore, in chapter 2, different antenna types are given henceforth selecting a desired
one for this work as the antenna array coupled with beam steering technology due to its size
advantage and ability to change the direction of the output beam without physically adjusting the
antenna, thus making it a good choice for satellite power harvesting and transmission to a base
station on earth. Then non-uniform rectenna array as discussed in [13] is simulated and also same
idea simulated for the transmitting antenna in this work. Conclusively, the detailed work on

antennas is in chapter 2.

2.5 Rectifier

One of the principal parts of the receiving side of the system is the rectification part (rectenna). It
is mainly tasked with conversion of the received signal to direct current which is then used as
desired. We examine the Class F rectifier where also simulation of the efficiency of the rectifier
designed with various diodes and fed with different power in milli Watt (mW) range is done. The
diode choices matter since in MPT electrical properties and thus traditional silicon diodes can not
keep up with the very high frequencies. The results and details of the rectenna work are discussed

in Chapter 5.



Chapter 3 Antenna

3.1 Introduction

Chaotic
Waves

Transmissi
on Antenna

Receiving
Antenna

LPF

»

Rectifier

Load

Fig. 3.1 Receiving and transmitting antenna

The standard definition of Antenna as given by IEEE in The /EEE Standard Definitions of

Terms for Antennas (IEEE Std 145-1983), states that the antenna or aerial is “a means
for radiating or receiving radio waves”. In other words, an antenna is a means of converting guided
electrical energy into free space radio waves. The Antenna is a salient component of any

communication system that involves sending signals over free space since it does the conversion

of electrons to photons at the transmitter and does the vice versa conversion at the receiver.

In order to have a good communication system, be it a WPT system, much emphasis has to be put
into designing the antenna. For example, if the antenna is improperly designed, the standing waves
formed in the transmission line due to constructive and destructive interference may store more
energy, leading to the transmission line acting more like an energy storage medium than an energy
transmission medium. Consequently, this effect may have a lot of disadvantages one of which is;

if the EFI in the standing waves is too high, arching in the transmission line may occur. Hence,

the need to design the antenna with precision and much thought is inevitable.




3.2 Antenna Types and their advantages over one another

I.

II.

I11.

IVv.

Wire antenna. A finitely long, in either a dipole form, loop, or Helix is used. Its strong

point is that it has a simple construction mechanism. An example of the wire antenna is

shown in Fig. 3.2 below.

Fig. 3.2 Wire antenna

Aperture antenna; Usually employed in space and aircraft work due to their easiness of
getting mounted to the plane’s surface. Examples Horn Antenna (shown in Fig. 3.3).
Microstrip antenna; Grounded substrate with metallic substrate. Can be applied in places
with very small spaces and also be easily printed on circuit boards.

Reflector antenna; Shown in Fig. 3.4, this is employed for long distance transmissions.
Antenna array; In this case, small types of antennas mainly patch antennas (Fig. 3.5). The
main advantage is, the direction of the beam can be adjusted using an electrical signal (by

varying the delay in individual signals reaching each of the antenna slots).



Fig. 3.3 Aperture antenna

Fig. 3.4 Reflector antenna
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Fig. 3.5 Antenna Array

VI. Lens antenna; used to transform divergent or convergent signals into plane waves and

vice versa.

Fig. 3.6 Lens antenna

11



Note: The main goal of antenna design is to make sure it radiates all the power fed to it
[14].

3.3 Choice of Antenna

In microwave wireless power transmission, the power transmitted in a desired direction is a big
factor. Additionally, since one of the major objectives of this research is to make sure users can
receive power while even in motion and satellites transmitting power direct to earth, then
directivity of the antenna is very much important. As deduced from the Friis transmission equation
(3.3.1) shown below, attaining a highly directive antenna as required in WPT applications would
require a large aperture of the antenna meaning a very large antenna which would in-turn be tough
to move physically in order to change direction of the output signal and very expensive to propel

into the orbit.

B A Ay

P,  R2)

(3.3.1)

However, antenna arrays give a viable alternative to this headache of size since they can be printed
of a patch and mounted on the surface of the device to be used. Additionally, the ability to control
the direction of the signal electrically is as important. Therefore, in this work we select to use the
Phased Antenna Array due to its very aspect of controlling the direction of its output depending
on an electric signal. In this way, a control station on earth can be able to direct the output beam
from a satellite thousands of miles away without having to physically get to the satellite or even
change its physical tilt since this may consequently affect its functionality and also call for more
complex calculations and costs to be incurred. Additionally, since the main goal for MPT is power
delivery, another main concern of the antenna is the power it outputs. In this case, if we use one
large antenna to transmit all the power, the electrical components to feed it with such large amounts
of power at these very high frequency (in this case 2.45GHz) may not be efficient enough if they
are available at all. In this regard, the antenna is divided into smaller potions which are fed directly
with smaller inputs each, as compared to one large antenna thereby giving the final output power

as an aggregate summation of the individual small antenna elements’ outputs. This eases the

12



electrical load on each of the elements resulting in advantages like reduction in heat generation,

increase in overall efficiency, to mention but a few.

3.4 Beam steering technique

3.4.1 How beam steering works

&
Single antenna element \\

L
Fig. 3.7 Beam forming by an array of antennas
The signal sent to each of the elements is delayed by a certain factor and consequently, due to

constructive and destructive interference, a reinforced beam is formed in a given (preset by the

system designer) direction as shown in Fig. 3.7 above.

This beam’s direction can then be adjusted accordingly by changing the delays furthermore. This
can be effectively advantageous if the gadget being powered by the system wirelessly is in motion.

Therefore, this is the main reason phased antenna array outweighs the other antennas in MPT.

3.4.2 3D representation of the output beam

Fig. 3.8 shows how the 3D radiation pattern varies with change in the distance between the
elements (individual patches in the array). When the distance, is too large, the output beam is very
scattered and is not strong in any given direction. However, the individual lobes have very high

gain. As the distance reduces, the beam starts to converge as shown in the figure and it strengthens

13
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Fig. 3.8 Radiation pattern change as distance between the elements is reduced

in a given direction as dictated by the designer through the feeding delays. As the beam spreads
out, to form a one large the maximum gain reduces as evident in the simulation results above. This
is compensated by the fact that now someone in the near vicinity of the antenna will not easily lose

connection since the beam is well spread and somewhat continuous.
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3.5 Antenna design and simulation results

Using MathWorks” MATLAB antenna designer software, a 64-element array was designed to

demonstrate the beam steering technique. Simulation results are shown below (Fig. 3.9). Az refers

to the horizontal sweep while

3D Directivity Pattern
2.45 GHz steered at 0 Az, 0 El

ElO

3D Directivity Pattern
2.45 GHz steered at 90 Az, 0 E|

EIO

El refers to the vertical sweep.

3D Directivity Pattern 3D Directivity Pattern
2.45 GHz steered at 30 Az, 0 EI 2.45 GHz steered at 50 Az, 0 EI
Az 0

1 90

Az 0
ElO Az0

EIO

3D Directivity Pattern

2.45 GHz steered at 90 Az, 50 El 3D Directivity Pattern

2.45 GH= steered at 90 Az, 80 EI
Az O
El 20

z
Az 0
El 90

El 0O

Fig. 3.9 Beam steering technique 3D representation shown in matlab

3.6 Simulation model

In this work, an array (3x3)

was designed in ANSYS HFSS for two case scenarios as will be

explained below. The goal of this approach was to compare the route proposed in [13] of using

non-uniform rectenna array to improve the efficiency of a WPT system. First a single rectangular

patch was designed and simulated which was later transformed into a uniform 3x3 rectangular

array thereafter comparing the two results. Furthermore, the 3x3 rectangular array was transformed

into a non-uniform array by replacing the middle line of the array with circular patches.

Consequently, the results were analyzed, and a detailed report is given in section 3.7. The models

were as follows;

3.6.1 Single rectangular patch array at 28GHz

15



Fig. 3.10 Single rectangular patch at 28GHz

As shown in Fig. 3.10 above, the single patch had dimensions as follow;

Lp =3.47mm

Wp =4.235mm,

Where Lp is the length of the patch and Wp is the width of the patch. The dimensions mentioned

where calculated from the following formula.

W, = ——;
P e+ 1 (33.2)
2f 5

And

W.
c.cr+0.3) (2 + 0.264
— 0.824h (eers )(h )

Ip=—
2f\[eers eors — 0258 (52 +0.8)

(3.3.3)
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Where

&e+1 & -1 1

geff = ) + ) ;
1+12 (W_)
14

Where f; is the resonant frequency, & is the dielectric constant and / is the height of the substrate.

The higher the h value, the better. € valye chosen was 2.2 as used in [15] with a substrate (Rogers

RT/duroid 5880) height of 0.25mm due to narrow bandwidth used.

3.6.2 3x3 rectangular array

Fig. 3.11 3x3 rectangular array designed with HF'SS

Shown above is the rectangular array. The array is fed using a four-port series feed. If Ls is the
length of the line connecting to successive patches together and Ws the width of the line, according
to [15], the optimal values for Ls and Ws are 3.3mm and 0.5mm respectively. However according
to our simulation results, the optimal results, notably those for the reflection co-efficient were

obtained at Ls = 3.6 as shown in Fig. 3.17 below.
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3.6.3 3x3 non-uniform patch array

The array shown above in Fig. 3.13 depicts the 3x3 non-uniform array designed in this work to
compare with the 3x3 uniform rectangular array. This array was also analyzed for Ls values and
as evident from the graph in Fig. 3.18 the design has an optimized performance at Ls = 3.6mm and
3.8mm. Here, the trick part was to determine the radius, a, of the circular patch to be used.
According, to the specifications of substrate height (0.25mm), dielectric constant (2.2) at 28GHz

the radius which is given by the standard formula below

F
0=
{1 + mf% [ln (%) + 1.7726]}1/2 (3:34)

where

P 8791x10°

 fm
2h Ta /2 (3.3.5)
a, = a{l t e [ln (ﬁ) + 1.7726]} 3.

Where f; is the resonant frequency.

However, using formulas (3.6.4) and (3.6.5), the values received are a = 0.162mm and a. =
0.2173mm which are way smaller than the line width of the line separating the patches. Hence
using these values would not be practical at all. For this reason, three options of radius were chosen
and those depend on the rectangle dimensions as shown Fig. 3.12. Using Pythagoras theorem, the

radii are;

Ri=2.117mm, R> = 2.737mm and R3 = 1.735mm. R3 was so large and gave unconverging results
for the gain, R> was so small and the circle could not reach some of the feedlines therefore, R; was

the best option as it gave the best results with also the highest stability values.
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Wp '

Fig. 3.12 Patch dimensions with radius options

Fig. 3.13 3x3 non-uniform array designed in HFSS

3.7 Results and discussion

The single patch antenna gave a high maximum gain of up to 6dB as well as the directivity
(considering a lot of ideal factors such as perfectly conducting patches) as shown in the Fig.

3.14. The side lobs are also not as many.
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Fig. 3.14 Gain (left) and directivity (right) 3D polar graphs for single patch
The gain for the 3x3 patch at Ls = 3.3mm is higher than that given by the single patch peaking a
7dB (Fig. 3.15) as compared to 6dB from the single patch this is shown in Fig. 3.14, and the
directivity of the uniform array is still high with a maximum peaking at 7.46dB which is also

higher than that of the single patch.
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Fig. 3.15 Gain (left) and directivity (right) of 3x3 rectangular array
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This is because the radiation of the array is an aggregate summation of the individual lobes from
each of the patches (single ones) that make up the array. The direction of the beam can, to a high

degree also be adjusted electrically.

Fig. 3.16 below shows the 3x3 non-uniform array. As evident from the graph, the non-uniform
array gives a higher gain than both the uniform array and single patch. It has a maximum peak of
9.06 dB for the directivity and 8.8 for the gain. Thus, giving better results which is in line with

this paper’s argument of non-uniform array giving a better performance.

dB{GainTotal)

. G984e+bEE
fi, 2632e+000
3, G208 e D@8
9, 9277e-BE1

-1, G424 e+B08

-4, 2776e+808

- -6, 9128e+00a0

| -9, S4E0e+E0E8

-1, 2183e+801

-1, 4518e+801

-1, 7454he+BEl

i -2, BB59e+801
L -2, 2724+l
-2, 535%e+801

-2, 7994 e +EE1

-3, BG30e+BE1

-3, 3265e+BA1

dB(DirTotal)

9. 824 Ge+00A
B, 3594 +00a
3, 754 2e+0oa
1, 1198e +0Ba

-1, 5162e+BEE
151 4e+EBE
« TiiGGE +E8E
4216 +EE8
« 2R57e+EL
4E92e 881
TI27E+ERL
99636 +E81
« 2h9Ge+E81
-1, 5233e+081
-2, 7868e+a01
-3, B5A3e +281
-3, 313% +281

Fig. 3.16 Gain (Left) and directivity (right) of a non-uniform array

The S(1,1) parameter’s graph is shown below with various separation distances. Fig. 3.17 shows
S(1,1) of the uniform rectangular array and Fig. 3.18 shows that of the non-uniform one. At nearly
28GHz, the uniform array gives slightly better performance since it has a lower peak for the
reflection co-efficient with Ls = 3.6mm. Nevertheless, the non-uniform array outcompetes the
uniform one when it comes to consistence as Ls values changes (between 3.4mm to 3.8mm), this

means that slight errors during manufacturing that may cause small variation in the Ls value will
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not drastically affect the reflection of the power. Thus, the non-uniform may be better for real life

application.
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Chapter 4 Channel efficiency

4.1 Introduction

In this following area of research, calculating the power of antenna is one of the fundamental
criteria to ensure channel efficiency. The Friis transmission equation shows the relation between
received power and transmitted power, distance between two antennas and gains of the link.
Optical geometry theory and parameters used in antenna design were used to come up with this
formula. Since the equation is based on optical radiometry it uses areas, aperture and angles to find
the amount of power transmitted by an electromagnetic wave. In the field of engineering like
telecommunication, the Friis transmission formula has been used by equating the power at the
terminals of a receiver antenna as the product of power density of the incident wave and the
effective aperture of the receiving antenna under idealized conditions given another antenna is
some distance away transmitting a known amount of power. In this chapter we have used Friis
transmission equation for the channel between two antennas to deduce some method to that will

improve efficiency of the system. The equation (3.3.1) is section 3.3.

The descriptor of antenna capture area is one of two important parts of the transmission formula
that characterizes the behavior of a free-space radio circuit. From Fig. 4.1, an isotropic antenna is
considered, and the receiving antenna has an effective area of Arwith R being the distance between

the antennas.

As stated by Friis, the point where this formula out ways the others is the absence of numerical
coefficients to remember though does require transmitting antenna’s performance expression as a
function of power flow per unit area instead of field strength plus the receiving antenna’s
performance expression as a function of its effective area instead of its power gain or radiation

resistance [16].

The effective antenna area is a theoretical value which is a measure of how effective an antenna
is, at receiving power. The effective area can be calculated by knowing the gain of the receiving
antenna. The effective area of an antenna is defined for the condition in which the antennas used

to reach a linearly polarized electromagnetic wave. The antenna efficiency is given as;
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Aosy = 5 (3.3.6)
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Fig. 4.1 Friis free space radio transmission system's block design

4.2 Methods for improving the antenna efficiency

The main aim of this chapter is to formulate a way to increase the efficiency of the system
especially in the channel. There are a couple of methods available that can be applied to increase
the channel efficiency. Based on Friis transmission equation there are several ways to obtain higher
channel efficiency which include; changing channel frequency, increasing the antenna aperture
and reduction of the distance separating the antenna.. Brief description of the effective ways are

as follows,

4.2.1 Increasing the transmission antenna aperture
If the aperture of any antenna has been increased, then the channel efficiency is expected to
increase accordingly. Increasing the aperture of any antenna increases output the beam of that

antenna which ensures more power from electromagnetic field thus improving overall efficiency.
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Using the isotropic gain, G, any antenna’s ability to direct radio waves in one direction or to receive
from a single direction can be measured. Mainly the isotropic gain, G, is the ratio of the power, Po,
received by the antenna to the power, Pis, that would be received by a hypothetical isotropic
antenna which receives power equally well from all directions. It can be seen that the gain is also

equal to the ratio of the apertures of these antennas.

Po Ae

Piso Aiso

The aperture of a lossless isotropic antenna, which has unity gain, is
2
Aiso =2
41

Where, A is the wave length of the radio waves. That is why,

Ae  Am Ae

Aiso A2

And, for an antenna with a physical aperture of area, Apnys,

41 Aphys ea

G = PP

Therefore, antennas with large effective apertures are high gain antennas. However, it has some
limitations. We know any antenna having larger antenna aperture, can collect more power from
electromagnetic field. In addition to that, this is a function related to the direction of
electromagnetic wave and the antenna radiation pattern. If we want to increase the antenna aperture
we will need bigger size antennas which has widespread beam. That can be acceptable for
transmitting side but not for receiving antennas. In that case, there will be wastage of

electromagnetic waves at the receiving end due to smaller beam of receiving antenna [17].
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Fig. 4.2 Effective aperture of a transmission antenna

4.2.2 Increasing the receiving antenna aperture
The second method from the Friis transmission theory is increasing the receiving antenna aperture.
If the four methods are compared it can be found that it is one of the most efficient methods for

increasing efficiency, theoretically. If we look into the given equation,

it can be seen that if aperture is increased in the receiving end, we can get more power. To increase
antenna aperture in the receiving end, again, we need bigger size antennas which is complicated
in nature, expensive and has multiple drawbacks related to antenna beam and radiation patterns.
The purpose of the receiving antenna is to enhance the reception of a signal in a direction relative
to other directions to minimize interference and noises from other signals. To obtain this type of
antenna characteristics in the receiving end, the antenna must be in a specific size range but we
cannot increase the aperture without increasing the antenna size. So, in this paper we are proposing
the use of phased array antennas which is basically a group of small antennas. In antenna theory,
a phased array usually means an electronically scanned array, a computer-controlled array of

antennas which creates a beam of radio waves that can be electronically steered to point in different

26



directions without moving the antennas. It can be used for higher efficiency and it will be smaller

in size as well.

Fig. 4.3 Effective aperture of antenna beam

4.2.3 Reducing the distance between antennas

There are some other ways to transmit power which is by using magnetic resonance and inductive
coupling, but their range is very short. For our case, reducing distance will not be considered since
our main goal is radio frequency based far field transmission. Based on electromagnetic field
regions and their interactions we can define ‘Near field’ and ‘Far field’. We cannot reduce the
distance between two antennas but to justify the far field phenomena we can look into some

mathematical calculations. If we look into this equation,
A=c/f

= (3.00 x 10%)/(2.45 x 10%)

R =A2pi

R=0.122/2pi

=0.0194m
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So, any distance greater than this value will be considered as a long-distance transmission.

Tx Rx

Tx Rx

Fig. 4.4 Reducing the distance between antennas

4.2.4 Increasing the transmission frequency

So far, we have seen three methods that can be used, based on the Friis transmission equation, to
increase the channel efficiency. From the definition of effective aperture, it can be seen that
effective aperture is the ratio of the available power at the terminals of the antenna to the power
flux density of a plane wave incident upon the antenna. The effective antenna aperture/area is a
theoretical value which is a measure of how effective an antenna is at receiving power. Increasing
the aperture can increase the efficiency, however, this also means increasing the physical
dimensions of the antenna which in-turn makes it rigid and very hard to change in direction.
Therefore, deductions lead to an increase in frequency enhances power transmission over the
channel being the good alternative here. Terahertz radiation, also known as sub millimeter
radiation, terahertz waves, tremendously high frequency (THF), T-rays, T-waves, T-light, T-lux

or THz — consists of electromagnetic waves within the ITU-designated band of frequencies from
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0.3 to 3 terahertz (THz). If we use THz range instead of GHz range we can transmit more power
because the value of wavelength is decreases with increasing frequency which results more power

at the receiving end.

From mathematical analysis it can be deduced that,

Assuming,
A;=0.071521
A;=0.226168

If we put different values in the Friis formula of r then we can visualize the changes in the plot.

For this case, five different values for r have been considered and the values are as follows
r=0.25,0.5,1,15,2

t=1000

A=1:0.1:3

fr o AP

Now from the equation we will have five different values. The equation is as follows

P = (t* (Ar * At) \ (L) * (%))

h= p.(‘l)

Now here let us assume

Yi=h

From this equation we found the first value for the first value of r. In a similar way we found four

more values for four different r values and the values are finally plotted for comparison.
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Fig. 4.5 MATLAB simulation for channel efficiency's dependence on the distance between
antennas

In the graph there are 5 different curves for different designated values. The curves are marked by
red, black, yellow, green and gray colors for easy identification. In the plot, the values of frequency

can be manipulated to observe the change is power level.

Computer simulations of the equation for received power were done using MATLAB software. A
certain trend in result is exhibited in Fig. 4.5. The figure shows the variable plots for frequency vs
power varied at multiple distances. It is evident from the graph that as the value of frequency is
increased, the power level rises. The frequency has been varied from 0.4MHz to 1GHz and it was
observed that power started to rise from 35mW to 250mW. On the other hand, power level drops
as we increase the distance between the two antennas. For better understanding of the scenario the
values should be small at the first stages and should be increased sequentially. We have taken very
small distance at first and gradually increased the distance and from the graph it can be seen that

as the distance increases, power drops drastically. Although shifting frequency from GHz to THz
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range can improve the transmission efficiency, it has its drawbacks as well. For example, the new
frequency parameter may conflict with any kind of environmental parameter for that reason
efficiency may be decreased in some cases. For the Electromagnetic (EM) waves at THz range, it
creates interference with the atmospheric oxygen level. Such interference or conflict absorbs the
EM waves into the atmosphere and, hence, affects the transmission efficiency since less of the
signal reaches the receiver antenna. The transmission efficiency will drop and, therefore, this

imposes a limitation for increasing the frequency up to a certain level.
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Chapter 5 Waveforms

5.1 Introduction

For a wireless power system, the signal to be transmitted is a very crucial part since the channel
being used is wireless one and its characteristics cannot perfectly be predicted. Therefore, not any
arbitrary signal with an arbitrary wavelength can be used. For this reason, we investigate which
waveforms can be used to give maximum efficiency at the receiver. Consequently, four types of
waveforms are discussed in this chapter, namely; White Noise signa, OFDM signal, One tone
signal and finally Chaotic waveform. The criteria used to determine which one is better as done in
[3] is PAPR (peak to average power ratio). The role for a high PAPR in WPT is to increase diode
efficiency in the rectifier circuit of the receiver. More discussion about PAPR is in 5.3. As it will
be shown in the results section, the Chaotic waveform has the highest peak to average power ratio,

so it will be the one chosen for this work.

5.2 Mode of operation of a convectional diode
To understand the role of PAPR, first, the operation of a conventional diode should be understood.
For the diode to transmit a forward Bias current fed to it, a certain threshold voltage, Vv, must be

surpassed for example 0.7V for a normal silicon diode.

Breakdown Voltage Forward

@ Biased

V. |
' =
<= Sharp Vv
Characteristics
Reverse
Biased

Fig. 5.1 I-V characteristics of a convectional diode

So, if the diode is fed with a voltage which is more than the threshold voltage, a forward bias

current will flow. That defines the transmission and absorption of power through a diode.
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However, if the diode is in reverse bias mode or if the input voltage is below Vy, the power will not
be transmitted. Due to the oscillation characteristics of a signal, these diodes cannot keep with the
extremely fast transitions of the AC current at GHz frequencies especially if the average power of
the signal is below V. For this reason, high PAPR is very promising in increasing the efficiency.
So, to make the diode on for maximum possible time we had to choose the wavelength in such a
way where the PAPR is high and the threshold is met. The role of high PAPR is explained in

section 5.4

5.3 Role of PAPR
5.3.1 PAPR meaning

PAPR is defined as the square of the crest factor of a waveform. Crest factor is the amplitude
divided by the RMS value of the wavelength. So, we can define the expression of the ratio in dB

as

(5.3.7)

PAPR =10 logy, <M>

(x2(0))

In the above equation x(t) represents the time domain of the signal of interest whereas ()

represents to the time average operator [3].

The RMS value of the OFDM signal (Fig. 5.2) shown is 0.234 as got from MATLAB. However,
this RMS value is less than the Vi, of a Schottky which about 0.3V to 0.4V [18]. This means that
if this were a one tone signal, the diode would remain off. However, since this signal has a high
PAPR, the successive peaks will turn on the diode thus the voltage will be rectified. Therefore,
improving the efficiency of the rectifier system. To add on, these peaks come at a very high
frequency (GHz range) and this means they will theoretically not give the diode enough time to go
off hence further improving the efficiency. That is why high PAPR will make the diode stay on
even with lower input power for longer average time. Additionally, if the average input power is

high due to the greater number of high peaks the conversion efficiency will be even higher.
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5.3.2 PAPR importance
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Fig. 5.2 OFDM signal graph from MATLAB simulation results

in comparison to experimented one in [3]. These waveforms are OFDM signals, white noise &

chaotic signals and their comparisons are done in section Error! Reference source not found.

5.4 Mathematical comparison of waveforms with high PAPR

As noted in the previous section, OFDM, white noise & chaotic signal are to be compared in this
section mainly because all of them have a high peak to average power ratio which is fundamental
in improving rectifier efficiency in WPT. A correlation is studied, taking care of the enhancement

gotten in the RF-DC efficiency of rectifiers when utilizing these signals in contrast with a one tone

signal
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5.4.1 One-tone signal
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Fig. 5.3 One-tone signal waveform

A single tone signal is shown in the Fig. 5.3. the RMS value is 0.706V and the peak value is
1.0003V. Following the PAPR equation (5.3.1);

1.00032

PAPR = 1010g10 <W

) = 3.027dB

5.4.2 Orthogonal Frequency Division Multiplexing

OFDM was introduced in the 1960 while the researchers were trying to minimize the interference
between the wireless transmission of two channel of near frequencies [19]. It is a variation of FDM
(Frequency Division Multiplexing). FDM is a multiplexing technique used enable transmission of
different signals at the same time by subdividing the available bandwidth into non-overlapping
(with guard-bands between them) sub-channels in the frequency domain. However, in OFDM
there is no guard band between the subcarriers [20]. OFDM signal can cope up with different
severe channel conditions like high attenuation high frequencies in a long copper wire, narrowband
interference and frequency-selective fading due to multipath without complex equalization filters.
Due to these multi-carrier aggression schemes, OFDM signal presents high PAPR. Depending on
the number of used sub-carriers (N), the maximum theoretical PAPR of an OFDM signal can equal
N, as long as all the sub-carriers add up in phase. However, as the sub-carriers of the OFDM signal

are not modulated equally, the in-phase condition is not reached which prevents obtaining the
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maximum theoretical PAPR. Fig. 5.2 above shows the OFDM signal graph got from MATLAB

simulation.

From equation (5.3.1), if we insert the RMS value and maximum value of the graph in Fig. 5.2 as

got in MATLAB, we get;
x = 0.234V

And
max(x) = 0422V
Therefore,

0.4222

PAPR = 1010g10 <m

> = 5.12dB

5.4.3 White noise signal
White noise is the type of noise available at all frequencies. That is to say, it has an infinite
bandwidth. In practical, researchers generate band-limited signals with near approximate white

noise characteristics. Fig. 5.4 below shows the white noise signal generated in MATLAB.

The RMS value of the white noise signal is 2.013 and its maximum value is 6.127.
Feeding the above values in equation (5.3.1), we get;

2.1425%

PAPR = 1010g10 <W

> = 7.512dB

Evidently, the white noise signal has a higher PAPR value than the OFDM signal which is the

same result got from experiments performed in [3].

White noise
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Fig. 5.4 White Noise Signal generated in MATLAB
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5.4.4 Chaotic Waveforms

Magnitude

Following quite a while of research, chaotic remains a quickly developing part of science and
engineering where an immense amount of scope to improve and there are lot to understand.
What is still very difficult is determining some of the characteristics of chaos. A chaotic signal
is a continuous-valued signal with positive, finite entropy rate and infinite redundancy rate.
A chaotic signal which sometimes called nonlinear signals is characterized by its high
sensitivity to the parameter and initial condition perturbations, the random-like nature, and
broadband spectrum. This chaos is widely used in physics, chemistry, biology, acoustics,
engineering, wireless technologies, sonar systems and networks, fiber optic systems, even the
encryption of data too. Because many communications and ranging systems operate at
microwave frequencies, a chaotic signal generator in this regime is of considerable interest.
Although there are many classical electrical circuits that can produce broadband chaotic
waveforms, it is often difficult to scale these systems to the microwave regime because in high-
speed systems, the time delay associated with signal propagation cannot easily be ignored in
comparison to the dynamical timescales. Chaotic generators that expressly rely on time-
delayed feedback can take advantage of these unavoidable signal propagation delays [21]. A

chaotic signal is shown in Fig. 5.5.
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Fig. 5.5 Chaotic Signal waveform generated in MATLAB
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Values attained from the simulation results give the RMS value of the signal as 1.7239V and the
peak value as 3.3636V.

According to equation (5.3.1) the value for PAPR;

19.8185%2

PAPR = 1010g10 (W

) = 7.857dB

As expected the PAPR value of the chaotic waveform is greater than those of both one-tone signal
and OFDM signal and slightly also greater higher than that of the white signal. Hence being in
agreement with results attained experimentally in [3]. It can also be seen that the chaotic signal
has more peaks above the rms value when compared to the white noise hence this is beneficial for

the rectification

Results and conclusion

Signal Type RMS value (V) Peak Value (V) PAPR (dB)
One-tone 0.706 1.0003 3.027
OFDM 0.234 0.422 5.12

White Noise 0.9022 2.1425 7.512
Chaotic 8.0205 19.8185 7.857

Table 1: PAPR comparison for different signals

The results shown in the table above justify the argument for Chaotic waveforms being better than
White Noise, OFDM and One-tone signal by having a higher PARP value. Nevertheless, the
argument for chaotic waveforms being promising better efficiency are practically valid as
experimented values in [3] also come give the same conclusion. This result brings up an interesting
observation and that is PAPR is not the ultimate test in proving which signal would give better
efficiency since one signal may have a higher peak value due to one single very high peak. In
contrast, this may not be comparable to another signal with a higher average number of peaks

which are a bit lower than the first signal’s single peak value.
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Chapter 6 Rectenna

6.1 Introduction

The rectenna (receiving antenna) is one of the most integral devices used for Wireless Power
Transmission via radio waves, microwaves or for energy harvesting. In MPT, the rectenna is a key
component which is used to receive and convert microwave power to DC power. It is a passive
element with rectifying diodes that operates without an internal power source [11]. A general block
diagram of a conventional rectenna is shown in Fig. 6.1. The input power is fed into the rectenna
system through a receiving antenna which then passes the power through a low pass filter circuit
after which the filtered signal is rectified into DC power and fed into a resistive load after being
passed through an output filter. The rectenna has many desirable characteristics which includes
maximum receiving of input power through the antenna, optimum rectification in the rectifier
circuit and the rectenna must be suitable for a wide bandwidth of frequencies. Various types of

antenna and rectifier circuits can be used depending on the system’s requirement and the users’

demands.
Microwave
Receivin LPF and Rectif Power
ectifier .
Antennag - Irnpedapce = Circuit ™ Combiner |  Load
Matching Ireut and Output
I Network Filter

Fig. 6.1 Block diagram of receiving end of the MWPT System (Rectenna)

6.2 Significance of Rectenna Array

The efficiency of the rectenna greatly depends on the amount of power received by the antennas.
In general, a single rectenna cannot provide sufficient power for device operation. Thus, the
rectenna is split into partitions or arrays, where the antennas can, theoretically, absorb 100% of
input microwaves [22]. A general diagram of the rectenna array with uniform division of panels is
shown in Figure 2. In case of narrow beam transmission of microwave, this configuration offers

the most efficient power transmission scheme. The receiving antenna panel is divided into N
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divisions, where, greater the power division greater is the system efficiency [12]. The input power
at each antenna is rectified individually to separately harvest DC power which can then be
combined using a DC combiner before being fed into a load. This configuration is suitable for

large rectenna arrays.

Eeceiving Panel

Array Element

o

N division N division —————®, Y, DC
P/N F"/’”‘ -
Recetving Antenna Rectifying Circuit DC Combiner

Fig. 6.2 Uniform Division of Panel in a Rectenna Array

Furthermore, using an antenna array limits the amount of input power transmitted into the diodes
of the rectifier circuit. This is an important factor since the diodes, traditionally used for RF-DC

conversion, gives optimum output at low input voltage, which is discussed in Section 6.7.

Moreover, working frequency is also an important factor which is to be considered while designing
a rectenna since at low frequencies high gain antennas tend to be quite large. Whereas, increasing

the frequency allows the use of more compact antennas.
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6.3 Importance of Impedance Matching

In microwave circuits, impedance matching is a very significant concept since it helps to maximize
the power transfer from the source to the load or minimizes the signal reflection from the load.
Any discontinuity in the characteristic impedance of the circuit, at any part, leads to some of the

incident power to be reflected back to the source as it reaches the point in question.

If Vo' is the amplitude of the incident voltage, in the positive Z direction, as shown in Fig. 6.3 and

Vo is the reflected voltage’s amplitude, then the reflection co-efficient, I', is given by

Vo
F == T+
Vo (6.3.8)
Now, in terms of impedance,
_Zi—1Z
r= 7,7 Z, (6.3.9)

Where, Zi is the load impedance and Zy is the characteristic impedance of the transmission line.

Therefore, the Return loss, RL, which represents the amount of power reflected back to the source,

is given by,

RL = —10log,,(IT'|*) = =20logy,(IT'|) dB

-

(0 O

Vo
O [imd) 0

\J

7Z=0 I——— A 4

Fig. 6.3 Two wire microwave transmission line

Hence, for all the po i to be equal to the

v < bt . e

characteristic impedance of the transmission line which is termed as impedance matching thereby

making the value of the RL be infinite, meaning no power is reflected.
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Rectifiers, usually, use non-linear elements such as diodes or transistors for impedance matching,
however, the input impedance varies with frequency, input power and load impedance which is a

challenge yet to be tackled [23].

6.4 Basics of Rectifier

A rectifier is a circuit which converts the microwave input signal, received by the antenna, into a
zero frequency DC signal. In combination with some passive components, high frequency diodes
are the heart of the rectifier circuit. The basic function of a rectifier, in both time and frequency

domain, is shown below.

BRPAVAN A -
ViO——  Rectifier [ © Yo

Fig. 6.4 General Block Diagram of a Rectifier

Jo

L

Wy o=

Fig. 6.5 Time Domain representation of a signal before and after Rectification

In time domain, the graphs show a high frequency, fo, microwave signal being rectified into a zero

frequency DC signal.
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Fig. 6.6 Frequency Domain representation of a Signal before and after Rectification

The frequency domain graphs represent how a fixed frequency, f,, microwave or an AC signal is

converted into a zero frequency DC signal with the same amplitude.

The efficiency of a rectifier mainly depends on the voltage sensitivity of the diode and also the
overall efficiency of the diodes. Thus, the selection of a suitable diode is extremely crucial for high

efficiency rectification.

6.5 Single-shunt Rectifier

Initially, in MPT, a single- shunt full wave rectifier was used which consists of a diode and
capacitor connected in parallel along with a A¢/4 transmission line, where, Ag is the effective
wavelength of the input microwave. Fig. 6.7 shows the block diagram of a rectenna with a single-
shunt rectifier. This rectifier can, theoretically, rectify the microwave with 100% efficiency since
it consists of only one diode [11]. The antenna at the receiving end absorbs the high frequency
microwave which then passes through a low pass filter where higher harmonics are cut off. The
low frequency input goes through a full wave rectification, where the diode converts the bi-
directional AC signal into a unidirectional DC signal which means the negative cycle is converted
into positive cycle. After passing through the long transmission line, the full wave signal is
converted to DC by the capacitor. The capacitor helps in further rectification by reducing the ripple
voltage of the unidirectional DC signal. Before being fed into a load, the signal might be passed
through a DC/DC or DC/AC converter as per the requirement.
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Fig. 6.7 . Block Diagram of a rectenna with a single-shunt full wave rectifier

An input impedance exists in the diode of the diode which is given by the following equations
[11]:

R,

7=
71+ jeCR,

7 Z, +jZytan(Bl)
= Zo+jZ, tan(BD)7°

(6.5.10)

B_Zn
Ag

Where, R; is the load resistance, C is the capacitance of the output filter, Z is the characteristic
impedance of the distributed line and its circuit, / is the length of the distributed line, § is a phase

constant and o is the angular frequency of the input electromagnetic wave.
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6.6 Class-F Rectifier

The class-F rectifier is very similar to the single-shunt rectifier with some small improvements.
The single-shunt diode class-F rectifier comprises of an ideal DC block, ideal RF choke, a diode,
a lossless transmission line and a source impedance which is set to be conjugate match to the
rectifier input impedance at various input power levels. An ideal class F rectifier circuit topology
is illustrated in Fig. 6.8 [24]. The DC block capacitor acts as an open circuit to filter away any DC
component, which might be present or created, to avoid interference with the input microwave
signal. Then, a RF choke circuit is used which acts as a low pass filter that ‘chokes’ out higher
frequencies and allows lower ones to pass through. A choke is a further modification of an inductor
which helps to filter out signals. It is made up of a coil of insulated wires wound on a magnetic
core. The choke’s impedance increases with an increase in frequency which is how it is able to
block high frequency signals while letting low frequency ones to pass through. The class F rectifier
has a harmonic termination network, in contrast with the single-shunt rectifier, which cuts off the
diode’s higher harmonics. Theoretically, it presents the diode with zero impedance at even
harmonics and with infinite impedance at odd harmonics. The harmonic transmission network
consists of transmission lines of three different lengths, A/12, A/8 and A/4 [24] where the lengths
are pre-determined to give out the required impedance. These lengths can be varied for a better
impedance matching. These overall impedances terminate the diode’s higher harmonics signals.
Finally, the rectifier circuit uses a Schottky diode for optimum output. It is conventional to use just

one diode in the rectifier circuits to minimize the diode loss.

In comparison with the single-shunt rectifier, the class-F rectifier is a better choice since it consists
of an additional RF choke circuit to remove higher harmonics and, also, it has an upgraded
impedance matching network. This harmonic termination network is a replacement of the capacitor
in the single-shunt rectifier circuit since the capacitor is insufficient to control the higher

harmonics.
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Fig. 6.8 Ideal Class-F Rectifier

6.7 Basics Principle of the Schottky Diode

Unlike the traditionally used Si diode which is a pn-junction between two semiconductor materials,
Schottky diode is a metal-semiconductor junction, either p or n, where electrons flow from the
semiconductor material to the metal and fill up the energy states in the metal. This flow of electrons
forms the depletion region across the junction and the difference in energy levels between the
metal and the semiconductor is known as the Schottky barrier. Fig. 6.9 [25] shows the diode I-V
characteristics difference between a Si diode and a Schottky diode. From the figure it can be
observed that unlike the commonly used Si diode, Schottky diode turns on at a much lower voltage.
The threshold voltage of a Schottky diode is 0.3V which is much lesser than a Si diode and, this is
the reason why Schottky diodes are preferable when it comes to low input power operation. The
diode turns on at a very low input power without requiring much threshold power loss. Moreover,
in contrast to the conventional p-n junction diode, current in the Schottky diode is only carried by
majority carriers, which are the electrons in a n-doped semiconductor, since no minority carrier,

which are holes in a n-doped semiconductor, charge storage effects are present. One disadvantage
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of Schottky diode is that, along with having a lower threshold voltage, it also has a lower

breakdown voltage. This means that it is not quite suitable to use for high input power.
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Fig. 6.9 I-V characteristics of pn junction and Schottky junction diodes

6.8 Diode Efficiency
The RF-DC microwave conversion efficiency of a rectifier is simply a ratio of the rectified output

DC power and the RF incident power which is as follows:

_ DC output power  Ppc

= RF input power  Pgp

The rectifier conversion efficiency is determined by some factors which includes diode loss, loss
due to impedance mismatch, and substrate and conductor losses in printed circuit board (PCB).

Amongst these, diode loss is the most dominant one [24].

Diodes show different trend in efficiency for low and high input power levels. In the low input
power region, diode loss occurs because of forward diode built-in potential which is denoted as
Vii whereas, in the high input power region, the loss occurs due to diode breakdown voltage, V.

In this section, our main focus is on the low input power region where the diode loss [24] is given

by,
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Vbi

Diode Loss = —————
Vo + Vi

Where, V, is the diode reverse bias voltage.

On a different note, in the high input power region the reverse peak voltage across the diode
exceeds the diode breakdown voltage which causes a huge amount of current to flow through the
diode causing a significant loss in the DC output power which results in a huge drop in the
rectification efficiency. The general trend in change in efficiency in both low and high input
powers is illustrated in Fig. 6.10 [24]. It shows how the efficiency increases at low power input
until a diode reaches breakdown voltage after which the efficiency falls drastically due to the flow

of huge amount of current.

Efficiency

]
100% +

Low input High input

power power

I -

Input Power
Fig. 6.10 General microwave rectifier conversion efficiency at low and high input power levels
This paper consists of a thorough study of the diode equivalent circuit shown in Fig. 6.11 [24].

The internal circuit of a diode comprises of a series resistor, Rs, a non-liner junction resistor, R;,
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and a non-linear junction capacitor, C;. The diode efficiency analysis assumes an ideal class-F

termination network up to infinite harmonics.

From the dashed line of the Fig. 6.11, it can be seen that the load resistor, Rr has the same DC
voltage and the opposite DC current as that of the diode. Thus, the load resistance and the output

power are defined as,

R = _Yo _ Z2pRs=mVpitmlp (6.8.11)
L=, = 21p
Ip(_ZIPRS - T[Vbi + T[Vp)
Poyr = —Wlp = )
The efficiency of the diode is thus derived as,
_ Pour _ Ip(—2IpRs—TtVpi+1tVp) (6812)
= Piv 22 Py

The diode loss is mainly introduced by the diode parameters C;, Rs and V. The losses due to these

parameters are defined as follows,

IP(IPT[RS + 4Vbi)
PLoss,RS,Vbi = 41T

4f2CPVZRs

P =
Loss,C Ji a

Now, since the total input power is the summation of the total output power and the total power

loss, another equation for diode efficiency has been derived as,

T]:POUT
PIN

Pour

Pour+PLoss,cj+PLOSS Rg V)
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_ ZIP(—ZIPRS—ﬂVbi+7TVP)
n= 1672 f2C2VERs (6.8.13)

ZIP (—ZIPRS—ﬂVbl‘+7TVP)+7TIP (IPT[RS+4Vbi)+

a

Where,

Ip= peak inverse voltage

Vp = peak voltage

Vi = forward diode built-in potential
f= frequency

By solving equations (6.8.11), (6.8.12) and (6.8.13), the diode conversion efficiency can be
calculated. Cjo, Rs and Vy; are the diode parameters which are provided by the manufacturer and
the value of a is assumed to be 0.1. The remaining parameters Pin, f and Ry are to be selected by
the designer as per the requirements. In this paper first Py is varied keeping f and Rr constant at
900MHz and 510Q respectively to analyze the effect of increasing input power on the diode
efficiency. Secondly, the frequency has been varied by keeping Prv and Ry constant at 20mW and
510€Q respectively to analyze the effect on diode efficiency.

Since the efficiency of a rectifier circuit mainly relies on the diode, the selection of a suitable diode
for the rectifier is extremely crucial. Traditionally, Schottky diodes are used in the RF-DC rectifier

circuits instead of the commonly used Si diodes.
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Fig. 6.11 Circuit Topology of Class-F rectifier and internal circuit of diode

In addition to single-shunt and class-F rectifiers there are other types of rectifiers as well for RF-
DC rectification which include class-B, class-C, class-D class-E and a few others. Commonly,
class-F is used for rectification since it has the most conversion efficiency and minimum power
loss. Some recent researchers have also used the inverse class-F rectifier, the work of which is still
in progress. The rectifiers, mentioned, mainly differ in the way the circuit components are
arranged, and this plays a major role in the conversion efficiency. For example, class-C rectifier
has a resonator circuit incorporated in the rectifier circuit which cuts off higher harmonics.
However, this extra circuit components possess some power loss due to which efficiency
decreases. On the other hand, class-D rectifier uses two diodes for rectification which adds up to

the diode loss.
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6.9 Mathematical Modelling of Diode Efficiency with Simulation Results

6.9.1 Low Power vs Efficiency Comparison

The following are the diode parameters which has been specified by the manufacturer:

Diode Models
Parameters | Units | HSMS-282x | HSMS-285x | HSMS-286x | SMS-7621 | SMS-7630
Cio 0.70 0.18 0.18 0.10 0.14
Rs 6 25 6 12 20
Vi 0.65 0.35 0.65 0.51 0.34

Table 2 Diode parameters specified by manufacturer

The efficiency has been calculated for microwave at 900MHz. The value for load resistance and

o has been assumed [24].

Fixed Parameters:

Parameters Units Values
F MHz 900
R Q 510
o - 0.1

Table 3: Fixed parameters

For each of the diodes, the input power, P, has been varied and the corresponding efficiency, 1,

has been calculated. The data are as follows:

Pin (mW) Efficiency, n (%)
HSMS-282x | HSMS-285x | HSMS-286x | SMS-7621 SMS-7630
10 59.2 72.9 72.2 75.3 76.8
15 63.0 74.9 76.0 78.3 78.9
20 65.2 76.2 78.4 80.2 80.2
25 66.8 77.0 80.1 81.6 81.1
30 68.0 77.7 81.3 82.5 81.7

Table 4: Efficiency results from mathematical analysis
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Fig. 6.12 Calculated efficiency of multiple diode models for different low input power

Fig. 6.12. illustrates the change in diode efficiency with an increase in input power level. The input
power has been limited to 30mW since beyond this, the diodes cross their breakdown voltage and
the efficiency drops drastically as huge amount of current flows through the diodes. For different
diodes, the input power level at which breakdown occurs will vary slightly and, thus, 30mW is an
approximate value since none of the diodes used goes to breakdown beyond this [24]. The main
aim was to find out the trend in change in efficiency as the input power is varied. From the plot, it
can be seen that the diode efficiency increases as we increase the input power level as long as the
diode does not reach breakdown. From the graph in Fig. 6.12 Calculated efficiency of multiple
diode models for different low input power, it can be concluded that HSMS-286x, SMS-7621and
SMS-7630 are the most suitable diodes since they have very high efficiency values. However,
other factors, such as effects of frequency of input signal, load resistance, to mention but a few,
have to be considered as well before drawing a final conclusion regarding which is the most
suitable diode for optimum rectification. This comparison analysis provides an aid in picking the

best diode for the rectifier circuit.
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Fig. 6.13 Simulation results of diode efficiency with increasing inverse peak current

Fig. 6.13 helps to validate the calculated values of diode efficiency with increasing input power.
Notice, the increase in the peak voltage of diode increases the diode’s conversion efficiency the
same way as input power does, the efficiency has an increasing trend, since the input power is
proportional to the peak current. From the calculations we can deduce this relation between the
peak current and input power, with increasing input power the peak current increases. Therefore,
Fig. 6.12 and Fig. 6.13 combined confirms that the diode conversion efficiency increases with

increasing input power level until the diode reaches its breakdown.

6.9.2 Mathematical validation
The following is the extensive efficiency calculation for a diode with the given parameters at an

input power of 10mW.

Diode Model: HSMS-286x

Cjo=0.18pf
Rs=6Q
Vi = 0.65V
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f=900MHz
Rr =510Q

oa=0.1

Starting with,

_ _ZIPRS - T[Vbi + T[VP

L= 21,
—> 510 = —12*Ip—2.615*7r+n'*Vp
*Ip
1032
VP = TIP + 0.65 (6.9.14)

_ Ip(_ZIPRS - T[Vbi + T[Vp)
B 212 P,y

_ IP(_121P - O.65T[ + T[VP)

2m2(10 X 1073) (6.9.13)
Substituting equation (6.9.14) into equation (6.9.15) we get,
_ 1020« 13
T=0.02 2 (6.9.16)
From equation (6.8.13),
ZIP(_ZIPRS - T[Vbi + T[Vp)
]7 =
16m2f2C*VER
21,(=2IpRg — TVyy; + 1Vp) + mlp (I, R + 4V,;) + ! L F 2
(6.9.17)
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16m°f2CIVERs  16m2(900x105)2(0.18x10™12)2VZ x6

a 0.1

= (2.4866 x 10~ V2

n

(6.9.18)
Substituting equation (6.9.14) into equation (6.9.18) we get,
1032 2
(2.4866 x 107*)VZ = 2.4866 x 10~* (—IP + 0.65)
T (6.9.19)
Now substituting equation (6.9.19) into equation (6.8.13) we get,
2 * IP(_].Z * IP - O.65T[ + T * Vp)
2% Ip(—12%Ip — 0.65m + 1w * Vp) + m * Ip(67Ip + 2.6) + 2.4866 * 107% * (%IP + 0.65)?
B 204013)
~ (2126.05D)1Z + (8.274) I, + (107%) (6.9.20)

Now, substituting equation (6.9.16)into equation (6.9.20) we get,

(2126.051)1% + (8.274)Ip —0.395 =0

Solving this we get,

Ir=0.01182 A
Substituting this value into equation (6.9.16) gives us,

n=0.722 = 72.2%

The same calculations have been carried out for different input power values to obtain the

respective efficiencies for different diode models.
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6.9.3 Frequency vs Efficiency Comparison

The following are the diode parameters which has been specified by the manufacturer:

Diode Models
Parameters | Units | HSMS-282x | HSMS-285x | HSMS-286x | SMS-7621 | SMS-7630
Cio pF 0.70 0.18 0.18 0.10 0.14
Rs Q 6 25 6 12 20
Vi \Y 0.65 0.35 0.65 0.51 0.34

Table 5: Parameters specified by manufacture

The efficiency has been calculated for microwave at a low input power of 20mW since at this

power level, approximately, most of the diodes used have the optimum efficiencies [24]. The

values for load resistance and o have been assumed.

Fixed Parameters:

Parameters Units Values
Pin mW 20
R Q 510
o - 0.1

Table 6: Fixed Parameters

For each of the diodes, the frequency, f, of the input signal has been varied and the corresponding

efficiency, 1, has been calculated. The data are as follows:

f (GHz) Efficiency, n (%)
HSMS-282x | HSMS-285x | HSMS-286x | SMS-7621 SMS-7630
0.90 65.2 76.2 78.4 80.2 80.2
2.00 37.1 62.8 74.3 77.6 72.6
245 28.7 56.6 71.9 76.1 68.5
3.00 21.0 49.2 68.6 73.9 63.2
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4.45 9.84 33.1 58.6 68.1 49.1
5.00 7.56 28.4 54.7 65.1 44.3
5.80 5.26 22.9 49.2 59.4 38.0
Table 7: Efficiency results from mathematical analysis
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Fig. 6.14 Calculated efficiency of multiple diode models for different frequencies of input power

Fig. 6.14 illustrates how the diode efficiency varies with changing frequency of the input signal.

The frequency can be changed since the range for microwave varies from 900MHz to 300GHz.

The general trend shows a decrease in diode efficiency with an increase in frequency. The 900MHz

frequency value has been chosen since microwave starts from 900MHz, the values 2.45GHz [22]

and 5.80GHz [26] have been taken into consideration since at these frequencies high rectification

efficiencies had been obtained and the values 2GHz and 3GHz have been chosen to obtain smooth

curves. It is quite evident from the plots that SMS-7621 and HSMS-286x are the most suitable

diodes since these have the least variation in their respective efficiency trends. For these diodes,

the decrease in efficiency is the lowest with an increase in frequency and, also, have the highest

values of efficiencies compared to other diodes. From the table it can be observed that at 900MHz,
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SMS-7621 and HSMS-286x have the maximum values for efficiency compared to the other diodes
and not only that, they also have the highest values at 5.80GHz. Two best diodes have been
discussed since other parameters have to be considered, along with the change in frequency, to
pick the most suitable one. This comparison analysis helps us to choose the best possible diode,

with minimum loss, for optimum conversion output.
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Fig. 6.15 Simulation results of diode efficiency with increasing inverse peak current

Fig. 6.15. illustrates the change in diode efficiency with increasing peak current of the diode. As
the frequency in increased, the value of peak current decreases and, hence, the efficiency also falls.
The peak current and frequency have an inverse relationship which can be deduced from the
extensive efficiency calculations and, thus, when the frequency is increased, the peak current falls

and so does the diode conversion efficiency.
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Fig. 6.16 Simulation results of diode efficiency with increasing inverse peak current of the two
best models

Fig. 6.16 shows the efficiency trend of the two most suitable diodes selected and discussed from
Fig. 6.14, for a better understanding. The decreasing efficiency trend is much clearer in this plot.
Therefore, Fig. 6.14 and Fig. 6.15 combined confirms and validates the trend in diode efficiency

with an increasing frequency of the input signal which is, as the frequency increases, the efficiency
falls.

From the above two comparative analyses it can be concluded that HSMS-286x and SMS-7621
can be stated as the most suitable diodes for maximum rectification since both of their efficiencies
increase with an increase in input power level and have comparatively high values when the
frequencies were increased although the efficiencies had fallen eventually. However, to select the
most suitable diode, one needs to make a balance between the effects of the two variables, input
power and frequency, to get maximum rectification efficiency and, also, needs select as per the

consumer requirements.
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Calculation:

The following is the extensive efficiency calculation for a diode with the given parameters at a

frequency of 900MHz.

Diode Model: HSMS-286x

Cjo=0.18pf
Rs = 6Q

Vi = 0.65V
PN =20mW
R =510Q
a=0.1
Starting with,

_ _ZIPRS - T[Vbi + T[VP
L= 21,

—12%Ip—0.65*mT+m*Vp
2x]p

=> 510 =

From equation (6.9.14),

=> VP = 1032 IP + 0.65

Vs

However, (6.9.15) states

_ IP(_121P - O.65T[ + T[VP)
- 2m2(10 x 10-3)

Substituting equation (6.9.14) into (6.9.15) we get equation (6.9.16)

61



1020 * I

1= 0.02 12

But From equation (6.8.13),

ZIP(_ZIPRS - T[Vbi + T[Vp)

= 162 f2CPV2Rs

a

ZIP(_ZIPRS - T[Vbi + T[Vp) + T[IP(IPT[RS + 4Vbi) +
Additionally, as in equation (6.9.18) below,
= (2.4866 x 10712

Substituting equation (6.9.14) into equation (6.9.18) we get

1032 2
(2.4866 x 10~4)V2 = 2.4866 x 10~* <TIP + 0.65)

Now substituting equation (6.9.19) into equation (6.8.13) we get,

n
2 *IP(_].Z *IP - O.65T[ + T * Vp)

2% [p(=12 * Ip — 0.657 + 7w * Vp) + 1 % Ip(67lp + 2.6) + 2.4866 * 10~ x (%1,, +0.65)2

~ 204012)
~ (2126.051)12 + (8.274)I, + (1.0506 x 10-4) (6.9.21)

Now, substituting equation (6.9.16) into equation (6.9.21) we get,

2126.05% I3 +8.274 %I, —0.789 = 0

Solving this we get,

Ip =0.017422
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Substituting this value into equation (6.9.16) gives us,
1 =0.784 = 78.4%

Similar calculations have been carried out for different input frequency values to obtain the

respective efficiencies for different diode models.

The equations that have been used for diode efficiency calculations are as follows:

R, — _ZIPRS - T[Vbi + T[VP
L= 21,

n = Poyr _ Ip(=2IpRs — tV}y; + Vp)

Py 2m2P;y
n = POUT _ ZIP(_ZIPRS - T[Vbi + T[VP)
P 16m2f2C2VZR
IN 21p(—2Ip,Rg — iV, + nVp) + mlp(IpRs + 4V,;) + f a] p s

6.10 DC Combiner and Output Load

As mentioned earlier in Section (6.2), using a rectenna array improves the absorption of input
microwave signals which in turn increases the rectification efficiency. After the individual input
power has been rectified, the DC output needs to be combined before being fed into a load. This
is where a DC combiner is required. In general, a DC combiner box is used to add up the several
outputs of the individual rectifier circuits. Finally, a resistive load is used to carry out experiments
where the output of the DC combiner is directly fed into. The output load also has an impact on

the total impedance, Z, as discussed in Section (6.5) and needs to be chosen carefully.
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Chapter 7 Combined system

7.1 Overall design of the system

The entire system could not be designed entirely due to limited resources and time. Nonetheless,
key points of the wireless transmission system were tackled in this work. These include Chaotic
Waveforms, Antenna, Channel Efficiency and Rectenna. First of all, we suggest that the system be
fed with a chaotic waveform to transmit the power, then for channel efficiency, we propose using
a higher transmission frequency, for the case of the antennas used, we suggest the non-uniform
antenna array especially in the receiving end. Finally, for the rectenna, the class F rectifier is

proposed to be used.

7.1.1 Channel efficiency

For better efficiency, as discussed in Chapter 4 for better efficiency, a higher frequency signal
should be used. However, the frequency can-not be arbitrarily increased to a certain value. With
arguments given in the channel efficiency chapter, one of which is, as we increase the frequency,
at a certain range, the penetration of the signal reduces due to having high power thus more

reactions being possible along the transmission line

7.1.2 Antenna
As deduced in Chapter 3, the non-uniform antenna array promises to provide better stability and
consistency for a better output. The uniform array has a higher gain and directivity according to

simulation results got in HFSS thus should be a better option for use in the transmitter side.

7.1.3 Waveforms

The choice for waveform to be used in the signal is the chaotic waveforms since it has higher
average number of peaks thus will be able to turn on the diode for a little longer even if the average
power of the signal is low. As a result, the efficiency at the rectification end will be better. In case
the chaotic waveform is not achieved, the best possible alternative is the white noise signal since

it has a higher peak to average power ratio.

7.1.4 Rectenna
The research on rectenna in this work mainly focused on three main parts which include the

significance of using a rectenna array, choosing class-F rectifier over the traditional single-shunt
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rectifier and the comprehensive study on diode efficiency. Firstly, opting for an array of rectenna
helps to control the amount of input power into the rectifier circuit. Having a division of array
allows more power to get absorbed which directly affects the rectifier efficiency. Moreover, this
configuration allows the level of input power to be limited which would otherwise affect the
diode’s low power working region. Secondly, the class-F rectifier has a huge contribution in the
rectifier efficiency since it has an upgraded impedance matching network which can be altered to
obtain optimum output and it has an additional RF choke which helps to terminate higher
harmonics. Last but not the least, this work has a contribution on diode efficiency comparison. In
the channel efficiency chapter, it has been seen that as we increase the efficiency of the transmitted
wave signal, channel efficiency rises, keeping the distance between the antennas constant, higher
the frequency higher is the channel efficiency. Our main work in the rectifier circuit was diode
efficiency comparison based on changes in frequency of input signal. From the simulated values
it was observed that higher the frequency of the input signal, lower is the conversion efficiency
and the comparison was done for multiple diodes. From this it can be concluded that a balance has
to be obtained between the channel efficiency and the rectifier efficiency while selecting the most
suitable frequency for optimum efficiency. Referring to the system block diagram, high frequency
microwave is transmitted through the wireless channel after which it directly enters the rectenna
to be rectified into DC signal. Thus, it is extremely crucial to select the best possible frequency

which will give optimum efficiency for both the channel and the rectifier end.
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Chapter 8 Conclusion

8.1 Summary

This papers work concentrated on improving efficiency of a wireless power transmission system
by improving the antenna part using non-uniform rectenna array and a uniform array for transmitter
part, using a high frequency to reduce the channel’s effects on the transmitted power, use of chaotic
waveform to help improve the RF to DC conversion during rectification and finally the class F
rectifier in the receiving end. One of the notable observations is that there is no sovereignty in
using PAPR in determining which signal should be chosen since a single peak may give one signal
a higher peak to average power ratio however another signal may have more peaks that are above
the threshold value even if they are not as high as the single peak in their counterpart. Another
great observation is that the non-uniform array especially that of both rectangular and circular
patches combined provides a better consistency as the parameters of the system dimensions change
thus may not cause great chaos if a small error or in-accuracy is done in the construction of the

antenna

8.2 Future work

Future work to be done to integrate all the four proposed techniques into one system and investigate

how the overall efficiency of the system is affected.
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Appendix A

Code used for signals.

White noise signal
%the code is given below

[

. clear all; clc; close all;

. L=3000; %Sample length for the random signal
. mu=0;

. sigma=2;

. X=sigma*randn (L, 1) +mu;

. figure();

. subplot(2,1,1)

. plot (X);

0. title(['White noise : \mu7x=',num25tr(mu),'
\sigma”2=",num2str (sigma”2)1])

11. xlabel ('Samples')

12. ylabel ('Sample Values')

13. grid on;

14. v = rms (X)

15. v_peak = max (X)

= O o0 Jo O Wi
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