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ABSTRACT

This project focuses on the designing, fabrication and testing of efficient wireless
power transmitter and receiver modules using microwave technique. The transmitter
module is consist of a VCO which generates a signal of 2.4GHz with power level of
7.6dBm, which is then fed to a 1x2 RF Power Divider which divides the signal into
two parts, the output of Power Divider is 3.8dBm and contains Power Amplifiers
which amplifies the signal to a level of 31.5dBm. The power is fed to transmitting
antenna of two 2x2 matrices microstrip patch antenna with a measured gain of
7.67dBi. At first, single element antenna was designed but was having low gain, to
enhance the gain, the number of patch elements were increased gradually from 1 to 2,
then 4 and finally 8. The antennas are designed on an FR-4 substrate with permittivity
of 4.4F/m and the height of substrate is 1.6mm. The antennas are designed in the
rectangular form and inset feeding technique is incorporated to ensure optimum
impedance matching. Similarly, the same antennas are fabricated for the receiving
module and an extra antenna-4 Elements Array Form is designed for the receiving
end. The antenna is connected to an in-house designed Charge Pump & Rectifier
circuit with 1nF capacitor and SMS7630 schottky diodes, which rectifies and
amplifies the voltages to 5V and 0.6mA DC current, which is stored in the Super
Capacitor. The output of Super Capacitor is connected to a mobile phone for

charging.

Vi



KEYWORDS

Voltage Controlled Oscillator, Antenna Gain, Beam width, Directivity, Efficiency,
FR-4 Substrate, ISM Band, Microstrip Patch Antenna, Power Amplifier, Schottky
Diodes, Smith Chart, S11 parameter, Super Capacitor

ACRONYMS:
WPT: Wireless Power transfer
TX: Transmitter

RX: Receiver

RF: Radio frequency

VSWR: Voltage standing wave ratio
VCO: Voltage controlled oscillator
VNA: Vector Network Analyzer
S-parameters: Scattering parameters
ISM: Industrial Scientific and Medical
COTS: Commercial of the shelf
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CHAPTER 1: INTRODUCTION TO THE WPT SYSTEMS
AND THEIR ANALYSIS

1.1  Concept of Wireless Power Transmission

Wireless power transmission systems are emerging in the fields of electrical and
electronics engineering, having vast applications in portable devices such as
smartphones, laptops and tablets. Such portable devices are in constant need of
recharging due to their small battery sizes and large energy consumption. Wired
charging systems have hindered their property of mobility, as the user would be
required to stick around the power socket. Wireless energy is already in use in
different types of communication systems, which utilizes power to communicate

between different devices.

In this project, a technique of transferring energy without using wires is proposed
which will be capable of transferring 1 Watt of power through a distance of 1-5
meters, which will make it possible to charge our portable devices wirelessly and will
remove the constraint of wired charging to be sticking around a socket and eventually
will increase the portability and usability of the devices. This system consists of a
transmitter module and a receiver module. The transmitter module consists of
directional patch antennas to transmit power in a more sophisticated way to the
receiver module to enhance efficiency and to remove losses. The receiver module
consists of receiving patch antennas and a charge pump and rectifier circuit which

will generate DC voltages which will be used to charge our devices.

This type of system will enhance the portability of the devices and will be used in the
field of biomedical engineering and electric vehicles charging systems.

1.2 Literature Review
During the early 19th century, Nikola Tesla experimented with a system which was
able to transfer the energy in air without any type of wire. This experiment of Tesla

was a milestone in the field of wireless power transmission systems. Tesla wanted to



make this world wireless. However, due to the lack of technology and resources, he
was unable to implement it on a large scale. But now, electrical and electronics
systems have made rapid growth and it is now possible to implement such systems
and transfer the electricity wirelessly.

There is a rapid growth in portable devices such as smartphones, laptops,
smartwatches etc., which requires an energy storing unit such as battery to make these
devices operational [1]. However, the battery's storage capacity is not according to the
requirement of these devices and makes the battery discharge in no time. Therefore,
continuous wired charging of these devices has become a constraint in the portability
[2]. And at the same time, there is also a limitation of dangling wires which reduces
the safety of users. Therefore, there is a need for commercially designed wireless

power transmission systems which will transfer power through distances [2].

To design a WPT system it is very important to make the system efficient by greater
than 50% with a good range of 1 to 5 meters and should have manageable size of
transmitter and receiver modules [3]. According to WHO, a higher amount of power
cannot be transferred to observe safe transmission for human beings [4]. There are
some frequency bands which are made available for research, medical and industrial
purposes which can be used without any further permission or license.

1.3 Different types of WPT Techniques

In many techniques of wireless power transmission, the following three techniques
stand out among them and a vast amount of research has been done on them in
laboratories and in theory. The three techniques of WPT [18] are:

1. The first one is Laser aided technique, in which a laser beam is used to
transmit energy at far distances.

2. The second is magnetic resonance technique, in which a mutual coupling
method is used.

3. The third one is microwave technique, in this technique an oscillator is used to

generate a wave of higher frequency and transmitted to the receiver using an antenna.



These techniques are further elaborated below:

1.3.1 Laser Aided Technique
In this technique, a laser beam containing photons is transmitted to the receiver unit.
The receiver consists of photovoltaic cells that are used to convert the light energy of

a specific wavelength into electrical energy.

In this method, the electricity is first converted into light or laser and then directed
towards the receiver by using a converging phenomenon to converge the beam. The
photovoltaic receiver receives the light and converts it back to electrical energy. This
method is expensive and has very low efficiency. It can transmit energy to low ranges
and can harm human tissues. This method is very difficult to implement [5].

Power Laser ) REsLlren | PVCell Power
- P Shaping (mp| (Gimbaled | =
Supply Diode Optics Mirror) i Array Contr‘oller
Load

Figure 1-1: Block Diagram of Laser Aided Technique

1.3.2 Magnetic Resonance Technique

According to the Maxwell’s law, when coil carrying alternating current is placed near
another coil, the alternating current produces electromagnetic fields in the vicinity of
the first coil, and this field interacts with the second coil and induces alternating

current in it [6].

The same phenomenon is used in this technique. The primary coil is given the power
source and is placed near the secondary coil, the magnetic field of the primary
interacts with the secondary coil due to mutual induction and induces an alternating
current in it. The secondary circuit consists of a coil containing a rectifier and

regulator circuit which rectifies the alternating current to direct current and then the



regulator regulates the required output [7]. This technique has low efficiency and very

low range. However, it doesn’t damage human tissues.

Power ‘ Oscillator ‘ § Rectifier Regulating
Supply (DC) Circuit ‘ Circuit 0 Circuit

Load

Transmitter Receiver
Coil Coil

Figure 1-2: Block Diagram of M agnetic Resonance Technique

1.3.3 Microwave Technique

In this technique, an oscillator produces microwaves in frequency range of 1GHz-
1000GHz, these waves are beamed towards the receiver using a directional transmitter
antenna. The waves from the receiving antenna are converted back into electrical

power and a rectifier circuit is used to convert these microwaves into direct current

[5].

This technique is having maximum efficiency as compared to other techniques and
having maximum range. However, it can also damage human tissue if safe

transmission is not observed.

Microwave ‘ Tx Rx Rectifier

; 0
Power Source Antenna ANESHRA Circuit DC Power ‘ Load

Figure 1-3: Block Diagram of Microwave Technique



1.3.4 Technique Selected

) Power ) . Effects on
Technique Output Distance Cost Efficiency

Humans

Laser
Aided

Magnetic
Resonance

Microwave

Table 1-1: Comparison between different WPT systems
For this project, we have selected Microwave Transmission technique due to its

properties on the other techniques. It has good efficiency and good range as compared
to other techniques and can be implemented easily.

1.4 Microwave and a Myth

There is a myth that microwaves of every energy level are dangerous for human
health. However, that’s not true. Microwave radiations are electromagnetic (EM)
rather than ionizing (as in nuclear). Mobile Phone signals, Television, Radio, GPS and
other EM radiation passing through the human body daily and doing no harm. In this
project, the transmitting power is under the limitation of FCC (Federal
Communication Commission). Besides this, our antenna will radiate in a particular

direction which is safe if there is no human in the path.

gamma ray ultraviolet infrared radio
! | 123 | |
X-ray visible . microwave
=T s
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higher energy lower energy
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Figure 1-4: Frequency and Wavelength Analysis



1.5 Selection of Operating Frequency
To select operating frequency for the system, it is necessary to analyze its effect on
the system efficiency and other aspects. The range analysis, avoidance of obstacles

and antenna size is analyzed with respect to the operating frequency, below.

1.5.1 Range Analysis
Range is a very crucial aspect in this project, as to effectively transmit power to the

distant receiver, the frequency should be opted very carefully.

Range is dependent on the wavelength of the waves. The larger the wavelength

(smaller the frequency) of waves the farther distance it can cover.

1.5.2 Penetration in Obstacles

Penetration in obstacles is also a key aspect of this project. To ensure effective
transmission while the obstacles are present in the path of transmitter and receiver the
frequency should be opted carefully. Penetration of waves is dependent on the
wavelength of the waves. The larger the wavelength (smaller the frequency) of waves

the more it can pass any obstacle coming in its way.

1.5.3 Antenna Size
Antenna size is dependent on the operating frequency. By increasing the frequency

the antenna size becomes smaller. The antenna length calculation formula is given as:

_c
A_f

| h A
ength = —
g 4
Where,

¢ = speed of RF Signal (3x10"8 m/s)
f = frequency (2.4GHz)

A = wavelength

length = antenna length



1.5.4 Frequency Selected

Penetration in
Obstacles

Frequency Range Antenna Size

Increasing

Decreasing

Table 1-2: Frequency-Range-Antenna Size analysis
From the above analysis, we can conclude that a mid-range of frequency should be
used to tackle every problem. Hence, the operating frequency of 2.4GHz is chosen for
this project, which is also an ISM band. And [8] also shows that 2.4GHz is the

frequency which is having good efficiency for converting microwave power.



CHAPTER 2: DESIGNING AND TESTING OF
TRANSMITTER MODULE COMPONENTS

2.1 Overview of transmitter module components

The transmitter module consisted of a Voltage Controlled Oscillator VCO which is
generating a power signal of operating frequency 2.4GHz. The signal is fed to a 1x2
power divider board and an antenna of 2 channels is deployed to ensure constructive
interference at the end of the transmitter antenna. The transmitter antenna is two 2x2
matrices of rectangular patch elements. The power signal is amplified at the output of

the power divider board by using a power amplifier of optimum gain.

2.2 Voltage-Controlled Oscillator

A voltage controlled oscillator or VCO is an electronic circuit which gives an output
of a certain frequency depending upon the applied input controlling voltage. In the
transmitter module, a voltage controlled oscillator labeled as COTS KVCO-2400 is
deployed, which is a commercially available VCO. The VCO is operated with a 5V
biasing voltage and a controlling voltage 0-5V for controlling the frequency of output
signal. The VCO generates an RF signal of 2.4GHz with Power level of 7.6dBm. The
signal is generated using varying voltages of 0.76V. The VCO deployed in Tx module

is shown below:

VCco

KVCO - 2400

Vetrl:0 ~ 4.5V b

Figure 2-1: Voltage-Controlled Oscillator



The spectrum analyzer shows the strength or power level of the generated power
signal at 2.4GHz by VCO is shown below:

Channel Power 01/11/22 23:.21
Ref: 29.0 dBm * RBW: 3 MHz SWT: 20ms Trace: Clear/Write
Att: 40 dB *VBW: 3MHz  Trig: Free Run = Detect: RMS

Center:2.400120634 GHz

Save Recall N

Screenshot Manager

Figure 2-2; Output Power of VCO at Spectrum Analyzer

The input power given to the VCO and the varying voltages for controlling the

frequency of output power signal is shown below:

REGULATED D
............

: . '.,- p ‘.!-.. . ‘ 'l' (0
g < P
Figure 2-3: Biasing and Varying Control Voltages of VCO




2.3 1x2 RF Power Divider

The RF Power Divider circuit is used in the transmitter chain because if the power
from VCO which is 7.6dBm is directly fed or amplified with only one amplifier of
40dB gain and fed to the transmitter antenna, then nothing or very less amount of
power will be received at the receiver antenna. To overcome this problem a power
divider circuit is used in such a way that the power from the VCO is fed to the divider
input and then at both the outputs of the divider, there we connect amplifiers of 40dB
gain. These signals are in parallel and in the same phase, so an optimum amount of

power will be fed to the transmitter antenna.

The RF Power Divider board is designed at a center frequency of 2.4GHz using ADS
software. This board is fabricated on an FR-4 substrate material with dielectric of
4.4F/m. Layout of the RF Divider Board is given below.

2.3.1 Simulated RF Divider

The RF Power divider is designed on ADS software. The input of the divider is
55.82Q line and the output is also having impedance of 55.82Q. Quarter wave
technique is used to match the impedances of input and output. In quarter wave
technique, a quarter wave line impedance is calculated according to the below

formula.

Liine =+Z.Z;

Where,

Ziine = Impedance of a quarter wave line
Zs = Impedance of the input

Z = Impedance of the output or patch

In our case, a quarter wave line with 70.41Q is used to match the impedance of
55.82Q line and 100.09Q line.

10



190.1 mm

v

» A

40.63 mm

55.82QLline C

55.82QLline B

100.09 Q

55.82 Q Line A

Figure 2-4: Simulated 1x2 RF Power Divider Board

The dimensions of each lines are given below:

imensions | 35820 | 55820 | 5820 | 70410 | 100090
Line A Line B Line C Line Line
Length (L) 16 12.6 23 20.7 61
INn mm
Width (W) |, ¢ 255 255 1.62 0.709
INn mm

Table 2-1: Dimensions of 1x2 RF Power Divider
2.3.1.1 Simulated Sxx Parameter of Power Divider
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ffreq=2.400GHz

dB(S11_fitted)=-49.256|

Magnitude [dB]

dB(S11_fitted)
dB(S11_discrete)

-50

4
i |
I

235238

| R e SRS T L5
2.372382392402412422432442.45

freq. GHz

dB(S33_fitted)
dB(S33_discrete)

[m3
freq=2.400GHz
(9B(S33_fitled)=6410)

630

b &
e w
o o
ala 1

&
»
b

650

6557

freq=2.400GHz
©B(S22_fitted)=-6.409

im2

630

635
82
o

£3 6407

S ¢ aed

gg -6.45-:-
Tom
©

&
[*3
o
1

6.55+

2352362.372382392402.412422432.44245

|
|
|
|
|
|

freq, GHz

Figure 2-5: Simulated S11, S22 and S33 parameters of 1x2 RF Power Divider
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Sxx parameter is the reflection coefficient of any antenna or divider. From the above
results, we can conclude that the divider is having S11 of -49.25dB and the S22 of
-6.40dB and S33 of -6.41dB. The S22 and S33 is same which indicates that the power
reflected back from these ports are the same in magnitude, which is the ideal case.

2.3.1.2 Simulated Snm Parameter of Power Divider

mb mé
freq=2.400GHz freg=2.400GHz
dB(S(1,2))=-3.512 dB(S(1,3))=-3.511

3505 3506
1 .
] e 1 [
3510 ~.. m5 3510 .
! ~Y 1 !\7
] o 1 ™
3515 N 3515 -
a8 1 @ 3
- I ™ = 1
@ 50 e
m 1 @ ]
® s B 3525
35201 3520
35357 =, SR LERs B 22 -355i||||||||||||||||||r

235 235 237 238 230 240 241 242 243 244 245
freq, GHz

I | I | S [T L0 TR
235 236 237 238 239 240 241 242 243 244 245
freq, GHz

Figure 2-6: Simulated S12 and S13 parameter s of 1x2 RF Power Divider
Snm represents the power reflected from the port m to the port n. From the above

results, both S12 and S13 are -3.51dB, so we can conclude that a very small amount
of power is reflected back to the Port 1 or input port. Which indicates that the power
divider is working efficiently.

2.3.1.3 Simulated Snm Phase Angles of Power Divider

The phase angle of S21 is -161.25 and S31 is -161.21. Both are almost same.

m7 m8
freq=2.400GHz freq=2.400GHz
phase(S21_fitted)=-161.257| phase(S31_fitted)=-161.216
-145— 145
_ 1503 . 1504
e ] :g%
= -
£5 1553 £5 -1554
= = v
=5, : m7 =, i mé8
S 1605 B -160-
B - TA 1
[4 -1853 o8 1654
| I £8 -
2 170 o A470-
AT —— A7
2.352.362.372.382.302.40 2.41 2.42 2.432.44 2.45 2.352.362.372.382.392402.412.422432442.45

freq, GHz

freq, GHz

Figure 2-7: Simulated S21 and S31 Phase Angles of 1x2 RF Power Divider
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2.3.2 Fabricated Power Divider
The RF power divider board is fabricated on FR-4 substrate. The results of the board

are given below:

Figure 2-8: Fabricated 1x2 RF Power Divider

2.3.2.1 Measured Sxx Parameter of Power Divider

® /252072 12-18:38 FM.

1328 51 TOKE2-101 BEZ-Py

511 db Mag 10 dB/ Ref O dB 1,
N ere 1 S e e e e e e e T "ﬂ"f"Tn:;‘I 300000 GHs 27 5360 M

BV NP ~/ NAYAR
[ — ,\/\\/\/’\\ //\U\Q%/ | _

Ch1 Start 100 kHz Pwr 10 dBm B 10 kHz Stop 4.5 GHz

Figure 2-9: Measured S11 Parameter of 1x2 RF Power Divider
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Figure 2-10: Measured S22 Parameter of 1x2 RF Power Divider
9/28/2022 1220:19 PM.
132B5170KE2-101833-Py
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|
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VTl

Ch1 Start 100 kHz Pwr -10 dBrn Bw 10 kHz Stop 4.5 GHz

Figure 2-11: Measured S33 Parameter of 1x2 RF Power Divider

The Sxx-parameters of 1x2 RF Power Divider is measured on Vector Network
Analyzer. From the above results, we can conclude that the measured S11 parameter
of our divider board is -27.53dB. The S22 is -7.58dB and S33 is -8.06dB.
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2.3.2.2 Measured Snm Parameter of Power Divider

el 521 db Mag 10 d6/ Ref 0 4B 1
0o - T 2 o, BT z T .MI. e T I R Tl 200000 CHE 5 Bees i
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Figure 2-12: Measured S12 Parameter of 1x2 RF Power Divider
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Figure 2-13: Measured S13 Parameter of 1x2 RF Power Divider

The Snm-parameters of 1x2 RF Power Divider is measured on Vector Network
Analyzer. The above results show the S12 parameter to be -5.86dB and S13

parameters to be -6.61dB, which are in good numbers.
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2.3.2.3 Measured Snm Phase Angles of Power Divider

The Snm phase angles of 1x2 RF Power Divider is measured on Vector Network

Analyzer. The results show the S21 phase angle to be -148.53 degrees and S31 phase
angle to be -144.44 degrees, which are almost same and in good numbers.
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Figure 2-14: Measured S21 Phase Angle of 1x2 RF Power Divider
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1
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Figure 2-15: Measured S31 Phase Angle of 1x2 RF Power Divider
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2.3.3 Comparing Simulated and Measured S Parameters of Power Divider

Power Divider S11 S22 S33 S12 S13
Simulated -49.25 -6.40 -6.41 -3.51 -3.52
Measured -27.53 -7.58 -8.06 -5.86 -6.61

Table 2-2: Comparison between simulated and measured S-parameters of Power Divider

From the above simulated and measured results, we can conclude that after
fabricating the divider on FR-4 substrate, its S11 parameter is degraded a little bit due
to the fact that the FR-4 substrate is a lossy substrate. However, the results are still in

range and we can use the above fabricated board in the project.

2.4 Power Amplifier

The signal at the output of the Power divider board is not that powerful enough to be
fed to the transmitter antenna without any type of further amplification, therefore
Power amplifiers are used in the Transmitter module. The Power level of the signal
from the VCO is 7.6dBm which is then divided in the power divider board by factor
of 2 and made signals of 3.8dBm at both the output of the divider board. This power
is very small to be fed directly to the transmitting antenna therefore, Power Amplifiers

of 40dB gain are deployed at the outputs of the divider.

Figure 2-16: Power Amplifier
Power amplifier amplifies the Signal without amplifying the noise level and without

changing the mode, structure and format of the signal. This amplifier works on a
biasing voltage of 5V with 2A current. The gain graphs are given below:

17



2.4.1 Amplifier Rated Gain
According to the datasheet of Power Amplifier, it should give a gain of 40dB at

2.4GHz frequency.

2.4.2 Amplifier Measured Gain

freq(lRFON ) MODOFF  )Level

2,400 000 000 opolcnz _|[1i[0| i _j

Mod Gen odulation
config.. || | config |
[~ On (5

M"
xtl WL-L\
Flgure2 17: Input Power of Function Generator

Channel Power 12/10/22 01:28
Ref: 28.0 dBm *RBW: 3 MHz SWT: 20 ms Trace: Clear/Write
Att: 40 dB s\/BW: 3MHz  Trig: Free Run =Detect: Auto Peak
Channel BW: 3.84 MHz
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Center:2.4 GHz Span:38 MHz
Recall
Screenshot

Figure 2-18: Output Power of Power Amplifier Analyzed at Spectrum Analyzer

Save Recall

The gain of the power amplifier is measured in real time by using a spectrum analyzer
and a function generator. A signal of 2.4GHz with power level of -20dBm is given to
the input of the power amplifier, which yields an output signal of 22.2dBm. Which
proved that the gain of the amplifier is 42.2dB.
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2.4.3 Amplifier Saturation Power Output

The amplifier maximum output power is 31.5dBm which is the saturation state or
saturation power of the amplifier. It cannot amplify the signal more than that. So by
giving the input of 3.8dBm of signal which is the case in the project, the amplifier

goes into saturation and gives an output of 31.5dBm.

[ MOD OFF ]Level

Ref: 29.0 dBm *RBW: 3MHz SWT: 20ms - Trace: Clear/Write
Att: 40 dB »VBW: 3MHz  Trig: Free Run = Detect: Auto Peak

I kv bl
L O O
enter: 2. z pan:3 z

Recall File

Save Recall Screenshot Manager

Figure 2-20: Output Power Analyzed at Spectrum Analyzer
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2.5 Selection of Transmitter Antenna
There are various types of antennas available, however for our application, it is
necessary to choose a suitable one which could perform well in this project. Major

antenna types are:

2.5.1 Omni-directional Antenna
An Omni-directional antenna is a type of antenna which radiates or receives signals
with the same power in every direction [17]. The radiation pattern of these types of

antennas consists of 360 degrees.

2 N
4 Omni-Directional | |
e Antenna &
\

Figure 2-21: Omni-directional Antenna Radiation Pattern

2.5.2 Uni-directional Antenna
A unidirectional antenna is a type of antenna which can converge its radiation beam in
one direction, which eventually makes the signal strong enough to travel long

distances [17]. It can also reduce the interference from other directions.

Uni-Directional
Antenna é

o]

Figure 2-22: Uni-Directional Antenna Radiation Pattern
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2.5.3 Antenna Selected

Since we need more power at long distance and only in the direction of the receiver
module, therefore a unidirectional antenna is chosen for this project. Unidirectional
antennas are also in large numbers. However, we have chosen Microstrip Patch
Antennas due to their low cost, high efficiency, low return loss and they are easy to
fabricate [16].

2.6  Microstrip Patch Antenna

Microstrip patch antennas are low cost, high efficiency, lightweight and easy to
fabricate antennas. These antennas are small in size and are used in communications
systems, Radar systems and mobile phones etc. A high gain and high directivity can
be achieved using this antenna. These antennas can be designed using different shapes

such as circular, rectangular or any custom shape.

Microstrip antenna contains 3 layers, the upper and lower layers are conducting
metals like copper. While the middle layer is a substrate which doesn’t conduct. The
upper layer is in the shape of our proposed antenna.

AIR
16 g / FR_4 (4.4)
1.6 millimeter
0 millimeter /

Figure 2-23: Microstrip Patch Antenna Substrate

In the Microstrip patch antennas, the fringing fields are responsible for the radiation.
The fringing fields around the antenna can help explain why the microstrip antenna
radiates. Consider the side view of a patch antenna shown below. This can be seen as
a capacitor in which two parallel metal plates are separated by an electrolyte and an
electrostatic field is created between them. According to Maxwell, this E-Field leads
to generation of magnetic fields and finally an Electromagnetic wave is generated and

we call it Radiation in case of Antennas.
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Figure 2-24: Fringing Fields and Radiating Edges of Patch Antenna

2.6.1 Design Theory

Microstrip Patch Antennas are designed on a substrate with smaller relative
permittivity. The smaller the relative permittivity, the better the substrate. In this
project, the antenna is designed on a FR-4 substrate with dielectric of 4.4 F/m. This
substrate is chosen because it is easily available as well as it is cost effective [14]. The
height of the substrate also plays an important role in the working of the antenna. The
substrate height decides the bandwidth as well as the dimensions of the patch element.
The more the height the better the bandwidth as well as the smaller the size of the
patch element. The height of the substrate which we used in this project is:

h=1.6mm
This height is chosen because it is easily available. So the design parameters of the

antenna are:

Parameters Values
Operating Frequency 2.4 GHz
Substrate FR-4
Di-electric Constant 4.4 F/m
Height of Substrate 1.6 mm
Loss Tangent TanD 0.008
Copper Thickness 0.035 mm

Table 2-3: Proposed Antenna Substrate Parameters
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2.6.2 Dimensions of Proposed Antenna
For this project, rectangular microstrip patch antennas are designed and tested. The
dimensions of the antenna element is calculated by using the formulae given in the

Balanis Book [3], which are as follows:

-1

Er+l,—

c (2

W= —=—
2f,

L:[ C_1]—2AL

2.fp€2

-1

() + () [+ azg]

AR
7 - 0412 (sr—0.258)(%+0.8)

(sr+0.3)(%+0.264)

Where,
¢ = speed of RF Signal (3x10"8 m/s)

fo = Operating frequency (2.4GHz)
&r = Relative permittivity of the substrate (4.4F/m)

ce = Effective permittivity of the substrate material

W = Patch width

h = Substrate thickness (1.6mm)

L = Patch Length

AL= the extra length provided by the patch's bordering fields on both sides
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By doing the calculations, we will get the width of the patch element W = 38.03mm
and the Length of the patch element L = 29.44mm. However, physical parameters
don't necessarily have to be the same, because we always tweak the antenna

parameters for best results.

The antenna dimensions are also confirmed using an online tool (emtalk) to find out
the Length and Width of our proposed antenna. The impedance at the edge of the
patch element for the specific dimensions is found out to be:

Z=243Q

Microstrip Patch Antenna Calculator

patcr;—\
{

A

h dielectric (¢,)
Y
grounU

Substrate Parameters

© emtalk.com

Dielectric Constant (g): [4.4 |

Dielectric Height {h): 51.6 |[mm v]

Physical Parameters

Resonant Frequency
f
Length (L): [29.443142538612 |[mm v|
P |
Width (W): |38.036288715637 Hmm v|

Input Impedance (Edge): EZEE | Ohm

Figure 2-25; Patch Dimensions at Online calculator emtalk

Since, the source which we are using in this project is having both input and output
impedances of 50Q therefore, it is necessary to match the impedance of both the
element and the source through some means. For doing so, two techniques are

assessed in this project, and the one with good results will be opted.
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2.6.3 Different Feeding Techniques and their Analysis

Choosing the feeding technique for an antenna is a very important part. The feeding
technique should be chosen very carefully as the whole impedance matching is
dependent over this part. If the impedance of the antenna is matched with the
impedance of the source then maximum power will be transferred from the source to
the antenna [12] and eventually the antenna will transmit more power efficiently. The
feeding techniques [15] which we will be comparing in this project are:

1) Quarter Wave Feeding Technique

2) Inset Feed Feeding Technique

2.6.3.1 Analysis of Quarter Wave Feeding Technique Antenna

From the calculations done above for the patch dimensions we got the results of
W=38.03mm and L=29.44mm and the impedance at the edge of the patch is Z =
243Q. Since the edge is having impedance of 243Q while the source is having

impedance of Z=50Q, we need to match this difference by some means. In this case,

a quarter wave feeding technique or a quarter wave line is used. The calculations for

this line is given below:

Zjine = VZ.Zg

Where,
Zjine = Impedance of a quarter wave line

Z = Impedance of the source

Z = Impedance of the load or patch

From the above formula, we have calculated the impedance of the quarter wave line
to be 110.22Q. And for this impedance, the dimensions for the line is calculated using
an online microstrip line calculator (emtalk), which yielded the dimensions to be
W=0.53mm and L=18.10mm.
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Microstrip Line Calculator

conductor "\

A
h dielectric (g)

grounU © emtalk.com

Substrate Parameters

Dielectric Constant (g): |4A4 |

Dielectric Height (h):  [1.6 | 'mm v]
Frequency: (24 GHz
Electrical Parameters Physical Parameters
- Synthesize ’
Zo: 110.227038 Q width (W): [0A53454883590466||mm v
Elec. Length: |90 deg Length [L): [18.103283038556 |[mm v |

Figure 2-26:110.22Q Line Dimensions at Online Calculator emtalk

Since the source is having a 50Q of impedance, therefore a 50Q2 line is also attached
at the end of the quarter wave line to match the impedance. The dimensions of the
50Q input is found out from an online calculator (emtalk), which yielded the

dimensions to be W=3.05mm and L=17.12mm.

Microstrip Line Calculator

conducto'r-\

h|  dielectric (¢
y

grounU © emtalk.com

Substrate Parameters

Dielectric Constant (s): [4.4 |

Dielectric Height (h):  [1.6 [[mm v|
Frequency: 24 GHz
Electrical Parameters Physical Parameters
—_ Synthesi
Zo: [50 |n Width (W): [3.0589749829276 |[mm v|
Elec. Length: [90 | deg Length (L): [17.124358244198 |[mm v|

Figure 2-27: 50Q Line Dimensions at Online Calculator emtalk
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e Since, it is stated above that the physical dimensions don't necessarily
need to be the same however, these results are taken as a reference for

designing, as we always tweak the antenna dimensions for perfect results.

Therefore, the physical antenna dimensions and results are given below.

2.6.3.1.1 Simulated Single Element Quarter Wave Antenna

The simulated antenna on ADS software is given below:

Width

Length

Patch Element

721810 Line

44669 0] Line

Figure 2-28: Simulated Single Element Quarter Wave Antenna

Dimensions Patch Element 44.669 Q) Line 72.181 Q Line
Length (L) in 29.15 17.8845 17.53
mm
Width (W) in 38.04 3.7 1.55
mm

Table 2-4: Dimensions of Single Element Quarter Wave Antenna
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2.6.3.1.2 Simulated S11 Parameter of Single Element Quarter Wave

Antenna
The simulated S11 parameter of a single element quarter wave feeding antenna is

found to be -28.845dB. Given below:

m2
freq=2.400GHz
dB(S11_fitted)=-28.845

Magnitude [dB]
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Figure 2-29: Simulated S11 Parameter of Single Element Quarter Wave Antenna

2.6.3.1.3 Simulated Smith Chart of Single Element Quarter Wave Antenna
The simulated Smith Chart impedance normalized at 50Q of a single element quarter

wave feeding antenna is found to be 1.075-j0.008Q2. Given below:

m1

freq=2.400GHz
S11_fitted=0.036/ -5.726
impedance = Z0 * (1.075 - j0.008)

T T

S11_discrete

S11_fitted

freq (2.300GHz t0 2.500GHz)
Figure 2-30: Simulated Smith Chart of Single Element Quarter Wave Antenna
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2.6.3.1.4 Simulated Gain, Directivity and Efficiency of Single Element Quarter
Wave Antenna

The simulated directivity, gain and efficiency is found to be 6.179dBi, 1.78dBi and
36.3175% respectively. Given below:

f' Antenna Parameters X
Frequency (GHz) 2.4
Input power (Watts) 0.00243674
Radiated power {(Watts) 0.000906753
Directivity(dBi) 6.17905
Gain (dBi) 1.78021
Radiation efficency (%) 36.3175

Figure 2-31: Simulated Directivity, Gain and Efficiency of Single Element Quarter Wave Antenna

2.6.3.1.5 Simulated Radiation Pattern of Single Element Quarter Wave Antenna
The Simulated 2D and 3D radiation patterns are given below:
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Figure 2-32: Simulated 2D Radiation Pattern of Single Element Quarter Wave Antenna
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Figure 2-33: Simulated 3D Radiation Pattern of Single Element Quarter Wave Antenna

From the radiation pattern, we can have an idea that the antenna is designed very
efficiently so that there are no side lobes which can lose our signal in other or none
wanted directions [11]. The whole signal is converged into one direction and so that

the signal will travel a longer distance.

2.6.3.2 Analysis of Inset Feed Feeding Technique Antenna

From the calculations done above for the patch dimensions we got the results of
W=38.03mm and L=29.44mm and the impedance at the edge of the patch is 243Q.
However, the more we go at the center of the patch the more the impedance of the

X

patch reduces.

/
Xf

Figure 2-34: Inset Feed Antenna
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To match the impedance of the source 50Q with the patch, we calculate the point in
the patch where the impedance is 502 so that the matching is done efficiently. The
calculations for the matching point is done by using the below formulas [13]:

w
Yr =7

L Cr&r +CoerO+cse P tepertteze 3 +ep6.2+0 60400
Xr=3X 104

Where,

Xy = distance from bottom edge

Y= distance from side edge

¢, = 0.001699, ¢, = 0.13761, cs = -6.1783, ¢, = 93.187, c5 = -682.69, ¢, = 2561.9,
¢, = -4043, ¢, = 6697

From the above formulas, the results are y = 19.02mm and xy = 9.042mm. At this

point we will be having the patch impedance of 50Q2 which can be matched with the
source impedance of 50Q through a 50Q microstrip line. The 50€2 line is calculated

above.

e Since, it is stated above that the physical dimensions don't necessarily
need to be the same however, these results are taken as a reference for
designing, as we always tweak the antenna dimensions for perfect results.

Therefore, the physical antenna dimensions and results are given below.
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2.6.3.2.1 Simulated Single Element Inset Feed Antenna

The simulated inset feed antenna is shown below:

A

G
Figure 2-35: Simulated I nset Feed Single Element Antenna

A B C D E F G

Length

- 38.04 | 30.06 | 14.8297 | 7.4126 | 2.6803 | 17.624 | 3.02
In mm

Table 2-5: Dimensions of Inset Feed Single Element Antenna
2.6.3.2.2 Simulated S11 Parameter of Single Element Inset Feed Antenna

The simulated S11 parameter of a single element inset feed antenna is found to be
-57.78dB. Given below:

m2
eq=2.400GHz
dB(S 11_fitted)=-57.785

Magnitude [dB]

| "vseq,l
-10 “\:

- |
] P

-50 T LI — T i T T T T T
2.302322.342.362.38 240242 2.44 2.46 2.48 2.50

freq, GHz
Figure 2-36: Simulated S11-parameter of Inset Feed Single Element Antenna

dB(S11_fittad)
dB(511_discrete)
&
(=]
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2.6.3.2.3 Simulated Smith Chart of Single Element Inset Feed Antenna
The simulated Smith Chart impedance normalized at 50Q of a single element inset
feed antenna is found to be 0.999+j0.002€Q2. Given below:

m1

freq=2.400GHz

S11_fitted=0.001 /110.889
impedance = Z0 * (0.999 +j0.002)

il

p

S11_discrete
f”’#—__—q—h\x
__/

/ ;

S11_fitted

freq (2.300GHz to 2.500GHz)
Figure 2-37: Simulated Smith Chart of Inset Feed Single Element Antenna

2.6.3.2.4 Simulated Gain, Directivity and Efficiency of Single Element Inset
Feed Antenna
The simulated directivity, gain and efficiency is found to be 6.433dBi, 3.348dBi and

49.15% respectively. Given below:

(@ Antenna Parameters X
Frequency (GHz) 2.4
Input power (Watts) 0.0025
Radiated power (Watts) 0.00122876
Directivity(dBi) 6.43328
Gain (dBi) 3.34857
Radiation effidency (%) 49,1505

Figure 2-38: Simulated Directivity, Gain and Efficiency of Inset Feed Single Element Antenna
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2.6.3.2.5 Simulated 2D and 3D Radiations of Single Element Inset Feed Antenna

The 2D and 3D simulated radiation pattern is given below:

Radiation Intensity

11115

Mag. [W/sterad]

Theta (-90.000 to 90.000)
Figure 2-39: Simulated 2D Radiation Pattern of I nset Feed Single Element Antenna

Figure 2-40: Smulated 3D Radiation Pattern of I nset Feed Single Element Antenna

From the radiation pattern, we can have an idea that the antenna is designed very
efficiently so that there are no side lobes which can lose our signal in other or none
wanted directions [11]. The whole signal is converged into one direction and so that

the signal will travel a longer distance.
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2.6.3.3 Comparing Results and Choosing Best Feeding Technique

. . .. o Normalized
Antenna | Frequency %ﬁ %%m Dlr((ajcél_wty Efflf;ency Smith Chart
(dB) | (dBi) (dBi) (%) Impedance (Q)
Quarter i 1.075-
Wave 2.4 GHz 28.845 | 1.78 6.179 36.3175 j0.008
Inset 0.999-
Feed 24 GHz | -57.78 | 3.348 6.433 49.15 j0.002

Table 2-6: Comparison between Quarter Wave and Inset Feed Antenna
From the results above, we can conclude that the inset feed feeding technique is

having good directivity, gain and efficiency with a good value of return loss (S11) as

compared to the quarter wave feeding technique [10]. Therefore, we have chosen the

Inset Feeding Technique for our proposed antenna for matching the impedance.

Therefore, the inset feeding antenna is fabricated and the physical results are tested

using Vector Network Analyzer.

2.6.4 Fabricated Single element Inset Feed Antenna

The single element inset feed antenna is fabricated on an FR-4 substrate material, and

analyzed its working.

4

Figure 2-41: Fabricated Inset Feed Single Element Antenna
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2.6.4.1 Measured S11 Parameter

The return loss (S11) of the fabricated single element inset feeding technique antenna

is measured on a Vector Network Analyzer and the results are attached:

AR T 2 dand

Gt - zanar o)

1

©h1 Star 100 kHz

Pue -1 dBen Bw 10 kHz

Stog 4.5 GHz

Figure 2-42: Measured S11-parameter of Inset Feed Single Element Antenna

From the above graph, the S11 parameter is found to be -12.50dB which is less than

-10dB. So the S11 parameter is in the range of acceptable value.

2.6.4.2 Measured Smith Chart

The measured smith chart normalized impedance at 50Q of the single element inset

feed antenna is analyzed using Vector Network Analyzer and found to be 0.662-

j0.221Q. Given below:

{9 bl

Tl

511 Smith 700 mll Ref 10

hi Start 100 kHx

Par it B 10 ki

M1 Wl 2200000 GHe

Stop 8.4 GHz

Figure 2-43: Measured Smith Chart of Inset Feed Single Element Antenna
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2.6.4.3 Measured VSWR

The measured VSWR of the inset feed single element is 1.623U.

Trcl 511 SWR TUfRefT U 1
Il *M1| TreT 2.4D0000 GH: 1.623 U
|
|| =
| Al
| f
\ ! 'ﬂ.‘

\. { |
|I / x\
| /
| / \
| Y
\ [ Y
| i Y =
!I|l T ! Y I; \\
| f % /
Il'l ."; \xh { \
| / i
| . vl
b ."J ;I
L [ \\. /
My ]
\\v-x '|\.J|"
Chl Start 100 kHz Pow 10 dBm Bw 10 kHz Stop 4.5 GHrz
Figure 2-44: Measured VSWR of Inset Feed Single Element Antenna

2.6.4.4 Measured Radiation Pattern

The radiation pattern of the single element inset feed antenna is plotted on a polar
graph. The radiation pattern is measured for both the Far and Near Fields. Both of

these distances are dependent upon the largest dimensions of the antenna calculated
as:

. 2D?
Near Field < B

. 2D?
Far Field > B

Where,

D = Maximum Dimension of the Antenna
A= Wavelength of 2.4GHz

From the above calculations, for the largest dimension of 5¢cm, the far field distance is
calculated to be > 40cm and the near field distance to be < 40cm. Therefore, the Far

field pattern is measured at a distance of 60cm while the Near Field pattern is
measured at a distance of 35cm.
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Far Field Single Element

125 Degreas Beammidth

Figure 2-45: Measured Far Field Radiation Pattern of Inset Feed Single Element Antenna

Near Field Single Element

Figure 2-46: Measured Near Field Radiation Pattern of Inset Feed Single Element Antenna
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From the radiation pattern, we can conclude that the single element antenna has very
small directivity, as all the power is transmitted into each direction equally. Due to
which the power will not be able to travel far distances. From the radiation pattern, it

is also clear that the gain of the antenna is very small.

2.6.5 How to Improve Gain, Efficiency and Directivity of Antenna?

The gain, directivity and efficiency values of the above single element antenna is very
low as compared to the application of this project. We will need a high directive and
high gain antenna to transmit the power efficiently to the long distances. To improve
these parameters, we will need to increase the number of elements of the antenna.
Therefore, the 2, 4 and 8 elements inset feed antenna is designed and the results are

discussed below.

2.6.6 Designing of Two Elements Inset Feed Antenna

The two element inset feed antenna is designed using the calculated values of the
patch element calculated above. However the physical dimensions of the patch vary
according to the application. In 2 elements, the input is taken as a 50Q line and which
is divided into two 100€2 parallel lines so that the equivalent resistance will become
50Q. The 100Q line is connected with the 50€Q inset feed line of the patch. The
feeding point is also calculated using above formulas and values. The distance from
the center of two elements must be A/2 distance to minimize the effects of side lobes
and loss of signal [9] [11].
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2.6.6.1 Simulated Two Elements Inset Feed Antenna

The simulated two elements antenna is given below with its dimensions:

95.67912 0 Line

50.62 QLine B

50.62 0 Line C

50.62Q Line A

Figure 2-47: Smulated two ElementsInset Feed Antenna

A B C D E F
Length (L) inmm | 38.04 | 30.2 | 14.83 |54426| 2.68 | 62.518
Table 2-7: Dimensions of two Elements | nset Feed Antenna
50.62Q Line A | 50.62Q Line B | 50.62Q Line C | 95.67912Q Line

Length (L) in 15.654 11.7905 17.124 35.08

mm
Width (W) in 3.02 3.02 3.02 0.8

mm

Table 2-8: Dimensions of Feed Lines of two Elements | nset Feed Antenna
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2.6.6.2 Simulated S11 Parameter of Two Element Inset Feed Antenna
The simulated S11 parameter of a two element inset feed antenna is found to be

-57.161dB. Given below:

m2
freq=2.400GHz
dB{511_fitted)=-57.161
Magnitude [dB]
0"'“%’ 4EHE y M&mﬂi
-10 hl‘!l 1‘7"‘
AE ]
To 20
Ea
=2 30
o=
Bm 20
2 i
50_ rr“2
'60 T T T T | T T T T T T
20 21 22 23 24 25 26 27 28 29 30
freq, GHz

Figure 2-48: Simulated S11-parameter of two Elements|nset Feed Antenna

2.6.6.3 Simulated Smith Chart of Two Element Inset Feed Antenna
The simulated smith chart impedance normalized at 50Q of a two element inset feed

antenna is found to be 1.002+j0.002Q2. Given below:

m1

freq=2 400G Hz

S11_fitted=0.001 /48 450
impedance = Z0 * (1.002 +;0.002)

S11 discrete

S11_fitted

freq (2.000GHz to 3.000GHz)
Figure 2-49: Simulated Smith Chart of two Elements Inset Feed Antenna
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2.6.6.4 Simulated Gain, Directivity and Efficiency of Two Element Inset Feed

Antenna
The gain, directivity and efficiency is found to be 5.9dBi, 8.289dBi and 57.73%

respectively. Given below:

ﬂ Antenna Parameters X
Frequency (GHz) 2.4
Input power (Watts) 0.0025
Radiated power (Watts) 0.00144327
Directivity(dBi) 8.28931
Gain (dBi) 5.90339
Radiation efficiency (%) 57.7308

Figure 2-50: Simulated Gain, Directivity and Efficiency of two Elements|nset Feed Antenna

2.6.6.5 Simulated 2D and 3D Radiation Patterns of Two Element Inset Feed

Antenna
The 2D and 3D simulated radiation patterns of two elements antenna are given below:

Radiation Intensity

e t};ﬁn@—:: -~

Mag. [Wisterad]
]
\\

Theta (-90.000 to 90.000)
Figure 2-51: Simulated 2D Radiation Pattern of two Elements Inset Feed Antenna

42



Figure 2-52: Simulated 3D Radiation Pattern of two ElementsInset Feed Antenna

From the radiation pattern, we can have an idea that the antenna is designed very
efficiently so that there are no side lobes which can lose our signal in other or none
wanted directions [11]. The whole signal is converged into one direction and so that

the signal will travel a longer distance.

From the above results, we can conclude that by increasing the patch elements and
making its impedance matched, the gain, directivity and efficiency is improved.
Therefore, an antenna of 4 elements with the configuration of 2x2 matrix is finally

designed to have maximum efficiency, gain and directivity.

2.6.7 Designing of 2x2 Matrix Form Antenna

The 2x2 matrix of inset feed antenna is designed using the calculated values of patch
elements and the transmission line values. The matrix design is selected so that the
antenna length will not get too large. Antenna is designed in a way to have maximum
gain and directivity with no side lobes. To minimize the side lobes, the distance from
the center of two elements should be >= A/2 [9] [11]. The side lobes are minimized so
that no power will be transmitted in unwanted directions. The impedance is matched
using the inset feeding technique. The input to the 2x2 antenna is also a 50Q
transformer so that the electronic modules with 50€2 can match the impedance and no

power will be reflected back.
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The 2x2 designed patch antenna is given below:

95.6790Q Line A

50.32250Q
Line

Figure 2-53: Simulated 2x2 Matrix form Antenna

A B C D E G
Length | 5904 | 30.07 | 14.8295 | 7.5926 | 2.6805 | 62.581 | 47.8
(L) in mm
Table 2-9: Dimensions of 2x2 Matrix form Antenna
50.620 50.62Q0 | 50.3225Q | 95.679Q | 95.679Q
Line A Line B Line Line A Line B
Length (L) | 17604 | 11.7005 5 35.98 47
In mm
Width(W) | 5, 3.02 3.05 0.8 0.8
N Mmm

Table 2-10: Dimensions of Feed Lines of 2x2 Matrix form Antenna
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2.6.7.1 Simulated S11 Parameter of 2x2 Matrix Form Antenna
The simulated S11 parameter of a 2x2 matrix form antenna is found to be -39.71dB.

Given below:

m2
freq=2.400GHz
dB(S11_fitted)=-39.717

Magnitude [dB]

[t LT
N

o

=
pu
(]

-~y

har
o

dB(S11_fited)
_discrete)
A
o
M=,

dB(S11

-30

-‘40 T T | T T T '|' T T T T T
2302322342362382.402.422.442.462.48 2.50

freq, GHz

Figure 2-54: Simulated S11-parameter of 2x2 Matrix form Antenna

2.6.7.2 Simulated Smith Chart of 2x2 Matrix Form Antenna

The Smith Chart impedance normalized at 50Q of a 2x2 matrix form antenna is found

to be 0.988+70.017Q2. Given below:

m1

freq=2 400GHz

S11_fiited=0.010 / 124 241
impedance = 20 * (0,988 +]0.017)

S11_discrete

S11_fitted

freq (2.300GHz to 2 500GHz)

Figure 2-55: Simulated Smith Chart of 2x2 Matrix form Antenna
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2.6.7.2 Simulated Gain, Directivity and Efficiency of 2x2 Matrix Form Antenna
The simulated gain, directivity and efficiency of the 2x2 matrix form antenna is found
to be 7.97dBi, 10.1445dBi, and 60.638% respectively. Given below:

m Antenna Parameters X
Frequency {GHz) 2.4
Input power (Watts) 0.00243973
Radiated power (Watts) 0.0015157¢
Directivity(dsi) 10,1445
Gain (dBi) 7.971%4
Radiation efficiency (%) 60.6382

Figure 2-56: Simulated Gain, Directivity and Efficiency of 2x2 Matrix form Antenna

2.6.7.3 Simulated 2D and 3D Radiation Patterns of 2x2 Matrix Form Antenna
The simulated 2D and 3D radiation patterns are illustrated below:

Radiation Intensity

OO
E N SR . 117 s U
- - I/ -
T oo
L

N k_,u_uuna‘ ~] w7

%

Mag. Wistarad]

Theta {-QEI.OIOCI to 90.000)
Figure 2-57: Simulated 2D Radiation Pattern of 2x2 Matrix form Antenna

Figure 2-58: Simulated 3D Radiation Pattern of 2x2 Matrix form Antenna

46



2.6.8 Fabricated 2x2 Matrix Form Antenna

The 2x2 element feed antenna is fabricated on an FR-4 substrate material, and

analyzed its working.

Figure 2-59: Fabricated 2x2 Matrix form Antenna

2.6.8.1 Measured S11 Parameter of 2x2 Matrix Form Antenna

The return loss (S11) of the fabricated 2x2 element antenna is measured on a Vector

Network Analyzer and the results are attached:

(8) R TN AR
5 AR b

Trel m———— §11 dBMag 10 c8/ Rcf 0 cB

1
SM1 Teel 2400000 GHz 195477 d3

=

-
-4

o Start 100 kHz

Porr 10 dBm B 100HZ

Stop 4.5 GHr

Figure 2-60: Measured S11-parameter of 2x2 Matrix form Antenna

From the above graph, the S11 parameter is found to be -19.54dB which is less than

-10dB. So the S11 parameter is in the range of acceptable value.
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2.6.8.2 Measured Smith Chart of 2x2 Matrix Form Antenna
The measured smith chart normalized impedance at 50Q of the 2x2 matrix form
antenna is analyzed using Vector Network Analyzer and found to be 0.783+j0.099Q.

Given below:

307 V1266 av
AT 0V 3 10 By

Tret 11 Senith 200 srl)) Ref 10

p—— *M1 Tied 2.400000 GH? 39185 @
34959 0
318836474 pH

O Stant 100 kHz Par 10 dEm Ew 10 bHz Stop 4.5 GHz

Figure 2-61: Measured Smith Chart of 2x2 Matrix form Antenna

2.6.8.3 Measured VSWR of 2x2 Matrix Form Antenna
The VSWR of the 2x2 element antenna is found to be 1.317U. Given below:

I 123
REPES! 100G TR By

511 SWR T U/Refl 10 1

\ /'f I\ <M1 Tl 2.400000 GH: 1317 U
\ I \

Trct

Ly -
Ch1 Start 100 kHa Porr 10 dEen B 10 kHE Sop 4.5 GHz

Figure 2-62: Measured VSWR of 2x2 Matrix form Antenna
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2.6.8.4 Measured Radiation Pattern and Gain of 2x2 Matrix Form Antenna

The radiation pattern of the 2x2 antenna is drawn by using a monopole antenna of 2-3
dBi gain and giving 0dBm power to the monopole antenna. Since the monopole
antenna transmits the power in all directions with same power values therefore for
radiation patterns, this antenna is used. On the other hand, the transmitter antenna is
connected to the spectrum analyzer to receive the power transmitted from the
monopole antenna and the power levels by rotating the antenna at different angles are
observed. The radiation pattern is drawn for Near (Fresnel) and Far Field (Fraunhofer)

distances. The distances is found by using the below formulas:

) 2D?
Near Field < —

. 2D?
Far Field > —

Where,
D = Maximum Dimension of the Antenna
A= Wavelength of 2.4GHz

The maximum dimension of the fabricated antenna is 14.5cm. So by calculations, we

found out the Near Field distance < 33cm and the Far Field distance > 33cm.

The gain of the fabricated antenna is found by observing the power level received by
the transmitter antenna at O degrees of angle from the monopole antenna at a Far Field
Distance selected to be 50 cm. The power level which should be received by the
antenna with a simulated gain of 7.97dBi is found out by calculating using the Friis

Transmission Equation.

A
PT' :Pt +Gt +GT+20lOg10 (E)

Where,

Py = Power received by the receiver antenna (2x2 Transmitter Antenna)
Pt = Power transmitted by the transmitter antenna (Monopole Antenna)
Gt = Gain of the transmitting antenna

Gy = Gain of the receiving antenna
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A = Wavelength of 2.4GHz

d = distance between Tx and Rx antennas

Power level that should be observed at the receiving end is calculated using this
equation is -24.06dBm.

So, a power level of -24.06dBm should be observed by the antenna if we claim
(simulated) gain to be 7.97dBi. However, there is always a 2-3 dBm power loss due to
SMA connectors. So, by subtracting 2dBm, the required observed power should be
-26.06dBm. The power levels received at different degrees or the radiation pattern is

given below:

Far Field 4 Elements 2x2 Matrix Antenna

62 Degrees Beamwidth

10 0 10

70

-80 30

90 f----- : ———————————— 90|
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= ‘\\\ \(,f //\\’/ ; s ‘{_/\L\\/ \\. ‘\]{\“

gif wZ P R
o ” ’ PR prraatd
’ (3 ' 1 '

S

..............

Figure 2-63: Measured Far Field Radiation Pattern of 2x2 Matrix form Antenna
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From the above graph, the Power level received at O degrees is -26.9dBm. So by
taking the difference of the observed and calculated power, we can get the gain loss or
the dBi loss.
Loss = Power should be observed - Power Observed
Loss = -26.06 - (-26.9)
Loss = 0.84dBm
So, by subtracting the Loss from the simulated gain, we can have the measured gain
of the transmitter antenna.
Measured Gain = Simulated Gain - Loss
Measured Gain = 7.97 - 0.84
Measured Gain = 7.13dBi

From the above results, we can conclude that the 2x2 antenna has a measured gain of
7.13dBi. And the beamwidth of the antenna is found by plotting the half power points
at -3dB and finding out the angle. So from the measured graph, the beam width is
found out to be 62 degrees.

The Near Field Radiation Pattern is measured at a distance of 25cm and is given

below:

Near Field 4 Elements 2x2 Matrix Antenna

Figure 2-64: Measured Near Field Radiation Pattern of 2x2 Matrix form Antenna
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2.6.8.5 Comparing Simulated and Measured Results of 2x2 Matrix Form

Antenna
s11 (dB) | Gain (dBi) Normalized Smltg;hart Impedance
Simulated 3971 797 0.988+j0.017
Results
MEasuredssl g 5 7.13 0.783+0.099
Results

Table 2-11: Comparison between Simulated and M easured results of 2x2 Matrix form Antenna

From the above results, we can conclude that by increasing the patch elements and
matching the impedance, we have improved the gain, directivity and efficiency of the
antenna [12]. And the side lobes are also minimized by placing the patches in a
calculated distance from each other [9] [11].

The power divider board has two outputs, so that the antenna should also consist of

two matrices. Therefore, the final antenna of two 2x2 matrices is designed. The

antenna parameters are given below:
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2.6.8 Designing Two 2x2 Elements Antenna for Transmitter Module

The final version of the transmitter module antenna is designed using Advanced
Design System Software. The antenna consists of two 2x2 elements inset feed
antennas designed above with separation distance of A/2 from each other. The
separation distance is selected such that the side lobes don't appear and the power

doesn’t lose to unwanted directions [9] [11]. The antenna is illustrated below:

288.202 mm

WWITLott

Figure 2-65: Simulated Transmitter Antenna

A B C D E F G | H
L?ﬂgr;hrg-) 38.04 | 30.2 | 14.8295 | 7.1426 | 2.6805 | 62.581 | 47.8 | 62.5
Table 2-12: Dimensions of Transmitter Antenna
50.620 50.620 95.679Q 95.679Q) 50.323Q
Line A Line B Line A Line B Line
Length(L) 17.354 11.7905 35.98 47 5
INn MMm
WidthWin | 5, 3.02 0.8 0.8 3.05
mm

Table 2-13: Dimensions of Feeding Lines of Transmitter Antenna
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2.6.8.1 Simulated Results of the Transmitter Antenna

2.6.8.1.1 Simulated S11 Parameter of Transmitter Antenna

The S11 of the two feeding points is found by connecting the power divider with the
antenna so that the feeding point will become only one and the return loss can be
found out easily. The simulated S11 parameter is found to be -43.709dB. Given

below:

m1
freq=2 400GHz
dB(S11_fitted)=-43.704

Magnitude [dB]

Far D 4
L
2 _10.{“’"‘ | I M
—_ .
e ]
Eg -20+ h
'\—rai ]
Fa 0"
-40
‘50 1 T T | T | T T | T T | T T | T
235236237238239240241242243244245
freq, GHz

Figure 2-66: Simulated S11-parameter of Transmitter Antenna

2.6.8.1.2 Simulated Smith Chart of the Transmitter Antenna
The simulated smith chart impedance normalized at 50Q2 is found to be 1.008+j0.01Q

and shown below:

m3

freq=2.400GHz
S11_fitted=0.007 / 49.949
impedance = 20 * (1.008 + j0.010}

S11 discrete

S11_fitted

freq (2.350GHz to 2.450GHz)

Figure 2-67: Simulated Smith Chart of Transmitter Antenna
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2.6.8.1.3 Simulated Gain, Directivity and Efficiency of Transmitter
Antenna

The simulated gain, directivity and efficiency is found out to be 10.92dBi, 12.93dBi
and 62.91% respectively. Given below:

ﬂ Antenna Parameters X
Frequency {GHz) 2.4
Input power (Watts) 0.00433673
Radiated power (Watts) 0.00314376
Directivity(dBi) 12.9366
Gain (dBi) 10.9242
Radiation efficiency (%) 62.9165

Figure 2-68: Simulated Gain, Directivity and Efficiency of Transmitter Antenna

26.8.14 Simulated 2D and 3D Radiation Patterns of the Transmitter
Antenna

The simulated 2D and 3D radiation patterns of the transmitter antenna is found to be:

Radiation Intensity

A0S

Mag. [W/sterad]
)

Theta (-90.000 to 90.000)

Figure 2-69: Simulated 2D Radiation Pattern of Transmitter Antenna
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Figure 2-70: Simulated 3D Radiation Pattern of Transmitter Antenna

2.6.8.2 Fabricated Two 2x2 Elements Transmitter Antenna
The transmitter antenna is fabricated on an FR-4 substrate having thickness of 1.6mm.

The fabricated antenna is given below:

Figure 2-71: Fabricated Transmitter Antenna

56




2.6.8.2.1 Measured S11 of the Transmitter Antenna

The S11 of the fabricated transmitter antenna is found by connecting the power
divider board with the two feeding points of the antenna so that a resulting one
feeding point will be used for finding the return loss. The S11 of the antenna is
analyzed using a Vector Network Analyzer and found to be -25.66dB.

@ e 1T A
TR T2 T By
Trel 511 dB Mag 10 dB) Ref 042 1
AR Trel 2400000 GH2 -25.5675 d8
—— -
T == T Tl — //_"__‘\\
NS L | Py
-
\ S
Ch1 Start 100 kHz P 10 dBm B 1DRHz Sop 4.5 GHr

Figure 2-72: Measured S11 Parameter of Transmitter Antenna

2.6.8.2.2 Measured Smith Chart of the Transmitter Antenna
The measured smith chart normalized impedance at 50Q of the transmitter antenna is

analyzed using Vector Network Analyzer and found to be 1.053+j0.106€Q2. Given
below:

Semth 200 mUlf Ref 10 1
o “MI Tl JANCOCOGHz 52556 0

- P37 0

351943574 pH

O Start 100 tHr For 10 dBm Bw 10 kHe

Stop 45 GHe

Figure 2-73. Measured Smith Chart of the Transmitter Antenna

57



2.6.8.2.3 Measured VSWR of the Transmitter Antenna
The SWR of the transmitter antenna is also measured using VNA and found to be
1.117U.

B

VA

\

/
i -
Chi Start 100 tHz P 0 dB By 10 kHz Stop 4.5 GHe

Figure 2-74: Measured VSWR of the Transmitter Antenna

2.6.8.24 Measured Radiation Pattern and Gain of the Transmitter Antenna
The radiation pattern of the transmitter antenna is drawn by using a monopole antenna
of 2-3dBi gain and giving 0dBm power to the monopole antenna. Since the monopole
antenna transmits the power in all directions with same power values therefore for
radiation patterns, this antenna is used. On the other hand, the transmitter antenna is
connected to the spectrum analyzer to receive the power transmitted from the
monopole antenna and the power levels by rotating the antenna at different angles are
observed. The radiation pattern is drawn for Near (Fresnel) and Far Field (Fraunhofer)

distances. The distances is found by using the below formulas:

) 2D?
Near Field < B

2
Far Field > %

Where,
D = Maximum Dimension of the Antenna
A= Wavelength of 2.4GHz
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The maximum dimension of the fabricated antenna is 28.82cm. So by calculations, we

found out the Near Field distance < 133cm and the Far Field distance > 133cm.

The gain of the fabricated antenna is found by observing the power level received by
the transmitter antenna at O degrees of angle from the monopole antenna at a Far Field
Distance selected to be 150 cm. The power level which should be received by the
antenna with a simulated gain of 10.92dBi is found out by calculating using the Friis

Transmission Equation.

B = P, + Gy + G, + 20log, (1)
Where,
Py = Power received by the receiver antenna (two 2x2 Transmitter Antenna)
Pt = Power transmitted by the transmitter antenna (Monopole Antenna)
Gt = Gain of the transmitting antenna

Gy = Gain of the receiving antenna

A = Wavelength of 2.4GHz

d = distance between Tx and Rx antennas

Power level that should be observed at the receiving end is calculated using this
equation is -30.65dBm.

So, a power level of -30.65dBm should be observed by the antenna if we claim
(simulated) gain to be 10.92dBi. However, there is always a 2-3 dBm power loss due
to SMA connectors. So, by subtracting this 2dBm, the required observed power
should be -32.65dBm. The power levels received at different degrees or the radiation

pattern is given below:
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8 Elements Two 2x2 Malrices Antenna

16 Degrees Beamnwidth

Figure 2-75: Measured Far Field Radiation Pattern of Transmitter Antenna

From the above graph, the Power level received at O degrees is -35.9dBm. So by
taking the difference of the observed and calculated power, we can get the gain loss or
the dBi loss.
Loss = Power should be observed - Power Observed
Loss = -32.65 - (-35.9)
Loss = 3.25dBm

So by subtracting the Loss from the simulated gain, we can have the measured gain of
the transmitter antenna.
Measured Gain = Simulated Gain - Loss
Measured Gain = 10.92 - 3.25
Measured Gain = 7.67dBi

From the above results, we can conclude that the transmitter antenna is having a
measured gain of 7.67dBi. And the beamwidth of the antenna is found by plotting the
half power points (-3dB) and finding out the angle. So from the measured graph, the

beam width is found out to be 19 degrees.
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The Near Field Radiation Pattern is measured at 100cm distance and is given below:

Near Field 8 Elements Tx Antenna

Figure 2-76: Measured Near Field Radiation Pattern of Transmitter Antenna

2.6.8.3 Comparing Simulated and Measured Results of Transmitter Antenna

511 (dB) | Gain (dBi) Normalized Smlt(ibg:hart Impedance
Simulated 437 10.92 1.008+j0.010

Results
Measured 295 66 767 1.053+j0.106

Results

Table 2-14: Comparison between Measured and Simulated results of Transmitter Antenna

By comparing the simulated and measured results, we can conclude that the antenna is
having very small return loss and having a good gain. Therefore we can use this

antenna in our project.
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CHAPTER 3: DESIGNING AND TESTING OF
RECEIVER MODULE COMPONENTS

3.1  Overview of the receiver module components

The receiver module consists of a receiving antenna which can convert the EM
radiation into electrical signals. These signals are then rectified and amplified into DC
voltages by an in-house designed Charge Pump and Rectifier circuit. The charge
pump will provide constant DC voltages, the charges will be stored in a capacitor
bank which will then power up the loads connected to the receiver module. The load
can be any Mobile Phone, Laptop, Tablet etc. which can be powered up by DC

voltages.

3.2 Selection of receiving antenna
There are various types of antennas available, however for our application, it is
necessary to choose a suitable one which could perform well in this project. Major

antenna types are:

3.2.1 Omni-directional Antenna

An Omni-directional antenna is a type of antenna which receives signals with the
same power from every direction [17]. In this case, the receiver antenna will catch the
signals of different Wi-Fi devices or mobile phones which are using 2.4GHz
frequency for communication. Therefore, there will be noise from the signals due to

these devices. The radiation pattern of these types of antennas consists of 360 degrees.

n N

y Omni-Directional
Antenna y

%

Figure 3-1: Omni-directional Antenna Radiation Pattern
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3.2.2 Uni-directional Antenna

A unidirectional antenna is a type of antenna which can receive the EM radiation from
a specific direction, which eventually makes the signal strong enough and reduces the
noise effect in the signal [17]. It can also reduce the interference from other

directions.

Uni-Directional
Antenna 4;\

Figure 3-2: Uni-directional Antenna Radiation Pattern

3.2.3 Antenna Selected

Since, we need more power at long distance and a directional antenna is able to pull in
a signal from greater distance, therefore a unidirectional antenna is chosen for this
project. Unidirectional antennas are also in large numbers. However, we have chosen
Microstrip Patch Antennas due to their low cost, light weight and they are easy to
fabricate.

3.3 Rectangular Microstrip Patch Antenna Designing

The receiving side power is tested by incorporating the single element, 4 element 2x2
matrix form, 4 element array form and 8 elements of two 2x2 matrices. The antennas
designed and tested in the transmitter module are the same as the receiver module.
However, the 4 element array form is designed and tested for the receiver module
separately. A four element is designed so that the receiving side will have more area

and will get the signal from far distances. The antenna design is given below.

3.3.1 Four Elements Array Antenna Designing for Receiver

The four element inset feed antenna is designed using the calculated values of the
patch element calculated above in the transmitter side. However the physical
dimensions of the patch vary according to the application. In this antenna, the two

element antenna designed in the transmitter module is connected. The antenna is
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designed by merging the 2 two elements antenna by means of impedance matching
[12]. The input is taken as a 50Q line and it is divided into two 100Q parallel lines so
that the equivalent resistance will become 50Q. The 100Q line is connected with the
50Q line using the quarter wave line of 70Q for impedance matching between 1002
and 50Q lines. Each 50Q line is connected to the two element antenna designed in the
transmitter module. The distance from the center of two elements must be >1/2
distance to minimize the effects of side lobes and loss of signal [9] [11]. The antenna

is given below with its dimensions:

289,565mm

wwip9se'ie

100.09370Q Line B

» s03250 ¢
70.41660  Line D
Line B

50.32250
Line E

Figure 3-3: Simulated 4 Elements Array Form Antenna

A B C D E F
Lengthinmm | 38.04 29.59 16.23 | 5.2226 | 1.265 62.5
Table 3-1: Dimensions of 4 Elements Array Form Antenna
50.3225Q) Lines
Lines A B C D E
Length(L) in mm 29.25 7.7175 11.61 17.4875 | 17.12
Width(W) in mm 3.05 3.05 3.05 3.05 3.05
Table 3-2: Dimensions of Feeding Lines of 4 Elements Array Form Antenna
70.4166€2 Lines 100.0937€Q Lines
Lines A B A B
Length(L) in mm 6.7675 14.5375 30.48 59.425
Width(W) in mm 1.62 1.62 0.709 0.709

Table 3-3: Dimensions of Feeding Lines of 4 Elements Array Form Antenna
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3.3.1.1 Simulated Results of the Receiving Antenna

33111

The simulated S11 parameter of the receiving antenna is found to be -31.12dB. Given

below:

Simulated S11 Parameter of Receiving Antenna

)

m2
freq=2.400GHz

dB(S11_fitted)=-31.126

Magnitude [dB]

15 LY
e % 7

=

S11_fitted

dB(S11_|
dB(S11_discrete)

-35 —t

T | T T | T | T | T T
230232234236238240242244246248250
freq, GHz

Figure 3-4: Simulated S11 Parameter of Receiving Antenna

3.3.1.1.2

The simulated results of smith chart impedance normalized at 50Q are found to be

1.003+j0.056€Q2. Shown below:

Simulated Smith Chart of the Receiving Antenna

m1

freq=2.400GHz

S11_fitted=0.028 / 85.115
impedance = Z0 * (1.003 + j0.056)

fitted

S11
S11_discrete

T
A=
\ o

g ]

freq (2.300GHz to 2.500GHz)

Figure 3-5: Simulated Smith Chart of Receiving Antenna
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3.3.1.1.3 Simulated Gain, Directivity and Efficiency of Receiving Antenna
The simulated gain, directivity and efficiency is found to be 8.1dBi, 10.91dBi and
52.37% respectively. Given below:

m Antenna Parameters X
Frequency (GHz) 2.4
Input power (Watts) 0.0024593807
Radiated power (Watts) 0.00130848
Directivity(dBi) 10,9138
Gain (dBi) 8.10545
Radiation efficdency (%) 52,3735

Figure 3-6: Simulated Gain, Directivity and Efficiency of Receiving Antenna

33114 Simulated 2D and 3D Radiation Pattern of the Receiving Antenna

The simulated 2D and 3D radiation pattern of the transmitter antenna is found to be:

Radiation Intensity
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‘ \
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f ¢ b !
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00000 \
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|
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Thata (-80.000 to 80.000)

Figure 3-7: Simulated 2D Radiation Pattern of Receiving Antenna

Figure 3-8: Smulated 3D Radiation Pattern of Receiving Antenna
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From the radiation pattern, we can have an idea that the antenna is designed very
efficiently so that the antenna will not catch the signals from unwanted directions and
eventually there will be no noise in the signal. The whole signal is converged from the
transmitter antenna into one direction and will be received efficiently by the receiving

antenna.

3.3.1.2 Fabricated four Elements array Receiver Antenna
The receiver antenna is fabricated on an FR-4 substrate having thickness of 1.6mm.

The fabricated antenna is given below:

Figure 3-9: Fabricated 4 Elements Receiving Antenna

33121 Measured S11 of the Receiver Antenna
The S11 of the fabricated receiver antenna is analyzed using Vector Network

Analyzer and found to be -7.43dB. Given below:

@ $729/1022 12:35:0 PM)
132B517TIHS2- 101 833Py
Tl ——— 511 dB Mag 10 43/ Ref 0 dB 1
T ST o g g “_\ i e e W Toet 2800000 Gl 7 s307 oM
4 —ME T R .
e \Iﬂ"' XA N / /
o b \\ /\\ {
LV
Chi Start 100 kHz Perr -100 dikn Bw 10 kHz Stop 4.5 GHz

Figure 3-10: Measured S11 Parameter of Receiving Antenna
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3.3.1.2.2 Measured Smith Chart of the Receiver Antenna

The measured smith chart normalized impedance at 50Q of the receiver antenna is

analyzed using Vector Network Analyzer and found to be 1.575+j0.995Q. Given
below:

1
M1 Trel 2400000 GHz  7A.757 0

j99.780 0
3301119 nH

Chi Start 100 kHz Pwr 10 dBm Bw 10 kHz

Stop 4.5 GHz

Figure 3-11: Measured Smith Chart of Receiving Antenna

2.6.8.2.3 Measured VSWR of the Receiver Antenna

The SWR of the receiver antenna is also measured using VNA and found to be
2.429U. Given below:

A ST 121557 P

Trel = 511 5WR 1U/Ref 10U

|
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Figure 3-12: Measured VSWR of Receiving Antenna
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2.6.8.24 Measured Radiation Pattern and Gain of the Receiver Antenna

The radiation pattern of the receiving antenna is drawn by using a monopole antenna
of 2-3 dBi gain and giving 0dBm power to the monopole antenna. Since the monopole
antenna transmits the power in all directions with same power values therefore for
radiation patterns, this antenna is used. On the other hand, the receiving antenna is
connected to the spectrum analyzer to receive the power transmitted from the
monopole antenna and the power levels by rotating the antenna at different angles are
observed. The radiation pattern is drawn for Near (Fresnel) and Far Field (Fraunhofer)

distances. The distances is found by using the below formulas:

] 2D?
Near Field < e

. 2D?
Far Field > -

Where,
D = Maximum Dimension of the Antenna
A = Wavelength of 2.4GHz

The maximum dimension of the fabricated antenna is 28.956cm. So by calculations,

we found out the Near Field distance < 134cm and the Far Field distance > 134cm.

The gain of the fabricated antenna is found by observing the power level received by
the transmitter antenna at O degrees of angle from the monopole antenna at a Far Field
Distance selected to be 150 cm. The power level which should be received by the
antenna with a simulated gain of 8.1dBi is found out by calculating using the Friis

Transmission Equation.

=Py + Gy + Gy + 20logy, (ﬁ)

Where,

Pr = Power received by the receiver antenna (Four Elements Array Antenna)
Pt = Power transmitted by the transmitter antenna (Monopole Antenna)

Gt = Gain of the transmitting antenna

Gr = Gain of the receiving antenna
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A = Wavelength of 2.4GHz

d = distance between Tx and Rx antennas

Power level that should be observed at the receiving end is calculated using this
equation is -33.47dBm.

So, a power level of -33.47dBm should be observed by the antenna if we claim
(simulated) gain to be 8.1dBi. However, there is always a 2-3 dBm power loss due to
SMA connectors. So, by subtracting 2dBm, the required observed power should be -
35.47dBm. The power levels received at different degrees or the radiation pattern is

given below:

Far Field Rx Antenna

13 Degrees Beamwidth

Figure 3-13: Measured Far Field Radiation Pattern of Receiving Antenna
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From the above graph, the Power level received at O degrees is -40.8dBm. So, by
taking the difference of the observed and calculated power, we can get the gain loss or
the dBi loss.
Loss = Power should be observed - Power Observed
Loss = -35.47 - (-40.8)
Loss = 5.33dBm

So by subtracting the Loss from the simulated gain, we can have the measured gain of
the transmitter antenna.
Measured Gain = Simulated Gain - Loss
Measured Gain = 8.1 - 5.33
Measured Gain = 2.77dBi

From the above results, we can conclude that the transmitter antenna is having a
measured gain of 2.77dBi. And the beamwidth of the antenna is found by plotting the
half power points (-3dB) and finding out the angle. So from the measured graph, the

beam width is found out to be 13 degrees.

The Near Field Radiation Pattern is measured at a distance of 50cm. Given below:

Near Field Rx Antenna

Figure 3-14: Measured Near Field Radiation Patter n of Receiving Antenna
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3.4 Charge Pump & rectifier circuit and its working

A charge pump and rectifier circuit is an AC to DC converter with the property of
amplifying the voltages of the input to the output. It is a circuit which incorporates
only passive components such as capacitors and diodes for this purpose. The capacitor
works as a charge storing element while the diode is used for switching purposes.
This circuit is mostly used in the applications where high voltages with low current
are required. Since the circuit works by amplifying the voltages while reducing the
current. The circuit comprises different stages in which each stage amplifies the peak

input voltages by the factor of 2. The circuit diagram for the single stage is given

below:
o
o ianm] e
SIN?EO:1?24G‘(1: | eMST76 zg = -
INE(0 1 2.4G) \ ) SMS7630 [ gms7630 |
St
A1
V1
oo An

Figure 3-15: Single Stage Charge Pump & Rectifier Circuit

For input sinusoidal signal of 2.4GHz with peak value of 1V, the output voltage

waveform is given below:

Figure 3-16: Output Voltage Waveform of Single Stage
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This circuit output is amplified as well as rectified to DC voltages. The working of

this circuit is as follows:

Consider the negative cycle of the sine wave first, in which the diode D1 will become
forward biased and will start to charge the capacitor C1. For the whole negative cycle
the capacitor will charge up to the peak voltages of the input source. Now for the
positive half cycle of the sine wave, the diode D2 will become forward biased and
now the capacitor C2 will start to charge and the Capacitor C1 will become
discharged and the charges of C1 will be stored in the C2. In this way, the C2 is
charged to 2 times the input voltages, one of source and one of the C1. In this way, for
the 1st stage of the circuit, the output voltages will be equal to two times the input

peak voltages, V¢ = 2V},

In this way, if we increase the stages of this circuit, the output voltages will be
amplified according to the stages of the circuit. Each capacitor in each stage will first
store the charge and then will give its charge to the other capacitor and eventually
amplifies the voltages at the output terminal. The selection of capacitor and diode is
the most crucial task of this circuit. Therefore, an analysis takes place for the selection

of these components.

3.4.1 Diode Selection

The circuit is comprised of diodes, which will also drop some of the voltages for
becoming forward biased. Therefore, it is necessary to choose a diode which is having
very small forward bias voltages, as the power which will be received through
wireless means will be very small to make the ordinary diodes even on. For this
specific purpose, schottky diodes are used. These diodes have very small forward
voltage drops in the range of 0.1 to 0.4 V, and they are used for low power
applications. For our application, the diode SMS7630 is chosen due to its low forward
voltage drop which is in the range of (120-240mV). The diode I-V curve is illustrated

below:
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Figure 3-18: IV Curve of SM S7630 Diode

3.4.2 Capacitor Value Selection

Another crucial task of the circuit is selecting the capacitor. In our case, since the
frequency is very high in GHz therefore, large value capacitors of milli or micro
farads cannot be used because, and in this way the capacitor will take too much time
to charge fully. Therefore, a small value of capacitor should be chosen. In this case,
capacitors of capacitance in nano-farads are chosen. But still the problem comes to the
exact value of the capacitance, therefore some tests were taken place to select a

suitable value.

3.4.2.1 0.1nF Capacitor Simulation result
The circuit is simulated with capacitors of value 0.1nF. The input of the circuit is
taken as 1 V peak sinusoidal signal with a frequency of 2.4GHz. Charge pump &

rectifier circuit with 8 levels is designed and analyzed.
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Figure 3-19: 8 Stages Charge Pump & Rectifier with 0.1nF Capacitor

Figure 3-20: Output at 8th Stage of Charge Pump with 0.1nF Capacitor

The output of this circuit comes to a steady state after a span of about 3.5 usec. While
there are ripples in the steady state voltages of the output. The output voltage of this

circuit is around 11-12V for 8 levels.

3.4.2.2 1nF Capacitor Simulation result
The circuit is simulated with capacitors of value 1nF. The input of the circuit is taken

as 1 V peak sinusoidal signal with a frequency of 2.4GHz. Charge pump & rectifier

circuit with 8 levels is designed and analyzed.
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Figure 3-21: 8 Stages Charge Pump & Rectifier with 1InF Capacitor
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Figure 3-22: Output at8th Stage of Charge Pump with 1nF Capacitor

The output of this circuit comes to a steady state after a span of about 18 psec. While
there are no ripples in the steady state voltages of the output. The output voltage of

this circuit is around 13-14V for 8 levels.

3.4.2.3 10nF Capacitor Simulation Result

The circuit is simulated with capacitors of value 10nF. The input of the circuit is taken
as 1 V peak sinusoidal signal with a frequency of 2.4GHz. Charge pump & rectifier
circuit with 8 levels is designed and analyzed.
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Figure 3-23: 8 Stages Charge Pump & Rectifier with 10nF Capacnor

Figure 3-24: Output at 8th Stage of Charge Pump with 10nF Capacitor

76



The output of this circuit comes to a steady state after a span of about 27 psec. While
there are small ripples in the steady state voltages of the output. The output voltage of

this circuit is around 12-13V for 8 levels.

3.4.2.4 Capacitor Selected
. Output Voltage at Ripple in Output .
Capacitance sth Level Voltage Steady State Time
0.1nF 11-12V High Ripples 3.5 usec
1nF 13-14V No Ripples 18 usec
10nF 12-13V Small Ripples 27 usec

Table 3-4: Comparison between Different Capacitors Output
From the above results, we can come to a conclusion of capacitor value. The capacitor

with lower ripples, lower steady state time and high output voltages is chosen. So the

final decision is 1nF capacitor.

3.4.3 Fabricated Charge Pump & Rectifier
Charge pump & rectifier circuit is fabricated for 32 stages with capacitance value of
1nF and diodes of SMS7630. The circuit is simulated on LTSpice and the PCB board

was designed on Altium Designer software. The fabricated PCB is given below:
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Figure 3-25: Fabricated Charge Pump & Rectifier Circuit
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3.5 Super Capacitors

The output from charge pump circuit is having some ripples and the current at the
output is not enough to directly connect a load to it. Therefore, there is a need of an
intermediate system which can store the current and will release it slowly to the load
connected at the receiving end. There comes two options, one is battery and the
second one is capacitor. A battery cannot be used as it is having very large charging
time and require a good amount of current. While a capacitor can charge in less time
and can be discharged slowly by means of some external circuitry. Due to this,

capacitor is chosen.

However, there comes another problem that, a standard value capacitor can discharge
instantly when connected to the load. Therefore, we will need to use a super capacitor
for our application. A super capacitor is a type of capacitor with high capacitance

value and having slow discharging time. The super capacitor is given below:

Figure 3-26: Super Capacitor
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CHAPTER 4: INTEGRATING TRANSMITTER AND
RECEIVER MODULES AND ANALYZING THE
RESULTS

4.1 Integrated Transmitter and Receiver Modules

The transmitter and receiver modules are integrated and the results of the power
received at the receiving end is analyzed. The prime purpose of all these components
and devices is to efficiently transmit a favorable amount of power to the receiver
module so that, a load can be powered up wirelessly. The integrated modules are
illustrated below:

Charge Pump
Lo & Rectifier

‘ |
Super : ? '
Capacitor

“ 1x2 RF Power y . - g
Divider i \nte 5 ; é
: ' ¢ Power
| - 1x2 RF Power

mplifier Divider

Figure 4-1: Integrated Transmitter and Receiver Modules

The results are analyzed using all of the antennas which are fabricated in the previous
chapters such as, single element inset feed, 4 elements array form, 2x2 matrix form
and two 2x2 matrices form of antennas. These antennas are used at the receiver end
while the transmitting antenna which is used is only the two 2x2 matrices form
antenna.
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4.2  Test Results Distance vs. dBm
The results of power received at the receiving antenna in dBm, are taken for each
combination of antennas and by varying the distance between the transmitter and

receiver modules. The test results are discussed below:

4.2.1 Distance vs. dBm Results of Single Element Inset Feed Rx Antenna
The power level is analyzed at the receiving antenna. The results are taken by
incorporating the single element inset feed antenna at the receiving end and the two

2x2 matrices form antenna at the transmitting end.

Figure4-2: Integrated two 2x2 matricesform at Tx and Single Element Inset Feed at Rx end

Distance in cm Power Level in dBm
10 10.8
20 10
30 9.2
40 5.9
50 4.4
60 2.4
70 1.1
80 -0.4
90 -1
100 -3.9
110 -5
120 -4.5
130 -6.8
140 -6.6
150 -6.4
160 -8.3
170 -9.7
180 -9.7
190 -8.6
200 9.2

Table 4-1: Distance vs. dBm by incor porating Single Element Inset Feed Antenna at Rx End
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4.2.2 Distance vs. dBm Results of Four Elements Array Form Rx Antenna
The power level is analyzed at the receiving antenna. The results are taken by
incorporating the four elements array form antenna at the receiving end and the two

2x2 matrices form antenna at the transmitting end.

Figure4-3: Integrated two 2x2 matricesform at Tx and Four Elements Array Form at Rx end

Distance in cm Power Level in dBm
10 17.1
20 15.7
30 13.1
40 12.1
50 10.1
60 9.7
70 8.4
80 7.2
90 6
100 5.5
110 3.5
120 3.6
130 3.7
140 1.5
150 15
160 2.4
170 0.6
180 -0.4
190 -0.1
200 0.4

Table 4-2: Distance vs. dBm by incor porating Four Elements Array Form Antenna at Rx End
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4.2.3 Distance vs. dBm Results of 2x2 Matrix Form Rx Antenna
The power level is analyzed at the receiving antenna. The results are taken by
incorporating the 2x2 matrix form antenna at the receiving end and the two 2x2

matrices form antenna at the transmitting end.

2 ~
Figure 4-4: Integrated two 2x2 matricesform at Tx and 2x2 Matrix Form at Rx end

Distance incm Power Level in dBm
10 17.9
20 17.7
30 17.7
40 15.4
50 14.4
60 12
70 11.2
80 9.6
90 8.6
100 7.5
110 6.9
120 5.8
130 53
140 4.8
150 3.5
160 33
170 3.2
180 2.4
190 1.5
200 1.6

Table 4-3: Distance vs. dBm by incor porating 2x2 Matrix Form Antenna at Rx End
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4.2.4 Distance vs. dBm Results of two 2x2 Matrices Form Rx Antenna
The power level is analyzed at the receiving antenna. The results are taken by
incorporating the two 2x2 matrices form antenna at both transmitting and receiving

ends.

Figure 4-5: Integrated two 2x2 matricesform at both Tx and Rx ends

Distance in cm Power Level in dBm
10 21
20 18
30 17.3
40 14.4
50 13.6
60 12.7
70 11.1
80 10.3
90 9.2
100 8.2
110 7.6
120 6.3
130 6.3
140 5.6
150 4.4
160 4.1
170 4.3
180 3.4
190 2
200 1.6

Table 4-4: Distance vs. dBm by incor porating two 2x2 Matrices Form Antenna at Rx End
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4.3 Test Results Distance vs. Voltages
The results of voltages made at 4™ stage of charge pump and rectifier circuit are taken
for each combination of antennas and by varying the distance between the transmitter

and receiver modules. The test results are discussed below:

4.3.1 Distance vs. Voltages Results of Single Element Inset Feed Rx Antenna
The results are taken by incorporating the single element inset feed antenna at the

receiving end and the two 2x2 matrices form antenna at the transmitting end.

Distance in cm Voltages (V) at 4*" Stage of
Charge Pump

10 11.54
20 10.89
30 8.34
40 7.04
50 4.77
60 2.98
70 2.4

80 1.99
90 1.75
100 1.32
110 1.21
120 1.19
130 0.77
140 0.79
150 0.76
160 0.6

170 0.49
180 0.56
190 0.6

200 0.44

Table 4-5: Distance vs. Voltage by incor porating Single Element I nset Feed Antenna at Rx End
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4.3.2 Distance vs. Voltages Results of 4 Elements Array Form Rx Antenna
The results are taken by incorporating the 4 elements array form antenna at the

receiving end and the two 2x2 matrices form antenna at the transmitting end.

Distance in cm Voltages (V) at 4*" Stage of
Charge Pump

10 13.55
20 10.76
30 10.02
40 8.78
50 8.38
60 5.31
70 4.65
80 3
a0 2.71
100 2.31
110 2.28
120 2.16
130 1.55
140 1.67
150 1.8
160 1.26
170 1.12
180 1.18
190 1.29
200 1.23

Table 4-6: Distance vs. Voltage by incor porating 4 Elements Array Form Antenna at Rx End
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4.3.3 Distance vs. Voltages Results of 2x2 Matrix Form Antenna
The results are taken by incorporating the 2x2 matrix form antenna at the receiving

end and the two 2x2 matrices form antenna at the transmitting end.

Distance in cm Voltages (V) at 4*" Stage of
Charge Pump
10 16.17
20 15.07
30 13.58
40 11.33
50 10.57
60 9.91
70 8.74
80 7.83
90 6.57
100 5.05
110 4.24
120 3.81
130 2.91
140 2.98
150 2.65
160 2.04
170 2.03
180 2.07
190 2.08
200 1.76

Table 4-7: Distance vs. Voltage by incor porating 2x2 Matrix Form Antenna at Rx End
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4.3.4 Distance vs. Voltages Results of two 2x2 Matrices Form Rx Antenna
The results are taken by incorporating the two 2x2 matrices form antenna at both the

transmitting and receiving ends.

Distance in cm Voltages (V) at 4*" Stage of
Charge Pump

10 18.49
20 13.76
30 13.47
40 11.35
50 10.55
60 10.35
70 9.52
80 8.81
90 8.23
100 6.9

110 6.66
120 5.22
130 4.25
140 4.43
150 3.43
160 2.68
170 2.6

180 2.2

190 2.7

200 2.18

Table 4-8: Distance vs. Voltage by incor porating two 2x2 Matrices Form Antenna at Rx End

4.4 Comparing Each Antenna Results
The results of the power and voltages recorded at each of the receiver antenna is
compared with each other by simulating the results in the form of graph. The graph is

plotted between distance and power, and distance and voltage (at 4™ stage of charge

pump).
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4.4.1 Comparing Power of each Antenna

Distance vs. Power Trends

@ Single Element Inset Feed Antenna @ 4 Elements Array Antenna 2x2 Matrix Form Antenna @ Two 2x2 Matrices Form Antenna
30
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Figure 4-6: Distance vs. Power Trend of different Rx Antennas

From the graph plotted, we can conclude that the two 2x2 matrices Antenna is
working so well that the power received by this antenna is maximum from all of the

other antennas.

4.4.2 Comparing Voltages of each Antenna

Distance vs. Voltages Trend

@ Single Element Inset Feed Antenna @ 4 Elements Array Form Antenna 2x2 Matrix Form Antenna @ Two 2x2 Matrices Form Antenna

20 +

Voltages at 4th stage (V)

—y
1
10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160 170 180 190 200

Distance (cm)

Figure 4-7: Distance vs. Voltage Trend of different Rx Antennas

From the graph plotted, we can conclude that the two 2x2 matrices Antenna is
working so well that the Voltages recorded at the 4™ stage of charge pump received

by this antenna is maximum from all of the other antennas.
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CHAPTER 5: CONCLUSION AND FUTURE
DIRECTIONS

5.1 Conclusion

A vast amount of research is conducted to ensure maximum power is transmitted and
received by the system. The transmitter module is designed in such a way that the
gain and directivity of the antennas are maximum enough so that, all the power is
transmitted into the direction of the receiver module. The antennas are designed on
the substrate FR-4 with dielectric constant of 4.4F/m. The receiver module is also
consist of antennas with high gain and directivity so that, all the power coming from
the transmitter module is being received by the receiver module. By using the
designed and fabricated transmitter and receiver module prototypes, 1 Watt of power
is successfully transmitted from Transmitter to Receiver module at a distance of 2
meters. The Receiver module then processed the power and generated DC 5V and
0.6mA of current by using charge pump and rectifier circuit at the receiver end, which

is then used to power up the loads, such as Mobile Phones.

5.2 Future Directions
We have successfully designed and tested efficient transmitter and receiver modules.
However, there could be some improvements in the system such as:

e There can be a communication between Transmitter and Receiver module by
which the transmitter module will direct its beam of power to the receiver
modules position automatically.

e The beam can be electronically shifted to the position of receiver by using
phase shifter ICs.

e Procuring or designing an amplifier which can give output power of greater
than or equal to 40dBm. So that, an optimum amount of power will be
received by the receiver module.

e The antennas are designed in such a manner that their gain, and directivity is
more improved while keeping the return loss as small as possible to transmit

the power at far distances.
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COST ANALYSIS

S No. Product Name In Number Price in
PKR

1 Tx Rx Antennas and Divider Board 1 18,000/-

2 Power Amplifiers 2 8,000/-

3 Voltage Controlled Oscillator 1 7,500/-

a Capacitor, Diodes, Wires and SMA 1 15,000/~

Connectors

5 PCB Boards and Etching Solutions 1 1,100/-
Total Amount 49,600/-
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