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ABSTRACT 

 

In this thesis, the design and implementation of a pseudo-real time Microwave 

imaging system for cylindrical dielectric structures is investigated. Two different 

prototypes that have the same frequency of operation (7.5 GHz) but different 

receiving antenna shape and switching scheme were designed, fabricated and tested. 

The cylindrical retina was able to obtain an image from one third of a cylindrical 

structure while the single column retina, which has rotational capability, was able to 

create a 360
o
 view of the structure under test. Both imaging schemes were tested for 

different structures of various size and dielectric material and they were able to 

successfully detect the impurities. Furthermore, a comparison between the system of 

cylindrical retina and a planner microwave imaging system was made.  

Most of the research conducted in field of microwave imaging focused on 

planner structures and was aimed to inspect the presence of inhomogeneities. Imaging 

of cylindrical object received some attention recently. However, very few attempts 

have been done to design an imaging system to specifically interrogate the integrity of 

cylindrical structures. This thesis specifically focuses on this area and the system offer 

novelty in terms of shape of retina and accuracy of distinguishing between materials 

of various dielectric constants. The scanning and switching stage designed for this 

project is also novel.  
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CHAPTER   1 

INTRODUCTION 

This chapter will provide a brief overview of this thesis. It starts by presenting 

a brief history of Nondestructive Testing and Microwave imaging. It then proceeds to 

clarifying the problem statement and motivation. Finally, the chapter ends with 

describing the objective of this thesis and the thesis outline. 

1.1 Non-destructive imaging, a brief history 

Nondestructive assessment of different structures has been a subject of interest 

for many years. From a composite structure or part of a human body, the main 

challenge is to detect a possible problem without damaging the structure under 

investigation.  

From the end of 19
th

 century (1896) when the X-ray was introduced, different 

imaging techniques have been invented. Magnetic Resonant Imaging (MRI), 

Computerized Axial Tomography (CT scan) and ultrasound imaging are few 

examples of such techniques[1]. All of these techniques have one common objective 

which is seeing the internal structure of an object; however, each has its own 

advantages and disadvantages. For instance, X-ray does not provide as much 

information as MRI but it is less expensive.  Furthermore, in X-ray and CT scan the 

radiation is hazardous while MRI radiation and ultrasound are not [2]. However, 

ultrasound imaging provides lower resolution images compared to X-ray. Moreover, 

ultrasound suffers from high attenuation when applied to low density structures[3]. 

Compared to these techniques, microwave imaging, which is relatively recent, 

has many advantages such as high sensitivity to dielectric properties variation and 

even invisible factors such as temperature and ions concentration, [4]. Moreover, 

unlike ultrasound imaging scheme, it can travel through materials with low density[5].  
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As the name suggests, microwave imaging scheme is based on utilization of 

microwave signals as a source of illumination. Microwave signals start from 

300MHz and extend to 300GHz. As can be seen in the spectrum of Figure 1.1, these 

signals have a wavelength in the range of 1m up to 1 mm.  

 

Figure  1.1: Electromagnetic spectrum  [6] 

Generally, a microwave image is obtained by illuminating the structure under 

investigation with a low power coherent microwave filed. An image is then generated 

by using the information gathered from the magnitude and phase of the scattered 

electric field by the structure[7]. The first hardware setup of an active microwave 

imaging system, made by Larsen and Jacobi in the late 1970s, was used to show the 

internal structure of a canine kidney. This experiment was performed using two 

antennas rotating around the object under test and the image was obtained by 

measuring the transmission coefficient between the antennas [8]. 

After LarsenandJacobi‟smany researchers tried to develop other microwave 

imaging systems, however, these methods are application dependent. Thus several 

image reconstruction techniques have been developed as well. 

1.2 Motivation and Problem Statement 

As mentioned earlier, there are different methods of diagnostic imaging for 

medical applications; however, the nature of microwave signals and limitations of 

other systems due to different factors such as high cost (in systems such as MRI) and 

dangerous nature of adopted signals (in systems such as X-ray) increase the chance for 

microwave imaging systems. That is since microwave signals are less harmful and 
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have a potential of providing low cost diagnostic solutions. Furthermore, early stage 

detection of some particular diseases, such as cancer, is an important challenge 

consideringthepatient‟slifequalityandsurvivalchance.Such facts have increased the 

need for a high sensitivity and specificity diagnostic tools[9].  Microwave imaging can 

be considered as a successful solution in such cases. This is due to the fact that 

microwaves can directly provide a very detailed distribution map of the dielectric 

parameters while biological tissues present large variations in their electrical 

characteristics. For instance the contrast in permittivity for different tissues such as fat, 

bone, and malign tumour is quite notable[13]. That is while such information cannot be 

obtained using any other available imaging technology[9]. 

To contribute to early stage detection of some particular diseases, it was 

decided to concentrate this thesis on design and implementation of microwave imaging 

system that can be used in biomedical application. Since usually human body and 

organs are modelled and studied as cylindrical structures[10], it was also decided to 

choose a system suitable for scanning cylindrical structures. Thus, a prototype was 

designed to obtain images of cylindrical structures. The designed prototype can be 

used to develop a system for potential real life applications as well. Moreover, other 

specifications of the system such as the frequency of operation and scattering method 

were chosen based on the availability of testing tools and components.  

Consequently, the frequency of operation for this system was decided to be 

7.5 GHz, and the system is chosen to work based on an active transmission through 

topology. More detailed explanation on this topology is provided in the upcoming 

chapters.  

 

1.3 Thesis Outline 

The chapters to follow provide more detailed information on microwave 

imaging and illustrate the proposed thesis further. 

Chapter 2: In this chapter, the necessary background information to 

understand the designed system is discussed. In the first section of 

this chapter, different microwave imaging topologies are 
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explained in detail. That is while the second section contains 

summary of some of the most referenced works that have been 

published in this filed. 

Chapter 3: The proposed system and its parts are discussed in different 

sections of this chapter. Moreover, this chapter includes sections 

on the simulation and design procedure for the main parts of the 

proposed system. Furthermore, the decision making process is 

also explained in this chapter. 

Chapter 4: This chapter contains the necessary information on prototype 

manufacturing and obtained results. It starts by providing some 

information on the manufacturing of the main parts of the system. 

It then precedes with analysis of the obtained test results for each 

prototype. This chapter also includes comparison between two 

different antenna arrays for cylindrical structures. Moreover, to 

further illustrate the advantages of these topologies as opposed to 

planner retina in imaging of cylindrical structures, a comparison 

between the proposed system and planner imaging system based 

on practical tests and results is presented. 

Chapter 5:  As the final chapter, this chapter provides a summary of findings 

and achievements of this thesis. Furthermore, a few suggestions 

for future development of the current work are discussed. 

. 
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CHAPTER   2 

BACKGROUND AND LITERATURE REVIEW 

Microwave imaging systems can be studied from different aspects. It is not 

only the physical structure and hardware of these systems that makes them differ from 

one another, but also the image reconstruction methods and the kind of result that they 

generate can be used as a way to categorize these systems. In microwave imaging 

systems, these characteristics are decided by the shape and the dielectric 

characteristics of the structures under inspection.  For instance, the system that is used 

for non-homogeneous structures has different characteristics from the one dealing 

with homogeneous structures in terms of image reconstruction techniques[9]. The 

same concept applies while dealing with live tissues as oppose to lifeless structures. 

These are what lead to selection of a specific frequency (or frequency range) and 

system configurations. 

 In this chapter, the necessary literature review for clarification of the 

objectives of this work is discussed. The chapter begins by providing some 

fundamental information about microwave imaging characteristics and topologies. 

This information is required to select an appropriate topology to serve the purpose of 

this work. The chapter then continues by providing a summary on some of the most 

referenced researches that have been developed in this field. 

2.1 Microwave Imaging Topologies 

In general, microwave imaging systems can be classified by three main 

categories first of which is the presence of an active source in the imaging system. If 

no active source is present the system is called passive. As for the active imaging 

method, two different scattering schemes can be adopted; forward or backward 

scattering. This determines whether the system images the structure under inspection 

by detecting the reflected scattered signals from it or by detecting the scattered signals 

transmitted through it. The other category defining the imaging scheme is when 

classifying a microwave imaging systems based on its retina shape. The last category 

which decides the type of a microwave imaging system is whether they are adopted as 
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near-field or far-field imaging systems. Detailed explanation of each category is 

provided in the following sections. 

2.1.1 Active/Passive and Scattering Method 

As mentioned earlier, the microwave imaging systems are classified into 

passive or active systems. The working principle of passive imaging is based on using 

an already existing source of energy as the source of illumination. For instance, the 

solarmicrowave radiations scattered from the earth‟s surface can be a utilized as a

source of illumination which can contribute to the total power level detection. This 

method is mainly adopted in the sea, ice or snow mapping Error! Reference source not 

ound.. On the other hand, active microwave imaging is based on generating a signal of 

desired frequency as the source of illumination. This method is the most widely used 

microwave imaging scheme especially in near-field imaging of the objects. This type 

of imaging which is widely used in wide range of applications such as nondestructive 

testing, breast tumor detection would be discussed in section 2.1.3.  

Furthermore, when it comes to active imaging scheme, two different types of 

images of the structure under investigation can be adopted. One of these schemes 

adopts forward scattered electric field and is also known as through transmission 

method. Using this scheme, the information about the structure to be imaged is 

gathered via a receiver sensor placed on one side of the object while the illumination 

source is placed on the other side. This scheme is further illustrated in Figure 2.1.  

 

Figure  2.1 : Through transmission scheme 
 

  

The other scheme of active imaging is based on utilization of reflected electric 

field from the structure under study which is known as the back scattered method or 

radar effect [1], [7].  In this scheme, both the illumination source and the receiving 
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sensor (antenna) are placed at one side of the object and based on different 

configurations, information about the structure under test can be gathered [12][13]. 

Figure 2.2 illustrates two different configurations of planner retinas that use the radar 

effect.  

 

Figure  2.2 : Radar effect technique imaging (a)  [13] , (b) [14]  
 

2.1.2 Retina shape 

Even though microwave imagers (camera) differ in term of their transmission 

and reception methods, they also differ in terms of their receiver shape since the 

structures to be imaged differ in their shape. The first type of early cameras was a 

planner microwave camera developed by Bolomey in Paris. It simply consisted of two 

horn antennas, one used as the transmitter and the other as the receiver collector, 

using the through transmission technique. Furthermore, to enable quick data 

acquisition, an array of 32 by 32 dipole antennas was placed in front of the receiver 

collector antenna [1],[15]. However, planner antenna arrays are not necessarily the 

best when it comes to imaging cylindrical objects. That is if, for instance, a planner 

receiving array was to be used as the receiving antenna for imaging of a cylindrical 

concrete column. In such scenario, other than the variations in phase and power level 

of the received signal, there will be different delays in the signal reception due to 

difference in spacing between the receiving array elements and different parts of the 

concrete column. This effect is further illustrated by Figure 2.3.  
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Figure  2.3 : The different spacing between the object points and the array 
 

As can be seen from the diagram of Figure 2.3, d1 and d2 are not the same; 

thus, the processing of the data acquired by such a system will be more complex if not 

impossible in some scenarios. However, this problem can be solved if the imaging 

array is also cylindrical, providing the same spatial distance between the object and 

receiving array as illustrated by Figure 2.4. 

 
Figure  2.4 Equal spacing between the object and the cylindrical array 

 

The first cylindrical scanner was introduced by Jofre et al. in 1990 in which a 

ring array was used to image an object (Figure 2.5) [10]. 
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Figure  2.5 : Block diagram of the system  [10] 

The antenna array of this system consisted of 64 water loaded waveguides. As 

for data acquisition, one of the 64 antenna elements was addressed as the illuminating 

source (the emitter) while the half array elements in front of it worked as receiving 

sensors, scanning the scattered field from the object under inspection. This procedure 

was then repeated until one revolution (cycle) was completed. This system was tested 

for some medical applications and the results were impressing [7],[10].  

Later on, in 1996, Semenov et al. developed a 64 element circular microwave 

imaging system using waveguide antennas as array elements. This system had 32 

emitter and 32 receiver antennas operating at 2.45 GHz frequency. The antennas were 

located on the boundary of a cylindrical chamber filled with different solutions such 

as stilled water. This system was successfully used to reconstruct the image of a 

beating heart [16]. 

The developments and explorations on cylindrical microwave imaging 

methods were followed by Meaney et al. who developed a circular microwave 

imaging system for reconstruction of two dimensional electrical property distribution 

was developed [17], [18].  

The most recent technology in this field is the millimeter wave scanners that 

are being used in some airports nowadays. These systems, known as Transportation 

Security Administration (TSA), began deploying state-of-the-art advanced imaging 

technologies in 2007. This technology is used to detect a wide range of threats to 
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transportation security in a matter of seconds to protect passengers and crews. These 

systems use two different types of imaging technology; millimeter wave and 

backscatterer. The backscatter technology projects low level (low power) X-ray 

beams over the body to create a reflection of the body displayed on the monitor while 

millimeter wave technology beams an RF signal on a person from two antennas that 

spin around the passenger at very fast speeds from head to toe. The energy reflected 

from the body and other objects generates a three-dimensional image of the 

passenger's body and anything else carried on the body of that person. Figure 2.6 and 

Figure 2.7 show some images obtained using millimeter wave and backscatterer 

systems respectively [19]. 

 
Figure  2.6 : Images obtained using millimeter wave system  

 

 
Figure  2.7 : Images obtained using back scatterrer 

 

As can be seen from these images, the image obtained via the system adopting 

millimeter microwave signals is more detailed. 

 

2.1.3 Near-field and far-field imaging  

Another difference between microwave imaging systems is based on the 

distance of structure under inspection from the transmitting antenna which is 
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dependent on whether the system is designed for near-field or far filed imaging. 

These fields are defined based on the fact that along the radiation pattern of any 

antenna, there are three major areas, known respectively as reactive near-field, 

radiating near-field and far-field regions [20] as illustrated by Figure 2.7.  

  

               Figure  2.8 Field regions around an antenna 

 

Reactive Near-field region is the portion of near-field region that starts 

immediately after the antenna. In this region, the reactive field dominates, meaning 

that the electric and magnetic fields are out of phase by 90 degrees [20],[21]. It is in 

this region where evanescent or near-field standing waves, which are known to have 

high frequency spatial information about the object of interest, exist[22][23]. On the 

other hand, radiating near-field, where the radiating fields begin to emerge, includes 

the region between the reactive near-field and the far-field region [20]. However, 

unlike the far-field region, here the shape of the radiation pattern may vary 

significantly with distance [21]. 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 (r1 and r2), Equations (2.1), (2.2) and 2.3) can be used.     

  
 

 
 ( 2.1) 

                                                                                                       

 Far Field region 
Reactive Near field 

region 

Radiating       
Near field region 

𝒓𝟏 

 

𝒓𝟐 
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       √
  

 
 ( 2.2) 

 

    
    

 
  2.3) 

 

where, 

 d is the largest dimension of the antenna, 

  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 [20]. Moreover, in this region shape of the 

radiation pattern does not depend on the distance from the antenna [21]. 

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 [22]. Moreover, near-field imaging technique allows 

considerable enhancement of the power compared to far-field imaging with the same 

wavelength [24]. 

The other major difference between these two concerns is the spatial 

resolution of the image. As mentioned earlier, in the near-field region, the so called 

evanescence fields exist. However, by going further away from antenna these signals 

fade as they exist within a distance equal to the wavelength of the illuminating signal. 

Thus, they cannot be used in far-field imaging systems resulting in a lower spatial 

resolution for the images obtained via far-field imaging compared to an image 

obtained using near-field imaging. This is why in near-field imaging, more detailed 

image of the structure under test can be obtained[23],[25]. However, the main 

drawback of adopting near-field imaging is that the detector has to be placed near the 
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surface of the structure under inspection. As a result, near-field imaging is mainly 

thought of as a surface inspection technique and not as a nondestructive test method, 

although it has been used in that way [26].  Nevertheless, if the object of interest is 

larger than the wavelength of the illuminating signal, the far-field imaging is the 

natural solution. Furthermore, far-field imaging requires less complex image 

reconstruction algorithms compared to the near filed imaging due to the relationship 

between  ̅ and  ̅ fields in the near-field region.  

2.2 Previously developed Microwave Imaging Systems 

In the recent years, as a good non-ionizing method, microwave imaging 

proved to be a promising method for biomedical applications. The microwave 

images are basically maps of electrical property distributions in the body in which a 

change in these properties would be demonstrated as a contrast in the image. Thus, in 

cancer detection applications, for example, the cancer detection is due to differences 

in electrical properties between healthy and malignant tissues at microwave 

frequencies[27]. However, due to complexity of biomedical tissues, the wave 

propagation becomes more complicated. Additionally, in order to reconstruct an 

image with reasonable quality using microwave imaging, there is a need for high 

amount of calculations, which is due to the nonlinearity of scattering signals. Thus, 

in terms of hardware and software, these systems should have high sensitivity [1]. 

Previously, some of the works that has been done for development of 

microwave imaging systems has been briefly discussed in terms of their hardware 

specifications. Now, after providing some information regarding different 

classifications of microwave imaging, in this section a more detailed explanation of 

the developed schemes and their achievements will be presented. It is worth 

mentioning that the following works are only some among all that have been done. 

2.2.1 THE PLANAR MICROWAVE CAMERA  

As mentioned earlier, the very first microwave imaging system was developed 

by Bolomey et al. during the 80s. This work, shown in Figure 2.9, included two big 

horn antennas, with frequency of operation 2.45 GHz, and water tank in between. In 

this scheme, transmitter was designed so that it would roughly produce a plane wave 

that is received at the receiving side. The object had to be immersed in water, inside 
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the water tank, where scattered field due to the object was measured along a plane that 

was placed behind the object. Moreover, a retina of 1024 (32×32) elements, known as 

collector, was placed on the water tank in front of receiver. This retina is not 

considered to be the receiver but in terms of Modulated Scattering Technique (MST), 

its role is to disturb the field right before the receiving collector. By implementing this 

method, each antenna element is activated once at a time using a modulating signal of 

200 KHz. That is while the received signal in collector provides data about the field 

properties of the antenna elements in that position. Therefore, scanning through all 

1024 elements would provide a timely data acquisition with a rate of 15 images per 

second [28]. 

 
 

Figure  2.9 First Microwave imaging camera developed by Bolomey et al. 60 [28] 

 

2.2.2 THE 64 ANTENNA CIRCULAR MICROWAVE CAMERA  

During the period when Bolomey‟s camera was going through its

development, the first circular microwave camera (Figure 2.10) was developed by 

Jofre et al. This camera was able to perform multi view measurements without 

mechanical movements. The retina of this work, as it was briefly explained before, 

consisted of 64 horn antennas in a ring shape retina with diameter of 25 cm and 

operating frequency of 2.45 GHz. In this scheme, the antennas are used both as 

transmitter and receiver such that when one of them is transmitting, the others are 

receiving. This allows a rotational scanning around the object without actual 

mechanical rotation. 
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Figure  2.10 The circular microwave camera developed by Jofre et al.  [10], [28] 
 

In this work, antennas were divided into four 1-to-16 multiplexers, which are 

created by PIN diodes connected to the transmitter and receiver units. To decrease the 

leakage between the transmitting and receiving units, isolation was provided using a 

low frequency modulation in order to separate the useful signals from 

interferences [28]. 

This system was able to measure the object properties from 64 different angles 

around the object in 3 seconds; however, to reduce the noise effect averaging had to 

be performed and therefore a one cycle of measurements would take 45 seconds [29]. 

2.2.3 THE 32/32 ANTENNA CIRCULAR MICROWAVE SCANNER  

A 64 element circular microwave scanner was developed by Semenov et. al.in 

mid 90‟s using waveguide antenna operating at a frequency of 2.45 GHz 

(Figure 2.11). This system was built to work based on principals of using antennas 

that could alternate between being a transmitter and receiver[30]. However, since this 

method suffered from a major isolation problem between the channels; antennas were 

divided in two groups of 32 elements, one as the receiving and the other as the 

transmitting unit. Nevertheless, this method has a drawback of having less number of 

possible inputs for the reconstruction algorithm as opposed to the scenario of using 

each single element as both transmitter and receiver.   
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Figure  2.11 The circular microwave camera developed by Semenov et al. [30] 
 

By means of this system, Semenov et al. were able to obtain an image of 

beating canine heart using data acquisition from all 32 transmitting and 32 receiving 

antennas around the object in less than 500ms. 

2.2.4 THE CLINICAL CIRCULAR PROTOTYPE SCANNER FOR 

BIOLOGICAL IMAGING  

In parallel with Semenov et al., Meaney et al. [17] were working on 

development of a circular microwave imaging system that could be used for 

reconstructing 2 dimensional electrical property distributions of objects. Initially, their 

system was composed of 8 waveguide antennas 4 of which were used as transmitters 

and the rest as receivers. The frequency of operation of their system was within the 

frequency range of 300 MHz to 1100 MHz so that by using multiple frequencies to 

find an optimal frequency. Also, by this mean the quality of the image could be 

improved due to the use of multiple frequencies and thus different penetrations[17].  

Later on, in the late 90‟s this setup was further developed using a circular

antenna array, with diameter of 25 cm, containing 32 monopole antenna elements. 

These antennas were used in both transmitting and receiving mode. (Figure 2.12) 
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a)                                                                 b) 

 
Figure  2.12 The active microwave circular camera for imaging of biological materials, developed 
by Meaney et al.  [17], [31] (a) The tank with the 32-channel data acquisition system (b) 32 
monopole-antenna array 

 

Even though the data acquisition method was the same as the older scheme, 

the overall results were improved. This was mainly due to use of monopole antennas 

which are easier to model as the group proposed. That is since, this antenna makes it 

possible to locate the object in the near-field region and still obtain acceptable field 

patterns inside the structure[31]. Conversely, waveguide antennas offer better gain but 

instead they need non-interfering space in near-field region. Meanwhile, using 

monopole antennas led to losses in SNR due to the low gain of monopole antennas. 

However, since this antenna allows minimizing the system around the object, some of 

the SNR losses could be regained as a result of shortening the distance between 

transmitter and receiver antennas. 

Based on these experiments, Meaney et al. developed the first prototype of 

clinical active microwave imaging system for breast cancer detection in the early 21
st
 

century[18]. As can be seen in Figure 2.12, the system is mounted on a transportable 

bed with a hole for breast insertion. In this scheme, only 16 antennas in the antenna 

array with diameter 15cm are used. In this study, five real patients with different ages 

were involved and seven different frequencies were tested. The initial results were 

found to be sliced 2 Dimensional images of the breast with reasonable quality. 
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Figure  2.13 The clinical prototype for active microwave imaging of the breast developed by 
Meaney et al. [18] 

 

In their most recent effort, Meaney et al. presented a new prototype working in 

the frequency band of 0.5 to 3GHz by which they have been able to produce images 

for breast cancer detection [32][1]. However, one of their main contributions to this 

field is considered to be the fact that an antenna as simple as monopole antenna, with 

wideband and simple model, can be used in biomedical application[1].  
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CHAPTER   3 

Proposed system 

The working sequence of the proposed system for this work can be 

summarized in few steps. First, using a sweep oscillator, a microwave signal of 

7.5GHz frequency is generated and then radiated towards the structure under 

inspection by an antenna. Afterwards, this signal impinges on the desired structure 

and gets scattered. This scattered signal carries information about the structure under 

inspection. Thus, a receiving antenna placed at the other side of the object detects this 

scattered signal and transfers the result to a processing unit where the image of the 

structure gets reconstructed.  

In this chapter, all the previously mentioned sections of the system are 

explained separately in detail. Furthermore, this chapter also includes simulation 

results for system elements that were specifically designed and made. 

3.1 Frequency and Signal generation unit 

As mentioned earlier, a sweep oscillator was used to generate a signal at a 

frequency of 7.5 GHz. This frequency was specifically selected due to limitations of 

the available instruments in the lab. However, this frequency is used as a proof of 

principle; later on, frequency of operation can be changed and the system can be 

slightly altered. Furthermore, this frequency is unoccupied which has the advantage of 

having no external interferers at this frequency. 
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Figure  3.1 : The block diagram of the microwave camera 

The signal generated by the sweep oscillator, as can be seen from the block 

diagram of Figure 3.1, has to be fed to a directional coupler. That is since part of the 

generated signal has to be transmitted via the transmitting antenna for illuminating the 

structure under inspection while a small portion of it is required as the reference for 

the down conversion unit.  

3.2 Antenna 

Selection and design of an appropriate antenna is one of the most important 

steps of this work and its design is dependent on many parameters. For instance, as 

for the transmitter, a single element antenna such as a W band (7.05 to 10 GHz) 

waveguide can be adopted. However, if a column of transmitting antennas is to be 

used, an array of waveguides can be bulky and expensive. Instead, as known for their 

ease of manufacturing, small size and low cost, an array of microstrip antennas can be 

designed. Yet, whether a pre-existing or a newly designed antenna is going to be used 

for the transmitter, it is not required to have the most optimized antenna. On the 

contrary, as for the receiver antenna; there are several considerations to be taken into 

account, the most important of which is the spacing between the array elements.  

One of the main deciding factors in quality of an image is its resolution. The 

higher the resolution of an image is the more details it can provide about the structure 

it is representing. In microwave cameras, there are two main factors that can increase 
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the resolution of the image obtained. One of the deciding elements is the spacing 

between the receiver array elements. The smaller the spacing between them, the 

higher the resolution of the resulting image will be. However, this spacing cannot be 

reduced after a certain point since it introduces crosstalk (or mutual coupling) 

interference to the system. Crosstalk is generally a phenomenon by which a signal 

transmitted on one circuit or channel of a system creates an undesired effect in 

another circuit or channel and is usually caused by undesired capacitive, inductive, or 

conductive coupling from one circuit, an antenna element, or channel, to another. Yet, 

there are a few techniques and antenna designs by which this effect can be minimized 

up to a considerable extent.  

The other factor that can improve the resolution of the obtained image is the 

size of the array elements which is decided mainly by the frequency of operation 

which in this thesis is decided to be 7.5 GHz. Thus, the frequency of operation 

becomes an initial design criterion.  

However, designing an antenna array does not only require knowing the 

frequency of operation. The type of the antenna used is also as important. In this 

section, based on developments and results achieved by other groups in the field of 

microwave imaging, two major types of antennas are considered and studied for this 

thesis; circular patch and bowtie antenna both of which are microstrip patch antennas. 

Microstrip patch antennas are mainly used in applications where size, weight, 

cost, performance and ease of installation are parts of the main criteria[20]. Moreover, 

these antennas are flexible to planner and non-planner surfaces, mechanically robust 

when mounted on a hard surface and flexible in terms of resonant frequency, input 

impedance, radiation pattern and polarization [20],[33],[34]. All these characteristics 

make this kind of antennas a good choice.  

Among all shapes of microstrip patch antennas, circular patch is selected for 

this thesis. Meanwhile, bowtie antenna which is somehow categorized as dipole 

antennas is studied as well. This antenna could be considered for further 

developments of this work. 
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3.2.1 Circular patch antenna 

 

Generally, circular patch antenna (Figure 3.2) is a better solution if 

used as a single antenna or a single column array since the control over mutual 

coupling is not very good in this configuration. However, this type is quiet 

easy to design and manufacture. As mentioned earlier, the main criteria to be 

considered for designing such an array is the size of the elements and their 

spacing. Moreover, the type and impedance of the feed used for this antenna is 

of importance.  

 

Figure 3.2: Circular patch antenna 

 

In order to design this antenna, first, the radius of the patch should be 

calculated using Equations (3.1) and (3.2) [20]. 
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where, 

 h is the substrate height, 

 εr is the substrate relative permittivity, and  

fr is the resonant frequency. 

 

The resonant frequency of operation (fr) was selected to be 7.5 GHz. However, 

as for the substrate, there are certain conditions to be considered while deciding on its 

type. Surface-wave excitation, dispersion of the dielectric constant, loss tangent of the 
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substrate and the copper cladding losses are some of the deciding factors. 

Additionally, since the retina of the proposed system has to be curved, some 

mechanical factors such as flexibility, ease of fabrication and soldering, , weight and 

elasticity become of importance .  

Taking all the mentioned criteria into consideration, it was found that for 7.5 

GHz, Rogers RT-duroid-5880 could be a reasonable choice. For this type of board, 

the substrate‟s relativepermittivity(εr) and height (h) are given to be 2.44 and 0.787 

mm respectively.  Therefore, the physical radius of the circular patch can be found 

from Equation (3.1) to be 0.6898 cm.  

Other than the physical radius, directivity is an important parameter that shows 

the ability of the antenna focusing radiated energy. The directivity of each element 

can be found 7.4352dB using Equation (3.3)  [20].  
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where, 

K0 is the free space propagation constant (
  

 
 ,  

reff is the effective radius of the antenna (Equation (3.4) -found to be to be 0.7995 cm) 

Grad is the radiation conductance of the antenna which is defined as conductance 

across the gap between the patch and the ground plane and can be found from 

Equation (3.5). 
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Furthermore, the radiation pattern of this single element circular patch antenna 

is presented in Figure 3.3. It should be noted that this graph is obtained using the 

MATLAB code provided in the part a of Appendix A. 
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Figure  3.3: Radiation pattern of a circular antenna 

Using this graph, the half power beamwidth (HPBW) of both electric field 

and magnetic field are found to be 92
o
 and 78

o 
respectively. Basically, the HPBW is 

the angle at which the power of the radiated signal drops by 3 dB.  

As mentioned earlier, another important factor in design of a patch antenna is 

its feed location. Given the input impedance of the feed probe (Rin) and the effective 

area of the patch (ae), the exact location of the feed (ρ) can be calculated through 

iterations using the Equation (3.6). This is done via the MATLAB code provided in 

Appendix A and the feed point was found to be ρ = 0.1758 cm.  

   (      )  
 

  

  
      

  
      

 (3.6) 

where 

Rin istheinputimpedance(50Ω), 

ae is the effective radius of the antenna, 

Gt is the total conductance 

Also, as for the distance between the elements, a simulation was run and the 

radiation patterns for three different spacing (d= λ, λ/2, λ/4) are shown in Figure 3.4 
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(a)                                                                         (b) 

 

(c) 

 

Figure  3.4: The array radiation pattern for spacing of (a) λ (b) λ/2 (c) λ/4  

 As can be seen from the radiation patterns of Figure 3.4, a decrease in the 

spacing between the array elements increases the half power beam width while it 

decreases the number of side lobes. However, after a certain point the radiation 

pattern is not desirable since the side lobes are going to get bigger and the HPBW is 

going to decrease drastically, thus, the minimum spacing can beλ/4. 

Even though this antenna seems to have acceptable performance for the 

single column array; yet, its performance degrades if multiple column array antennas 

are adopted. That is since the crosstalk between the elements increases. Diagrams of                           

Figure 3.5 represent possible crosstalk between antenna elements of a simple 

cylindrical shape retina.  
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a)                      b) 

                          Figure 3.5 Crosstalk between retina elements in a cylindrical retina a) top view, b) 

front view 

As can be seen from the top view of Figure 3.6 (a), compared to a planner 

shape retina of Figure 3.6, the cylindrical retina has increased crosstalk between 

elements due to the shape of the retina.  

 
a)                                                   b) 

 
Figure  3.6 Crosstalk between retina elements in a planner retina a) top view,                                                      

b) front view 
 

To decrease the crosstalk between array elements, the distance between them 

is set to the maximum possible. As mentioned earlier, it should be noted that 

increasingthearrayelementsspacingresultsinadecreaseofthesystem‟sresolution.

Using the MATLAB code presented in part b of Appendix A, the most optimal 

distance between the array elements was selected. Figure 3.7 and Figure 3.8 represent 

the graphs obtained from this code. It is worth mentioning that each curve in these 

figures represents the cross talk due to a percentage of reflected power. The top curve 

represents a scenario in which the whole signal is reflected from the neighboring 

element(s) while the bottom curve represents minimum reflection.   
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(a) 

 

(b) 

Figure  3.7 coupled power from two column (a) and row (b) elements in a                                 
cylindrical shape retina 

Comparing these two figures, the coupled power from two elements in a row 

is slightly higher than that of two elements in column and this is due to the shape of 

the cylinder. However, to have a better estimate for the optimum distance between the 

antenna elements, the crosstalk effect between all neighboring elements has to be 
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taken into account. Figure 3.8 represents the graph that shows the cross talk from one 

tire of array elements. 

 

Figure  3.8 coupled power from the first tire of neighboring elements 
 

Based on the results shown in Figure 3.8, it was decided to design the 

cylindrical retina for this project with element spacing of 2 cm. It should be 

mentioned that this distance could be future reduced to 1 cm; however, since the first 

prototype is done as a proof of principals, and in order to have minimal effects from 

neighboring elements, the 2 cm spacing was selected. This would cause the coupled 

power to be between -70 to -90 dB which is fairly tolerable for the proposed system.  

To further reduce the effect of crosstalk between array elements, array 

elements are switched on one at a time. This is further explained in section four of the 

this chapter. 

In addition to the issue of crosstalk, there are some other operational 

disadvantages concerning microstrip antennas. Some of these disadvantages are their 

low efficiency, low power, poor polarization purity, poor scan performance, spurious 

feed radiation and very narrow frequency bandwidth which is known to be the main 

disadvantage of conventional microstrip antennas[20]. In recent years, there have 

been many worldwide efforts in order to increase the bandwidth of these antennas. 
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Some of the suggested solutions includes increasing the substrate thickness, using 

antenna elements in multilayer geometry or in a planner gap configuration or cutting 

slots into the patch surface [32].Although these improvements in design specification 

can improve the bandwidth issue of the conventional microstrip antenna, one other 

way to take care of this issue is by using other type of antennas such as bowtie that 

can be classified as both microstrip and dipole antenna. 

3.2.2 Bowtie antenna 

Bowtie patch antenna (Figure 3.9), also known as triangular patch dipole, is 

simply composed of two flat triangular shaped metals on a dielectric substrate. As 

mentioned earlier, this type of antenna is best known for its broad bandwidth while 

maintaining the main characteristics of microstrip antennas such as low cost and small 

size. These characteristics make such antennas a good option for biomedical 

applications since in this field, in addition to having a small size, the antenna must be 

able to operate within a wide range of frequencies to achieve a high spatial resolution 

as well as suitable penetration of the field into the biological tissues[9].  

 

 

Figure  3.9 Bowtie antenna 
 

Furthermore, another main reason that makes this kind of antenna appealing 

for microwave imaging is its capability to transmit and receive a relatively short pulse 

with minimal internal reflections. This characteristic is found to be useful while 

dealing with focusing effect since in such scenario instead of moving the transmitter, 

or the object, back and forth with respect to each other, the frequency could be 

changed such that the desired focusing effect is obtained [37]. This can enable the 
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system with the capability of layer scanning since the depth of penetration changes as 

the frequency alters. The equation of skin depth (Equation (3.7)) illustrates this effect 

further by showing the relation between the depth of penetration of a microwave 

signal into a material with respect to its frequency.  
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where,  

ρ=bulkresistivity 

f= frequency 

μ0 =permeabilityconstant(4π×10
-7

) 

μr = relative permeability 

For further illustration, Equation(3.7) was calculated at different frequencies 

and the graph of Figure 3.10 was obtained using matlab.  

 

Figure  3.10 Breast skin depth at different frequencies  

Even though in breast cancer detection, the maximum penetration is achieved 

at very low frequencies; yet, the resolution obtained at such frequencies would be 

quiet low due to the increase in physical size of the antenna by decreasing the 

frequency. Thus in most of the applications, signals with frequencies up to 7 GHz are 

used as the illumination source. However, the type and size of the antenna would 
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become a challenge at these frequencies since the smaller size can provide a higher 

resolution. That is since more antenna elements with smaller physical spacing can be 

adopted.  

Additionally, bowtie antennas become even more appealing since their 

physical size can be further decreased by altering their designs such as using a double 

layered or loaded bowtie antenna. Although, the benefits of this type of antenna over 

other types of patch antennas, it has a few drawbacks the main of which is its design 

complexity. 

In order to design a bowtie antenna, Equations (3.8) to (3.9) can be adopted. 

However, as can be seen from Figure 3.9 there are more unknowns than the 

Equations. This is one of the main challenges in designing this type of antennas. 
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where, 

WC is the width of the feeding neck  

S is the height of the bowtie 

fr  is the resonance frequency 

h is the substrate thickness  

εeff  isthesubstrate‟seffectiverelativepermittivity 

εr isthesubstrate‟srelativepermittivity 

C is the speed of electromagnetic waves in free space 

The common practice in designing such antennas is assuming the value of one 

variable while the others are found through iterations. Since bowtie equations are 

drawn from rectangular patch antennas, using the design equations of a rectangular 

patch antenna at the desired frequency can help in finding proper approximation for 

the value of W.  
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3.3 Retina 

Retina, or basically what is known to be an array of antenna elements, is what 

serves as the receiving sensor in the proposed microwave imaging system. As 

mentioned earlier, the shape of the retina makes microwave imaging schemes 

different from one another. As for the proposed system, it was decided to focus on a 

system for imaging cylindrical shaped structures for which different imaging systems 

are proposed in this thesis. Each of these schemes has been studied and two of them 

were found to be the most applicable and practical ones were design, built and tested. 

The first scheme adopts a cylindrical array of circular patch antenna elements. 

In this scenario, both backscattered and forward scattered methods could be 

implemented. Basically, back scattered design is when having a cylindrical retina 

where the transmitter and receiver both are placed in same side of the object under 

inspection, as shown in Figure 3.11. This mode of operation is also referred to as 

reflection back or radar method. 

 
a)                                                b) 

Figure  3.11: cylindrical array schematics for reflection method a) side-by-side receiver and 
transmitter b) mixed transmitter and receiver 

However, when the transmitter and the receiver antennas are placed at 

opposite sides of the structure under inspection (Figure 3.12), forward scattering (or 

reflection through) mode can be achieved. 
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Figure  3.12  Cylindrical imaging scheme for scatter through technique 

Although the shape of the receiving retina is the same in both methods; yet, 

switching a backscattered scheme is more complex compared to forward scattered 

scheme. Moreover, the antenna element crosstalk and the cost of switching for this 

scheme are other disadvantages that should be considered in designing a cylindrical 

shape retina. 

These limitations led to design another type of microwave imaging system in 

which a single column of antennas is designed as the receiving retina. One of the main 

advantages of this system over the previously introduced one is the low number of 

antenna elements. Thus, the crosstalk from neighboring elements would be less. 

Furthermore, the number of required switches and therefore the overall cost of the 

system would be reduced as well.  

To obtain a complete image of the structure under inspection, this system is 

required to have a motor so that either the antennas or the object are rotated 360o.  To 

achieve this goal, two different system designs can be adopted as shown in 

Figure 3.13 and Figure 3.14. 

 
Figure  3.13  Single column receiver array with possibility of moving retina or object 
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Figure  3.14 single column receiving array with moving retina 
 

As can be seen from Figure 3.13 and Figure 3.14, the two systems are quiet 

similar and their main difference is the location of the structure under inspection. For 

instance, if an object is to be imaged, both systems can be adopted unless the height of 

the object is larger than that of the imaging system. In this case, the proposed system 

of Figure 3.13 would be preferable. However, for imaging parts of a human body, the 

imaging system of Figure 3.14 would be more desirable. Thus, despite the similarities 

of both designs, system of Figure 3.13 was selected for the prototype manufacturing 

and tests. That is since, at this stage of work, only non-biological structures are going 

to be imaged. 

Even though this type of an imaging system has more advantages over the 

imaging system with cylindrical retina, yet it has some disadvantages as well. The 

main disadvantage of this system is its mechanical rotation which introduces a delay 

in updating the image obtained for an object. The optimization of the rotation and 

switching scheme are thus some of the main challenges of this design.  

In addition to the rotational imaging system, the cylindrical retina was also 

designed so that the performance of each could be tested and analyzed practically.  
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3.4 The switching unit 

 Whether the imaging system with rotating antennas (or object) or the 

cylindrical retina is adopted as the imaging unit, a switching network is required to 

select antenna elements one by one. Thus, whenever a specific array element is 

selected using the switching network, the data gathered by that element would be 

transferred to the processing unit. In addition to acting as an address bus, the 

switching network can help in the reduction of crosstalk. That is since only one array 

element is activated at a time while others are switched off. The effect of crosstalk 

reduction using this scheme is more significant when the array elements are 

loaded [14]. 

To control switching between the receiver retina elements a matlab code was 

written to activate an element, get the data for that element and record it in a matrix. 

The elements of the matrix correspond to the image pixels. The main challenge of this 

part was writing a code that is optimized in terms of switching and recording speed 

and also in terms of switching method, i.e. whether the elements are activated one 

after the other or in a specific way. Moreover, since the imaging system used here 

consists of an array that corresponds to one third of a cylinder, the retina needs to be 

mechanically rotated around the object to be imaged to provide a 360
o
 image of the 

object. As mentioned earlier, this can be done via a motor. Thus, the switching should 

be repeated for each rotation step. The main challenge at this part will be providing 

the proper (or optimum) scanning (switching) scheme for the retina. 

Matrix switches are the most flexible switching topologies through which it is 

possible to connect M row to N column of elements and turn on and off the elements 

in the manner that serves the objective better. These switches are known to have a 

very good isolation that can go up to 60dB. However, such switches are bulky and 

very expensive. On the other hand, conectorized SPnT, for this design SP6T 

(Figure 3.15), switches can also provide high isolation along with low insertion loss. 

However, since the retina for this work is designed to be an array of 6×6 antennas, in 

order to provide the switching between the elements using SP6T switches, 7 pieces of 

such switches would be required. Therefore, this solution is considered as an 

expensive alternative as well. 
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Figure  3.15 Typical connectorized SP6T switch 

 

Thus, it was decided to design and fabricate a switching scheme that does not 

require any connectorized RF switches. This was done by using IC switches on a 

designed test PCB.  

The designed switch networks contain three main components as shown in 

Figure 3.16; the IC switches which are HMC321LP4E switches manufactured by 

Hittite company;, RF capacitors that are used as bypass capacitor in order to remove 

the DC part of the signal; and SMA connectors to connect the switches to antennas 

and the DAC. 

 

 

Figure  3.16 components for switches, from left to right; RFIC switch, RF capacitor, SMA 
connector 

Furthermore, the designed PCB layout for the proposed switches is as shown 

in Figure 3.17. 
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Figure  3.17  PCB layout for SP8T switches 
 

3.5 The down conversion unit 

The received signal from the switches needs to be fed to a data acquisition 

card so that it can be transferred to the processing unit for further analysis. However, 

the frequency of the signal is very high and it cannot be sampled at that frequency. 

Thus, it will be first amplified because of its low power and then fed to a down 

conversion unit which is an IQ mixer. The local oscillator (LO) of the IQ mixer is 

excited by the signal taken from the coupling arm of the directional coupler after 

amplification, that is to bring the low power signal to a level that can activate the 

mixer‟sLO.ThereasonforusinganIQmixeristhat,thisway,theinformationabout

both the phase and magnitude of the scattered signal can be extracted and used. If a 

simple mixing of this signal with the LO was done, a real DC signal will be generated 

which causes loss of most of the data. However, use of an IQ mixer provides a 

complex DC signal contains magnitude and phase information about the signal 

scattered from the object. The IQ mixer generates harmonics of the signal at higher 

frequencies. This can be solved by use of a narrowband low pass filter or a simple RC 

circuit at the output of I and Q ports of the mixer.  

3.6 The processing unit  

The low pass filtered signal will then be fed to a National Instruments data 

acquisition card which will be used as the interface between the imaging system and 

the processing unit. Afterwards, MATLAB is used to analyze the data and generate an 
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image of the structure under inspection. The MATLAB code developed for this part 

contains four main parts; a switching section, data acquisition section, a mechanical 

rotation section in case of the rotational system, and an image processing section. It is 

worth mentioning that the switching and mechanical rotation sections of this code are 

dependent on the scenario that will be chosen for the retina design.  

3.6.1 Image processing 

In this part, the data provided by the data acquisition card (DAC) is processed 

and displayed. Moreover, some image enhancement techniques can be applied to 

improve the quality of the image obtained. There are two methods of showing the 

desired image. This data can be either stored for all antenna elements and then 

processed, which provides an offline image, or it can be processed and shown as it is 

received in MATLAB for each element, providing a real-time updated image.  

Moreover, in the image processing section, the effect of differences in 

soldering and length of cables should be taken into account so that the reproduced 

image becomes visually sensible. This is referred to as system calibration. 

3.6.2 Image reconstruction mathematical modelling 

Tomography is imaging the internal structure of any solid object by sections or 

sectioning, using waves of energy [38]. The main goal is to reconstruct an image from 

its diffracted projection meaning that the information derived from transmitted 

energies can be used, while an object is illuminated from an angle [39]. 

There are different mathematical algorithms, known as reconstruction 

algorithms, which can model the reconstruction procedure of a picture from its 

projections. These models mainly contain different approximations and are 

complicated, but in the case where implementation is not easy or possible these 

models are useful. In this research, although the microwave imaging system is going 

to be implemented, an overview of a possible algorithm is mentioned in Appendix C.  
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CHAPTER   4 

Prototype and Practical Results 

In this chapter, detailed information on the fabrication and calibration of the 

prototype of the proposed microwave imaging system are presented. The chapter 

starts by providing information on each part of the overall system separately. It will 

then end by presenting the results obtained for the designed imaging systems. In this 

section, detailed analyses of the images obtained via the proposed systems are 

presented. Additionally, the section includes a comparison between the results 

obtained from imaging specific structures using the proposed cylindrical imaging 

system and a planner imaging system. 

4.1 Antenna 

Since the receiver retina was supposed to have circular patch antenna 

elements, its fabrication was done using chemical process. That is since chemical 

PCB printing process provides features such as speed, accuracy, availability and low 

cost. Based on the theoretical designed parameters of the antenna found in Chapter 3, 

a layout was made on a transparent paper so that the layout could be imaged on the 

PCB. Then the antenna array was made through chemical development and etching 

process (Figure 4.1). Afterwards, the array elements were drilled at their feed location 

where the coaxial cables were soldered.  

 

Figure  4.1 Array of 36 elements (6×6) 

 



 

40 

 

The soldering process was considered to be one of the most important steps in 

the retina manufacturing since any soldering flaws could cause an interruption of the 

electric field, resulting in an image with no meaning. For instance, if for an element, 

the centre wire of the coax touched the ground plane at the back side of the retina,  

that array element could become shorted to ground resulting in a completely out of 

work array element. Furthermore, if one of the cables became lose, no connection was 

attained and no signal could flow through the coaxial cable resulting in another fault.  

As mentioned earlier, two different prototypes were designed and built for this 

thesis. The main factor that differentiates these two systems is the shape of their retina 

and their scanning (switching) method. The first system utilizes a cylindrical array of 

circular patch antennas while the other is a single column of patch antennas. As for 

the first system, array elements were printed on a flexible PCB so that it could be 

shaped into one third of a cylinder. Thus, a frame was designed so that the array was 

kept in a cylindrical form. Figure 4.2 represents the frame that was designed and 

manufactured for this specific purpose. As can be seen from this figure, the frame is 

made out of plastic which is a dielectric material to avoid reflection. 

           

Figure  4.2 Frame made for holding cylindrical retina 

 

The array of retina of the rotating imaging system was manufactured like that 

of the cylindrical array. However, it was located in a frame which kept it straight the 

whole time. Yet, the designed frame for this system was a bit more complex. To 

create a full view of the structure under inspection, the retina has to rotate and a motor 

is required. Thus, the designed frame was required to have a location for the motor in 

order to facilitate rotation of either the transmitting and receiving antennas or the 
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structure under test.  As it was illustrated earlier, in Figure 3.13 and Figure 3.14, two 

possible frames could be fabricated for this retina; one with the motor at its base and 

one with the motor placed at the top. The common challenge concerning both 

schemes was the fact that by rotating the receiving and the transmitting units, different 

destructive noises could be introduced to the system. That is since the experiment is 

conducted in a normal laboratory environment with different instruments around the 

system rather than an anechoic chamber. Thus, with each rotation, the receiver faces a 

different direction and different reflections from the surroundings. Although attempts 

to reduce this problem by calibrating the system before each experiment were made, 

yet the reflections kept affecting the system. Moreover, the coaxial cables soldered to 

the antenna experience some movement with each rotation which causes the 

calibrations useless.  

As explained in the previous chapter, it was decided to manufacture the 

rotating system which had no limitation on the height of the objects under inspection 

Figure 4.3. The frame was also designed in a way that it provided the system with the 

capability to either rotate the object or rotate the antennas. However, as for the results 

presented in this thesis, the system was configured such that the object was rotating 

while the antennas were kept stationary. This way the coaxial cables were fixed all the 

time and only one calibration is required.  

 

Figure  4.3 Frame of single column antenna array  
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4.2 Switch Network 

Fabrication of the switching unit turned out to be the most time consuming 

part of this thesis. Moreover, the sensitivity of switches to electrostatic changes and 

handling the units was quiet challenging. Figure 4.4 provides an overview of this 

switch. 

 

Figure  4.4 the designed SP8T switch  

 Furthermore, in case of cylindrical shape retina, due to the numerous cables 

and in order to keep the switches organized and to prevent any unnecessary 

movement, which could cause in need of system recalibration, a stand was designed 

and fabricated for the switches. This structure (Figure 4.5) helps keeping switches in a 

position where they could easily be moved while the chances of electrostatic shocks 

were reduced. 

 

Figure  4.5 stand for the switches 
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4.3 Coding and Calibration 

One of the most fundamental steps toward producing reliable results from the 

proposed microwave imaging system is to have a proper software and calibration 

method. MATLAB was chosen as the programming language to control the hardware 

and to process the data. One of the main reasons for using this software was its 

compatibility with the data acquisition card.  

The MATLAB code developed for both retina configurations were written 

such that the effect of possible faults due to power variation of the sweep oscillator 

were eliminated. The MATLAB codes developed for these parts are presented in 

Appendix A parts c and d.   

As mentioned earlier, calibration must be conducted before starting any 

measurements to establish common regions to all array elements. One common 

method to perform these calibrations in microwave imaging systems is to use a known 

object whose scattering pattern at all measurement positions is known. Using such a 

reference, and by comparing the expected field values with the actual values the 

weighting coefficients could be found[8]. 

Another method for calibration is to perform a set of measurements while no 

structures exist to scatter the electric field. Using this technique, the effect of possible 

reflections from the objects in the surrounding of the system can be eliminated. 

Furthermore, this technique eliminates possible variations in the received signal due 

to differences in antenna elements such as their soldering, cable length and etc. 

4.4 Results 

To test the performance of the system developed, two different prototypes 

were built; one with a quarter cylinder array comprising of 36 circular patch antenna 

elements and one a single column array of 6 circular patch elements. In order to test 

the performance of each, two prototypes were built and tested separately. 

4.4.1 Cylindrical retina 

In order to test the 36 element cylindrical system, a set of three Styrofoam 

cylinders of different sizes were first made to be used as opaque containers of 
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materials to be imaged. Figure 4.6 shows the setup and Styrofoam cylinders used for 

imaging the test objects.  

 

Figure  4.6 the cylindrical retina and Styrofoam cylinders  
 

To start the testing process, first the system was calibrated to compensate for 

possible differences between the retina elements. Afterwards, a small metallic screw 

(as shown in Figure 4.7) was placed inside a Styrofoam cylinder and located in the 

test setup of Figure 4.6. Two images of the screw were obtained. The first image 

(upper image) shows a two dimensional representation and the other (the lower 

image) shows a three dimensional representation. 

         

Figure  4.7 the screw and its image 
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As expected, the pixel representing the location where the screw existed in the 

Styrofoam has lower intensity compared to that of other pixels. However, the obtained 

imagedoesnot illustrate theshapeof thescrewsince thesystem‟s resolution isnot

very high. To illustrate the effect of this low resolution, a small metallic plate 

(Figure 4.8) was placed in the Styrofoam cylinder and imaged. Figure 4.8 shows the 

image obtained for this test. Even though the physical size of the plate is larger than 

that of the screw, yet their images look similar with a minor difference in the intensity 

of their representing pixels.  

 

           

 

Figure  4.8 the metal plate and its image 

To explain the relationship between the obtained image and the scanned 

structure, the model presented in Figure 4.9 can be used. Here, the size of each pixel, 

which is the area around each antenna element, is found using the distance between 

the neighboring array elements and their radius. This shows that each pixel of the 

obtained imaged using this system, represents dimensions of 3.38 cm by 3.38 cm. 
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Figure  4.9 Antenna elements spacing and pixel size in cylindrical retina 
  

Having this information, the acquired images using cylindrical retina can be 

compared in terms of their quality and accuracy against the dimensions of the 

structure under test. For instance, an approximation of the size of the screw from the 

first image, shown in Figure 4.7, can be calculated using the corresponding pixel size. 

Since the screw is occupying one pixel, the size from the image can be roughly 

estimated to be 3.38 cm x 3.38 cm, which is not precise. Meanwhile, the same 

estimation can be assumed for the image taken from the metallic plate which is closer 

to the actual size. 

Despite the low physical resolution, there are a few methods that can be 

adopted to enhance the quality of the obtained image. Among all, the simplest is 

imaging the object of interest more than once, each time rotating it by an angle less 

than the spacing between two neighboring retina elements. At the end by 

superimposing the images on each other, a higher resolution image of the object under 

test can be obtained. Thus, the screw and metal plate were imaged twice with a 5 

degree rotation for each object. The supper imposed images of this experiment are 

shown in Figure 4.10 (a) and (b). 
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a)                                                                                    b) 

Figure  4.10 the superimposed image of the screw (a) and the metallic plate (b) 

Additionally, the size of the objects can be approximated as before using the 

new pixel dimensions which is reduced to 1.69 cm by 3.38 cm (Figure 4.11). 

 

Figure  4.11 pixel size before and after superimposing 

 

In Figure 4.11, the red square represents the pixel in the 36 element imaging 

system, while the blue square represent the new pixel size obtained by slightly 

rotating the structure and superimposing two images. Thus, the objects‟ size

approximated from the images of Figure 4.10 is 3.38 cm (height) by 1.69 cm (width) 

and 3.38 cm by 5.07 for the screw and metallic plate, respectively. Even though the 

error in approximating the size of the metallic plate has increased and the shape of the 
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screw is not shown, yet the images of the objects are not similar anymore and, as can 

be seen from the figure, there is a clear indication of the size difference. 

To test the performance of the system for objects of different dielectric properties, 

sizes and shapes, a wooden rod of 9.5 cm by 0.5 cm was scanned and as can be seen 

in Figure 4.12, due to its size, the intensity of pixels representing the wooden object is 

higher compared to that of the metallic screw; however, it has a lower intensity 

compared to the metallic plate.  

                                             

Figure 4.12 Wooden rod and its image  

 

As can be seen in this figure, the image represents the wooden bar occupied 1 

horizontal by 3 vertical pixels which represent a 3.38 cm by 10.14 cm object. The 

error in the width of this image is due to having the smallest pixel width of 3.38 cm. 

As explained earlier, one of the main reasons for having a cylindrical 

microwave imaging system proposed was its benefits for imaging cylindrical structure 

compared to a planner system. To investigate the difference between the performance 

of the proposed system and a planner microwave imaging system, two tests were run.  

As for the first setup (Figure 4.13 - a and b), a cylindrical aluminum object 

within a Styrofoam cylinder is placed in front of both a cylindrical and planer imaging 

system.  
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a)                                                                                     b) 

Figure  4.13 imaging a cylindrical object by a) cylindrical retina, b) planner retina 

Based on theoretical studies, it is expected to obtain a better image of the 

object with the cylindrical imaging system. Figure 4.14 (a) and (b) represent 

snapshots of images obtained from these systems respectively.  

 

a)                                                                           b) 
Figure  4.14 Image of the curved aluminum foil obtained via (a) cylindrical and (b) planner 

imaging systems 
 

As can be seen from these two figures, the image obtained via the cylindrical 

system (Figure 4.14 -a) is closer to the reality while the image obtained from planner 

system (Figure 4.14 -b) represents only a part of the object while half of it is not 

shown. The reason for this is that the spacing between the object and the array 

elements in the planer imaging system varies with respect to the array element‟s

location while it is constant for the cylindrical system. Thus, when positioned at a 
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certain location between the transmitting and the receiving antennas, only one layer of 

the object could be imaged.  

Even though the cylindrical system can work properly for cylindrical objects, 

yet when it comes to planner objects its performance is not as good as the planner 

imaging system. This is further illustrated by the images of Figure 4.15 (a) and (b) 

showing a planner aluminum foil placed in a cylindrical Styrofoam in front of 

cylindrical and planner retina. 

 

   

a)                                                                                b) 
 

Figure  4.15 imaging a planner item by a) cylindrical retina, b) planner retina 
 

The images of Figure 4.16 (a) and (b) provide the results of this test; and as 

expected, the cylindrical system provides an image which is missing the center pixels 

due to the spacing of the object with respect to the retina. That is while this is not an 

issue for image obtained by planner a planner imaging system. 
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a)                                                    b) 

Figure  4.16 Image of the flat aluminum foil obtained via (a) cylindrical and (b) planner 
imaging systems 

 

4.4.2 Single column retina  

To test the single column array imaging system, first the setup of Figure 4.3 

was made. As can be seen from the figure, the illumination source is an open ended 

waveguide placed at one end while the receiving array is placed at the other end. The 

image of the object under investigation is obtained by scanning the object in a full 

360
o
 rotation. Since the rotation step of the motor is adjustable, the horizontal 

resolution of the image can be easily increased or decreased. However, for testing 

purposes, the rotation angle was set to 30
o
, providing a horizontal resolution of 12 

pixels. That is while the vertical resolution is 6 pixels and is not variable. As can be 

seen in Figure 4.17 the pixel size in this case is 2.66 cm by 3.38 cm. 
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Figure  4.17 Antenna element’s spacing and pixel size in moving retina when angel of rotation is set 
to be 30o 

 

Several experiments were conducted in order to test this system. The first test 

after calibration was imaging of a small metallic object within a Styrofoam. Thus, as 

for the previous part, the screw of Figure 4.7 was imaged and the obtained image is 

shown in Figure 4.18. 

 

Figure  4.18 The image of screw inside the Styrofoam scanned by rotating retina 
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As that of Figure 4.7, the image of Figure 4.18 also illustrates the existence of 

the screw within a certain location of the Styrofoam cylinder. As can be seen, the 

shape of the screw is not visible; however, the image of the screw can be further 

illustrated if the rotation angle is decreased. Furthermore, the size of the screw 

approximated from this image is 3.38 cm by 2.66 cm while as shown in Figure 4.18 it 

is 1.6 cm by 0.79 cm.  

As for the second test, a hexagonal wrench of dimension 7.3 cm by 3 cm by 

0.3 cm, which basically can be explained as a small bent iron bar, was placed inside 

the Styrofoam and an image was obtained (Figure 4.19).  

            

Figure  4.19 the image of hexagonal wrench 

 

As seen in Figure 4.19, the hexagonal wrench is represented by 2 horizontal 

and 3 vertical pixels that give the size of 5.32 cm by 10.14 cm. In comparison with the 

real values there are some errors due to the placement of the wrench and the pixels 

sizes as illustrated by Figure 4.20. 
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Figure  4.20 Placement of wrench 

 

For the next step the system was tested using a half filled plastic bottle of 

water. Figure 4.21 illustrates the result obtained from this test. As can be observed 

from this image, the filled and empty parts of the bottle are completely 

distinguishable. 

 

 

Figure  4.21 Image of a half filled bottle of water 

 

To further examine this system, a screw was placed at a corner inside the 

bottle and the bottle was imaged. Figure 4.22 provides a snapshot of the image 

obtained for this scenario. As can be noticed from Figure 4.22, other than the pixel 
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element at location [6,10], there is another pixel next to it that demonstrates the 

existence of an impurity. The reason for this error is the rotation of the object. When 

the motor starts rotating, the object has inertia to stay at its first location. Furthermore, 

the water does not provide enough pressure to the screw to keep it from moving. 

Thus, whenever the motor moves, the object moves by a small amount resulting in 

such errors. This error can be fixed by either by rotating the antenna around the object 

rather than rotating the object, or fixing the object inside the water. 

 

Figure  4.22 Image of a half filled bottle of water with a screw inside 
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CHAPTER   5 

CONCLUSIONS AND FUTURE WORK 

5.1  Conclusions 

A microwave imaging system for cylindrical dielectric structures was 

proposed for which two different prototypes were designed, manufactured and tested. 

The two prototypes are distinguished from each other by the type of their receiving 

antenna and switching scheme. The cylindrical retina can obtain an image from one 

third of a cylindrical structure while the single column retina, which has the capability 

of rotating, can create a 360
o
 view of the structure under test. Although the vertical 

resolution for both retinas is the same, it was proven that a better horizontal resolution 

for rotating scheme can be achieved given the smaller degree of rotation. Moreover, 

the cylindrical retina, due to its fixed radius, can only image structures up to radius of 

10 cm but in case of rotating retina there is more flexibility in terms of dimension of 

structure under test. 

Both imaging schemes were tested for different structures of various size and 

material and they were able to successfully detect the impurities. Furthermore, a 

comparison between the system of cylindrical retina and a planner microwave 

imaging system was made. The test results highlight the advantage of cylindrical 

retina for imaging cylindrical structures as oppose to planner retina for imaging same 

structures.  

 

5.2  Recommendations for Future Work 

This system can be further improved to get a better quality of images and have 

better efficiency. This can be done by applying some changes to the current setup in 

terms of the receiving antenna array, the switching network and the image 

reconstruction scheme.  

In terms of antenna retina, one possible way is to have loaded antenna that can 

reduce the coupling between the antenna elements and increase the quality of image. 
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Moreover, changing the type of antenna and replacing it with a bowtie antenna. The 

advantage of utilizing bowtie antennas is not only the fact that they can have smaller 

sizes for lower frequencies compared to other microstrip antennas but also the fact 

that they have wider bandwidth. The other solution is to have system that can work in 

multiple frequency range. This also can be covered by having bowtie antennas in 

system. Using multiple frequencies can improve the focusing effect and help to 

achieve a more detailed image of different layers of structure under test. 

It is also advisable to adopt the reflection back scheme instead of through 

transmission and test it. It is possible that this can improve the overall result of the 

system since it uses only one antenna for both transmission and reception and the 

transmitted signal does not have to travel through entire body of the object and could 

result in more detailed result. 

In the end, it is worth mentioning that although the proposed system is not 

appropriate for biomedical applications at its current stage, yet the system is designed 

in a way that can be easily altered to work at lower frequencies which are more 

appropriate for such applications. These applications are one of the main area of work 

thathasbeenforeseenforthissystem‟sfuturepractice. 
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Appendix A 

 

MATLAB codes 
 

a)Circular Patch 

 In this part, the MATLAB code for circular patch antenna calculations and radiation 

pattern is presented. Some parts of this code were taken from [20]. 

 
clc;clear; 
freq=7.5; 
Zin=50; 
h=0.254; 
er=2.2; 
lt=0.0004; 
con=59.6*10^6; 
lambda_o=30.0/freq; 
ko=2*pi/lambda_o;%free space wavenumber 
F=8.791/(freq*sqrt(er)); 
a=F/sqrt(1+2*h/(pi*er*F)*(log(pi*F/(2*h))+1.7726));%The physical 

radious 
ae=a*sqrt(1+2*h/(pi*er*a)*(log(pi*a/(2*h))+1.7726));%The effective 

radious 
t=[0:0.001:pi/2]; 
x=ko*ae*sin(t); 
j0=besselj(0,x); 
j2=besselj(2,x); 
j02p=j0-j2; 
j02=j0+j2; 
grad=(ko*ae)^2/480*sum((j02p.^2+(cos(t)).^2.*j02.^2).*sin(t).*0.001); 
emo=1; 
m=1; 
mu0=4*pi*10^(-7); 
k=ko*sqrt(er); 
stop=0; 
gc=emo*pi*(pi*mu0*freq*10^9)^(-3/2)*((k*ae)^2-

m^2)/(4*(h/100)^2*sqrt(con)); 

  
gd=emo*lt*((k*ae)^2-m^2)/(4*mu0*h/100*freq*10^9); 

  
gt=grad+gc+gd;%total conductance 
Rin0=1/gt; 
temp1=Zin/Rin0*besselj(1,k*ae)^2; 
maxrho=ae; 
minrho=0; 
tempk=1; 
while tempk>0.00001 
    nk=0; 
    rhox=linspace(minrho,maxrho,100); 
    temp=besselj(1,k.*rhox).^2; 
    for kk=1:99 
        if temp(kk)-temp1<=0  
            if temp(kk+1)-temp1>0 
                nk=nk+1; 
                minrho=rhox(kk); 
                maxrho=rhox(kk+1); 
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            end 
        else 
            if temp(kk+1)-temp1<=0 
                nk=nk+1; 
                maxrho=rhox(kk); 
                minrho=rhox(kk+1); 
            end 
        end 
    end 
    [tempk,kk]=min(abs(temp-temp1)); 
    RHOo=rhox(kk); 
end 
%Calculating the directivity of the patch 
th=0:90; phi=0:360; 
[t,p]=meshgrid(th.*pi/180,phi.*pi/180); 
x=sin(t).*ko.*ae; 
J0=besselj(0,x); J2=besselj(2,x); 
J02P=J0-J2; J02=J0+J2; 
Ucirc=(J02P.*cos(p)).^2 + (J02.*cos(t).*sin(p)).^2; 
Umax=max(max(Ucirc)); 
Ua=Ucirc.*sin(t).*(pi./180).^2; 
Prad=sum(sum(Ua)); 
D=4.*pi.*Umax./Prad; 
DdB=10.*log10(D); 
% Plots of Radiation Patterns 
% Normalized radiated field  
%         E-plane and H-plane patterns : 0 < th < 90 
th=0:90; thr=th.*pi./180; 
x=sin(thr).*ko.*ae; 
J0=besselj(0,x); 
J2=besselj(2,x); 
Eth1=J0-J2; 
Eph1=(J0+J2).*cos(thr); 

  
Eth2=20.*log10(Eth1./max(Eth1)); 
Eph2=20.*log10(Eph1./max(Eph1)); 
Eth2(Eth2<=-60)=-60; 
Eph2(Eph2<=-60)=-60; 

  
Eth(1:91)=Eth2(1:91); Eth(91:270)=Eth2(91); Eth(271:361)=Eth2(91:-

1:1); 
Eph(1:91)=Eph2(1:91); Eph(91:270)=Eph2(91); Eph(271:361)=Eph2(91:-

1:1); 

  
phi=0:360; 
hli1=plot(-90:90,[fliplr(Eth2) Eth2(2:end)],'b-'); 

set(gca,'position',[0.13 0.11 0.775 0.8]); 
h1=gca; h2=copyobj(h1,gcf); axis([-90 90 -60 0]);  
set(h1,'xcolor',[0 0 1]); set(hli1,'erasemode','xor'); 

hx=xlabel('\theta (degrees)','fontsize',12); 

  
axes(h2); hli2=plot(-90:90,[fliplr(Eph2) Eph2(2:end)],'r:'); axis([-

90 90 -60 0]);  
set(h2,'xaxislocation','top','xcolor',[1 0 0]);  
set([hli1 hli2],'linewidth',2); 
legend([hli1 hli2],{'E_{\theta} (E-plane)','E_{\phi} (H-plane)'},4);  
xlabel('\theta (degrees)','fontsize',12);  
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b) The antenna elements cross talk 

 

clear 
clc 
lambda=3e8/.75e10; 
R=lambda/20:lambda/20:lambda;   % range of antenna element spacings 
syms Gt Gr 
patch_rad=1.3716e-2; 
Rcm=R*100; 
arc=Rcm;                  %elements physical spacing on the retina 
r=3*21/(2*pi);            %21 is the length of the square retina 
theta=arc/r; 
Dh=sqrt(2*r^2-2*r^2*cos(theta)); 
Dv=Rcm;                           %elements vertical distance 
D_v(1,:)=Dh;         %distance vector  
D_v(2,:)=Dv; 
DL=2.5e-2;                      %transmitter antennas largest 

dimention 
d_far=2*DL^2/lambda;            %calculating the farfield of the 

transmitter 
R1=d_far+10e-2;                 %Distance between the transmitter and 

the reciever 

  
pt1=10^(10/10)/1000;            %Radiated power from the transmitter 

(in watts) 
pr1=(lambda/(4*pi*R1))^2*pt1;   %Maximum power recieved by the center 

array element 

  
Pref=pr1*0:pr1/100:pr1*1;       %Reflection coefficient vector 

  
for j=1:2 
    %calculating the coupled power for different reflected powers  
    %(Horizental and Vertical elements) 
    for i=1:101;  
        pr(j,i,:)=(lambda./(4.*pi.*D_v(j,:))).^2.*Pref(i); 
    end 
    figure(j) 
        title ('Coupled power from a single element') 
    ylabel ('Coupled power (dBm)') 
    if j==1 
        xlabel ('Horizental Distance (Cm)'); 
    else 

  
         xlabel ('Vertical Distance (Cm)'); 
    end 

  
    hold on 
    for k=2:4:101; 
        F(k,:)=10*log(pr(j,k,:)*1000); 
        plot(R*100,F(k,:)) 
    end 
end 
figure (3) 
hold on 
for i=1:4:101; 
    F(i,:)=10*log([2*pr(1,i,:)+2*pr(2,i,:)]*1000); 
    plot(R*100,F(i,:)) 
    xlabel ('Distance (Cm)'); 
    ylabel ('Coupled power (dB)') 
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    title ('Coupled power from first tire of elements') 
end 

 

 

 

c) The code for imaging system with 36 element antenna  

clear;clc; 
%Opening the analog device and channels 
if (~isempty(daqfind)) 
    stop(daqfind); 
end 
data=0; 
Result=zeros(6,6); 
Rez_norm=zeros(6,6); 
% Infinit loop for obtaining real time images 
while (1) 
    Result=zeros(6,6); 
    Rez_norm=zeros(6,6); 
    for (j=1:6); 
        AI = analoginput('nidaq','Dev1');%the device and its ID 
        chan= addchannel(AI,3);% channel allocation 
        SampleRate = 200; %200 samples per second 
        duration = 0.25; %0.25 second acquisition 
        set(AI,'SampleRate',SampleRate) 
        ActualRate = get(AI,'SampleRate');  
        set(AI,'SamplesPerTrigger',duration*ActualRate) 
        blocksize = get(AI,'SamplesPerTrigger'); 
        AI.InputType = 'SingleEnded';  
        Fs = ActualRate;  
        % Gathering the data from the DAQ for all the elements of a 

row 
        for (i=0:5) 
            dio = digitalio('nidaq','Dev1'); 
            addline(dio,0:2,'out'); 
            data=i; 
            bvdata = dec2binvec(data,3); 
            putvalue(dio,bvdata); 
            putvalue(dio.Line(1:3),bvdata); 
            % Getting the data 
            start(AI) 
            wait(AI,duration + 0.1) 
            Data = getdata(AI); 
            Result(i+1,j)=abs(sum(Data)/SampleRate);  
            delete(dio) 
            clear dio 
        end 
        delete(AI) 
        clear AI  
        % The calibration matrix 
        test_=[ 
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543  
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543  
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543  
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543  
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543  
        0.1267    0.1032    0.1477    0.1315    0.1775    0.0543 ]; 
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        Rez_norm(:,j)=roundn((Result(:,j))./(test_(j,:)'),-2); 
        % Rounding the normalized data up to decrease the effect of 

input 
        % variations 
        for (l=1:6); 
            if (Rez_norm (l,j)>1) 
                Rez_norm(l,j)=1; 
            end 
        end 
        Rez_norm = ceil (Rez_norm*10)/10; 

        
      %   Plotting the image       
        subplot(2,1,1); 
        imagesc(Rez_norm,[0 1]);colormap(jet);colorbar;shg 
        subplot(2,1,2); 

         
        % Generating a quarter of a cylinder 
        [x,y,z] = cylinder( 0.4,51); 
        [m,n] = size(z); 
        xx = zeros(m,n/4); 
        yy = ones(m,n/4); 
        zz = zeros(m,n/4); 
        for k=1:m 
            for p=1:n/4 
                xx(k,p) = x(k,p); 
                yy(k,p) = y(k,p); 
                zz(k,p) = z(k,p); 
            end; 
        end; 
        %Plotting the data 
        colormap(jet); 
        surface(xx,yy,zz,'FaceColor','texturemap',… 

'EdgeColor','none','Cdata',flipud(Rez_norm)) 
        colorbar; 
        view(3) 
    end 
end 

 

d) The code for imaging system with rotating antenna 

%outputing signal 
clear;clc; 
%Open the analog device and channels 
if (~isempty(daqfind)) 
    stop(daqfind); 
end 
data=0; 
Result=zeros(6,12); 
Rez_norm=zeros(6,12); 
for (j=1:12); 

  
    AI = analoginput('nidaq','Dev1');%the device and its ID 
    chan= addchannel(AI,3);%channel allocation 
    SampleRate = 100; 
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    duration = 0.25; %1 second acquisition 
    set(AI,'SampleRate',SampleRate) 
    ActualRate = get(AI,'SampleRate'); 
    set(AI,'SamplesPerTrigger',duration*ActualRate) 
    blocksize = get(AI,'SamplesPerTrigger'); 
    AI.InputType = 'SingleEnded'; 

  
    Fs = ActualRate; 
    for (i=0:5); 
        dio = digitalio('nidaq','Dev1'); 
        addline(dio,0:2,'out'); 
        data=i; 
        bvdata = dec2binvec(data,3); 
        putvalue(dio,bvdata); 
        putvalue(dio.Line(1:3),bvdata); 
        %input data 
        start(AI) 
        wait(AI,duration + 0.1) 
        Data = getdata(AI); 
        Result(i+1,j)=abs(sum(Data)/SampleRate);  
        delete(dio) 
        clear dio 
    end 
    delete(AI) 
    clear AI  
    %outputing signal 
    %Adjusting the rotation direction 
    dio = digitalio('nidaq','Dev1'); 
    addline(dio,0:3,'out'); 
    data1=Direction_; 
    bvdata1 = dec2binvec(data1,4); 
    putvalue(dio,bvdata1); 
    putvalue(dio.Line(1:4),bvdata1); 
    %Open the analog device and channels 
    AO = analogoutput('nidaq','Dev1'); 
    chan = addchannel(AO,1); 
    f=490; 
    %Set the sample rate and how long the data will be sent 
    duration = 0.25; 
    f=f*duration; 
    SampleRate = f*5; 
    set(AO,'SampleRate',SampleRate) 
    set(AO,'TriggerType','Manual') 
    NumSamples = SampleRate*duration; 
    % Create a signal that we would like to send, 500 Hz sin wave 
    x = linspace(0,2*pi,NumSamples); 
    %the motor drive requires a pulse train to work 
    data= 2+5*square(f*x,10)'; 
    % Put the data in the buffer, start the device, and trigger 
    putdata(AO,data) 
    start(AO) 
    trigger(AO) 

     
    % clean up, close down 
    wait(AO,duration+0.1) 

    
    data1=0; 
    delete(dio) 
    clear dio 
    delete(AO) 
    clear AO 
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    test_=[ 
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599  
    0.2254    0.1893    0.1417    0.1414    0.2688    0.1599 ]; 
 

    Rez_norm(:,j)=roundn((Result(:,j))./(test_(j,:)'),-2); 
     

%     Rounding up the numbers within a range  
 

    for (l=1:6); 
        if (Rez_norm (l,j)>1) 
            Rez_norm(l,j)= 1; 
        end 
    end 
        Rez_norm = ceil (Rez_norm*10)/10; 

  
        subplot(2,1,1); 
    imagesc(Rez_norm,[0 1]);colormap(jet);colorbar;shg 
    subplot(2,1,2) 
    colormap(jet) 
    [x,y,z] = cylinder(0.4,50); 
    surface(x,y,z, 'FaceColor','texturemap','EdgeColor',... 

'none','Cdata',flipud(Rez_norm)) 
    colorbar; 
    view(3) 
end 
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Appendix B 

Image reconstruction mathematical algorithm 

 

Microwave signals considered diffractive, this research deals with 

tomographic imaging with diffracting sources[39].One of the main obstacles in such 

imaging is the effects of reflections and diffractions. Moreover, most of the structures 

that are examined in microwave imaging are inhomogeneous, so to represent 

electromagnetic waves the general equation (0.1) can be used. 

        ⃗⃗  ⃗          

 
( 0.1) 

 By ignoring the effect of polarization equation (0.2):  

 

                           

 

( 0.2) 

 where, 

      is refractive index of medium 

   is the average wave number of the medium 

n(  )is electromagnetic refractive index of media 

       is the refractive index deviations (since object has finite size this index is zero 

outside the object) 

 

Therefore equation (0.2) can be rewritten as equation (0.3) 

 

(     
 )         

                     

 

( 0.3) 

Where n(  ) is given by equation (0.4). 
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      √
          

    
 ( 0.4) 

where, 

u = magnetic permeability/    magnetic permeability average value 

  = dielectric constant/    dielectric constant average value 

Now, assuming equation(0.5) and(0.6) 

        
 
           ( 0.5) 

 

                  ) ( 0.6) 

Where, 

      = total field 

    ⃗  = incident field (the field present without any inhomogeneities) 

     ) = scattered field (this is the only part of total field that can be attributed only to 

the inhomogeneities) 

 

By using equation (0.5), having inhomogeneous situation in hand, equation 

(0.1) can be rewrite as equation (0.7). 

(     
 )                   ( 0.7) 

To solve the above scalar equation (Helmholtz equation) for        Green‟s

function (equation (0.8) should be used. 

 

(     
 ) (  |   ́ )          ⃗⃗  ́  

 

( 0.8) 

Sincethegreen‟sfunction,  (  |   ́ ) is only function of      ⃗⃗ ́ it can present as 

g(     ⃗⃗  ́  [39],[40].So now the solution of equation(0.7)can be shown as equation 

(0.9); 

 

       ∫   ⃗⃗    ⃗⃗  ⃗    ⃗⃗  ́   ́  ⃗⃗  ́   ⃗⃗ ́ 

 

( 0.9) 
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Now, to find the solution of equation (0.6), the Born approximation, which is a 

well known equation specially for circular shape antennas, is used. Here, the equation 

(0.9) is written as 

       ∫   ⃗⃗    ⃗⃗  ⃗    ⃗⃗  ́    
́  ⃗⃗  ́   ⃗⃗ ́  ∫   ⃗⃗    ⃗⃗  ⃗    ⃗⃗  ́    

́  ⃗⃗  ́   ⃗⃗ ́ 

 
( 0.10) 

If the scattered field, is small compare to incident field the second integral can 

be ignored and the result will be as shown in equation (0.11). 

              ∫   ⃗⃗    ⃗⃗  ⃗    ⃗⃗  ́    
́  ⃗⃗  ́   ⃗⃗ ́ 

 
( 0.11) 

In general the ith order Born field can be represented by equation (0.12) 

 

  
          ∫   ⃗⃗    ⃗⃗  ⃗    ⃗⃗  ́     

́  ⃗⃗  ́      ⃗⃗  ́    ⃗⃗ ́ 

 

( 0.12) 

After expanding the equation (0.12)the approximate expression for scattered 

field,   , is found to be 

  
     ́  ∑      

 

   

 

 

( 0.13) 

Equation (0.13) shows the result for first order born approximation, which 

represents the first order scattered field. Therefore, in general, it can be said that each 

part of a structure produces a partial scattering field, which are interacting with other 

scattering centers in the object [39][40].Therefore, having a converging Born series 

can give the total field as the sum of the partial scattered field. A very important 

condition (equation (0.14)) for using Born approximation is to have a scattered field 

smaller than incident field 

            ) 

 

( 0.14) 

Having an inhomogeneous cylinder, which is the assumed situation in this 

research, this condition can be written in terms of size of the object and refractive 
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index. In such a case the field inside the object can be approximated by equation 

(0.15). 

 

                              
( 0.15) 

 

Where,    is the unit vector presenting the direction of propagation of the 

incident wave       . 

In this situation, where the wave is propagating through the structure, the 

phase shift through structure can be estimated by the equation (0.16): 

 

    

 

 
 

 

( 0.16) 

where, 

   is the wavelength of incident field 

a is radius of cylinder 

       is the refractive index deviations 
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