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Chapter 1
Introduction

1.1 Introduction

The Electromagnetic field in the RF microwave region is very important in many
applications in as science, industry, military, medical, etc. RF frequencies have been of interest
for several years and have been used in many applications for the detection of embedded
dielectric objects in a given medium. It is essentially accomplished through the detection of
scattered signals and 2D /3D image reconstruction. Such microwave imaging can be used to
know a material’s dielectric electromagnetic properties and can also be used for non-destructive
testing, the determination of object scattering characteristics, non-invasive medical diagnostics,
the detection of buried objects, wall imaging, etc. There are active and passive imaging systems
and forward and inverse scattering types of methods and techniques that have been used for the
detection of embedded objects and the reconstruction of microwave images. In this research, a
near field active microwave imaging transmission mode is used for the detection and
reconstruction of embedded objects.

The contributions made in this work can be divided into two main categories. Firstly, in
this thesis, | have focused on studying various aspects of the interaction of electromagnetic
waves for Wireless Energy Transfer (WET) and radar-based imaging. Secondly, this research
introduces a novel microwave imaging technique, and several associated microwave
components, such as full-wave rectenna and low-power detector networks, have been
investigated.

A microstrip antenna (MSA) is a passive radiating component that plays a very important
role in wireless communication systems [1]. The concept of MSA was first proposed in 1953, but
the practical antennas were fabricated in the 1970’s only after the availability of better theoretical
models and suitable photo-etching techniques. MSA has become very popular due to its low
profile, planar configuration, and compatibility with printed circuit boards (PCB). Using
different shapes of radiating patches, inclusion of parasitic elements, impedance loading,

stacking, and feeding schemes compact, broadband, high gain, linearly polarized MSAs have
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been realized. MSAs are used for a range of applications such as communication, radar, missile
tracking, radiometry, etc.

Single MSA designed on non-air dielectric are of typically low gain, and they are not
suitable for many applications where high gain or a narrow beam width is required. To obtain
high gain or a narrow beam width, an array of MSAs is used. At high frequency bands, these
antenna arrays are used in satellite systems because of their light weight, size, and large
bandwidth (BW). In a large array, the loss from the feed network may severely degrade the
arrays efficiency.

Wireless Energy Transmission (WET) is the transmission of energy without wires as a
physical link. In a wireless electrical power transmission system, a transmitter, driven by electric
power from a source, generates a static or time-varying electrical or electromagnetic field which
is then captured by a receiver and supplied to a load. This technology can eliminate the
requirement for wires and batteries, thus increasing mobility and convenience, and may
sometimes reduce hazards. Nikola Tesla first established the concept of Wireless Power
Transmission (WPT) in 1891 [2]. He successfully performed an experiment to energize a lamp
using a pair of coils and later successfully transferred energy wirelessly over a 25-mile distance.
WPT can be categorized into near-field and far-field transmission methods. In general, near-field
power transfer methods are more efficient in comparison to far-field ones, and most WPT
applications use the near-field method [3, 4].

More directive and long-distance wireless power transfer was made possible using
microwave after the invention of efficient rectifying antennas (rectennas)[8]. In this method, an
antenna is used to transmit very high frequency electromagnetic energy to cover a far-field
distance. On the receiver side, another antenna is used to receive the directional transmitted
electromagnetic field, and then the induced current is rectified using suitable Schottkey diodes.
The antenna, along with the rectifier on the receiver side, behaves like a rectifying antenna,
which is known as a rectenna. The efficiency or bandwidth of a rectenna depends upon many
factors, and many research articles are now available on efficient rectennas [5]. However, most
of the articles available are based on half wave rectifier circuits due to the unbalanced nature of
the receiving elements.

Already, cell phone companies are developing mobile devices charged by harvesting

ambient RF power [6]. Likewise, defence companies have been working on systems to power
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unmanned aerial vehicles (UAVS) while in the air by exploiting directed energy from microwave
sources [7]. Typically, a single rectenna is not sufficient to supply energy for reliable device
operation. Alternatively, properly interconnecting several antennas could provide sufficient
rectification. In one configuration, multiple antennas can be arranged to channel the RF power to
a single rectifier [8]. In a point-to-point RF system (narrow beam), this configuration offers the
most efficient power transfer scheme. In another approach, each antenna can incorporate its own
rectifier to separately harvest DC power [9]. The harvested DC power from all rectifiers can then
be combined in parallel, series, or a hybrid manner [10, 11]. This configuration is suitable when
dealing with large rectenna arrays or harvesting ambient RF power.

The distance requirements for WET are increasing day by day. More directive power
transfer in radio frequency can be achieved using antenna arrays. But it can be noted that the
array feed network for a large antenna array may become very inefficient. On the other hand, an
array of rectennas is prone to DC loss. The suitability of suspended patch antennas and arrays is
studied here. A new full wave rectenna is also proposed here, which is suitable for high or low
power transfer.

Electromagnetic (EM) waves are always at the centre of attention for many researchers
because of their countless applications, such as communication systems and radars that focus in
the far field region of transmitter antennas [12]. However, demands in some applications to focus
near the antenna aperture make near-field focused antennas of interest. Microwave imaging
denotes a class of non-invasive techniques for the retrieval of information about unknown
conducting/dielectric objects starting from samples of the electromagnetic field that scatter when
illuminated by one or more external microwave sources [13, 14]. Similar techniques are also
used to find dielectric or electrical discontinuity properties in a safe way (i.e., with nonionizing
radiation) and with relatively inexpensive apparatuses. In the microwave imaging system,
passive microwave imaging is usually referred to as microwave radiometry and is based on the
measurement of the electromagnetic field spontaneously emitted by warm bodies [15].
According to Planck's law, the radiation distribution depends on the frequency and the
temperature. The application of active microwave imaging methods to visualize the interior of
the body is also often referred to as microwave tomography, in spite of their ability to directly

acquire images [16].
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Many microwave imaging systems work based on inverse scattering techniques, in which
a microwave transmitter illuminates an object, scattered fields at numerous locations are
obtained from the measurements by subtracting the incident field, and the electromagnetic
properties of the object are reconstructed. In the time domain, microwave imaging systems are
referred to as many radar techniques. The approach originates from military and ground
penetrating radar (GPR) applications; they employ a well-developed radar principle where
radiated low power short pulses are received at various locations with an array of antennas [16,
17]. A time delay between radiated, and a received pulses, as well as the shape of the received
signal, contain information about the scattered object. The processed signals for various locations
of the array of antenna elements are combined to form 2D or 3D images.

The present work incorporates microwave imaging, which involves low-power wireless
energy transfer. Microwave imaging is a technique that actually evolved from older radar
imaging techniques to record images like a camera, where the object may be either open or
hidden behind suitable material using microwave frequencies. In general, a microwave imaging
system is made up of suitable microwave hardware and software components for processing. The
hardware generally consists of transceiver systems. A transmitting antenna sends EM waves
towards the inhomogeneous or small imaging object, and another receiving antenna collects the
reflected, refracted, or transmitted electromagnetic signal modified by the object. The system can
be either static or movable. Normally, scanning or tomography is performed using a movable
system, and camera-like raster imaging is performed using a static system. Presently, these
techniques are very popular for non-distractive testing and biomedical imaging. It can be noted
that in the present work, in the study of microwave imaging, the transceiver system follows all
the rules of the WET system.

1.2 Motivation and Aim of the Thesis

WET is becoming very popular day by day because it removes the requirement for wires
or connectors and increases the mobility of different systems. WET requires suitable antennas
and rectennas, to achieve more power at a distant point. Antenna array can be a good solution,
but the efficiency of an antenna array reduces drastically for larger arrays. On the other hand, an
array of rectennas designed with a single receiving antenna can be another solution for higher

energy transfer for long-distance WET using microwave. In the literature, comparisons between



Chapter 1 Introduction

rectenna made with an antenna array and the array of rectenna are missing. So, in this work, an
investigation has been carried out to compare these two configurations.

Normally, rectennas are single port networks and not suitable for full wave rectifications.
So, the possibility of designing a full-wave rectenna is investigated. Microwave imaging requires
a low-power detection system. Conventional rectennas are not suitable for low-power operations.
So, here, investigation is carried out on a low power detector that can be suitable for a
microwave imaging sensor.

In microwave imaging, different microwave imaging techniques have been reported using
radar scanning or tomographic techniques. In the present work, a hybrid system is proposed that
utilises antenna arrays like an optical camera sensor. The use of a movable illuminating antenna
for ray tracing in the near field offers great potential for enhancing microwave imaging systems,

enabling improved localization, imaging resolution, and overall system performance.

The aim of this thesis includes:

e A literature review of different WET systems and a study of the advancement and

progress in the areas of WET using microwave.

Investigate possible solutions for full-wave rectennas, which may provide better

efficiency than conventional rectennas consisting of a half wave rectifier circuit.

Compare the efficiencies between a rectifying antenna array and an array of rectennas.

Design a low-power microwave detector suitable for microwave imaging.

Investigate a near-field microwave imaging system for some new methods suitable for

non-destructive testing.

1.3 Commonly Available Methods for Theoretical Analysis

Various available methods of EM analysis can be broadly classified as analytical and
numerical methods. The analytical methods provide a physical insight into the parameters
affecting the performance of the configuration. Typical analytical models are the transmission
line model (TLM), the cavity model, the multiport network model (MNM), etc. The main
disadvantage of these methods is that they are not generalised and are usually restricted to
regular shapes. Numerical methods like the Finite Element Method (FEM), Method of Moments
(MoM), Finite-Difference Time-Domain Method (FDTD), and Finite Integration Technique
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(FIT) are widely used for accurate analysis of arbitrary shape configurations [18-20]. These
models provide a rigorous treatment and are able to handle simulation models of arbitrary

shapes. Also, they are computationally more intensive compared to the analytical methods.

1.4 Simulation Using Commercially Available Software

Commercially available simulators are very popular for 3D EM analysis and can be
used to observe different energy parameters inside cells or tissue models. Many research
investigations have been carried out in recent years that are based on these commercial
simulators. CST Microwave Studio, Zeland Fidelity, and FEKO are very popular commercially
available EM simulators, which have been referred to in several research articles published in
this area of research. The ADS simulator is used for complete EM and circuit co-simulations.
Brief descriptions and capabilities of these simulators are included in the following sub-sections:

Some of these simulation tools have been used in different studies reported in this thesis.
1.4.1 CST Microwave Studio®

CST Microwave Studio® is a powerful and easy-to-use FIT-based EM field simulation
software package [21]. It combines both a user-friendly interface and simulation performance in
an incomparable manner. This simulator is equipped with the new Multilevel Subgridding
Scheme (MSS™) which helps to improve the meshing efficiency and thus can significantly
speed up simulations, especially for complex devices. The use of advanced signal processing
techniques (AR-filters) provided by CST Microwave Studio® speeds up these simulations by
orders of magnitude compared to standard time domain methods. For best fit with different types
of applications, CST Microwave Studio® contains seven different solvers: a transient solver (T),
a frequency domain solver (F), an eigen-mode solver (E), an integral equation solver (I), and an
asymptotic solver (A). This package has been used frequently in this research work. The
advantage of CST Microwave Studio® is that within one run, one can obtain results on a wide
band because it starts in time domain and converts the results to frequency domain via Fourier
transform (FT).

1.4.2 Zeland IE3D

Zeland Software, Inc. was founded in 1992 to develop powerful and practical EM

design tools [22]. After that, Zeland Software was recognised as a leading developer of
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unparalleled high-frequency EM simulation and design tools for the microwave, semiconductor,
wireless, and telecom industries. MoM-based IE3D is an efficient and powerful 3-D full-wave
EM analysis tool. This software is optimised for the design and simulation of planar structures.
This software is used during the design of many microstrip antennas, and it has also been used

during the study of low power RF sensors.

1.4.3 ADS

Advances in design simulators include momentum and 3D EM simulators (including
both FEM and FDTD solvers) [23]. With ADS’s wireless libraries and circuit-system-EM co-
simulation technology, ADS provides full, standards-based design and verification within a
single, integrated platform. In this research work, the ADS simulator is used for complete EM

and circuit co-simulations.
1.5 Organization of the Thesis

This thesis is organised as follows:

In Chapter 1 presented an introduction to the background of electromagnetic fields in the
microwave region, which play a significant role in wireless energy transfer and radar-based
microwave imaging. A special interest was concentrated on microwave imaging systems, some

new methods suitable for non-destructive testing, and the basic fundamentals.

In Chapter 2, we present a brief literature survey on the planar antenna and array of
antennas for wireless energy transfer and radar based active microwave imaging of hidden
objects. Various previous methods for microwave imaging are briefly presented and discussed.
We reviewed the different scanning processes and data acquisition methods for imaging in

industrial, medical, and military applications.

In Chapter 3, we present the design and development of suspended planar patch rectennas
and rectenna arrays for wireless energy transfer. In this study, the different induced energy and

corporate fed rectenna array parameters have been summarised.

In Chapter 4, the design and development of a broadband planar dual-fed rectenna for full
wave rectification are described. A broadband full-wave rectenna can be constructed using a
dual-fed RMSA, which is suitable for broadband wireless energy transfer in the 2.45 GHz ISM

7
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band. The full wave rectenna structure is designed using a centre-shorted dual-edge-feed
microstrip patch antenna and two Schottky diodes. This antenna is inherently broadband in
nature and can provide differential voltage at its two feed points. An optimised full-wave
rectenna is fabricated and tested. The proposed rectenna provides more conversion efficiency

than a rectenna with a similar antenna and conventional half-wave rectifier.

In Chapter 5, a small-signal, low-power planar detector sensor design has been fabricated
specifically for microwave imaging applications. This sensor is designed to operate efficiently at
low power levels, making it ideal for capturing and detecting weak microwave signals in the
imaging process. The planar design allows for a compact and integrated form factor, enabling
gasy integration into microwave imaging systems. The goal of this design is to provide a
sensitive and reliable detection mechanism for microwave imaging, enhancing the overall image

quality and accuracy.

In Chapter 6, we present microwave near-field 2D imaging using a planar antenna array to
detect the defected metallic object's shape. Active microwave imaging techniques and
transmission modes are used and EM and circuit simulation are carried out. Hidden metallic
object detection is carried out using the planar raster-scanning method used in microwave
imaging. Objects of various shapes are kept in the near field of both the transmitter and receiver
antennas without any focusing elements. Objects are illuminated by a movable radiating antenna,
and scattered signals from the objects are captured by an array of rectennas to construct multiple,
almost unusable, unfocused images. The final 2D images are constructed by averaging multiple

unfocused images.

In Chapter 7, a conclusion of this research work has been presented on the RF wireless
energy transfer rectenna and small signal detection sensor for microwave imaging, essentially
accomplished through detection and image reconstruction. The scope for practical use of some

observations and further investigations is suggested.

1.6 Conclusions

In this chapter, a brief introduction is provided to the suspended planar antenna array,

highlighting its applications in wireless mobile communication, wireless energy transfer, and
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microwave imaging. The chapter also outlines the overall goal of the research, the scope of the

current work, and the structure of the thesis.
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Chapter 2

Literature Survey on Planar Antenna Arrays for
Wireless Energy Transfer and Microwave

Imaging

2.1 Introduction

The past few years have witnessed significant advancements in a wide range of portable
electronic devices. These devices include not only consumer gadgets like smartphones but also
find applications in industries such as wireless sensor networks. The prevailing trend is towards
the miniaturization of these devices to enhance their portability and integration into various
environments. However, one of the primary challenges that needs to be addressed is ensuring a
reliable energy supply, considering that the nature of these devices often makes the use of
electrical wires impractical. Currently, most portable electronic devices heavily rely on batteries
for power. However, for small and compact devices, batteries tend to occupy a significant
portion of the available volume. This not only hinders further miniaturization but also adds
weight and cost. Additionally, the autonomy of these devices is limited due to the trade-off
between battery size and power density. Batteries require periodic replacement or recharging,
and the disposal of used batteries poses environmental concerns as they are highly polluting.
Furthermore, battery recycling is a complex and expensive process. In the case of rechargeable
batteries, the charging process typically relies on a wall plug charger, which restricts the

portability of wireless devices.
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To address these challenges, wireless power transfer systems are being developed. These
systems aim to improve the availability, reliability, and user friendliness of portable electronic
devices. The evolution of power transfer mirrors the progression of information transfer, with the
ultimate goal of eliminating the need for physical cords and ushering in an era of wireless

technology.

2.2 History of Wireless Power Transfer

More than 100 years ago, Nikola Tesla introduced and demonstrated the concept of
wireless power transmission [1]. He described a method of harnessing effects transmitted
through natural media. Although Tesla was unable to implement his wireless power transmission
systems for commercial use, he managed to transmit power from his oscillators, operating at 150
kHz, to illuminate two light bulbs. The main reason for his lack of success was that the
transmitted power was radiated in all directions as a 150 kHz radio wave with a wavelength of
20 km, resulting in low efficiency.

The development of microwave tubes during World War Il paved the way for the
rectification of microwave signals to supply DC power through wireless transmission. Research
on high-power beaming using microwave signals gained momentum in the 1950s. B. C. Brown,
at Raytheon Company, played a crucial role in advancing wireless power transmission and
ushering in the modern era [2, 3]. By 1958, a 15 kW average power-band cross-field amplifying
tube had been developed, exhibiting an impressive overall DC to RF conversion efficiency of
81%. In the early 1960s, the first efficient receiving device for microwave power, known as a
rectifying antenna or rectenna, was developed by Raytheon.

The rectenna consisted of a half-wave dipole antenna with a balanced bridge or a single
semiconductor diode placed above a reflecting plane. The output of the rectenna element was
connected to a resistive load. At this time, the 2.45 GHz frequency gained popularity for wireless
transmission due to its technological advancements, its location within the industrial, scientific,
and medical (ISM) band, and its minimal atmospheric attenuation, even in heavy rainstorms. The

conversion efficiency of the rectenna increased at this frequency during the 1960s and 1970s.
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Fig.2.1 Wireless Energy Transfer block diagram

The Frii’s transmission equation relates the power received (Py) to the power transmitted
(Py) between two antennas separated by a distance (R) greater than 2d*/A, where 'd' represents the

largest dimension of either antenna.
The Frii’s transmission formula is given as:

P GG 22

P, (4mR)2

€y

Where, P, is the power received, P is the power transmitted, G; is the gain of the transmitting
antenna, G; is the gain of the receiving antenna, 4 is the wavelength of the transmitted signal, R
is the distance between the antennas. It is important to note that the Friis transmission equation
assumes free space propagation, meaning that there are no obstacles or interference affecting the
signal propagation between the antennas.

In the past two decades, numerous wireless systems have been developed and widely
adopted worldwide. Notable examples include cellular mobile radio and Wi-Fi systems. Similar
to radio and television broadcasting systems, these wireless systems emit electromagnetic waves
into the surrounding environment. However, a substantial amount of energy is often wasted in
the process. Consequently, the concept of harvesting and recycling ambient wireless
electromagnetic energy has gained significant interest.

One of the most promising methods for harvesting wireless energy is through the use of a
rectenna, which combines a rectifier and an antenna. Figure 2.1 illustrates a typical block

diagram of a rectenna. The antenna is responsible for capturing the wireless energy, which is

13



Planar Antenna Arrays for Wireless Energy Transfer and Microwave Imaging

then directed to rectifying diodes through filters and a matching circuit. The rectifying diodes
convert the received wireless energy into direct current (DC) power. A low-pass filter is
employed to match the load with the rectifier and to suppress the high-order harmonics generated
by the diode. The aim is to achieve high energy conversion efficiency, which is a critical
parameter for such a device. By utilizing rectenna, it becomes possible to harness and convert
ambient wireless electromagnetic energy into usable electrical power, thereby reducing wastage
and promoting energy efficiency. This has led to increased research and development in the field
of rectenna technology.

Rectennas offer several advantages over traditional power sources, such as batteries. Two
notable advantages are:

(1) Unlimited Lifetime: Rectennas have an almost unlimited lifespan and do not require
replacement like batteries. This longevity is advantageous as it ensures a long-lasting and reliable
power source.

(if) Environmentally Friendly: Rectennas are considered environmentally friendly as they
do not contribute to pollution or environmental degradation. Unlike batteries, which require
proper disposal due to their toxic components, rectennas do not produce any waste or deposition
that can harm the environment.

The world's first rectenna, developed by Brown in 1963, utilized a normal bridged rectifier
[2]. It operated at a frequency of 2.45 GHz, which falls within the industrial, scientific, and
medical (ISM) band. This rectenna was designed as part of a fuel-free helicopter experiment in
1964 and produced a power output of 7 W at approximately 40% efficiency, using four point-
contact diodes. Brown further developed the first single-shunt rectenna [5], focusing on low-cost
production. This rectenna design was also employed in a 1.6-mile microwave power
transmission (MPT) field experiment in Goldstone in 1975 [8]. Brown's advancements led to the
development of a large rectenna array measuring 3.4 m x 7.2 m. In the field experiment, the
microwave power transmitted from the klystron source was 450 kW at a frequency of 2.388
GHz, resulting in rectified DC power of 30 kW with 82.5% rectifying efficiency. Subsequent to
Brown's achievements, further progress was made to increase rectenna efficiency. One approach
involved utilizing a full-wave rectifier with a 0° to 180° combination through an antenna [10].

This rectifier employed a reverse-phase microwave combination to achieve full-wave

14
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rectification. Overall, Brown's pioneering work laid the foundation for rectenna development,
and subsequent improvements and innovative approaches have been explored to enhance their
efficiency.

The antenna used in a rectenna can take various forms, including a dipole, a Yagi-Uda
antenna, a microstrip antenna, a monopole, a coplanar patch, a spiral antenna or even a parabolic
antenna [6-14]. Similarly, the rectifying circuit in a rectenna can be of different types, such as a
single shunt full-wave rectifier, a full-wave bridge rectifier, or other hybrid rectifiers [15-18].
The choice of circuit, particularly the diode used, plays a significant role in determining the radio
frequency (RF) to direct current (DC) conversion efficiency. Recent developments have seen the
emergence of rectennas using Field effect transistor (FET) or High electron mobility transistor
(HEMT) diodes [19-22].

The current world record for RF-DC conversion efficiency among developed rectennas is
approximately 90% at an input power of 8 W and a frequency of 2.45 GHz [23]. As depicted in
Fig. 2.1, the RF-DC conversion efficiency of a rectenna with a diode depends on the intensity of
the microwave power input and the optimal connected load. When the power is low or the load is
not properly matched, the efficiency can significantly decrease. Additionally, the characteristics
of the diode, such as its junction voltage and breakdown voltage, also affect the efficiency. If the
input voltage to the diode is below the junction voltage or exceeds the breakdown voltage, the
diode will not exhibit rectifying characteristics. Consequently, the RF-DC conversion efficiency
decreases when the input voltage deviates from the optimum range.

In Japan, in the early 21st century, several trials were conducted as part of the development
of high-efficiency phased arrays, primarily for space-based solar power (SPS) applications.
These trials involved transmission at a frequency of 5.77 GHz. In 2009, Kyoto University's
research group conducted a field experiment on microwave power transmission (MPT) from an

airship to the ground using two phased-controlled magnetrons [24-26].

2.2.1 Based on a Single RF-to-DC Converter.

In the design of a receiving antenna for long-range wireless power transfer (WPT), one
approach is to use a classical phased array configuration connected to a single RF-to-DC

converter at its output port, as shown in Figure 2(a). This type of architecture is known for its
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high reception efficiencies because it coherently sums up the impinging power. To achieve this,
the receiving antenna includes an RF combining network that combines the incoming waves in
phase. However, such architectures require the receiving array to track the incident beam in real
time, making them more suitable for "fixed" applications such as ground-to-ground WPT.

WPT receiving array consisting of four patch antennas connected to a single RF-to-DC
converter was proposed. This arrangement was designed for an 8 GHz compact application with
high reception gain. The proposed rectenna arrangement achieved a broadside gain of 15.07 dBi,
resulting in high end-to-end efficiency for the overall system. To further enhance the
performance, a focusing reflector array was introduced, resulting in a total gain of 18.60 dBi.
Similarly, a 2x2 microstrip antenna array connected to a single diode was demonstrated. At a
frequency of 2.45 GHz, the rectenna achieved an overall gain of 6.8 dBi [6]. These examples
highlight the use of a single RF-to-DC converter in conjunction with a receiving antenna array,

allowing for efficient wireless power transfer and significant gains in reception.
2.2.2 Combination of Rectenna-Collected Signals at the DC Level

The commonly used arrangement for wireless power transfer (WPT) reception is the
combination of signals received and converted by each antenna at the DC level, as depicted in
Figure 2.1(b). This approach offers the advantage of simplicity. Unlike coherent combination
methods, there is no need for RF alignment across the receiving aperture, making deployment,
interconnection, and calibration of the antennas much simpler. Additionally, this architecture
provides increased degrees of freedom (DoFs) for element displacement, as no phase correction
is required.

However, it is important to note that this non-coherent combination of signals results in a
lower overall efficiency compared to coherent reception, as rectification is performed on an
individual antenna basis.

Fig. 2.2 represents the block diagrams of different receiving arrays for wireless energy

transfer (WET). Here is a description of each arrangement:
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Fig.2.2 Block diagram of receiving WET arrays comprising (a) A single RF-to-DC (RF
combiner), (b) Rectenna array (DC combiner) and (c) Subarray arrangement.

(a) Single RF-to-DC Combiner: In this configuration, the received signals from multiple
antennas are combined at the RF-to-DC converter stage. The signals are first converted from RF
(radio frequency) to DC (direct current) individually by each antenna's rectenna. Then, the DC
outputs from the rectennas are combined into a single DC output through an RF-to-DC
combiner. This allows for the non-coherent combination of signals and simplifies the system

design.

(b) Rectenna Array: In this arrangement, the receiving array consists of multiple rectennas,
with each rectenna comprising an antenna and a rectifier. The signals received by each antenna
are rectified individually, converting them into DC power. The DC outputs from the rectennas

can be used independently or combined further downstream in the system.
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(c) Subarray Arrangement: The subarray arrangement involves dividing the receiving array
into smaller subarrays. Each subarray consists of a group of antennas and rectennas. The signals
received by the antennas in each subarray are rectified individually, generating DC power. The
DC outputs from the rectennas in each subarray can be combined within the subarray or further
combined with outputs from other subarrays. These different arrangements provide flexibility in
designing the receiving arrays for WET, allowing for different levels of signal combinations and

system complexity.

2.2.3 Subarray Based Arrangements.

It seems that subarray-based architectures have been proposed to address the limitations of
the single RF-to-DC converter approach. Here's a description of the subarray-based architecture
Fig. 2.2(c). In subarray-based architectures, the overall receiving layout is divided into subarrays.
Each subarray comprises a group of antennas and rectennas. The signals collected by the
antennas within each subarray are combined at the RF level using an RF network. The combined
RF signal from each subarray is then converted to DC using an RF-to-DC converter specific to
that subarray. The DC output from each subarray is connected to an overall combiner, which is
responsible for power summation. The overall combiner combines the DC outputs from all the
subarrays to generate the final DC output of the WPT system. By using subarrays, the
architecture achieves a modular structure with a lower complexity RF network and RF-to-DC
converter for each subarray. This approach reduces the need for a full RF feed network and
allows for localized signal combinations. It also improves robustness by isolating the power
conversion process, reducing the impact of diode failures. In a specific example mentioned in
[28], a set of four folded dipole antennas operating at 5.8 GHz were combined in a dual-rhombic
loop antenna (DRLA) subarray at the RF level. This subarray was then connected to a single
high-efficiency RF-to-DC circuit. Multiple instances of this subarray were replicated and
combined in DC to form an overall 4 x 16 receiving array. The simplicity of the RF combination
network, along with the subarray-based approach, allowed for a high collecting efficiency of
82%.

The widely deployed WPT receiving arrangement, as mentioned earlier, is a combination
of rectenna-collected signals at the DC level. This approach involves converting the RF signals

received and rectified by each antenna into DC power, which is then straightforwardly combined

18



Chapter 2 Literature Survey on Planar Antenna Arrays for Wireless Energy Transfer and Microwave
Imaging

at the DC level. This non-coherent combination of received signals simplifies the system design,

eliminates the need for RF alignment, and provides enhanced degrees of freedom for element

displacement. Fig. 2.2(b).The main advantage of such a choice is its simplicity. This is because

there is no need for RF alignment across the receiving aperture, thanks to the non-coherent

combination of the received signals Fig. 2.2(b).

Table: 2.1 Summary of different types of rectenna design

Refe | Year | Authors Antenna type Rectifier Remarks
renc element
es
[4] 2018 | E. Adami, P. | Flexible fabric SMS7632 Self-powered boost converter with
Proynov, antenna 150-nA quiescent consumption is
G.S. Hilton, demonstrated to match the rectenna
etal. with over 95% matching efficiency
across the entire usage range. The
maximum end-to-end efficiency is
28.7% at —7 dBm
[5] 2017 | P.  Pereira, | Rectangular HSMS2860 Antenna geometry is optimized to
R. C. M. | patch antenna Half wave .
Pimenta. et rectifier mat_ch the complex impedance of the
rectifier.
[6] 2017 | P. 2 X2 SMS7630 Rectangular patch rectifying antenna
Wounchoum | rectangular Voltage array for WPT. Voltage doubler
, P. patch rectifying | doubler rectifying circuit achieved at distance
Janpangnger | antenna array of 1m, the output of 1.5 Volt and
n, etal,. 0.05mA current with 1M load
resistance and a Tx power of 34.6dBm.
[7] 2012 | Erez Dual linear SMS7630-79 Source—pull RF-to-DC configuration is
falkenstein polarized patch | Schottky diode | applied to obtain the best diode
antenna impedance.
[8] 2014 | Mohamed 3x 3 array HSMS-2820 Circular polarized and high efficiency
Adel antenna with Schottky diode | rectenna is designed. However, 3x3
Sennouni circular array antenna has resulted in a large
polarization size of the rectenna.
property
[9] 2011 | Ugur Olgun | Fractal planar Greinacher Integration of array antenna with Zero-
array antenna rectifier bias diodes rectifier is used. But, the
design has large size.
[10] | 2006 | Jamal Linear polarized | HSMS2820 High electron-mobility transistor is
Zbitou, 4-element patch | Schottky Zero- | used to reduce the overall rectenna
array antenna bias (ZB) dimensions but due to the array
diode antenna adoption, the rectenna size
still large.
[11] | 2013 | Yong Huang | NA MOSFET, Buck-Boost converter is used for high
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Schottky conversion efficiency of the rectifying
diode, circuit.

[12] | 2015 | Mei-Juan broadband slot Schottky diode | Ground coplanar waveguide integrated

Nie antenna fed by of HSMS-2862 | with voltage doubler rectifier is used to
GCPW achieve high efficiency.
[13] | 2012 | Onur Miniaturized tag | NMOS bridge | NMOS bridge rectifier is used for
Kazanc antenna maximum power transfer that consists
of BSIM model of zero-VT transistors.

[14] | 2014 | Chou,J.H., | Dual circularly | HSMS282c Slotting technique of T and U shapes is

Lin polarized patch | diode used to achieve circular polarization
antenna and harmonic rejection properties.

[15] | 2008 | Tzong-Chee | Circularly Tow pair of The size of the rectenna is reduced by

Yo polarized Patch | HSMS-282c 12% due to the use of circular shape
antenna Schottky slots and double layer structure
diodes techniques implementation.

[16] | 2010 | Gianfranco Square coupled | SMS7630 The size of the patch side is reduced

Andia Vera | patch with a Schottkty by 32.5% as an advantage of cross
cross shaped diode shaped slot adaption.
slot
[17] | 2010 | H. linearly Two The rectenna design is suitable for
Takhedmit polarized patch | HSMS2860 wireless sensor applications as it does
antenna Schottky not required a low pass filter.
diodes
[18] | 2012 | Fu-Jhuan Microstrip NA The output voltage is higher with LP
Huang antenna with than with CP. However, the LP output
peripheral cuts voltage is affected by rectenna
and slits rotation.

[19] | 2012 | Jui-Hung T-shape slot HSMS-282c T-shape slot technique is applied to the
dual circular Schottky antenna for circular polarization
polarized patch | detector diode | property so that more signals can be
antenna captured.

[20] | 2012 | S.Vinoth Microstrip patch | HSMS-282c¢ This design has a low conversion

Kumar antenna diode efficiency which can be improved by
using voltage doubler.

[21] | 2012 | Vlad Marian | Single-pole 4 HSMS2860 The series-mounted diode rectenna,
Throw (SP4T) Schottky diode | bridge configuration rectenna and
switch shunt-connected diode rectenna are
integrated considered for very low input power
structure level, large input power range and
antenna mid-range, respectively.

[22] | 2012 | H. Takhedm | Antenna with HSMS2850 Rectifier is designed at the back side of

it, L. Cirio shorted annular | zero bias the antenna, which make the structure
ring —slot Schottky diode | more compact and lower cost.

[23] | 2013 | Wen Huang | Microstrip HSMS-282 The design structure at 2.45 GHz
dipole antenna Schottky diode | limits the compatibility of the rectenna

for some wireless sensor applications.

[24] | 2010 | H. Linear polarized | Bride rectifier | This rectenna has low cost and good
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Takhedmit, microstrip patch | consists of four | performance but the output DC voltage
antenna Schottky need to be further improved.
diodes
[25] | 2010 | A. Square aperture- | SMS7630 Thevenin equivalent circuit of antenna
Georigiadis | coupled patch Schottky diode | is used for receiving signals. However,
antenna the total conversion efficiency is low.
[26] | 2008 | Douyere, A, | Square model HSMS2860 In this design, equivalent circuit model
Lan Sun Luk | patch antenna Schottky diode | formed of antenna and rectifier is

studied.  This  design  achieves
efficiency of 75 % with no need for
any  electromagnetic simulation
software.
Table: 2.2 Comparisons of Different Types of Rectenna Results
Author/year Freque | Antenn | Input Input Output | Output n
ncy a Gain | impedance | power load power %
(GH2) resistan
ce
E. Adami, P. | 245 8.1dBi | 50 Q -2.dBm 3kQ 150pW @ 2m | 64.6%
Proynov, G.S. 20+j260 Q -35dBm 7.2 kQ distance
Hilton, et al., 2018 -24.3 4kQ
dBm
P. Pereira, R. C. M. | 2.45 3.386 50Q -20dBm | 1kQ 1.243mV@ 9.6%
Pimenta, et al, dBi /48.61+j1.17 2m distance
2017 Q
Seung-Tae Khang, | 2.45 5.9 dBi | 50 Q 10W/40d | NA 12 dBm 6.4%
Dong-Jin Lee, et single Bm
al., 2017. antenna 250mw/2
0dBm
S.  Ahmed, Z.| 245 7 dBi 50 Q 20dBm 2 kQ 2.016V 75.04%
Zakaria, et al,
2017
P. Wounchoum, P. | 2.45 14dBi | 50Q 346 dBm | IMQ 1.5V, 21.8%
Janpangngern, et 0.15mA@
al,.2017 1meter
T. Mitani, S.| 245 1.62 75 Q 19.6mW/ | VD_469 | 0.8V @100 Q | 56.9%
Kawashima, et al., dBi 129dBm | Q 6V & 2.6V
2017 HWR- @10k Q)
101 Q
Mei-Juan Nie, | 2.45 10dBi | 64.2+j9.8Q2 | 15dBm 900 Q 13dBm/ 3.2V | 72.5%
2015
M. Adel Sennouni, | 2.45 9.14 20dBm 7.02Vv 65.8%
2014 dBi
Chou, J. H., Lin, | 245 7.9 dBi 0.158 W 11.42V 82.3%
2014
Yong Huang, 2013 | 2.45 NA 82mw NA 60%
Wen Huang, 2013 | 2.45 5.2 dBi 20dBm 7.1W 67.6%
Erez  Falkenstein, | 2.45 6 dBi 25-200 0.1W 54%
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2012 pW/cm2
Onur Kazanc, 2012 | 2.45 6.5 dBi 0dBm / 560 pW 75%
-6 to
6dBm
Fu-Jhuan  Huang, | 2.45 3.6 dBi 25dBm 2.76 V 37.8%
2012
Jui-Hung, 2012 2.45 8 dBi 24dBm NA 78.45%
S.Vinoth  Kumar, | 2.45 NA 2dBm 1V NA
2012
Vlad Marian, 2012 | 2.45 NA 0dBm 21V 50%
H. Takhedmit, L. | 2.45 5.25 10 1.1V 50%
Cirio, 2012 dBi pW/em?2
Ugur Olgun, 2011 2.45 4.5 dBi -5dBm NA 68%
Zied Harouni, | 2.45 5.7dBi | 50-j284 Q 10 dBm 1.6k Q 285V 63%
Laurent Cirio, 2011 HSMS2860
Gianfranco Andia | 2.45 7.5 dBi -10dBm NA 42.1%
Vera, 2010
H. Takhedmit, | 2.45 6.2 dBi 10dBm/ 3.1V 83%
2010 0.01W
H. Takhedmit, | 2.45 4.7 dBi 10dBm 3.64V/ 52%
Merabet, 2010 0.15mw/ 12.6mwW
cm2
A Georgiadis, | 2.45 8.25 15 NA 38.2%
2010 dBi W/cm2
Tzong-Chee Yo, | 2.45 3.36 20dBm 15.8V 70.6%
2008 dBi
Douyere, A., Lan | 2.45 NA 32mwW NA 5%
Sun Luk, 2008

2.3 Literature Survey on Microwave Imaging

Research on imaging systems and methods began in the history of humanity as early as the
first investigations into the human visual system, namely the eye [27]. It is the most important
sensing organ of humans and can intercept light to construct images of objects at varying
distances. Therefore, early investigations were focused on the visible spectrum, where light can
be easily detected by the naked eye. However, it was believed for many years that the eye emits
rays of infinite velocity and receives them back to perceive an image. Over time, several
physicians and mathematicians contributed to building a solid foundation for the wave picture of
light. Among them, great credit goes to Fresnel (1788-1827), who explained diffraction
phenomena based on Huygens' theory. This made it possible to calculate the existence of light in

the shadow region caused by diffraction at edges.
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Parallel to the research on light, thorough investigations into electricity and magnetism
were in progress. The physical laws governing electric and magnetic forces were observed
experimentally and formulated mathematically by many scientists, such as Ampere (1775-1836),
Gauss (1777-1855), Faraday (1791-1867), and Weber (1804-1891). These quantitative
formulations were first completed by the work of James Clerk Maxwell (1831-1879) after the
introduction of the displacement current. He compiled his theories in his book "A Treatise on
Electricity and Magnetism," published in 1873. By introducing the displacement current term to
the previously available equations describing the actions made by electric and magnetic fields,
Maxwell formulated the fundamental four differential equations of electromagnetism, known as
Maxwell's equations. Additionally, the polarization of light could be explained due to the
transverse wave nature of the propagating electromagnetic fields. This formulation could
describe, for the first time, that electromagnetic signals can propagate in space with a velocity
exactly equal to the experimentally known speed of light. It became evident then that light itself,
as the visible part of the electromagnetic spectrum, also possesses the same wave nature.

In the early 20th century, advances in physics led to the declaration of light's duality,
possessing both wave and particle natures. Max Planck's (1858-1947) experiments on black body
radiation resulted in the postulation of quantized energy particles, later named photons. Each of
these particles carries a fixed amount of energy depending on the frequency of radiation. This
new theoretical framework was extensively developed throughout the 20th century and became
widely known as modern physics.

The progress in microwave imaging has been strongly influenced by advancements in
radar systems. Radar serves as the fundamental front-end component of an imaging system, and
as a result, any technological advancement in radar performance or miniaturization can directly
enhance imaging capabilities. Throughout the 20th century, considerable progress was made in
the development of range radar for navigation and remote sensing applications, and it continues
to undergo continuous improvement by pushing towards higher frequencies with wider
bandwidths, such as the terahertz (THz) range.

Most radar systems operate in a monostatic configuration, where the transmitter and
receiver are co-located or slightly separated for improved isolation. This configuration is often
chosen due to practical constraints, such as mechanical limitations, connectivity requirements, or

cost considerations. Advanced methods utilizing bistatic radar did not initially emerge but were
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later developed during the Second World War and are credited to the Germans. Imaging with
microwave frequencies, typically ranging from 0.3 to 300 GHz or wavelengths between 1 m and
1 mm, offers the advantage of penetration capabilities for non-metallic materials. However, due
to the relatively long wavelengths involved, achieving high resolution in microwave imaging
requires the use of large apertures. The construction of such mechanically large apertures has
historically hindered the development of microwave imaging systems.

The first concepts for synthetic aperture were developed in the 1950s for passive
observation of the sky. The realization of this imaging technique heavily relies on the availability
of suitable recording media and efficient computational power. Currently, Synthetic Aperture
Radar (SAR) is extensively utilized in airborne and spaceborne imaging systems [add citation],
primarily in monostatic configuration. More recently, bistatic acquisition has become feasible
through advances in signal synchronization between satellites and their position tracking using
the Global Positioning System (GPS) [28].

Electromagnetic wave theory has proven to provide a theoretical framework for the
development of microwave imaging systems. Microwave images can be classified as operating
in the far-field or near-field range, depending on the relative aperture size to the imaged distance.
They can also be categorized as active or passive, depending on the source of illumination.
Active microwave images have the capability for full coherent imaging, encompassing both
spatial and temporal information.

Among the various classes of imaging systems, multistatic imaging operating at close
ranges is particularly rich. Multistatic imaging offers significant diversity in correlated
information about the scattering of the imaged object, as well as flexibility in the choice of
transmitting and receiving apertures. However, this increased flexibility also adds complexity to
the design process, as it requires making challenging decisions regarding the imaging system
architecture and array configuration.

Close range operation enhances object visibility and enables imaging with a high signal-to-
noise ratio. Multistatic operation inherently indicates active imaging, where transmitters
illuminate the imaged object from different directions, and receivers collect the scattered field
from other directions. Active illumination is essential for many imaging problems to ensure a
high dynamic range and independence from surrounding illumination. In image processing

applications, the image's dynamic range becomes a crucial factor for stable operation.
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Microwave imaging is primarily utilized for its capability to penetrate optically opaque
surfaces. Active illumination is therefore necessary to ensure sufficient signal power reaches
behind the surface of the object. However, using active illumination can introduce challenges
related to specular reflections and shadowing effects. Understanding the nature of these
phenomena is important to either avoid or reduce them, depending on the specific application.
The flexibility offered by the synthesis of multistatic arrays allows for dedicated geometrical
adaptation to match the imaged object, optimizing the imaging performance.

Image reconstruction serves as the core of any synthetic focusing system. Synthetic
focusing is crucial for harnessing the optimal performance of multistatic arrays. With the advent
of modern technologies, the digitization of signals and the digital processing of data have
revolutionized radar imaging systems. The digital beam forming technique plays a pivotal role in
the success of this modern technology. Fourier imaging methods have been established for many
years to support microwave imaging techniques employing synthetic focusing. Although
multistatic arrays can accommodate various geometries, planar multistatic arrays are particularly
desirable due to practical considerations.

In the case of planar arrays, reflection imaging is emphasized, wherein both llumination
and reception occur on the same side relative to the imaged object. While transmission imaging
may be preferred in certain applications, it often faces challenges when objects are not fully
transparent to microwave signals, leading to strong shadows. On the other hand, reflection
imaging enables penetration through the outer layers of the object and allows signal reception
from the same side, making it a suitable choice for many practical scenarios. The capabilities of
multistatic imaging find numerous applications and can effectively replace other technologies
currently used in microwave imaging systems, such as monostatic imagers, scanning phased
arrays, or mechanical scanners.

One notable application is personnel screening with millimetre-waves, particularly at
airport security checkpoints. Millimetre-wave imagers, which utilize non-ionizing radiation, are
preferred over X-ray methods due to their safety. They also outperform conventional metal
detector gates by detecting not only metallic objects but also dielectric objects like plastic
explosives and ceramic knives. Commercialized devices and on-going developments cover a
range from passive to active and from close-range to stand-off imagers. Microwave imaging's

capabilities also extend to material characterization and non-destructive testing (NDT), making it
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valuable for various research purposes. Therefore, when studying microwave imaging theories, it
IS important to maintain a sufficient level of generalization to adapt the acquired knowledge to
different situations.

Recent years have witnessed significant development results, with some advancements
even pushing into the THz domain. On-going research aims to further improve imaging methods
and identify potential applications that can benefit from the performance of multistatic arrays. To
achieve this, a deeper understanding of the unique aspects of multistatic imaging is essential.
Planar multistatic arrays are particularly suitable for applications that require high-resolution

imaging and a wide image dynamic range.

2.4. Radar imaging

Radars can be classified into different categories based on their deployment and specific
characteristics. They are commonly categorized as ground-based, airborne, spaceborne, or ship-
based radar systems, depending on where they are located or installed [29].

In addition to deployment, radars can also be classified based on various characteristics
such as frequency band, antenna type, and waveforms utilized. One common classification
method is based on the type of waveform used or the operating frequency.

Considering waveform types, radars can be categorized as Continuous Wave (CW) or
Pulsed Radars (PR). CW radars continuously emit electromagnetic energy without modulation
and utilize separate transmit and receive antennas. Unmodulated CW radars are capable of
accurately measuring target radial velocity (Doppler shift) and angular position. On the other
hand, pulsed radars use a train of pulsed waveforms, often with modulation. Pulsed radars are
primarily used to measure target velocity. These classifications based on waveform types help
differentiate the operational characteristics and capabilities of different radar systems [29, 30].

Monostatic radars are radar systems that use the same antenna for both transmitting and
receiving signals [30]. In a simplified block diagram of a pulsed radar system as shown in Fig.
2.3, several components work together to enable radar operation.

26



Chapter 2 Literature Survey on Planar Antenna Arrays for Wireless Energy Transfer and Microwave
Imaging

Target

.

4-/

Transmitter
" [modulator

Y

Duplexer I
Time
control h 4 Tx/Rx antenna
Signal _,@iver /

processor

T

Fig.2.3. Block diagram of monostatic pulse radar imaging

The time control box is responsible for generating the synchronization timing signals
required throughout the radar system. These timing signals ensure proper coordination of
different operations. The modulator/transmitter block generates a modulated signal that is then
sent to the antenna. The modulated signal carries the radar waveform and is responsible for
transmitting electromagnetic energy into the environment.

The duplexer plays a crucial role in monostatic radar systems. It controls the switching of
the antenna between transmitting and receiving modes. During transmission, the duplexer directs
the radar electromagnetic energy towards the antenna for emission. On the other hand, during
reception, it redirects the received radar echoes from the antenna to the receiver for further
processing.

The receiver amplifies the weak radar returns (echoes) received by the antenna. It prepares
the received signals for subsequent signal processing. The signal processor block performs
various operations on the received signals to extract target information. This includes analysing
the radar returns to determine the range of targets. The range is typically computed by measuring
the time delay it takes for a radar pulse to travel the two-way path between the radar system and
the target. Overall, these components work together in a pulsed radar system to enable the
transmission, reception, amplification, and processing of radar signals for target detection and
range measurement.

When radar radiated energy reaches a target, it interacts with the target's surface and

induces surface currents. These induced currents then radiate electromagnetic energy in various
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directions, including back towards the radar system. The amount of energy reflected back to the
radar system depends on several factors, such as the size, orientation, physical shape, and
material properties of the target.

To quantify the effectiveness of a target in reflecting radar energy, a parameter called the
Radar Cross Section (RCS) is used. The RCS represents the target's ability to scatter and reflect
radar signals back towards the radar system. It is defined as the ratio of the power reflected back
to the radar system to the power density incident on the target. The RCS is usually denoted by
the symbol . In other words, the RCS provides a measure of how much radar energy is scattered
back to the radar system relative to the intensity of the incident radar energy on the target. It
encapsulates various target properties that influence the scattering behaviour, allowing for a
simplified representation of the target's interaction with radar waves. By quantifying the RCS of
different targets, radar operators and engineers can assess and compare the detectability and
visibility of various objects in a radar system. It plays a crucial role in radar system design, target
recognition, and radar performance evaluation [31, 32].

Bistatic radars are characterized by using separate transmit and receive antennas that are
located in different positions or platforms. In bistatic radar systems, the transmitted signal
originates from the transmitter antenna and is received by the receiver antenna, which can be
located at a considerable distance away [33].

The geometry associated with bistatic radars is depicted in Fig. 2.4, where the transmitter
and receiver antennas are shown to be spatially separated. The angle B, referred to as the bistatic
angle, represents the angle between the transmitter-receiver baseline and the direction of the

target being observed.

Tx Antenna Rx Antenna

Fig.2.4. Bistatic Radar imaging
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In order to maximize the receiver's knowledge of the transmitted signal and extract
maximum target information, a synchronization link between the transmitter and receiver is
necessary in bistatic radar systems. This synchronization ensures that the receiver has precise
information about the transmitted signal, allowing for accurate processing and analysis.

One important distinction between monostatic and bistatic radar operations is related to the
measured bistatic target Radar Cross Section (RCS), denoted by 6. When the bistatic angle B is
small, the bistatic RCS is similar to the monostatic RCS, which represents the target's ability to
scatter radar energy. However, as the bistatic angle approaches 180° degrees (or becomes close
to the backscattering direction), the bistatic RCS can become significantly larger [34, 35].

This increase in bistatic RCS for larger bistatic angles is due to the different scattering
characteristics of the target when observed from different angles. The target's shape, orientation,
and surface properties play a significant role in determining the bistatic RCS at different angles.
Therefore, bistatic radar systems can provide valuable information about target properties and

behaviour that may not be easily obtained with monostatic radar systems.

2.5. Classification of Microwave Imaging

Microwave imaging systems can be classified into two major categories: active and passive
systems.

i). Active Systems: In active microwave imaging, the sensing is accomplished by probing
the biological object with self-generated energy. This means that the imaging system itself emits
electromagnetic waves and detects the response from the object. Active systems can employ
different scattering schemes:

a). Forward Scattering: The system images the structure under inspection by detecting the
reflected scattered signals from the object. The transmitted energy interacts with the object, and
the scattered signals are analyzed to form an image.

b). Backward Scattering: The system images the structure by detecting the scattered signals
transmitted through the object. The transmitted energy passes through the object, and the
scattered signals on the other side are collected and processed to form an image.

ii). Passive Systems: In passive microwave imaging, the object itself generates the

electromagnetic energy used for imaging. The system detects the naturally emitted or radiated
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energy from the object. Passive systems rely on the object's own emissions or external radiation
sources (such as natural or artificial background radiation) for imaging.

Another classification criterion for microwave imaging systems is based on their antenna
shape or configuration:

a). Retina Shape: This classification considers the shape or layout of the antenna system
used in the imaging system. Different antenna configurations, such as planar arrays or non-planar
geometries, can be employed based on the specific imaging requirements.

ii). Finally, microwave imaging systems can also be classified based on whether they
operate in the near-field or far-field region:

a). Near-Field Imaging Systems: These systems operate at close distances to the object
under inspection. The proximity allows for higher-resolution imaging but may require
specialized techniques to account for near-field effects.

b). Far-Field Imaging Systems: These systems operate at larger distances from the object,
where the radiation can be approximated as coming from a point source. Far-field imaging is
commonly used for long-range or remote sensing applications.

iv).Within the active microwave imaging category, there are various methods based on
different physical effects:

a). Microwave Tomography: This technique involves using multiple measurements of
electromagnetic waves to reconstruct an image. It can provide information about the dielectric
properties and internal structure of the object.

b). Ultra-Wideband (UWB) Radar Techniques: UWB radar utilizes extremely short pulses
of electromagnetic energy to achieve high-resolution imaging and can penetrate through
materials that are optically opaque.

c). Microwave Microscopy: This method focuses on high-resolution imaging at small
scales, such as cellular or subcellular levels. It enables the detailed analysis of biological samples
or materials.

d). Hybrid Modalities: Some microwave imaging systems combine multiple techniques or
modalities to enhance imaging capabilities. These hybrid approaches can utilize complementary

information from different physical effects to improve the accuracy and resolution of the images.
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Overall, microwave imaging encompasses a range of techniques and approaches, each

suited for specific applications and imaging objectives.

2.5.1. Passive Microwave Imaging:

Passive microwave imaging operates by utilizing existing sources of electromagnetic
energy, such as solar microwave radiation or natural emissions from objects, as the source of
illumination. The principle is similar to optical imaging, where upwelling radiation is detected
and converted into a brightness value to form an image. Here is a breakdown of the components
involved:

a). Antenna: The antenna in a passive microwave imaging system receives the incoming
radiation from various sources. It is typically pointed towards a specific region of the Earth's
surface.

b). Apparent Brightness Temperature (TB): The region being observed by the antenna has
an apparent brightness temperature, which is a measure of the intensity of the radiation emitted
by the objects within that region.

c). Atmospheric Radiation (TAD): The atmosphere itself emits radiation in all directions,
including towards the antenna. The component of radiation directly radiated towards the antenna
is represented as TAD.

d). Reflected Power from Earth (TAR): The earth's surface reflects radiation back towards
the antenna. This reflected power contributes to the overall detected signal.

e). Side Lobe Noise: There may be additional noise powers entering the side lobes of the
antenna from various sources, such as the sun or other external sources. These noise powers can

interfere with the detected signal.
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Fig.2.5. Passive microwave imaging system

In passive microwave imaging, the radiometer receives the combined signals from all these
sources and processes them to form an image. The detected radiation, including the contributions
from atmospheric radiation, reflected power from the Earth, and side lobe noise, is used to
determine the apparent brightness temperature distribution in the observed region. This
information is then used to create the final image.

Passive microwave imaging is particularly useful for applications such as sea, ice, or snow
mapping, where the existing natural radiation can be utilized as an illumination source [37, 38].
It provides valuable information about the thermal properties and composition of the observed
objects or regions.

2.5.2 Active Microwave Imaging

Active microwave imaging is a widely used scheme in which a signal of the desired
frequency is generated and used as the source of illumination. It is particularly effective for near-
field imaging of objects and finds applications in various fields, including non-destructive
testing. Here is an overview of the components and processes involved in active microwave
imaging:

a). Transmitter: The active microwave imaging system includes a transmitter that generates
a continuous microwave signal at a specific frequency. This signal serves as the source of

illumination for the imaging process.
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b). Radiating Field: The continuous microwave signal generated by the transmitter is
radiated into the environment, creating an illuminating field. This field interacts with the object
under inspection.

c). Object Scattering: The illuminating field interacts with the object, causing scattering of
the microwave signals. The scattered signals contain information about the object's properties,
such as its shape, composition, and internal structure.

d). Receiver: A receiver is employed to capture the scattered signals after they have
interacted with the object. The receiver may consist of an antenna or an array of antennas that
detect the scattered signals and convert them into electrical signals.

e). Signal Processing: The electrical signals received by the receiver are processed to
extract information about the object. Signal processing techniques, such as filtering,
amplification, and modulation, are applied to enhance the desired signals and suppress noise.

f). Image Formation: The processed signals are used to create an image of the object.
Various algorithms and imaging techniques are employed to reconstruct the object's properties
based on the scattered signals. This can involve techniques such as beam forming, synthetic
aperture radar (SAR), or tomographic reconstruction [39, 40].

REx Antenna array

.~ |0O000D0O
Tx_antenna . J.|OO0O000O
o OO0O00O0O
B#"’;» EENEDD
F W, |DODDQODOB
S ODO0000O
+
signal Data acquisition
generator and Image

Fig.2.6. Active microwave imaging system

Active microwave imaging offers several advantages, including the ability to control the
source of illumination and tailor it to specific imaging requirements. It allows for detailed
imaging of objects in the near-field region, where high-resolution and accurate measurements are

desired. This imaging scheme finds applications in diverse fields, such as medical imaging,
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remote sensing, security screening, and non-destructive testing, where it enables the visualization
and analysis of internal structures and properties of objects using microwave signals [41, 42].
An active microwave imaging system is shown in Fig.2.6.

Active microwave imaging, as you described, involves generating a signal of the desired
frequency as the source of illumination. This method is widely used, especially in near-field
imaging of objects, and finds applications in various fields, such as non-destructive testing. Let's
discuss two schemes of active imaging:

a). Scattered Field Method: In this scheme, a continuous microwave signal is transmitted
by the transmitter, which generates an illuminating field. The illuminating field interacts with the
object, causing scattering of the microwave signals. The scattered field is then measured by the
receiver, which consists of an array of antennas with individual detectors. The intensity of the
received signal is highest where the scattered field is strongest. By plotting the signals received
by each detector, an image of the object can be obtained. This scheme can involve multiple
transmitters and receivers to illuminate the object from different positions and sample the
scattered fields at multiple locations.

b). Backscattered Method: In this scheme, both the illumination source (transmitter) and
the receiving sensor (antenna) are placed on one side of the object. The transmitter emits a
continuous microwave signal that illuminates the object, and the antenna receives the
backscattered electric field from the structure under study. By analyzing the characteristics of the
backscattered signals, information about the object's structure and properties can be gathered.
Different configurations and techniques can be used to extract the desired information from the
received signals.

The other scheme of active imaging is based on the utilization of the reflected electric field
from the structure under study, which is known as the back scattered method or radar effect. In
this scheme, both the illumination source and the receiving sensor (antenna) are placed on one
side of the object, and based on different configurations, information about the structure under

test can be gathered.

Both schemes of active microwave imaging offer advantages in terms of control over the
source of illumination and the ability to gather information about the object's properties. The

choice of scheme depends on the specific imaging requirements and the nature of the object
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under study. Active microwave imaging has proven to be valuable in various applications,

including non-destructive testing, medical imaging, remote sensing, and more [43].

2.6 Near-Field and Far-Field Imaging

The antenna field zones can be divided into two principal regions: the near-field (Fresnel
zone) and the far-field (Fraunhofer zone). Let's discuss these regions and their characteristics:
Near-field (Fresnel Zone): The near-field region is located close to the antenna, typically within
a few wavelengths. It can be further divided into two regions of interest: the reactive near-field
and the radiating near-field.

a) Reactive Near-Field: The reactive near-field is the region in immediate vicinity to the
antenna. In this region, the shape of the field pattern depends on the distance from the antenna.
The electric and magnetic fields are not in phase, and their magnitudes and orientations vary
spatially. The power flow is predominantly reactive, meaning that energy is stored in electric and
magnetic fields rather than radiated as electromagnetic waves.

b) Radiating Near-Field: The radiating near-field region lies next to the reactive near-field
region. In this region, the electric and magnetic fields are in phase, and their magnitudes and
orientations also vary spatially. The power flow is a combination of reactive and radiated energy.
The radiating near-field is characterized by complex wave fronts and non-uniform power
distribution.

c). Far-field (Fraunhofer Zone): The far-field region is located at a large distance from the
antenna, typically beyond a few wavelengths. In this region, the shape of the field pattern
becomes independent of the distance and depends mainly on the antenna geometry and radiation
characteristics. The far-field region is characterized by well-defined wave fronts, and the power
flow is primarily in the form of a spherical wave expanding outward from the antenna.

In the near-field or Fresnel region, the shape of the field pattern is influenced by the
distance from the antenna, and the longitudinal component of the electric field can be significant.
The power flow in the near-field is not entirely radial, meaning that the energy distribution is
more complex compared to the far-field region.

It's important to consider these near-field and far-field characteristics when designing and
analysing antenna systems, as they can have implications for antenna performance,

electromagnetic field interactions, and the interpretation of measurement data.
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Fig.2.7. Near field and far field region

Reactive the Near-field region is the portion of the near-field region that starts immediately
after the antenna. The reactive near field can be defined in terms of planar, cylindrical, or
spherical modes. In this region, the reactive field dominates, meaning that the electric and
magnetic fields are out of phase by 90 degrees [44, 45]. It is in this region that evanescent or
near-field standing waves, which are known to have high frequency spatial information about the
object of interest, exist. On the other hand, the radiating near-field, where the radiating fields
begin to emerge, includes the region between the reactive near-field and the far-field region.
However, unlike the far-field region, here the shape of the radiation pattern may vary
significantly with distance. It is worth mentioning that if the maximum dimension of the antenna
(d) compared to the wavelength of the transmitted signal is not large enough, this region might
not exist at all. To calculate the radius of these two regions (rl and r2), Equations (1), (2) and (3)

can be used.

A= 2)

o
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Where,

d is the largest dimension of the antenna,
A is the wavelength of the signal,

r1 is radius of the reactive region and

r2 is radius of the radiating region

Far-field region of an antenna is defined as the region in which the radiating fields
dominate. This means the electric and magnetic field planes are orthogonal to each other while
the fields are in phase. Moreover, in this region shape of the radiation pattern does not depend on
the distance from the antenna. These definitions can help understanding the basic difference
between the far-field and near-field regions. Additionally, there are some other differences
between these two types of imaging. For instance the antenna that is used in a typical near-field
imaging system can be simple such as open-ended waveguide or coaxial line, while in far-field
imaging, a high gain antenna should be adopted so that the signal would not disperse due to the
distance. Moreover, near-field imaging technique allows considerable enhancement of the power
compared to far-field imaging with the same wavelength. Radar cross section (RCS) imaging can
be performed in the near field to examine military vehicles for their radar reflection properties
due to their physical structure and radar absorbing material treatments [46, 47]. Active
microwave and mm-wave imaging is now commonly used for concealed threat detection in high
security areas including most domestic and international airports. This technology can be used to
detect concealed metal and non-metal threats, including explosives, handguns, knives, or any
concealed anomalous objects. Microwave and millimeter-wave imaging can be used to scan
walls to reveal internal structure or to detect objects concealed in the walls [48-51]. Microwave
imaging may be preferable to x-ray imaging for this application, because the technology is
harmless to humans, and access to only one side of the wall is required. X-ray imaging

frequently operates in a through-transmission mode, requiring access to both sides of the wall.
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Active, two-dimensional, microwave or mm-wave imaging is highly effective for a number of
near field imaging applications. These applications include concealed weapon detection in
portals, standoff concealed weapon detection, RCS imaging, in-wall imaging, non-destructive
evaluation imaging [52-54].

Near-field measurements play a crucial role in antenna testing and characterization.
Understanding the theory behind near-field measurements is essential for conducting accurate
and reliable measurements. While not everyone involved in near-field antenna measurements
needs to be proficient in the theory, having at least one team member who possesses a competent
and versatile knowledge of the theoretical formulation is important.

In near-field measurements, various scanning surfaces can be used, including planar,
cylindrical, and spherical surfaces. These surfaces are depicted in Fig. 2.8, along with the
representation of the electric field using a complete set of M and N eigen functions. The
tangential electric field's amplitude and phase are measured over the scanning surface S.

To determine the unknown transmitting modal coefficients (TEm, TMm) of the antenna
under test, orthogonal integration techniques are employed. The integration process, as illustrated
in the Fig. 2.8, allows for the calculation of these coefficients based on the measured electric
field data. By obtaining the modal coefficients, valuable information about the antenna's
radiation characteristics, such as radiation patterns, beam width, and polarization, can be
extracted. This information is essential for antenna design, optimization, and performance
evaluation.

It is important to note that the specific details and equations involved in near-field
measurements can vary depending on the measurement setup and the desired parameters to be
extracted. Therefore, a solid understanding of the theoretical foundations and techniques is
necessary to ensure accurate and meaningful near-field antenna measurements.

The mentioned references provide valuable resources for studying planar, cylindrical, or
spherical near-field theory and techniques [55, 56]. Here is a summary of the references
mentioned: Kerns' "translation™: Kerns presents a streamlined and pedagogical development of
planar near-field scanning and extrapolation techniques based on the plane-wave scattering

matrix theory of antennas.
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Fig.2.8. Scanning with Ideal antenna on Planar, Cylindrical, and Spherical Surfaces

This work offers a comprehensive understanding of planar near-field measurements. These
papers provide brief descriptions and insights into planar near-field analysis, offering additional
perspectives and practical considerations. Review paper [56] from GIT: This paper applies the
Lorentz reciprocity theorem to derive the probe-compensated planar transmission formula. It
provides an alternative approach to planar near-field measurements compared to the scattering-
matrix approach. Appel-Hansen's review [57]: Appel-Hansen offers a useful review of probe-
corrected planar, cylindrical, and spherical near-field measurements.

These references cover a range of topics related to near-field measurements, including
theory, techniques, analysis methods, and probe compensation. They provide a solid foundation
for understanding and applying planar, cylindrical, and spherical near-field measurements in

antenna testing and characterization [58].

2.7 Planar Raster-Scanning System for Near-Field Microwave Imaging.

The implementations of active microwave imaging systems follow different techniques
depending on the specific application. Here is a description of some of these techniques:

a). Sub-surface imaging: A pioneering imaging system proposed in 1973 used a radiating

horn and an elemental dipole antenna as the transmitter/receiver. The data acquisition was

performed by scanning the transmitter/receiver unit over a 2-D aperture on one side of the target.

This approach was primarily focused on sub-surface imaging applications.
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b). Medical applications: In 1979, Larsen et al. [59] developed a water-immersed imaging
setup for medical applications. They successfully imaged a canine kidney using two horn
antennas immersed in a water tank, aligned along each other's boresight. The object to be imaged
was scanned in between the antennas in a raster pattern. Similar raster-scanning approaches have
been proposed for sub-surface sensing and breast cancer detection [60, 61].

c). Raster scanning with sensors on both sides: In some imaging systems, such as those
proposed for medical applications in the sensors are placed on both sides of the object to be
imaged. This allows for obtaining both the scattered field and the transmitted field. During the
measurements, the two antennas move together in a raster pattern as shown Fig.2.9.

d). Raster scanning with sensors on the same side: In other systems proposed for sub-
surface sensing and a specific medical application, the transmitter and receiver are located on the
same side of the target and move simultaneously during measurements as shown Fig.2.10. In this
configuration, only the scattered field can be obtained.

e). Special case of raster scan: In a special case proposed in, sensors are located on both
sides of the target. However, during the scan, one of the sensors remains fixed while the other
one moves in the raster pattern as shown Fig.2.11. The schematics illustrate these different
scanning setups for active microwave imaging systems. Each of these approaches has its

advantages and is tailored to specific imaging requirements and applications.
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Fig.2.9 The schematic for the raster-scanning setup with sensors on both sides of the target, the

two sensors move together while being aligned along each other’s boresight.
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Fig. 2.10 The schematic for the raster-scanning setup with both the transmitter and receiver on

one side of the target, the two sensors move together in the raster pattern.

Tx Antenna
moveable

Rx Antenna
fixed

Fig. 2.11 The Schematic for the raster-scanning setup with sensors on both sides of the target.

One sensor is kept fixed and the other sensor moves in the raster pattern

In the field of microwave imaging, there are various approaches to data acquisition,
including scanning and multi-static approaches. Some specific implementations are described
below:

Multi-static approach for breast cancer detection: The system described in is designed for
breast cancer detection. Imaging sensors are placed on a hemispherical surface, which helps
constrain the breast being imaged. This approach allows for multi-static measurements, where
multiple combinations of transmitter and receiver antennas are used to collect data from different
perspectives. Array-scan hybrid approach for concealed weapon detection: In [61], an array-scan
hybrid approach is proposed for concealed weapon detection. The system consists of a fixed,

linear array of transceivers parallel to the ground. The array scans in the vertical direction, and
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with electronically switched array components, the system can acquire data over the full 2-D
plane.

Both the scanning and multi-static approaches have their advantages and considerations:
Scanning Approach: Requires only one set of transmitter or receiver antennas, leading to a lower
cost compared to antenna array techniques. Adjustable spatial sampling rate controlled by the
scanning mechanism. Suitable when the sensors are large or larger than the required spatial
sampling rate.

Challenges of the scanning approach: Mechanical scanning complicates the design of the
imaging system. Moving parts introduce uncertainties in the measurements, potentially affecting
the overall dynamic range. Slower data acquisition compared to electronically switched antenna
arrays.

While the scanning approach has benefits such as cost-effectiveness and adjustable spatial
sampling, it also presents challenges related to mechanical design and slower data acquisition.
The choice between scanning and antenna array techniques depends on specific imaging
requirements, system constraints, and trade-offs between cost, speed, and design complexity.
Items 1 and 2 are manageable by carefully designing the system. Item 3 is an intrinsic problem in
applications that require very quick data acquisition. The biggest drawback in multi-static
approach on the other hand, is the impossibility to adjust spatial sampling rate, or to employ
relatively large sensors. Thus, in our case, we select the scanning approach and implement a
complete imaging system based on it. In particular, we used in this thesis a planar raster-

scanning imaging system.

2.8 Planar Data Acquisition and Reconstruction System for Near-Field

Microwave Imaging

In near-field microwave imaging, the planar data acquisition and image reconstruction
system is essential for obtaining accurate and high-resolution images [62-65]. The system
typically involves the following components and processes:

a). Data acquisition:
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Transmitter: A microwave source that generates the desired frequency signal for
illumination. Receiver: Antennas or sensor arrays that capture the scattered fields from the object
under investigation.

Scanning Mechanism: A mechanism that controls the movement of the transmitter and
receiver antennas or arrays in a planar scanning pattern can be implemented. Data Sampling:
Measurement of the amplitude and phase of the received signals at different scanning positions.
Data pre-processing: calibration and noise reduction techniques applied to the acquired data.

b). Image Reconstruction:

Data Processing: Processing the acquired data to extract relevant information and features.
Reconstruction Algorithm: Utilizing mathematical algorithms to convert the measured data into
an image representation. Image Formation: Mapping the processed data onto a 2D or 3D grid to
generate the reconstructed image. Visualization: Displaying the reconstructed image for analysis
and interpretation.

The reconstruction process typically involves solving an inverse problem, where the
scattered field measurements are inverted to estimate the object's properties and spatial
distribution. Various techniques can be employed for image reconstruction, such as: Fourier
Transform-based Methods: Utilizing the Fourier Transform to convert the measured data from
the spatial domain to the frequency domain, where image reconstruction is performed. Iterative
Methods: Iteratively optimizing the estimated object properties based on a forward model that
relates the measured data to the object.

Regularization Techniques: Incorporating prior knowledge or constraints to stabilize the
reconstruction process and improve image quality. The effectiveness of the planar data
acquisition and image reconstruction system depends on factors such as the antenna design,
scanning resolution, data processing algorithms, and system calibration. Optimizing these

components contributes to achieving accurate and detailed near-field microwave images.

2.9 Conclusion

This chapter presents a brief literature survey on RF wireless power transmission and the
development of rectenna technology for rectifying RF microwave signals to supply DC power
through wireless transmission. The antenna is responsible for capturing wireless energy, which is

then directed to rectifying diodes through filters and a matching circuit. The rectifying diodes
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convert the received wireless energy into direct current (DC) power. Various methods, such as
RF and DC combiners, are employed for rectenna array combination to achieve maximum DC
output.

The second literature survey focuses on microwave imaging, specifically active
microwave imaging and passive microwave imaging. Advancements in radar systems have
strongly influenced the progress of microwave imaging. Microwave images can be categorized
into far-field imaging and near-field imaging, depending on the relative aperture size to the
imaged distance. The near-field imaging technique offers significant power enhancement
compared to far-field imaging using the same wavelength. A literature survey is conducted on
the Planar Raster-Scanning System for Near-Field Microwave Imaging, which highlights the
importance of a planar data acquisition and image reconstruction system in achieving accurate

and high-resolution images in near-field microwave imaging.
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Chapter 3

Study on Suspended Planar Patch Antenna

Arrays for Wireless Energy Transfer

3.1 Introduction

Planar antenna arrays provide symmetrical patterns with lower side lobes and higher
directivity than a single antenna. Antenna arrays are widely used in wireless energy transfer
(WET). In this chapter, wireless energy transferred using a single rectenna consists of an array

and an array of rectennas is compared.

3.2 Suspended Planar Patch Antenna Array for Wireless Energy Transfer

A high gain suspended planar patch antenna array is presented for microwave energy transfer
in the ISM band. The radiating patch of the antenna is placed at a height of 5 mm on an air
dielectric substrate (er = 1.001) between the radiating planar patch and the ground plane. The
antenna is fed using a corporate feed network constructed with quarter-wavelength power
dividers. 2 x 2, 4 x 4 and 8 x 8 planar antenna arrays with 0.6 A, inter element spacing are
designed as shown in Fig. 3.1 (a), (b )and (c).

Extensive growth in the use of microstrip antennas can be observed in RF wireless energy
transfer systems. In general, microstrip antennas are half-wavelength structures and are operated
at the fundamental resonant mode TMO1 or TM10, with a resonant frequency [1, 2]. In this
chapter, a corporate fed suspended planar patch antenna array is presented in ISM band.

A high gain antenna array is suitable for microwave wireless energy transfer application. The
suspended method for planar patch antennas can offer several advantages, including achieving a
wide impedance bandwidth and high efficiency. Microstrip patch antennas, suspended plate

antennas, planar antennas [3]-[5] are various antennas used extensively in microwave wireless
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energy transfer systems. Usually, they exhibit advantages such as simple structure, low cost, low
profile, high polarization purity, high gain, high directivity, broad bandwidth, high efficiency,
etc. In this work, a high gain suspended planar patch antenna array with corporate feed technique
[6]-[8] and quarter wavelength power feed is designed for microwave wireless energy transfer at
2.45 GHz. The proposed structure was simulated using MoM-based commercial software IE3D
to investigate various antenna characteristics. These characteristics include resonant frequency,
bandwidth, return losses, characteristic impedance, E and H field polarizations, radiation
parameters, gain, directivity, and antenna efficiency.

3.3 Design and Simulation for a Suspended Planar Patch Antenna

Arrays for WET

The antenna arrays were designed and simulated to operate at 2.45 GHz, frequency for WET
applications. The corporate feed, equally powered divider and coaxial probe were used to ensure
uniform power distribution and efficient excitation of the antenna elements. The electromagnetic
simulation was performed using the IE3D software, which is based on the Method of Moments
(MoM) technique. The simulation analysis covered various performance parameters, including
radiation pattern, gain, impedance, and S-parameters. The analysis encompassed different array
configurations, such as 2 x 2, 4 x 4 and 8 x 8, to evaluate their performance and capabilities. Fig.
3.1(d) shown that the S-parameter characteristics of the antenna arrays, illustrating their

performance within the ISM band.

Table3.1. Design parameters of 2 x 2, 4 x 4 and 8 x 8 antenna array for resonant frequency ISM
band, dielectric constant of a FR4_4.4 and substrate height (h1) 1.59 mm and air dielectric 1.001,
height (h2) 5mm.

Array/ dimension | 2 x 2 Array 4 x 4 Array 8 x 8 Array
Length of the patch | 82.164mm 82.164mm 82.164mm
Width of the patch 54.469mm 54.469mm 54.469mm
Number. of antenna | 04 16 64

Substrate dimension | 1028.1 cm? 2564.64 cm’ 10268.34 cm”
Feeding Technique | Corporate feed Corporate feed Corporate feed
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Feed impedance 50 Ohm ,\/4 50 Ohm ,\/4 50 Ohm ,\/4
wavelength wavelength transfer | wavelength
transfer transfer

inter element Dx=0.62 A Dx=0.62 L Dx=0.62 A

spacing Dxand Dy | Dy=0.61 % Dy=0.61A Dy = 0.61A

(a) (b) (©

A=—wu=—2x2 array

\ ‘B— o= 4x4 array

-S4 -, C= 4= 8x8 array
. ‘\’/1 ‘\k\"\ : : / /
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(d)
Fig.3.1. Geometry of suspended antenna array with corporate feed network (a) 2 x 2 Array,

(b) 4 x 4 Array (c) 8 x 8 Array, (d) Simulated Return Loss v/s frequency for 2 x 2,4 x 4 and
8 x 8 antenna arrays.

Elevation total E-field 0° degree 2D radiation patterns for 2 x 2, 4 x 4 and 8 x 8 antenna
arrays are shown in Fig. 3.2 (a). Elevation total E-field 90° degree 2D radiation patterns for 2 x
2, 4 x 4 and 8 x 8 suspended planar patch antenna arrays are shown in Fig. 3.2 (b). The
simulated gain of each antenna array is 14.02dBi, 18.91dBi and 25.15dBi respectively.
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Fig. 3.2 a) Elevation total E-field 0° degree 2D Radiation Pattern for 2 x 2, 4 x 4 and 8 x 8

antenna arrays b) Elevation total E-field 90 degree 2D Radiation Pattern for 2 x 2, 4 x 4 and 8

x 8 suspended planar patch antenna arrays

Table3.2 Simulated results of 2 x 2, 4 x 4 and 8 x 8 antenna array

Array/ Parameters | 2 x 2 Array 4 x 4 Array 8 x 8 Array
Return loss -22.13 dB -17.27 dB -24.41dB
Bandwidth 0.32 GHz 0.34 GHz 0.39 GHz
Gain 14.021 dBi 18.912 dBi 25.15 dBi
Directivity 15.8 dBi 22.2dBi 27.4 dBi
Radiating efficiency | 68.43 % 48.95 % 45.12 %
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Fig.3.3 Simulation results WET output power with respect to different distance for 2 x 2, 4 x

4 and 8 x 8 suspended planar patch antenna arrays

The simulations of WET for different suspended patch planar antenna array combinations are
carried out for the measurement of output power. A single suspended patch planar antenna is
used as the transmitter and at the receiving side, different combination of are used, like the
corporate feed of a 2 x 2, 4 x 4 and 8 x 8 suspended patch planar antenna array. The setup for
measuring the output power at various distances is being established. First, simulation is carried
out using EM simulation in IE3D, then s-parameter are collected in the form of touchstone files,
and second, circuit simulation in ADS for 10dBm input power. The simulation results show
WET output power with respect to different distances for 2 x 2, 4 x 4 and 8 x 8 suspended planar
patch antenna arrays, as shown in Fig. 3.3. The output power graph shows an exponential decay
of power with respect to distance. These proposed antennas can efficiently be utilized for

microwave wireless energy transfer over long distances.
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3.4. 2 by 2 Rectenna Array Configurations for Enhanced RF Wireless
Energy.

Fig.3.4 Fabriated 2 by 2 suspended patch planar antenna array. a) Planar antenna array,

b) corpurate feed planar antenna array

)
E
% -
L= .| — Simulated S,
c -265dB @)y _ _
2 307 2.45 GHz \1 Measured S,
@
o
401
-45dB @
2.45 GHz
-50 : : : :
2 2.2 2.4 2.6 2.8 3
Frequency (GHz)

Fig.3.5. 2 by 2 corpurate feed planar antenna array S-parameter S;; simulated and measuered.
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Fig.3.6. Total far-field 2D-radiation pattern for Co-pol and Cross-pol simulated and measured,
a) E-plane, b) H-plane

3.4.1. Far Field Radiation Pattern Characteristics

The simulated and measured radiation patterns were obtained at a signal frequency of
2.45 GHz in the far field. The normalized radiation patterns for the E-plane and H-plane,
considering both co-polarization and cross-polarization, are shown in Fig. 3.6 (a) and (b). The
measured and simulated cross-polarization values for the E-plane are -27 dB and -52 dB,
respectively, as shown in Fig. 3.6 (a). Similarly, for the H-plane, the measured and simulated
cross-polarization values are -40 dB and -55 dB, respectively, as depicted in Fig. 3.6 (b). The
fabricated antenna array was subjected to far-field radiation pattern measurements in a square, 8
by 8 feet shielded anechoic chamber.

In this investigation, two different rectenna architectures were compared for maximum
RF to DC power conversion. A simple rectenna design consisting of a 2 by 2 planar antenna
array will be presented. A single rectenna is not sufficient to supply enough energy for reliable
device operation. Alternatively, properly interconnecting several antennas could provide
sufficient rectification. In the first configuration, the antenna is fed using a corporate feed
network, utilizing quarter-wavelength power transfer. A 2 by 2 antenna array can be arranged to
direct the RF power to a single rectifier using an RF power combiner, as illustrated in Fig. 3.11
(@). In the second case, each individual antenna can incorporate its own rectifier to

independently harvest DC power, known as a DC combiner, as shown in Fig. 3.11 (b). The DC
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power generated from each rectifier can then be combined in parallel, series, or using a hybrid

approach.

3.5 Rectenna (Rectifying circuit)

The concept of the rectenna, as well as the name itself, was conceived by W.C. Brown [9]. A
rectenna is a passive element that consists of an antenna, a matching circuit with a low pass
filter, a rectifying diode, and an output filter [10]-[16]. In this chapter, a surface mount Schottky
diode HSMS2820 is used in the rectifying circuit due to its faster reverse recovery time, much
lower forward voltage drop, and good RF characteristics. The development of a rectenna sensor,
which is a sensitive zero-biased diode and serves as an essential part of the imaging front
module, requires high RF responsively, high linearity, and low flicker noise in order to achieve
good imaging quality in low contrast environments [17]-[21].

The proposed RF to DC rectifier circuit is illustrated in Fig. 3.7. The rectifier circuit is
simulated and optimized on an FR4 substrate (dielectric constant er = 4.4, h = 1.52mm) using
the Advanced Design System (ADS) software, which utilizes the harmonic balance method. It
operates at a resonance frequency of 2.45 GHz, with a return loss of S11 = -55.65 dB and S22 =
-56 dB. The impedance bandwidths achieved are 0.185 GHz (7.55%) and 0.409 GHz (16.69%)
respectively. In terms of measurements, the operating resonance frequency is found to be 2.43
GHz, with a return loss of S11 = -24.4 dB. The impedance bandwidth is observed to be 2.38
GHz to 2.475 GHz (3.82%), as shown in Fig 3.9.

TL1 G, TL2 TL4 D TL5 TL6
| H& HH T lo Vout

RFin TL3
2.45GHz

Fig. 3.7 Circuit diagram half wave rectifier simulated in the ADS.
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Fig. 3.8 Fabricated RF to DC Half wave rectifier

The proposed prototype half wave rectifier circuit was fabricated on FR4 substrate, using
surface mount components zero biased Schottky diode, capacitors Ci,, Coy and load resistance
RL and microstrip transmission lines TL1 to TL6 as shown in Fig. 3.7 The dimension of
transmission lines and component values are given in the Table 3.4. The measurement setup, it
consists of RF source Rohde & Schwarz SMR20 Signal generator, a conventional voltmeter is

connected in parallel over the output resistive load to measure the output DC voltage.

Table 3.3 RF to DC circuit Components.

Components of Rectifier Circuit

Diode D HSMS2820
Capacitor Cin 33 pf
Cout 3 pf
Resistor R_ 200 Ohm
Microstrip line TL1 [TL2 [TL3 [TL4 [TL5 |[TL6

Width | Wmm | 2.85676 mm
Length |Lmm |6 183 |24 [3 145 [183

57



Planar Antenna Arrays for Wireless Energy Transfer and Microwave Imaging

0 -
h‘.’—"\ f
J ; —-— - A IR S
_10__'5“. = \ | / -] T
: <N ~—B
e I ‘ | ] i)
= : e dan W7 ——A_Sim_811
- 1 i Py = =B_Sim_S22
2 .304 @ 2.43GHr —le C_Mes_S11
c
e
3 -40-
[:}]
[+ A IVR-SON RS- IO U S N A S I R S
50 P
55.65dB
S Tt i lseit0p-dB |- _
-60 H . . . . H

2.0 . 271 ) 2:2 . 23 . 274 ) 2:5 . 2.6 . 2f7 ) 2:8 . 2.9 . 3.0
Frequency in (GHz)
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circuit
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Fig. 3.10 Simulated and measured Vpc output voltage in Volt v/s input power in dBm of the half

wave rectifier circuit.

The proposed RF to DC rectifier circuit is illustrated in Fig. 3.7. The rectifier circuit is
simulated and optimized on an FR4 substrate. The prototype of the half-wave rectifier circuit has
been characterized by examining the simulated and measured DC output voltage in volts versus
the input power in dBm. The results are shown in Fig. 3.10. A fixed RF source is used at an
operating frequency of 2.45 GHz, while the input power is varied in the range of -10 dBm to 10
dBm in step increments. As the input power increases, the output voltage also increases. At an

input power of 0 dBm, the simulated output voltage is found to be 0.2 volts, while the measured
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output voltage is 0.11 volts. A small discrepancy between the simulated and measured results is
observed, which could potentially be attributed to factors such as improper soldering,
misalignment, or loading issues during the experiment.

The circuit design and optimization were carried out using the Advanced Design System
(ADS) software, which employs the harmonic balance method. The circuit operates at a
resonance frequency of 2.45 GHz, with a return loss of S11 = -55.65 dB and S22 = -56 dB,
indicating good impedance matching. The achieved impedance bandwidths are 0.185 GHz
(7.55%) and 0.409 GHz (16.69%) respectively, indicating a wide frequency range over which
the circuit performs effectively. In terms of measurements, the operating resonance frequency is
found to be slightly lower at 2.43 GHz, with a return loss of S11 = -24.4 dB. The measured
impedance bandwidth is observed to be 2.38 GHz to 2.475 GHz (3.82%), which is slightly
narrower than the simulated bandwidth. These results are shown in Fig. 3.9.

3.6 The Rectenna Array in Long-Range WET

1) Single RF-to-DC Converter (RF combiner)

In the proposed architecture shown in Fig. 3.11 (a), a wireless energy transfer (WET)
receiving array is composed of four patch antennas that are connected to a single RF-to-DC
converter. This configuration is specifically designed for a compact application operating at
2.45 GHz, where high reception gain is required. By employing this arrangement, a remarkable
14-dBi broadside gain is achieved through the rectenna configuration. This significant gain
contributes to the overall systems high end-to-end efficiency. The collecting arrangement is
strategically designed to enhance the reception of signals at the desired frequency. In this
architecture, the receiving layout is divided into sub-arrangements. Each sub-arrangement
collects signals independently, and the gathered signals are then combined in the RF domain
before being converted to DC. This allows for effective signal aggregation and optimal energy

conversion from RF to DC.
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Fig.3.11. Block diagram of receiving WET rectenna array configurations (a) a DC output power

by RF-combiner topology, (b) DC output power by DC combiner

1) Combination of Rectenna-Collected Signals at the DC Level (DC combiner)

In the architecture shown in Fig. 3.11 (b), the rectenna-collected signals are combined at the
DC level. This approach is widely used in wireless power transfer (WPT) receiving
arrangements. It involves straightforwardly combining the signals received and converted by
each individual antenna at the DC output. One of the main advantages of this approach is its
simplicity. Unlike coherent combination methods, such as RF combining, no precise RF
alignment is required throughout the receiving aperture. The signals collected by each antenna
are independently converted to DC, and then these DC signals are combined without the need for
strict phase or amplitude matching. The non-coherent combination of the received signals

simplifies the overall system design and reduces the complexity of the receiving circuitry.

3.9. Experimental Setup for WET Rectenna Array Configurations

WET rectenna array configurations are shown in anechoic chamber in Fig.3.12. The incident
RF power impinging on the receiving antennas is output as DC power by the RF combiner and

DC output power by the DC combiner. A 2 by 2 planar antenna array with 0.6}, inter-element
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spacing is designed and fabricated such that it can support both configurations as shown in Fig.
3.12 (a) and (b).

(b)

Fig.3.12. Experimental setups for single transmitter antenna with for2 by 2 receiving WET

arrays, (a) a single RF-to-DC (RF-combiner), (b) rectenna array (DC-combiner).
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The proposed antenna design in this study provides coverage across the entire ISM band and
achieves a gain of 14 dBi at the bore-sight. To evaluate the performance of the antenna
configuration, measurements were conducted in an 8 by 8 anechoic chamber. For the RF source,
a transmitting antenna with a gain of 9.7 dBi was used. The antenna transmitted a continuous
wave signal at a frequency of 2.45 GHz, with the transmitted power varying from -20 dBm to 15
dBm. The transmitting antenna was positioned in the line of sight of the antenna array under
investigation. The receiving antenna arrays were placed at different distances from each other,
ranging from 10 cm to 120 cm. The DC output voltage was measured for both configurations of
the 2 by 2 antenna array combinations, as shown in Fig. 3.13 (a). In Fig. 3.13 (b), the measured
DC output voltage for two different rectenna arrays is presented. The measurements were
performed at a fixed distance, and the input power levels were varied from -30 dBm to +20 dBm.
These measurements provide insights into the performance of the rectenna arrays in terms of
their ability to convert the received RF power into DC output voltage. The results demonstrate
the relationship between the input power levels and the corresponding DC output voltage,
providing valuable information for assessing the efficiency and effectiveness of the rectenna
arrays in wireless energy transfer applications.
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Fig.3.13. Simulation and experimental result for DC output voltages a) out voltage of 2 by 2

corporate feed rectenna array and b) Output DC voltage both configurations
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The method for comparing the harvested RF power between the two rectenna topologies
presented in Fig. 3.13 has been validated using a fabricated 2 by 2 antenna array with rectenna
elements.

In the first topology, the RF signal from the antenna array is combined with a single rectifier.
This configuration allows for harvesting more power near the main beam due to the higher
power being fed to a single rectifier. By utilizing the diodes more efficiently, this topology
offers advantages in power transfer efficiency in a point-to-point RF system with a narrow
beam.

The second topology involves rectifying the received RF signal of each antenna element
individually before combining them at the DC output. This configuration enables harvesting
more power at angles away from the broadside. Each rectifier is connected to its respective
antenna element, allowing it to respond to the broad pattern of that specific element. As a result,
this topology is less sensitive to the incidence angle and can effectively capture power from a
wider range of angles.

Comparisons of the RF signal from the antenna array to the single rectifier DC output
voltages indicate that the second topology, which rectifies the signals from each antenna
element individually, yields higher output voltages. This configuration is particularly suitable
when dealing with large rectenna arrays because it avoids complex feeds and eliminates random

polarization effects.

3.7 Conclusion

In this chapter, the focus is on the design and analysis of a suspended planar antenna and
rectenna array for wireless energy transfer (WET) applications. The analysis includes different
array configurations, such as 2 x 2, 4 x 4, and 8 x 8, to evaluate the performance of the proposed
antenna. The S-parameters of the antenna are verified to be within the bandwidth of the
Industrial, Scientific, and Medical (ISM) band. Furthermore, a fabricated 2 x 2 planar antenna
array is tested and evaluated for its ability to receive wireless energy in WET applications. The
study also investigates two different rectenna array configurations: (a) a DC output power by RF-
combiner topology and (b) a DC output power by DC combiner topology. Comparisons are made
between the RF signal from the antenna array and the DC output voltages of a single rectifier. It

is found that the RF signal of each antenna element prior to combining it at the DC output
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voltage yields higher output voltages compared to the RF signal combined with a single rectifier.

Overall, the chapter presents the proposed suspended planar antenna and rectenna array, explores

different array configurations, and compares the performance of the two rectenna configurations,

highlighting their suitability for specific applications and scenarios.
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Chapter 4

Study on Broadband Planar Dual Fed Rectenna

4.1 Introduction

A rectangular microstrip antenna (RMSA) is one of the simplest planar antenna
configurations which can be analyzed and designed very easily. It consists of a rectangular
microstrip patch of length L and width W on a dielectric substrate backed by a metallic ground
plane. RMSA with a coaxial probe feed and edge feed using microstrip line are shown in Figs

4.1 (a) and (b), respectively.

Fadiating
/ patch Tr
| 1 |
W ® ¥
— —» —IL —»
(a) (b)

Fig.4.1 RMSA: (a) probe feed (b) edge feed

For the coaxial probe fed RMSA, the center conductor of co-axial feed is soldered to the
radiating patch. The main advantage of these types of feeds is that they can be placed precisely at
the desired location inside the patch to match with the required input impedances. On the other

hand, microstrip line feed is advantageous when completely planar design is required. Both
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coaxial fed and microstrip line fed antennas are very common for low bandwidth operations.

Another thing is that these antennas are not suitable for full wave rectennas. In this chapter, dual

feed RMSA are used to study broadband rectennas for full wave rectifications and various

parametric studies have been carried out on dual feed rectennas.

4.2 Design Equations of RMSA

Various approximate design equations to construct RMSAs depend on operating frequency

fc, dielectric constant & and substrate height h. The approximate design equations are:

w

L=

C 2

2f. Ve +1 (4.1)

C

2f Js.

~2 AL (4.2)

where, ¢ is the velocity of light in free space (3x10™ cm/sec), & is effective dielectric

constant and AL is the extension of the patch length due to fringing field effects. In general, the

resonance frequency of the RMSA at any TMy, mode is obtained using the following

expression:

f

c

@)

where, m and n are the modes along the L and W, respectively.
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4.3 Dual Feed RMSA

Bandwidths of RMSAs with single feed ports are normally small and typically fall in the
range of 1 to 10 %. By increasing the width of the rectangular patch or using thick substrate with
low &, large bandwidth can be obtained. Another way to obtain larger bandwidth is to feed
RMSA at two points located at the two opposite radiating edges. Contrary to RMSA with single
feed, any dual feed configuration gives better BW when the rectangular patch width is smaller
and the characteristic impedance of the patch approaches towards system impedance. But the
directivity decreases with the decrease of the patch width and thus optimization of width is

required. Some advantages of dual feed RMSAs are:

1. Large bandwidth when the patch width is small and its characteristic impedance

tends to system impedance (50 Q).

2. Since the length of the RMSA is A/2 for dual feed antenna, the input impedance at
either of the port will be theoretically equal to system impedance (50 Q) when other
port is terminated with same impedance. As a result, theoretically a dual port RMSA
is always matched at the centre frequency and it is not dependent upon the width of
the patch.

3. The configuration is fully symmetrical and radiation pattern is in broadside direction

at f. (fundamental TMyo mode).

4. Normally at any point of time, induced voltages the two edges of dual feed antenna
are of equal amplitude and opposite phases which makes it suitable for full wave

rectenna using bridge rectifier circuit.

5. If the centre of dual feed antenna is shorted, then the antenna becomes suitable for

full wave rectification with two diodes.

A typical dual feed suspended RMSA is shown in Fig. 4.2.
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Fig. 4.2 Dual feed RMSA: (a) top and (b) side view

A broadband full wave rectenna can constructed using a dual fed RMSA which are
suitable for broadband wireless energy transfer at 2.45 GHz ISM band. The full wave rectenna
structure is designed using a centre shorted dual edge feed microstrip patch antenna and two
Schottky diodes. This antenna is inherently broadband in nature and can provide differential
voltage at its two feed points. An optimized full wave rectenna is fabricated and tested. The
proposed rectenna provides more conversion efficiency than a rectenna with similar antenna and
conventional half wave rectifier.

A rectenna is a rectifying antenna system and it normally consists of single or multiple
receiving antennas and rectifiers. Sometimes voltage multipliers are also included in rectenna
systems to increase the voltage output [1]—[3]. The rectifier part of rectenna can be either half
wave or full wave. The half wave rectifier is simple and can be constructed using single series or
shunt diodes, but it can utilize only one half cycle of the AC signal. Several rectenna systems
consist of half wave rectifier have been investigated so far [4]-[15]. On the other hand, full wave
rectifier can take advantages of both half cycles of the AC signal. Rectenna with full-wave
rectifier consist of two diodes or four diodes are also studied by researchers [16]—[22].

We focus on developing a rectenna system that utilizes full wave rectification to increase

RF to DC conversion efficiency using differential voltage output from dual feed antennas. The
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proposed rectenna system consists of dual edge feed broadband antenna and two-diode full wave
rectifier. Dual feed antennas with differential voltage output are already reported for efficient
rectenna with half wave rectifier [13] but here similar antenna is used for full wave rectifications.
The working principle of the proposed configuration is similar to the traditional AC to DC
conversion using a centre tapped transfer and full wave rectifier consists of two-diodes. The
proposed system has been analyzed theoretically using commercially available IE3D and ADS
software [23], [24]. An optimized rectenna system is fabricated for experimental verification and

the measured results agree with the theoretical results.

4.4 Centre Shorted Dual Edge Fed Broadband Microstrip

The proposed rectenna consists of a broadband dual edge fed microstrip antenna and full
wave rectifier circuit. The broadband dual edge fed center shorted microstrip antenna geometry
is shown in Fig 4.3. A dual edge fed center shorted antenna is optimized at 2.45 GHz considering
low cost glass epoxy FR-4 substrate with dielectric constant er = 4.4, height h = 1.59 mm and
dielectric loss tan ¢ = 0.01. The dimensions of the optimized antenna geometry are: patch length
Lp = 29.84 mm, patch width Wp = 34 mm, ground plane length Lg = 75 mm and width Wg =7
mm. The width of 50 Q microstrip feed line d is 3.036 mm, lengths @ = 13.85 mm, b = 31 mm

and ¢ = 10.56 mm, respectively.

1 — — T
\ Port1 \ port2
Ground Shorting post

Fig. 4.3 The geometry of dual edge feed center shorted microstrip antenna top view and side

view.
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The antenna operates at the fundamental TM1o mode during power conversion and in this
mode of operation; the voltage is maximum at the patch edges and minimum (zero) at the center
of the patch. Two edge-fed microstrip lines are placed at two edges of the rectangular radiating
patch where the voltages are maximum and out of phase with respect to each other. The center of
the patch antenna is shorted to ground where the voltage is zero. The simulated variation of S-
parameters with a frequency for the two edge feeds placed at optimized antenna edges are shown
in Fig. 4.4 and corresponding Smith chart plot is shown in Fig 4.4. The value of S;; is close to -
50 dB at 2.45 GHz and the antenna exhibits impedance bandwidth of 500 MHz (20%). This
bandwidth is much larger than the bandwidth of a similar single feed microstrip antenna. Gain
and efficiency of this antenna are 5.6 dBi and 46%, respectively. The value of S, is -1.53 dB at
resonating frequency.
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Frequency (GHz)
Fig. 4.4 Simulation of frequency v/s S-parameter results for broadband dual edge feed

microstrip antenna.
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Fig. 4.6 The measured S-parameter of broadband dual edge feed microstrip antenna.

The optimized dual fed antenna is fabricated for measurement and the simulated and
measured S-parameters of dual feed antenna as a function of frequency is shown in Fig. 4.6. S11
for the port 1 of the dual feed antenna is measured using a two port network analyzer (Agilent
NA E5071B series) keeping another port matched with 50 Ohm. Since the antenna is symmetric,
S11 = Sa. Hence, only Si; is measured. A little shift in the center frequency is observed, but the

measured operating band (Sy; < - 10dB) agrees with simulations.
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4.5 Design of rectenna using full wave rectifier

The proposed full wave rectenna system consists of a center shorted dual edge fed
microstrip antenna and two Schottky diodes are shown in Fig. 4.7. Two quarter wavelength
impedance transformers are used for impedance matching. Edge feed ports P1 and P2 are used
for connecting diodes and capacitors. During receiving mode this antenna acts like a center tap
transformer and voltages induced at its two opposite feed locations are of equal amplitudes with
180 degree phase difference.

Dual feed Antenna F
l_

Fig. 4.7 Proposed full wave rectenna consists of dual feed center short microstrip antenna and
full wave rectifier circuit.

For rectification two HSMS 2820 Schottky diodes are used. The generated rippled DC
voltage is filtered using RC filter where the R is basically the load RL = 50 Q and the value of
the capacitor (C) is 1nF. The impedance matching quarter wavelength transformers is used to
transform 50 Q to 100 Q such that at combining junction the impedance becomes 50 Q.

Antenna vip+ p, ntenna vip- p;,
e

(@) (b)
Fig. 4.8 Equivalent schematic of the proposed full wave rectenna showing the direction of the
dc signal path (a) positive and (b) negative half cycles.
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The rectenna shown in Fig.4.7 can be modeled like two-diode full wave rectifier connected
to a dependent RF source as shown in Fig. 4.8. In the positive half cycle diode D1 conducts and
D2 remains in OFF state as shown in Fig. 4.8 (a). During the negative half cycle, D2 conducts
and D1 remains in OFF state as shown in Fig. 4.8(b).

4.6  Simulation and Measurement of the Proposed Rectenna System

A complete EM and circuit co-simulation setup for RF energy harvesting is as shown in
Fig. 4.9. ADS simulator is used for complete EM and circuit co-simulation. A suspended

radiating patch antenna with 9.7 dBi gain (at 2.45 GHz) is considered as transmitter [16].

TL1 D1
W =3.036 mm
Power L =16 mm
source
— TL3
I_ | Pl Vout
y T
| [ . C RL
N ’Lé
| | Pin 5
I — IFr =2.45 GHz

Sy ] GND —

Fig. 4.9 EM and circuit co-simulation setup for the proposed full wave rectenna

The dual feed receiver antenna (Rx) is placed at 10 cm, 15 cm and 20 cm apart from
transmitter (Tx) antenna for wireless RF energy transfer investigations. In the co-simulation
setup, the three port model SNP1 represents the S-parameters in touchstone format generated
from IE3D for single port Tx and two port Rx antennas placed at 10 cm to 20 cm apart from each
other. The variable input power source is connected to transmitter antenna at port 1 and the ports
2 and 3 of dual fed receiver antenna are connected with full wave rectifier consists of Schottky
diodes. The received power is observed across port 2 and port 3 of the Rx antenna and the DC
output voltage (Vou) is observed at the load for varying input power for various distances
between transmitter and receiver antenna.
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Fig. 4.10 The simulated S-parameters for the transmitter and receiver antennas placed at 15 cm
apart.

The variation of S-parameters with frequency for the entire transmitter-receiver system for
15 cm distance between them is shown in Fig 4.10. It can be seen that in the presence of
transmitter antenna the receiver antenna property is changed slightly. The value of S;; for
transmitter antenna is -20 dB and S,, and Ss3 for receiver antenna are also close to -20 dB at 2.45
GHz. The mutual coupling between transmitter and receiver antenna is better than -27 dB at
operating frequency. The receiver antenna bandwidth is still more than 500 MHz. The
transmitter antenna shows a bandwidth of 140 MHz (2.381 GHz to 2.521 GHz).

The simulated gains of the transmitter and receiver antenna as a function of frequency are
shown in Fig 4.11. From the Fig, the receiver dual feed antenna gain varies from 3.6 dBi to 4 dBi
within frequency range from 2 to 3 GHz and the gain is 5.6 dBi at 2.45 GHz frequency. On the
other hand, the transmitter antenna gain is 9.7 dBi at 2.45GHz.

76



Chapter.4 Study on Broadband Planar Dual Fed Rectenna

10+

Gain (dBi)
N
|

r

O -
- -~
-~

Ay
S m—
---

Transmitter antenna
----- Dual feed receiver antenna ||

r r r

2.2

2.4 2.6 2.8 3
Frequency (GHz)

Fig. 4.11 Simulated gain with frequency of the transmitter and receiver antenna.

Table 4.1 comparing the parameters of transmitter antenna and receiving dual feed antenna

Performance Tx_ Antenna Rx_ Dual feed antenna

characteristics RMSA Simulated Measured
Frequency(GHz) 2.45 GHz 2.45 GHz 2.436 GHz
Su -32.dB -45 dB -30dB
VSWR 1.08 1.01 11
Impedance Band (2.381 GHz to 2.521 | (2.2 to 2.7GHz) (2.21t0 2.71 GHz)
width (MHz) GHz) 140 MHz 500 MHz 500MHz
Impedance Band 5.71% 20% 20%
width efficiency(%)
Gain in (dBi) 9.7 dBi 5.6 dBi
Efficiency (%) 9.8% 46%

A complete RF energy transfer system comprising of a center grounded dual feed antenna

and Schottky diodes based full wave rectifier is designed and fabricated. The fabricated dual

edge feed center short full-wave rectenna is shown in Fig 4.12.
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RRBLIREY B -5 s
Fig. 4.12 The Fabricated broadband dual feed microstrip rectenna.

The measurement setup for RF wireless energy transfer is shown in Fig.4.13. The
transmitter as a suspended patch antenna is fixed and receiver dual feed full wave rectenna are
placed at a different distance of 10 cm, 15 cm and 20 cm apart respectively from each other for
measurement of output DC voltage. A signal generator Rhode & Schwarz SMR20 was used as a

source. Measurements are carried out for varying distances, incident power, and frequencies

Fig. 4.13 Measurement setup for RF wireless energy transfer
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When the transmitting and receiver antennas are placed at 10 cm, 15 cm, and 20 cm apart
respectively from each other, the simulated and measured output DC voltages vary with variation
of input transmitted power. The variation of output voltages for changing input power from -10
dBm to +15 dBm at 2.45 GHz is shown in Fig. 4.14.

500 F L L L L
—©— Simulated @ 10cm
400 T M.easured @ 10cm
E Simulated @ 15cm
j; 300 - - Measured @ 15cm
fg” —&— Simulated @ 20cm
T>3 Measured @ 20cm
= 200~
o
3
100 -

-10 -5 0 5 10 15
Transmitted power (dBm)

Fig. 4.14 Simulated and measured output voltage with transmitted power.

For 10 cm distance between transmitter and receiver, the simulated and measured output
voltages vary from 25 mV to 451 mV and 20 mV to 406 mV, respectively. For 15 cm distance
between transmitter and receiver, the simulated and measured output voltages vary from 17 mV
to 277 mV and 14 mV to 251 mV, respectively. Similarly, for 20 cm distance, the measured and
simulated output voltages vary from 12 mV to 206 mV, and 8 mV to 187 mV, respectively. The
behaviors of measured and simulated output voltage curves are similar. But the measured voltage
is always lower than the simulated result which is possibly due to some fabrication error and
some extra losses from contacts.

The simulated and measured output voltages are studied for 2 GHz to 3 GHz frequency
range, keeping 10 cm distance between the transmitter and receiver antennas and 15 dBm
transmitted power. The variations of output voltages with the varying frequency are shown in Fig

4.15. Measured output voltages agree with the simulated results.
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Fig. 4.15 The variation of simulated and measured output voltages with frequency

The simulated and measured maximum output voltages are 451 mV and 406 mV,
respectively at 2.45 GHz. The graph shows that the simulated and measured output DC voltages
follow cumulative effect of transmitter antenna gain and reflection coefficients. It is expected
that this rectenna will be able to collect energy from any energy sources with narrower
bandwidth which is covered by the rectenna bandwidth.

The received output voltages and efficiencies for the full wave rectenna system for 10 cm,
15 cm and 20 cm distances between transmitter and receiver are verified. Output DC voltages
and efficiencies for 15 dBm transmitted power at 2.45 GHz are shown in Table. 4.2. The
received output voltages from the receiver rectenna are obtained using EM and circuit co-
simulations. The efficiency of the rectenna is calculated using equation (1).

_ Power delivered to the load
" Power received by the antenna @

When the transmitter and receiver are placed at 10 cm distance, the output simulated and
measured voltages are 0.451 V and 0.406 V, respectively. For 15 cm distance, the output
simulated and measured voltages are 0.277 V and 0.251 V, respectively. Similarly, for 20 cm
distance, the output voltages are 0.206 V and 0.187 V, respectively. Thus, the simulated
efficiencies for 10 cm, 15 cm and 20 cm distances are 24.7%, 21.8%, and 21.7%, respectively.

Corresponding measured efficiencies are 20.00%, 17.92% and 17.89 %, respectively.
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Table- 4.2: The simulated and measured results of the dual feed full wave rectenna at 2.45
GHz (Transmitted power = 15 dBm and load R; = 50 Q).

Distance Simulated Measured Efficiency %
(cm) Received Output Output Simulated Measured
power (dBm) | voltage (V) | voltage (V) (%) (%)
10 12.17 0.451 0.406 24.7 20.00
15 8.47 0.277 0.251 21.8 17.92
20 5.92 0.206 0.187 21.7 17.89

The output voltages and efficiencies of the proposed full wave rectenna is also compared
theoretically with conventional half wave rectenna constructed using the same antenna as shown
in Table 4.3. It is observed that simulated output voltages for the full wave rectenna are always
higher than output voltages for half wave rectenna. Simulated full wave rectenna efficiencies for
10 cm, 15 cm and 20 cm distances between transmitter and receiver antennas are 24.7 %, 21.8%
and 21.7 %, respectively. Similarly, half wave rectenna efficiencies are 17.3 %, 16.7 % and 15.8
%, respectively. Thus, the full wave dual feed rectenna efficiency is better than half wave dual
feed rectenna.

Table-4.3: Comparison between full wave rectenna with half wave rectenna simulation results
at 2.45 GHz (Transmitted power = 15 dBm and load R, = 50 Q).

Distance Simulated Efficiency %
(cm) Received power | Full wave | Half wave | Full wave Half wave
o volage (v) | volage ) | (* (%
10 12.17 0.451 | 0.378 24.7 17.3
15 8.47 0.277 | 0.242 21.8 16.7
20 5.92 0.206 | 0.176 21.7 15.8
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4.7. Broadband Rectenna with Full-Wave Rectification

A broadband full-wave rectifying-antenna (rectenna) is studied which utilizes both half
cycles for RF wireless energy transfer. The proposed full-wave rectenna configuration is
designed using a broadband dual edge-feed microstrip antenna and a bridge rectifier. This
antenna is inherently broadband in nature and can provide differential voltages at its two edges
with respect to its centre at TMo; mode. Various output properties for the proposed rectenna
configuration are also studied. An optimized rectenna is finally fabricated for experimental

verification and measured results agree with the theoretical results.

A rectenna system is proposed that utilizes differential voltages from a broadband dual-
feed antenna and bridge rectifier to achieve broadband and efficient RF to DC conversion. The
working principle of the proposed configuration is similar to the traditional AC to DC conversion
using a transformer and bridge rectifier. The proposed system has been analyzed theoretically
using commercially available IE3D and ADS software [23], [24]. An optimized rectenna system
is fabricated for experimental verification and the measured results agree with the theoretical

results.

4.8. Dual edge-fed broadband microstrip antenna

The proposed full-wave rectenna consists of a broadband dual edge fed microstrip antenna
and bridge rectifier circuit. The broadband dual edge-fed microstrip antenna geometry and
fabricated antenna is shown in Fig 4.16 (a) and (b), respectively. A dual edge-fed microstrip
antenna is optimized at 2.45 GHz considering glass epoxy FR-4 substrate with dielectric
constant & = 4.4, height h = 1.59 mm and dielectric loss tand = 0.01. The dimensions of the
optimized antenna geometry are: patch length L, = 29.84 mm, patch width W, = 34 mm, ground
plane length Ly = 75mm and width Wy = 73mm. The width of 50 Q microstrip feed line d is
3.036 mm, lengths a = 13.85 mm, b = 31 mm and ¢ = 10.56 mm, respectively.
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Fig.4.16. The dual edge-feed broadband microstrip antenna (a) geometry top view and side

view (b) top view fabricated antenna

The antenna operates at the fundamental TMo mode during power conversion and in this
mode of operation the voltage is maximum at the patch edges and minimum (zero) at the centre
of the radiating patch. Two microstrip feed lines are placed at two edges of the rectangular
radiating patch where the peak voltages are maximum and out of phase with respect to each

other.

A dual edge-fed rectangular microstrip antenna is optimized using IE3D software at 2.45
GHz and then an optimized configuration is fabricated for experimental verifications. The
simulated and measured variations of S-parameters with frequencies for the dual edge-fed
antenna are shown in Fig 4.17. Since, the configuration is symmetric, Si; = Sz, and return loss
for only one port and is observed. The simulated value of Sy; is close to — 45 dB at 2.45 GHz and
the antenna exhibits impedance bandwidth of 500 MHz (20%) for S;;< —10dB. It can be
observed that the bandwidth of this antenna is larger than the bandwidth of a similar microstrip
antenna with same width and single feed. Simulated gain and efficiency of this antenna are 5.6

dBi and 46%, respectively.
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Fig. 4.17 Simulated and measured S-parameter of dual edge-feed microstrip antenna

A little shift in the centre frequency is observed for the measured centre frequency, but the
measured operating band (Si; < — 10dB) agrees with simulations. At 2.45 GHz the value of

simulated and measured Sj; are —1.63 dB and —1.34 dB respectively.

4.9 Design of Rectenna Using Bridge Rectifier

The proposed full-wave bridge rectenna system consists of a dual edge fed microstrip
antenna and four Schottky diodes are shown in Fig4.18. Two quarter wavelength impedance
transformers are used for impedance matching. Edge-feed ports P1 and P2 are used for
connecting diodes, capacitor and load resistor. During receiving mode this antenna acts like a
transformer and voltages induced at its two opposite feed locations are of equal amplitudes with
180° degree phase difference with respect to its center position. For rectification four HSMS-
2820 Schottky diodes are used. The generated rippled DC voltage is filtered using RC filter
where the R is basically the load R = 50 Q and the value of the capacitor (C) is 1.3 pF. The

impedance matching quarter wavelength transformers is optimized using EM software.
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Fig. 4.18 Proposed bridge rectenna consists of dual edge-feed microstrip antenna and

bridge rectifier circuit.

The rectenna shown in Fig 4.18 can be modeled like bridge full wave rectifier connected to
a dependent RF source as shown in Fig 4.19. In the positive half cycle diode Dland D3
conduction state as shown in Fig 4.19 (a). During the negative half cycle, D2 and D4 conduction

state as shown in Fig 4.19 (b).

Antenna Bridge rectifier Antenna Bridge rectifier
N
—_— L/l —_— —_—
D1 l “D4
|4—Vout—> [ «— Vout

e L T TR Y

P2 |] | P2 [Dzl T
(b)

Fig 4.19 Equivalent schematic of the proposed full wave rectenna showing the direction of

the dc signal path (a) positive and (b) negative half cycles
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4.10 Simulation and measurement of the proposed rectenna system

A complete EM and circuit co-simulation setup for RF wireless power transfer is shown
in Fig 4.20. ADS simulator is used to complete the circuit co-simulation where 1E3D simulated
EM results are included. A suspended radiating patch antenna with 9.7 dBi gain (at 2.45 GHz) is
considered as transmitter. The dual feed receiver antenna (Ry) is placed at 10 cm, 15 cm and 20
cm apart from transmitter (Tx) antenna for the present wireless RF energy transfer investigations.
In the co-simulation setup, the three port model SNP1 represents the S-parameters of the
transceiver system in touchstone format generated using IE3D simulator. Among the three ports
of SNP1, port P1 represents the transmitter and other two ports P2 and P3 represents dual edge-
ports of receiver antenna placed at 10 cm to 20 cm apart. The variable input power source is
connected to transmitter antenna at P1 and the P2 and P3 of dual edge-fed receiver antenna are
connected with bridge rectifier and RC filter. The received power is observed across P2 and P3
of the receiver antenna and the DC output voltage (Vo) is observed at the load for varying input

power for various distances between transmitter and receiver antennas.

Power P2 ] . Vout
soy_rgaj P1

SNP1

P3 UE

Y

i_,_iPin=15dBm We1.59 D3 W=3mm
| = lFr=2.45GHz '/=1-22mm L=3 mm
L=16 mm

Fig 4.20 EM and circuit co-simulation setup for the proposed full wave rectenna

The variation of S-parameters with frequency for the entire transmitter-receiver system for
15 cm distance between them is shown in Fig 4.21. It can be seen that in presence of transmitter
antenna the receiver antenna property is changed slightly. The value of Si; for transmitter
antenna is —20 dB and the vales of S», and Ss3 for receiver antenna are also close to —20 dB at

2.45 GHz. The mutual coupling between transmitter and receiver antenna is more than —27 dB at
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the operating frequency. The receiver antenna bandwidth is still more than 500 MHz. The
transmitter antenna shows a bandwidth of 140 MHz (2.381 GHz to 2.521 GHz).
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Fig 4.21 Simulated S-parameters for the transmitter and receiver antennas placed at 15 cm apart

The simulated gains of the transmitter and receiver antenna as a function of frequency are
shown in Fig 4.22. From the Fig, the receiver dual feed antenna gain varies from 3.6 dBi to 4 dBi
within frequency range from 2 to 3 GHz and the gain is 5.6 dBi at 2.45 GHz frequency. On the
other hand, the transmitter antenna gain is 9.7 dBi at 2.45GHz.

Gain (dBi)

Transmitter antenna
O Dual feed receiver antenna ||

_2 r r r r
2 2.2 2.4 2.6 2.8 3

Frequency (GHz)
Fig 4.22 Simulated gain with variable frequency of the transmitter and receiver antenna

A complete RF energy transfer system comprising of a dual feed antenna and Schottky
diodes based bridge rectifier is finally fabricated for experimental verifications. The fabricated

dual edge-feed bridge rectenna is shown in Fig 4.23.
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Fig 4.23 Fabricated dual edge-feed microstrip bridge rectenna

The measurement setup for RF wireless energy transfer is shown in Fig 4.24. During
measurements, the transmitter antenna position is kept fixed and the position of the receiver dual
edge-fed full-wave rectenna is varied to keep distances between these two antennas equal to 10
cm, 15 cm or 20 cm, respectively. A signal generator Rhode & Schwarz SMR20 was used as a
RF source. Different parametric studies are carried out for varying distances, incident power, and

frequencies.

Fig 4.24 Experimental setup for RF wireless energy transfer.
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When the transmitting and receiver antennas are placed at 10 cm, 15 cm, and 20 cm apart
respectively from each other, the simulated and measured output DC voltages vary with variation
of distance between antennas and input transmitted power. The variation of output voltages for
changing input power from -10 dBm to +15 dBm at 2.45 GHz is shown in Fig 4.25. For 10 cm
distance between transmitter and receiver, the simulated and measured output voltages vary from
30 mV to 515 mV and 28 mV to 482 mV, respectively. For 15 cm distance between transmitter
and receiver, the simulated and measured output voltages vary from 18 mV to 326 mV and 15
mV to 305 mV, respectively. Similarly, for 20 cm distance, the measured and simulated output
voltages vary from 13 mV to 0.240 mV, and 9 mV to 218 mV, respectively. The behaviours of
measured and simulated output voltage curves are similar. But the measured voltage is always
lower than the simulated result which is possibly due to some fabrication error and some extra

losses from contacts.
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Fig 4.25 Simulated and measured output voltages with variable transmitted power

The simulated and measured output voltages are investigated for 2 GHz to 3 GHz
frequency range, keeping 10 cm distance between the transmitter and receiver antennas and 15
dBm transmitted power. The variations of output voltages with varying frequencies are shown in
Fig 4.26. In this Fig compared the single feed and dual feed transmitter antennas with dual feed

receiver full-wave rectenna output voltages. The single feed transmitter with dual feed receiver
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full-wave rectenna measured output voltages closely agree with the simulated results. The
simulated and measured maximum output voltages are 515 mV and 482 mV, respectively at 2.45
GHz. Simulated and measured output DC voltages follow cumulative effect of transmitter
antenna gain and reflection coefficients. Similarly, in Fig 10 shows the simulated output voltages
of dual feed antenna used as transmitter and receiver full-wave rectenna, the voltage is very with
frequency from 2 GHz to 3 GHz. The output voltage is 480 mV maximum at 2.45 GHz
resonance frequency and nature of graph shows broadband as compared to proposed setup. It
observed that both transceiver are broadband then output voltage curve is broadband or either

transmitter are receiver is narrow band then the output voltages curve is narrow band.
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Fig 4.26 Variation of simulated and measured output voltages with variable frequencies

compared with broadband dual fed transceiver

The received output voltages and efficiencies for the full-wave rectenna system at 10 cm,
15 cm and 20 cm distances between transmitter and receiver antennas are also verified. Output
DC voltages and efficiencies for 15 dBm transmitted power at 2.45 GHz for different distances
between transmitter and receiver antenna are shown in Table 4.4. The received output voltages
from the receiver rectenna are obtained using EM and circuit co-simulations. The efficiency of

the rectenna is calculated using equation (1).

_ Power delivered to the load
Power received by the antenna 1)
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When the transmitter and receiver antennas are placed at 10 cm distance, the simulated and
measured output voltages are 515 mV and 482 mV, respectively. For 15 cm distance, the
simulated and measured output voltages are 326 mV and 305 mV, respectively. Similarly, for 20
cm distance, the voltages are 240 mV and 218 mV, respectively. Thus, the simulated efficiencies
for 10 cm, 15 cm and 20 cm distances are 32.2%, 30.3%, and 29.5%, respectively and

corresponding measured efficiencies are 28.2%, 26.3% and 24.3%, respectively.

Table.4.4. Simulated and measured results of the microstrip full-wave bridge rectenna at
2.45 GHz. (load resistor = 50 Q)

Distance Simulated Measured Efficiency (1))
in (cm) Received Output Output voltage | Simulated Measured
Power voltage (mV) (%) (%)
(dBm) (mV)
10 12.17 515 482 32.2 28.2
15 8.47 326 326 30.3 26.5
20 5.92 240 218 29.5 24.3

4.11 Conclusion

A full-wave broadband rectenna is proposed for RF wireless energy transfer at 2.45 GHz. The
proposed configuration consists of a dual feed broadband antenna with 500MHz bandwidth and a
bridge rectifier. Parametric studies are carried out on the full-wave rectenna to investigate its
different output properties for changing frequencies and different distances between transmitter
and receiver antennas. A full-wave optimized rectenna system is fabricated for experimental
verification and the measured results agree with the theoretical results. The simulated and
measured efficiencies obtained for the optimized full-wave bridge rectenna for 20 cm distance
between transmitter and receiver antenna are 29.5%, and 24.3%, respectively. A broadband dual
feed full wave rectenna. This rectenna can be useful for broadband wireless energy transfer for
ISM band. The proposed full wave rectenna conFigation provides better efficiency than
conventional half wave rectenna constructed using same antenna. An optimized rectenna system
is fabricated for experimental verification and the measured results agree with the theoretical

results. It is expected that this rectenna will be able to collect energy from any single or multiple
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narrow band energy sources where individual source bands are covered by the rectenna
bandwidth.
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Chapter 5

Study on Planar Broadband Small Signal Sensor for

Microwave Imaging

5.1 Introduction

In microwave, a DC bias circuit can be employed to operate the detector diode above the cut-in
voltage. In this chapter a planar biasing network is proposed for detection of low power. This

network is suitable for microwave imaging.

5.2. RF Low Power Detection Using A DC Bias Circuit

RF low power detection using a DC bias circuit is a technique commonly used to detect
and measure weak RF signals while providing a stable and bias voltage for the detection circuitry
[1]-[4]. The DC bias circuit ensures proper operation of the detection circuit and enhances its
sensitivity. Here's an overview of how it works:

DC Bias Circuit: The DC bias circuit is responsible for providing a stable DC voltage to
the detection circuitry. It typically consists of passive components such as resistors, capacitors,
and sometimes inductors. The circuit is designed to establish a bias voltage that ensures the
detection circuit operates within its linear and sensitive range. Bias Point: The DC bias circuit
sets a bias point for the detection circuit, which establishes the operating conditions for optimal
detection sensitivity. The bias point is typically chosen to be in the linear region of the detection
circuit's transfer characteristics.

RF Signal Coupling: The weak RF signal to be detected is coupled into the detection
circuitry while maintaining the DC bias established by the bias circuit. This coupling is achieved
using techniques such as capacitive coupling or inductive coupling, depending on the specific
circuit design and application requirements. Detection: The RF signal, combined with the DC
bias, is then processed in the detection circuitry. This circuitry may include filters, and detectors,

depending on the specific detection requirements. The amplification stage boosts the weak RF
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signal to a measurable level, while the detection stage extracts the desired information from the
RF signal.

Signal Conditioning: The detected signal may undergo further conditioning, such as
filtering or amplification, to improve its quality and prepare it for subsequent processing or
measurement. This conditioning stage may include additional active or passive components
depending on the specific application. Output and Measurement: The final output of the
detection circuit is typically a voltage or current signal proportional to the detected RF signal
strength. This output can be further rectified from AC to DC, processed, or measured using
instruments such as oscilloscopes, spectrum analyzers, or data acquisition systems to quantify the
detected RF power or extract specific information from the signal.

Designing an RF small signal detector circuit for the Industrial, Scientific, and Medical
(ISM) band frequency [5]-[10]. A detector is a nonlinear device used to achieve frequency
conversion from an input RF signal to a output DC voltage. This device is also known as the
virtual battery and is commonly used for the extraction of DC power from free-space power
transmissions, allowing other devices to receive power and exchange information. For this
detector, a Schottky diode HSMS-2820 is selected due to its great advantage in comparison to
the PN junctions in offering low-forward voltage drop and fast switching speed. Today, detector
circuits are of great popularity in power scavenging and RF-ID tag applications by offering long
lifetime, low cost, and small size [11]-[20]. In this work a detector circuit is realized from
simulation and fabricated into a prototype model for because they offer a measurement. The
results from this experimental demonstrate good detection or DC rectification by the diode,
proving, how important it is to have an optimal matching network for the system so that

maximum power is transfer and less is reflected.

5.3. A 2.45 GHz RF Small Signal Detector

The proposed RF small signal detector is presented in Fig. 5.1(a), illustrating its geometry.
The detector is fabricated on an FR4 substrate and incorporates various components such as
radial stubs, a blocking capacitor (Cin), an input impedance matching strip line, a A/4 microstrip
line serving as an equivalent inductance, a matching impedance between the DC blocking
capacitor and Schottky diode, a rectifier, and a filter. These components are carefully designed

and arranged to ensure efficient detection of RF signals. Fig. 5.1(b) shows the fabrication process
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of the RF small signal detector. The detector is constructed using the HSMS-282x Schottky
diode, known for its excellent performance in RF applications. The entire circuit is fabricated on
the FR4 substrate, which provides a suitable platform for high-frequency circuits. The design and
fabrication process of the detector are crucial in achieving its desired performance
characteristics.

Overall, the design and fabrication of the RF small signal detector are critical in achieving
efficient and reliable RF signal detection. The components and layout of the detector are

optimized to ensure optimal performance at the desired operating frequency of 2.45 GHz.
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Fig.5.1 (a) Geometry of RF small signal detector, (b) fabricated planar small signal detector

sensor for RF to DC.

The simulated and measured S-parameters of the small signal detector and rectifier are
shown in Fig. 5.2 (a) and (b) respectively. The simulated S-parameter provides a different load
resistance of -37.5 dB at a 2.45 GHz resonant frequency and a bandwidth of 2.25 to 2.65 GHz.
The fabricated detector provides an S-parameter of -17 dB at 2.45 GHz resonant frequency, and
the impedance band width is 2.38 GHz to 2.5 GHz.
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Fig. 5.3 Measured output DC voltage with different fixed DC bias voltages

The DC output voltages of a small RF signal detector were measured at different DC bias
input voltages of 50 mV, 100 mV, and 300 mV. The measurements were conducted to evaluate
the performance of the detector at the resonant frequency of 2.45 GHz. The measured DC output

voltages were found to be 35 mV, 50 mV, and 55 mV, respectively, corresponding to the
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different bias input voltages. These results are shown in Fig. 5.3(a) and (b), illustrating the

relationship between the bias input voltage and the resulting DC output voltage at the resonant

frequency.

5.3 Conclusion

The RF small signal detector and rectifier are proposed for microwave imaging sensors and

wireless energy harvesting. It detects the very low RF signals from biasing inputs, and output

data are collected for reconstructing the microwave images.
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Chapter 6

Study on Microwave Near Field Imaging Using

Planar Rectenna Array

6.1. Introduction

Microwave techniques suitable for imaging metallic objects are studied theoretically using
electromagnetic and circuit co-simulations and then verified experimentally at 2.45 GHz.
Obijects of various shapes are kept in the near field of both the transmitter and receiver antennas
without any focusing elements. Objects are illuminated by a movable radiating antenna and
scattered signals from the objects are captured by an array of rectennas to construct multiple
almost unusable unfocused images. The final images are constructed by averaging multiple
unfocused images. Experimental results are in agreement with the simulations.

Imaging techniques based on non-ionizing electromagnetic (EM) signals are now popular
for various applications. Imaging techniques using a microwave, millimeter waves or terahertz
waves [1-6] have been studied by several researchers for non-destructive testing (NDT) [7-9],
radar imaging [10-12], and biomedical imaging [13-17]. In these techniques attenuated, diffused
or scattered EM signals from actively or passively illuminated objects are captured, analyzed and
processed using signal processing techniques to construct the images [18-23].

A two dimensional microwave imaging system is investigated theoretically using EM and
circuit co-simulation techniques and then the system is experimentally verified at 2.45 GHz. The
proposed method uses a movable radiating antenna and a non movable array of receiver
rectennas and utilizes principle of both scanning and raster imaging techniques and two images
of different resolutions are obtained simultaneously after each scanning. Metallic objects are
placed in the near field of both transmitter and receiver antennas. Objects under analysis are
continuously illuminated by a movable transmitter antenna and the forward scattered signals
from the objects are captured by a non movable rectenna array. Finally, images have been

constructed using voltages captured at receiver rectennas. Focusing elements like lens or
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reflectors are not used in this study. In such near field situation normally direct one shot ray-
tracing cannot provide faithful images. So, in this study, the final images have been constructed
by averaging multiple almost unusable unfocused ray-traced images. EM and circuit co-
simulations are performed by commercially available software CST Microwave Studio® and
Advanced Design Software [24, 25]. Images are constructed and averaged using MATLAB [26].

6.2. Proposed Imaging System

The setup for proposed 2D microwave imaging system is shown in Fig. 6.1. The near field
microwave imaging setup consists of a movable transmitter (Ty) antenna, which moves along the
XY plane. The receiver (Ry) side consists of an array of antennas, which are located behind the

imaging object and kept stationary.

Fixed
Rx Antenna
Array
Movable Q{'
T4 Antenna R
wave
Imaging
W’ object
Incident R wave
Y wave %
X
4
Z
jJ&——5 cn—pje——5 cm—pj

Fig. 6.1. Proposed setup for 2D microwave near field imaging.

Receiver antennas are then connected with rectifying Schottky diodes, impedance
matching transformers and low-pass filters to form the detecting rectenna system. Transmitter
antenna and receiver rectenna array are kept 10 cm apart from each other and the stationary
imaging object is placed in between. The transmitter antenna transmits 2.45 GHz continuous
sinusoidal signal. The transmitted signal is then attenuated, diffracted and scattered by the
imaging object and finally received by rectenna array. The received voltages at rectenna are

captured in a matrix form for the construction of the images.
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6.2.1 Transmitter Antenna

A planar suspended patch antenna designed at 2.45 GHz is used as the transmitter antenna.
To achieve large gain, an air dielectric is chosen. The geometry of the suspended patch antenna
is shown in Fig. 6.2. (a). The spacing between the radiating patch and the ground plane is chosen
as 5 mm. A shorting and supporting post is used at the centre of the radiating patch, where the
voltage is ideally zero for a rectangular patch resonating at TMjp; mode. The optimized
dimensions of the suspended planar patch antenna operating at 2.45 GHz are as follows: patch
length (Lp) is 5.492 cm, patch width (Wp) is 6.296 cm, ground length (Lg) is 8.492 cm and
ground width (Wy) is 9.296 cm. A 50 Q SMA connector is placed 1.505 cm away from the
centre of the patch. Simulated S-parameter with frequency for Ty antenna is shown in Fig. 6.2
(b). The antenna resonates at 2.45 GHz and exhibits impedance bandwidth of 140 MHz. It can
be noted that at 2.45 GHz frequency, the near field distance is approximately 11.7 cm, which is
more than the distance between the transmitter and receiver antennas. The simulated gain of the
antenna is 9.78 dBi at the operating frequency.
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Fig. 6.2. (a) Geometry of transmitter antenna and (b) Simulated S-parameters v/s frequency curves.

6.2.2. Receiving Rectenna Array

The receiving rectenna array consists of an array of 6 x 6 suspended antennas and suitable
RF to DC converters. The top and side views of the receiver planar array of 6 x 6 antennas are

shown in Fig.6.3 (a). Here, a 45 cm x 52 cm glass epoxy FR4 substrate with single sided copper
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clad is taken. The copper clad of the substrate is used as a common ground for all suspended
antenna elements. The substrate used here helps to avoid unwanted shorting of feed probes
during connection with RF to DC converters. Radiating patches are kept suspended in the air,
above the glass epoxy substrate layer using shorting posts placed at the middle of the patches.
Here air substrate thickness (h;) is 5 mm and thickness of dielectric (hy) is 1.59 mm. All
antennas used for the rectenna arrays are optimized for 2.45 GHz. For optimized receiver
antennas, L, is 5.43 cm, W, is 6.86 cm and coaxial probe feeds with a characteristic impedance
of 50 Q are placed 1.70 cm away from the centers of the radiating patches. Inter element spacing

between antennas in X and Y directions are dx = 0.62X and dy = 0.612, respectively.
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Fig.6.3. (a) Geometry of 6 x 6 receiver antenna array and (b) Simulated S-parameters v/s
frequency curves.

Further, feed locations of each antenna were slightly tuned to operate them at 2.45 GHz
with the almost same bandwidth. The variations of S-parameters with frequency for array
elements are shown in Fig. 6.3 (b). All antenna elements resonate at 2.45 GHz and exhibit
impedance bandwidth of 134 MHz. The isolations between the antennas are below — 14 dB for
all elements. The isolations between the individual components are lesser in the case of two
consecutive horizontally placed elements compared to the isolation between two consecutive

vertically placed elements.

6.2.3. RF to DC converter

Each RF to DC converter consists of an impedance matching circuit for delivering the
maximum power, a Schottky diode to perform rectification and a low pass filter for smoothing
the ripple of the output DC. Surface mount Schottky diode HSMS 2820 is chosen for this
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operation because it has a fast reverse recovery time, low forward voltage drop and high cutoff
frequency. The RF to DC circuit has been optimized using commercially available Advance

Design System (ADS) software.

6.3. Simulation Model for Obtaining 2D Microwave Images

EM and circuit co-simulation setup for the proposed imaging system is shown in Fig. 6.4
(@) - (c). The EM simulation of a complete transceiver along with object as shown in Fig. 6 .4 (a)
is simulated using CST studio and the network shown in Fig. 6.4 (b) is simulated using ADS.
The rectifier network is shown in Fig. 6.4 (c). A scanning area of 40 cm x 44 cm is considered
for the detection of the metallic object. The scanning of the object is performed by moving the
transmitter antenna on the scanning area which is divided into an array of grid points. In figure
15 x 15 grid points (P1, P, ... Pas) are shown. In EM and circuit co-simulation process S-
parameters are generated for the transceiver system along with imaging objects using EM
simulator and then power source, impedance matched rectifier circuit blocks are added in the
circuit simulator. All the 36 receiver antennas are connected to 36 impedance matched rectifier.
Ty antenna transmits CW input signal with power Pj, at different grid positions and each receiver
antennas receive signals and finally the output voltages (Vo1, Voz ... Voss) are captured at output
ports. When Ty antenna is placed at Py, the voltages generated at rectennas for varying input
power (—15 dBm to 10 dBm) are shown in Fig. 6.4 (d). It can be seen that all curves are not fully
linear and V,; is higher than other output voltages because transmitting antenna is placed closer
to receiver antenna 1. During scanning, Tx antenna starts its movement from P; and approaches
towards P15 along the X direction and after completion of the first row it moves to Py of the
second row and the process continues till it reaches Pys. For this study, the transmitter input
power of 10 dBm is considered for generation of all images. So during scanning, the T, antenna

moves at 15 x 15 grid points to complete the scanning of an entire area of the imaging object
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Fig.6.4. (a) EM simulation setup for microwave imaging using 6 x 6 rectenna array, (b) The
circuit co-simulation setup
During the scanning process, for each grid points, the received signals are captured and
stored power by the 6 x 6 receiving elements. Thus, the captured data contains 36 x 225 pixel
information. Rearranging these data, a 15 x 15 pixel image can be constructed for each of the
receiver elements from 225 scanning points of T, antenna. During a single scanning process, 36

images of 15 x 15 pixels are constructed for all 36 receiver elements. Due to the changes in view
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angles, these images hold different information and can finally be added to obtain a single

image. A single RF to DC
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Fig.6.5. (@) A single RF to DC block and (b) Output voltages at different rectenna v/s input

power

The RF to DC circuit has been optimized using commercially available Advance Design
System (ADS) software as shown in Fig. 6.5 (a). The received DC output voltages for different
rectenna array are shown in Fig. 6.5 (b). All the RF to DC circuit for 6 by 6 rectenna arrays is

simulated using ADS as shown in Fig. 6.6.
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Fig.6.6. ADS simulated 36 sensor elements impedance matching and RF to DC circuit

Similarly, rearranging these data, a 6 x 6 pixel image is constructed for each of the 225 T
antenna positions and 6 x 6 receiver elements. Thus during a single scanning process, 225
images of 6 x 6 pixels are also constructed for all 225 grid points. Just like earlier case, due to
the change in view angles, all these images hold different information and can finally be
processed to obtain a single image.

To get higher resolution, both scanning points and the number of receiving elements can
be increased. Here, in one case 625 point scanning is performed to obtain 25 x 25 pixel images.

During experiment 64 grid points are considered.
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6.4. Construction of Images

For image construction, voltages are captured in array format from receiver rectenna array.
The captured voltage data array is first normalized by dividing all individual array elements by
the maximum received voltage, then raw images have been constructed from the normalized
array using MATLAB command ‘imagesc’ which displays data in an array using predefined
color map. Thus, the images constructed in this study are color mapped monochromatic in
nature. Averaged images are constructed from multiple images by adding intensity for a
particular pixel position and then dividing by the number of images. Finally, for smoothing of
images, array data have been interpolated to achieve images with four times resolution using
MATLAB function ‘interp’. No complex filtering techniques have been used in this study;

however, filtering techniques can be used to improve the images further.

6.5 Simulated 2D Microwave Images

1) Simulation 2D Image for Rectangular Metallic Object

Initially, a 20 cm x 17 cm rectangular metallic sheet of 1 mm thickness is considered using
continuous RF signals. In the first case, 15 x 15 pixel images are constructed for T, antenna
placed at 225 different scanning points and a fixed receiver element. The image constructed for
the first receiver element is shown in Fig. 6.7 (a). It is observed that in absence of obstruction,
when an image is constructed for a single receiver element, then the received power at that
element is maximum for the T, antenna positioned at the closest grid point and the received
power decreases significantly when the distance between the Ty antenna position and the
receiver element increases. When there is an object placed between the T, and Ry antennas, then
the received power for nearest grid points may not be maximum. In fact, the received power
from Ty antenna placed at different grid points will change due to the signal perturbation from
the object. Sometimes, power received from the T antenna placed at the furthest grid positions
provides insignificant image information. So, these ray-traced unfocused images do not provide
complete information regarding the object shapes or positions and almost unusable in nature. All
similar 36 images for 36 individual Ry elements are shown in Fig 6.7 (b).
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Fig. 6.7. (a) 15 x 15 pixel image of rectangular object for the first receiver element, (b) All similar
36 images constructed by 6 x 6 receiver elements.

When Ty antenna is placed at outer grid positions, only one bright spot is observed but
when it moves at central grid positions, the signal is perturbed due to the presence of the object
and spreading of maximum power can be observed. These 36 images are finally averaged to
obtain a final 15 x 15 pixel image which is shown in Fig. 6.8 (a). Now the shape of the object is

visible from the image. This image is further improved by means of interpolation and an
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interpolated image with a clearly visible rectangular object is shown in Fig. 6.8(b).
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Fig. 6.8 (a) 15 x 15 pixel image of the rectangular object obtained by averaging 36 images, and (b)
An interpolated image for the same object.

In the second case, 6 x 6 pixel images are constructed for 36 receiver elements when the
Ty antenna is placed at a fixed scanning point. An image constructed for T antenna located at
the first grid point is shown in Fig.6.9 (a). It is observed that in the absence of an object,
received power at closest receiver element remains maximum just like earlier case.

The Tx antenna scan the imaging object using roster scanning process at 225 different
scanning points and a fixed receiver element transmit. These unfocused images do not provide
complete information regarding the object shapes or positions and almost unusable in nature. All
similar 6 by 6 images for 225 individual Rx elements are shown in Fig. 6.9 (b).
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Fig. 6.9.(a) 6 x 6 pixel image constructed from 36 receiver elements for transmitter at grid

position Py (b) Similar 225 images for transmitter placed at individual grid positions.

112



Chapter.6 Study on Microwave Near Field Imaging Using Planar Rectenna Array

Like the earlier case, these images give some information about the shape of the image
object but none of individually them provide clear information regarding the shape of the object.
When Ty antenna moves at central grid positions, the signal is perturbed due to the presence of
the object and spreading of maximum power is observed. These 225 images are finally averaged
to obtain a 6 x 6 pixel image as shown in Fig. 6.10 (a). In this image, the shape and position of
the object is visible. This image is further improved by means of interpolation and an
interpolated image is shown in Fig.6.10 (b).
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Fig. 6.10. (a) Averaged 6 x 6 pixel image of the rectangular object obtained by averaging 225
images (b) image of same object after interpolation.

Among these two cases, in the first case, a 15 x 15 pixel image is obtained, which has
more resolution and clearly shows the position and size of a rectangular image object. For the
second case, a 6 x 6 pixel image is obtained which have a comparatively lesser resolution but
has less sensitivity towards different noises than the previous because it averages the number of
images. One more thing can be observed in this figure that an almost square shaped image is
obtained for a rectangular object, which can be rectified if aspect ratios of pixels are considered.

i) Simulation of 2D image for circular metallic object.

Similar to rectangular simulation process in this case circular metal is placed a 20 cm
diameter metallic sheet of 1 mm thickness. EM and circuit co-simulation setup for the proposed
imaging system is shown in Fig. 6.4 (a) - (c). The EM simulation of a complete transceiver along
with object as shown in Fig. 6.4 (a) is simulated using CST studio and the network shown in Fig.

6.4 (b) is simulated using ADS. The rectifier network is shown in Fig. 6.4 (c). A scanning area
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of 40 cm x 44 cm is considered for the detection of the circular metallic object. The scanning of
the object is performed by moving the transmitter antenna on the scanning area which is divided
into an array of grid points. In Fig. 15 x 15 grid points (P1, P2 ... P225).
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Fig. 6.11. (a) 15 x 15 pixel image of circular object for the first receiver element, (b) All similar
36 images constructed by 6 x 6 receiver elements.

In the first case, 15 x 15 pixel images are constructed for Tx antenna placed at 225
different scanning points and a fixed receiver element. The image constructed for the first

receiver element is shown in Fig. 6.11 (a). It is observed that in absence of obstruction, when an

114



Chapter.6 Study on Microwave Near Field Imaging Using Planar Rectenna Array

image is constructed for a single receiver element. So, these ray-traced unfocused images do not
provide complete information regarding the object shapes or positions and almost unusable in

nature. All similar 36 images for 36 individual Rx elements are shown in Fig. 6.11 (b).
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Fig.6.12. Images for circular object: (a) 15 x 15 pixel image obtained by averaging 36 images, (b)
interpolated image constructed from 15 x 15 pixel image,

The averaged 15 x 15 pixel image created from 36 images is shown in Fig. 6.12 (a) and
now the 2D image shape of the circular object is visible from the image. This image is further
improved by means of interpolation and an interpolated image with a clearly visible circular
object is shown in Fig.6.12 (b).

In the second case: 6 x 6 pixel images are constructed for 36 receiver elements when the
Tx antenna is placed at a fixed scanning point. An image constructed for Tx antenna located at
the first grid point is shown in Fig.6.13 (a). It is observed that in the absence of an object,
received power at closest receiver element remains maximum just like earlier case.

The Tx antenna scan the imaging object using roster scanning process at 225 different
scanning points and a fixed receiver elements, these unfocused images do not provide complete
information regarding the object shapes or positions and almost unusable in nature. All similar 6
by 6 images for 225 individual Rx elements are shown in Fig. 6.13 (b).
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Fig. 6.13 (a) 6 x 6 pixel image constructed from 36 receiver elements for transmitter at grid
position P1, (b) Similar 225 images for transmitter placed at individual grid positions.
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Fig.6.14. Images for circular object: (c) Averaged 6 x 6 pixel image obtained by averaging 225
images and (d) interpolated image constructed from the 6 x 6 pixel image.

Similarly, the average 6 x 6 pixel image of the circular object constructed from 225
scanning points is shown in Fig.6.14 (a) and an interpolated version of the same is shown in
Fig.16.14 (b). Since the resolution of this image is very low, it is difficult to distinguish between
object shapes from the constructed 6 x 6 pixel image.

Among these two cases, in the first case, a 15 x 15 pixel 2D circular image is obtained
from Fig. 6.12 (b) which has more resolution and clearly shows the position and size of a 2D
circular image object. For the second case, a 6 x 6 pixel image is obtained from Fig. 6.14 (b)
which have a comparatively lesser resolution but has less sensitivity towards different noises
than the previous because it averages the number of images. One more thing can be observed in

this figure that an almost square shaped image is obtained for a circular object, which can be
rectified if aspect ratios of pixels are considered.
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6.6. Experimental 2D microwave images
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Fig 6.15. Proposed Experimental setup for the complete imaging system

The imaging techniques described earlier are finally verified experimentally. Here, other
than the number of scanning position, all other parameters are kept unchanged. The numbers of
scanning points are reduced to 8 x 8 for simplicity. So, here, the T antenna moves at 8 x 8 grid
points to complete the scanning of an entire area of the imaging object and the new distances
between two consecutive grid points along the X-axis are 5 cm and Y-axis are 5.5 cm. Just like
simulations, during the scanning process, for each grid points, the received signal powers at 6 x
6 receiving rectenna elements are captured and stored. Thus, the captured data contains 36 x 64
= 2304 numbers of pixel information. Rearranging these data, 8 x 8 pixel images are constructed
for each of the receiver elements from 64 scanning points of Ty antenna. So, during the scanning
process, 36 images of 8 x 8 pixel are constructed for all 36 receiver elements. Due to the change
in view angles, these images provide different information and can finally be averaged to obtain
a single 8 x 8 pixel image. Similarly, rearranging the same data, 6 x 6 pixel images are
constructed for each of the 64 T, antenna positions and 6 x 6 receiver elements. So, 64 images of

6 x 6 pixels are constructed for all 64 grid points. As discussed previous case, due to the change
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in view angles, all these images hold different information and finally these are averaged to
obtain a single 6 x 6 pixel average image.

A fabricated transmitter antenna is shown in Fig. 6.16 (a) and the fabricated 6 x 6 receiver
antenna array is shown in Fig. 6.16 (b). Receiver antenna elements are connected to RF to DC
circuits which are separately fabricated on PCBs and connected at the bottom of the ground
plane. A fabricated rectifier circuit developed using microstrip lines is shown in Fig. 6.16 (c).

g
NATARAJ" 621
L , R annnnae AR TR SR DAY

Fig. 6.16.(a) Fabricated transmitter antenna,(b) Fabricated 6 x 6 receiver antenna array and
(c) RF to DC rectifier

Experimental setup for the complete imaging system is shown in Fig. 6.17. For mechanical
support Styrofoam blocks with dielectric constant of 1.03 are used. A 20 cm x 17 cm rectangular
object, a circular object with 20 cm diameter and another ‘X’ shaped object with 20 cm arms and

5 cm arm thickness made of Aluminum metal sheets are shown in the inset of Fig. 6.17.
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Fig. 6.17. The complete experimental setup for 2D microwave imaging system

Output voltages from rectennas are collected using Netduino and analog multiplexers. The
complete experimental setup is shown in Fig. 6.17. The transmitter antenna is moved manually

at different scanning positions.

6.6.1 The switching and interfacing system

In this thesis, we have designed a sub-system of microwave imaging technology which
implements the data acquisition functionality for reconstruction of the image. This subsystem is
controlled by a microcontroller, an analog switching circuit and the computer. As the
microcontroller, we have used Netduino plus, a recently developed ATMEL-based
microcontroller board with in-built A/D converter. On the other hand, we have used CMOS logic
based 4051 Analog Multiplexer IC for switching purpose. In our scheme, data has to read out
from an m x n array of antenna. The higher the values of m and n are, the higher resolution is
achieved. Since the micro-controller, NETDUINO is voltage-driven, it is necessary to represent
the pixel value of the pixel elements of the object image by a voltage level, which is usually very
small, of the order of millivolts. Small voltage is a challenge as far as accurate measurement

system of the voltage level is concerned. Moreover, since there are many different voltage levels
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to be measured, it is difficult to read then simultaneously and reconstruct the image. Due to
limited number of input ports, the scanning of the image elements have to be done in a hybrid
manner-both serial and parallel scanning is employed. To illustrate this, let us take an example
of a 6x6 array, as shown in the fig, which we have implemented in our experiment. Here there
are 36 elements altogether in the array, arranged in 6 rows and 6 columns. Now, using the
proposed technique, 6 elements are scanned at a time. This is the parallel aspect of the scanning
system. Then again, after a certain time-span, 6 other elements are scanned. In this way, it takes
6 clock pulses to cover all 36 elements once. The later constitutes the serial aspect of the
scanning scheme. To keep the imaging system running, this process has to be carried out
repeatedly, a complete dataset being generated in every 6 six clock pulses.

We can categorize the scanning techniques in two ways row-major and column-major.

In the first technique, n elements of each row are read out simultaneously. So, at each step
being executed, a horizontal strip of the image is reconstructed. A row of the m x n matrix
corresponds to a horizontal strip of the image. Since there are ‘m’ number of rows, it takes m
clock pulses to obtain the complete image. This can be termed as row-major technique.

On the other hand, the other method requires m elements of each column to be read out
simultaneously. So, at each step being executed, a vertical strip of the image is reconstructed. A
column of the m x n matrix corresponds to a vertical strip of the image. Since there are ‘n
‘number of columns, it takes n clock pulses to obtain the complete image.

Here we have taken the time gap between two sets of voltage read out to be 3 seconds.
However, this adjustable and we can reduce the time gap until and unless it is greater than the
time required for analog to digital conversion of the input voltages. Considering the time gap
between two clock pulses to be 3 seconds, 18 seconds time is required to complete a full scan of
the image. The synchronization is controlled by the Netduino microcontroller. The digital 1/O
ports of the microcontroller have been configured as output lines and pulses have been
transmitted using them in such a manner that those lines collectively represent a MOD 6 counter.
The sequences generated by the counter are 000->001->010->011->100->101->000 and so on.
Each of these sequences can be designated as a state and each state corresponds to the parallel
readout of voltages from 6 pins. Since there are 6 states, it justifies the requirement of 6 time
spans for the completion of a full scan. The encoded sequences as mentioned are used to perform
the switching operation of the analog multiplexer (MUX) circuit. As we have used 8:1
multiplexer IC units, we require 3 select lines to control them, i.e. to select which data input line
is to be connected to the output. For example, if the sequence is 000, input line O of all the
multiplexers will be selected. After a 3 second gap, the sequence will become 001 and then input
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line 1 of the multiplexers will be chosen. In this way, by using 6 different sequences (states), 6
input lines of each multiplexer are used. The complete functional block diagram of our set up is
shown below Fig. 6.18.

Microwave Imaging Block Diagram

Analog
mux 1

O/P

1to6

Sz Analog
mux 2
10 S1 o
11 S0
Analog
12 mux 3
13 o/P

114 NETDUINO PLUS

— 15

Analog
mux 4

O/P

USB PORT

Analog
iL i 25to 30

COPUTER o/P

Analog
mux 6

O/P

Py E TFY

Fig. 6.18. Microwave imaging Block diagram
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Fig.6.19 Microwave imaging switching circuit system

The HF 4051 analog multiplexer/demultiplexer as shown in Fig. 6.20(a) is a digitally
controlled analog switch having low ON impedance and very low OFF leakage current. This
multiplexer circuit dissipates extremely low quiescent power over the full VDD - Vss supply
voltage range independent of the logic state of the control signals. When logic ‘1’ is present at
inhibit input terminal all channel are off. This device is a single 8-channel multiplexer having
three binary control input. A, B and C, and an inhabit input. The three binary signals select 1 to 8

channels to be turned on, and connect one of the 8 inputs to the output.

o g.n.a_q..njﬁ.gj"i'{] EREEEEL
m‘u ’- s 'u,;‘ .
cHANNELs [ 4 [ 1ol Vee - d"l
IN/OUT 6 [z 15[] ﬂ o | netouino
COM OUT/IN [I3 14l 1| CHANNELS
IN/OUT
cHANNELS [ 7 [ sl o N/
IN/OUT 5 [1s 12[] 3
INH [|e 1] A
Vee [I7 10]] B
GND []& o] C

Fig.6.20. (a) HCF 4051-Single 8-channel analog multiplexer/demultiplexer, (b) Netduino Plus2

We have connected Vcc of the 4051 IC to 5 volt supply available from the Netduino plus
board, VSS and VEE are shorted and connected to ground. We have taken 6 inputs from pin no
4,5,12,13,14,15 for each six ICs. And the outputs are taken from pin no 3 for each six ICs. The
output from each IC is fed to the six analog inputs of the Netduino plus sdk board.

Here Mux A, Mux B and Mux C are used as three control lines from which control bits are

sent to the select line of muxes used in our project. At first, by setting Mux A ,Mux B ,Mux C
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000 we have activated first input line of all the six Muxes and took input from the six lines and
showed it in the output screen. We have repeated the above procedure for next five times. Each
time we have given a delay of 3 sec before taking next 6 input values. So total scanning of the 6
by 6 array requires a time span of 18 seconds. In the above program (Appendix), var
voltagePort0 - var voltagePort5 are declared as variables to store the input analog values
initially. Then “’double value0 to double value35”* are the actual analog values which are read
by the analog input ports in one run. These values are converted to strings to show in the output
screen by the command value0.ToString("f3") (Appendix),. To show the output in the screen we
have used the command Debug.Print (Appendix).

Once the data is stored in the computer with the help of the microcontroller and the
switching circuit, the data analysis part can be done using MATLAB. By the use of colormap of
‘pecolor’ function of MATLAB, a graphical representation is obtain in form of a 6x6 colored grid
which is basically the pixel representation of the image of the object to be reconstructed. The
data collected by the sensors are used to plot the reconstructed image as a interpolated surface
pixel plot with 6x6 data elements using pcolor function of MATLAB.

1) Measured 2D Image for Rectangular Metallic Object.

Initially, a rectangular metallic object placed between the Tx and Rx antennas considered
using continuous RF signals. In the first case, 8 x 8 pixel images are constructed for Tx antenna
placed at 64 different scanning points and a fixed receiver element. The image constructed for
the first receiver element is shown in Fig. 6.22 (a). It is observed that in absence of obstruction,
when an image is constructed for a single receiver element, then the received power at that
element is maximum for the Tx antenna positioned at the closest grid point and the received
power decreases significantly when the distance between the Tx antenna position and the
receiver element increases. In fact, the received power from Tx antenna placed at different grid
points will change due to the signal perturbation from the object. Sometimes, power received
from the Tx antenna placed at the furthest grid positions provides insignificant image
information. So, these ray-traced unfocused images do not provide complete information
regarding the object shapes or positions and almost unusable in nature. All similar 36 images for
36 individual Rx elements are shown in Fig. 6.22 (b).
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Fig.6.22. a) 8 x 8 pixel image of rectangular object for the first receiver element, (b) All
similar 36 images constructed by 6 x 6 receiver elements.
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Fig. 6.23. Images for rectangular object: (a) Averaged 8 x 8 pixel image constructed from 36
images (b) Interpolated image constructed from 8 x 8 pixel image

The experimental averaged and normalized 8 x 8 pixel image constructed from 36 images
for the rectangular object is shown in Fig. 6.23(a). Like the simulated cases, the shape and
position of the rectangular object are visible from the images. These images are further improved
by means of interpolation and interpolated images are shown in Fig. 6.23 (b).

In the second case: 6 x 6 pixel images are constructed for 36 receiver elements when the
Tyantenna is placed at a fixed scanning point. An image constructed for T, antenna located at the
first grid point is shown in Fig.6.24 (a). It is observed that in the absence of an object, received
power at closest receiver element remains maximum just like earlier case.

The Tx antenna scan the imaging object using roster scanning process at 64 different
scanning points and a fixed receiver element and transmit. These unfocused images do not
provide complete information regarding the object shapes or positions and almost unusable in
nature. All similar 6 by 6 images for 64 individual Rx elements are shown in Fig. 6.24(b).

Like the earlier case, these images give some information about the shape of the image
object but none of individually them provide clear information regarding the shape of the object.
When T, antenna moves at central grid positions, the signal is perturbed due to the presence of
the object and spreading of maximum power is observed. These 64 images are finally averaged
to obtain a 6 x 6 pixel image as shown in Fig. 6.25(a). In this image, the shape is not clear but
position of the object is visible. This image is further improved by means of interpolation and an

interpolated image is shown in Fig.6.25 (b).
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Fig. 6.24. (a) 6 x 6 pixel image constructed from 36 receiver elements for transmitter at grid

position Py (b) Similar 64 images for transmitter placed at individual grid positions.
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Fig.6.25. Images for rectangular object: (a) Averaged 6 x 6 pixel image constructed from 64
images, (b) interpolated image constructed from 6 x 6 pixel image.

i) Measured 2D Image for Circular Metallic Object

A similar experiment is carried out for a circular metallic imaging object. First case; The
averaged 8 x 8 pixel image created from 36 images is shown in Fig. 6.26 (a) and the interpolated
version is shown in Fig. 6.26 (b). On the second case, another averaged 6 x 6 pixel image of the

circular object constructed from 64 scanning points is shown in Fig. 6.26 (c) and an interpolated
version of the same is shown in Fig. 6.26 (d).
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Fig.6.26. Experimental Images for circular object: (a) Averaged 8 x 8 pixel image constructed
from 36 images (b) Interpolated image constructed from 8 x 8 pixel image, (c) Averaged 6 x 6

pixel image constructed from 64 images, (d) interpolated image constructed from 6 x 6 pixel
image.
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Among these two cases, in the first case, a 8 x 8 pixel 2D circular image is obtained from
Fig. 6.26 (b) which has more resolution and clearly shows the position and size of a 2D circular
image object. For the second case, a 6 x 6 pixel image is obtained from Fig. 6.26 (c) which have
a comparatively lesser resolution but has less sensitivity towards different noises than the

previous because it averages the number of images.

6.7 Experimental Setup Different Microwave Images for Water Boatel,
FR4 Substrate and Money Plant.

For different objects are placed in between Tx antenna and Rx antenna array for
microwave imaging. The experimental results agree with the imaging results as shown below
Table. But since the resolutions of these images are low, for some cases it is difficult to
distinguish exact shapes from the constructed images.
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Experiment setups 2D planar images
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6.8 Experimental Moving Objects Microwave Images for Water Boatel
and FR4 Substrate

Experimental conduction of different objects placed in between Tx and Rx antenna for
microwave imaging. Conducted the experiment on real-time based the output power obtained
from 36 elements Rx-rectenna array, initially no input for 5sec the output obtained -47dBm, a 1
water bottle fixed for 9sec the output is -37dBm, for 2 bottles are fixed 15sec the output is -
40dBm. If water bottle is moving the out power all so fluctuating and lastly FR4 substrate
standing and moving in between Tx and Rx antenna the output is fixed and fluctuated these are

show in Fig. 6.27. The average output power graph as shown in fig. 6.28.
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Fig. 6.27. Real time verse output power for 36 sensors different moving objects
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Fig. 6.28. Real time verse output power for sum 36 sensors different moving objects
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6.8 Microwave imaging for hidden metallic object detection

The proposed Microwave imaging for hidden 'X" metallic object in wooden box detection
system is shown in Fig. 6.29. The EM simulation of a complete transceiver along with hidden "X’
object as shown in Fig. 6.29 4 is simulated using CST studio and circuit simulation using ADS.
A scanning area of 40 cm x 44 cm is considered for the detection of the metallic object in the
wooden box. The scanning of the object is performed by moving the transmitter antenna on the
scanning area which is divided into an array of grid points. In Fig. 15 x 15 grid points (P1, P2 ...
P625) are shown.

Fixed

b Rx-Antenna Array
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Fig. 6.29. (a) Simulation setup for hidden "X" object in wooden box microwave imaging using

6 x 6 rectenna array.

In EM and circuit co-simulation process S-parameters are generated for the transceiver
system along with imaging objects using EM simulator and then power source, impedance
matched rectifier circuit blocks are added in the circuit simulator. All the 36 receiver antennas
are connected to 36 impedance matched rectifier. Tx antenna transmits CW input signal with
power Pin at different grid positions and each receiver antennas receive signals and finally the

output voltages (Vol, Vo2 ... Vo36) are captured at output ports. When Tx antenna is placed at
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P1, the voltages generated at rectennas for varying input power (-15 dBm to 10 dBm). During
scanning, Tx antenna starts its movement from P1 and approaches towards P25 along the X
direction and after completion of the first row it moves to P26 of the second row and the process
continues till it reaches P625. For this study, the transmitter input power of 10 dBm is considered
for generation of all images. So during scanning, the Tx antenna moves at 25 x 25 grid points to
complete the scanning of an entire area of the imaging object. During the raster scanning
process, for each grid points, the received signals are captured and stored power by the 6 x 6
receiving elements. Thus, the captured data contains 36 x 625 pixel information. Rearranging
these data, a 25 x 25 pixel image can be constructed for each of the receiver elements from 625
scanning points of Tx antenna. During a single scanning process, 36 images of 25 x 25 pixels are
constructed for all 36 receiver elements. Due to the changes in view angles, these images hold
different information and can finally be added to obtain a single image.

6.9 Simulated 2D microwave images for hidden objects
1) "X" Shape Metallic Object 2D Image

Initially, a 20 cm x 5 cm, two "X" metallic sheet of 1 mm thickness is hidden in 35cm x
30cm wooden box considered using continuous RF signals. In the first case, 25 x 25 pixel
images are constructed for Ty antenna placed at 625 different scanning points and a fixed
receiver element. The image constructed for the first receiver element is shown in Fig. 6.30 (a).
It is observed that in absence of obstruction, when an image is constructed for a single receiver
element, then the received power at that element is maximum for the T, antenna positioned at the
closest grid point and the received power decreases significantly when the distance between the
Ty antenna position and the receiver element increases.

When there is a wooden box with "X" object placed between the T and Ry antennas, then
the received power for nearest grid points may not be maximum. In fact, the received power
from Ty antenna placed at different grid points will change due to the signal perturbation from
the object. Sometimes, power received from the T, antenna placed at the furthest grid positions
provides insignificant image information. So, these ray-traced unfocused images do not provide
complete information regarding the object shapes or positions and almost unusable in nature. All

similar 36 images for 36 individual Rx elements are shown in Fig.6.30 (b).
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Fig. 6.30. (a) 25 x 25 pixel image of rectangular object for the first receiver element, (b) All

similar 36 images constructed by 6 x 6 receiver elements.

When Ty antenna is placed at outer grid positions, only one bright spot is observed but
when it moves at central grid positions, the signal is perturbed due to the presence of the object
and spreading of maximum power can be observed. These 36 images are finally averaged to
obtain a final 25 x 25 pixel ‘X’ image which is shown in Fig. 6 .31 (a). Now the shape of the ‘X’

object is visible from the image. This image is further improved by means of interpolation and
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an interpolated image with a clearly visible ‘X’ object is shown in Fig. 6.31 (b). Simulations for

hidden object in wooden box are carried out for ‘X’ shaped metallic object.
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Fig. 6.31. simulated images for ‘X’ shaped object is hidden in wooden box:
() Averaged 25 x 25 pixel image, (b) interpolated image constructed from 25 x 25 pixel

In the second case, 6 x 6 pixel images are constructed for 36 receiver elements when the
Tx antenna is placed at a fixed scanning point. An image constructed for Tx antenna located at
the first grid point is shown in Fig6.32 (a). It is observed that in the absence of an object,
received power at closest receiver element remains maximum just like earlier case. All received
625 images from individual grid positions are shown in Fig.6.32 (b).
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Fig. 6.32. (a) 6 x 6 pixel image constructed from 36 receiver elements for transmitter at grid
position Py (b) Similar 625 images for transmitter placed at individual grid positions (P; to Pg2s)

Average 6 x 6 pixel image of the ‘X’ shaped object constructed from 625 scanning points
is shown in Fig.6.33 (a) and an interpolated version of the same object as shown in Fig.6.33 (d).
Hidden ‘X’ Object shape can easily be detected from 25 x 25 pixel image but it is difficult to
distinguish the shape of an object from the constructed 6 x 6 pixel image.
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Fig.6.33. Images for ‘X’ shaped object: (c) Averaged 6 x 6 pixel image and (d) interpolated
image constructed from 6 x 6 pixel image.

i) Simulated 2D Image for Triangle Metallic Object.

A similar hidden object experiment is carried out for a triangle metallic imaging object.
The averaged 15 x 15 pixel image created from 36 images is shown in Fig. 6.34(a) and the
interpolated version is shown in Fig. 6.34 (b). On the second case, another averaged 6 x 6 pixel
image of the circular object constructed from 64 scanning points is shown in Fig. 16.34 (¢ ) and
an interpolated version of the same is shown in Fig. 6.34 (d).
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Fig. 6.34 .Simulated hidden Images for Triangle shaped object: (a) Averaged 15 x 15 pixel
image and (b) interpolated image constructed from 6 x 6 pixel image
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Fig.6.34. Simulated hidden image for Triangle shaped object: (c) Averaged 6 x 6 pixel
image and (d) interpolated image constructed from 6 x 6 pixel image

6.10 Experimental Setup for Microwave Imaging Detection for Hidden
‘X’ and Triangle Shaped Metallic Object in Wooden Box.

Fig.6.35. Experimental setup for hidden object in wooden box microwave imaging

Experimental setup for the complete imaging system is shown in Fig. 6.35. For mechanical
support Styrofoam blocks to wooden box the dimension are width is 30 cm, length is 35cm cm

and height is 6cm and thickness is Smm. A ‘X’ shaped object with 20 cm arms and 5 cm arm
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thickness and Triangle shaped object with height is 15cm , base width is 15 cm are made of

Aluminum metal sheets are shown in the inset of Fig. 6.35.
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Fig. 6.36.Experimental Hidden Images for ‘X’ shaped object: (a) Averaged 8 x 8 pixel
image, (b) interpolated image constructed from 8 x 8 pixel image, (c) Averaged 6 x 6 pixel
image and (d) interpolated image constructed from 6 x 6 pixel image

Hidden object detection is carried out for ‘X’ shaped metallic object. The averaged 8 x
8 pixel image created from 36 images is shown in Fig. 6.36 (a) and the interpolated version
2D image ‘X’ shaped object is shown in Fig. 6.36 (b). The normalized 6 x 6 pixel image of
the ‘X’ shaped metallic object constructed from 64 scanning points is shown in Fig. 6.36 (c)
and an interpolated version of the same is shown in Fig. 6.36 (d). These two cases, in the first
case, a 8 x 8 pixel image is obtained from figure 6.36 (a) and (b), which has more resolution

and clearly shows the position and size of a 2D ‘X’ image object.

For the second case, a 6 x 6 pixel image Fig. 6.36 (c) and (d) is obtained which have a

comparatively lesser resolution but has less sensitivity towards different noises than the previous
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because it averages the number of images. One more thing can be observed in this figure that an

almost not clear shaped image is obtained for a triangle object, which can be rectified if aspect
ratios of pixels are considered.
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Fig.6.37. Experimental Hidden Image for Triangle shaped object (15cm x 15cm) : (a)
Averaged 8 x 8 pixel image, (b) interpolated image constructed from 8 x 8 pixel image, (c)
Averaged 6 x 6 pixel image and (d) interpolated image constructed from 6 x 6 pixel image

A similar experiment is carried out for a hidden triangle metallic imaging object. The
averaged 8 x 8 pixel image created from 36 images is shown in Fig. 16.37 (a) and the
interpolated version is shown in Fig.16.37 (b). On the other hand, another averaged 6 x 6
pixel image of the circular object constructed from 64 scanning points is shown in Fig. 16.37 (c)
and an interpolated version of the same is shown in Fig. 16.37 (d).

Among these two cases, in the first case, a 8 x 8 pixel image is obtained, which has more

resolution and clearly shows the position and size of a 2D triangle image object. For the second
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case, a 6 x 6 pixel image is obtained which have a comparatively lesser resolution but has less
sensitivity towards different noises than the previous because it averages the number of images.
One more thing can be observed in this figure that an almost not clear shaped image is obtained
for a triangle object, which can be rectified if aspect ratios of pixels are considered.

6.10. Conclusion

In this study, an active microwave imaging system is studied and proposed for imaging
metallic objects placed within the near field of transmitting and receiving antennas without using
any focusing elements like reflectors or lens. In the near field, distribution of EM energy over a
different part of objects and on receiver elements is completely nonuniform and large variations
of received power at receiver antennas are main problems for ray-tracing. Here these problems
are solved by means of averaging the received power from different view angles. Forwardly
scattered microwave signals coming through the object from a moving transmitter are captured
using a non-movable array of receiver antennas. Thus, this method utilizes both scanning
technique and raster imaging technique using sensor array and two images of different resolution
are obtained after each scanning. The proposed method is finally verified experimentally for
different metallic objects. The images obtained from simulations and experiments are similar in
nature and these images provide information regarding the shapes and positions of objects. It is
expected that the image will become more prominent if higher resolutions are considered. With
suitable modifications like the incorporation of amplifiers and filters may further improve the
quality of the images. The system is scalable and similar system can be developed for other

frequencies
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Chapter 7

Conclusions and Future Work

7.1. Introduction

This chapter concludes the thesis and scope for further investigations are suggested. The
thesis started with a brief introduction to wireless energy transfer techniques and microwave
imaging methods followed by literature survey on WET and microwave imaging. Planar antenna
arrays are investigated for WET. A broadband full-wave rectenna has been investigated using a
dual-fed RMSA. A low power detector is proposed for microwave imaging. A two-dimensional
microwave imaging system is theoretically investigated using electromagnetic (EM) and circuit
co-simulation techniques, and subsequently experimentally verified. The main conclusions

drawn from this work are summarized in the following section.

7.2. Summary

The contributions made towards the PhD work can be subdivided into two major groups. In
this thesis, we have attempted to study different aspects of the interaction of electromagnetic
waves for Wireless Energy Transfer (WET) and radar-based imaging.

WET is becoming increasingly popular due to its ability to eliminate the need for wires or
connectors, thereby enhancing the mobility of various systems. Microwave-based WET requires
suitable antennas and rectennas. To achieve higher power delivery at a distant point, the use of
an antenna array can be a viable solution. However, the efficiency of antenna arrays significantly
decreases with larger arrays.

In my research, | conducted investigations on planar arrays that incorporate radiating
suspended rectangular patch antennas with a corporate feed network. The research conducted in
this study focused on designing a suspended planar antenna array for WET applications. The aim
was to investigate and compare the WET output power, both through simulation and

measurement, between a rectifying antenna array and an array of rectennas.
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Rectenna networks are typically single-port networks and not suitable for full-wave
rectification. Therefore, the possibility of designing an edge-feed dual-port full-wave rectenna is
investigated. Both a two-diode full-wave rectenna and a four-diode full-wave bridge broadband
rectenna are investigated for WET. The proposed two-diode full-wave rectenna configuration
exhibits better efficiency compared to a conventional half-wave rectenna. Similarly, parametric
studies are conducted on the full-wave bridge broadband rectenna to investigate its output
properties for different frequencies and distances between transmitter and receiver antennas. The
proposed full-wave bridge configuration demonstrates higher efficiency than the two-diode full-
wave rectenna and the conventional half-wave rectenna. An edge-feed dual-port full-wave
rectenna system has been fabricated for experimental verification. The measured results are
compared with the simulated data to validate the performance of the system.

To meet the requirements of low-power detection in microwave imaging, an investigation
has been conducted on a low-power small-signal biasing detector. This detector has been
specifically designed and implemented for use in microwave imaging.

Furthermore, an investigation has been conducted on near-field microwave imaging systems
to explore new methods suitable for non-destructive testing. The investigations have explored
various microwave imaging techniques, such as radar imaging and tomographic techniques, to
enhance the capabilities of non-destructive testing. In this work, a hybrid system is proposed that
utilizes antenna arrays similar to those of optical camera sensors, with a movable illuminating
antenna performing ray tracing in the near field.

In this study, an active microwave imaging system is examined and proposed for imaging
metallic objects placed within the near field of transmitting and receiving antennas without the
use of focusing elements such as reflectors or lenses. In the near field, the distribution of EM
energy over different parts of objects and receiver elements is not uniform. A two-dimensional
microwave imaging system is theoretically investigated using electromagnetic (EM) and circuit
co-simulation techniques, and subsequently experimentally verified. In the case of microwave
imaging, scattered signals from objects of different shapes and sizes are captured by an array of
rectennas, resulting in multiple, unfocused images. The final images are then constructed by
averaging these multiple unfocused images.

Incident and scattered microwave signals coming through the object from a moving

transmitter are captured using a non-movable array of receiver antennas. This method combines
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scanning and raster imaging techniques using a sensor array, resulting in two images of different

resolutions after each scan. The proposed method is experimentally verified using metallic

objects of different shapes. The simulated and experimental images exhibit similar

characteristics, providing information about the shapes and positions of the objects. It is expected

that higher resolutions will further enhance the image quality.

The aim of this thesis includes:

Literature review of different WET system. Study of the advancement and progress in the
areas of WET using microwave.

Investigate possible solutions for full wave rectennas which may provide better efficiency
than the conventional rectennas consisting a half wave rectifier circuit.

Compare efficiencies between rectifying antenna array and array of rectennas

Design low power microwave detector suitable for microwave imaging

Investigate on near field microwave imaging system for some new method suitable for

non-destructive testing

7.3 Further investigations

There are scopes for further investigations in the area of planar antenna and rectenna arrays

in wireless energy transfer and near-field microwave imaging. Some of these are:

Design optimization: Conducting research to optimize the design of planar antenna arrays
for wireless energy transfer and near-field microwave imaging. This includes exploring
different antenna geometries, element spacing, and feeding techniques to enhance
performance.

Efficiency enhancement: Investigating methods to improve the efficiency of planar
rectenna arrays, which are responsible for converting received microwave energy into
usable direct current (DC) power. This can involve optimization of rectification circuitry
and improving impedance matching techniques.

Array beamforming: Exploring beamforming techniques for planar antenna arrays to

achieve directional energy transfer and improved imaging capabilities. This involves
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developing algorithms and signal processing techniques to steer the transmitted or
received beams towards specific targets or areas of interest.

Multi-band operation: Investigating the feasibility of planar antenna and rectenna arrays
operating in multiple frequency bands. This can enable simultaneous energy transfer and
imaging in different frequency ranges, allowing for versatile applications and enhanced
system flexibility.

Integration with other technologies: Exploring the integration of planar antenna and
rectenna arrays with other technologies such as phased array systems, metamaterials, and
advanced signal processing algorithms. This integration can lead to improved system
performance, increased energy transfer efficiency, and enhanced imaging capabilities.
Miniaturization and scalability: Investigating techniques to miniaturize planar antenna
and rectenna arrays for compact and portable applications. Additionally, exploring
scalability options to increase the array size without sacrificing performance, enabling

larger coverage areas and higher power transfer capabilities.
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