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ABSTRACT

Design and Analysis of UWB Antennas for Microwave Imaging Based
Medical Applications

Microwave imaging is renowned as one of the most promising technologies in the medical
application of abnormality or lesion diagnosis. The underlying concept of active microwave
imaging is to diagnose a lesion by evaluating the large dielectric difference between normal
tissue and abnormal tissue employing antennas as the key element. A salient feature of
microwave imaging antenna is attributed to its ultra-wide impedance bandwidth as found
in the previous research works. In this research work, an ultra-wideband (UWB) bow-tie
antenna and a monopole antenna are designed and analyzed for simultaneous detection and
localization of brain tumor and brain stroke respectively using a microwave imaging
technique. The bandwidth enhancement of the proposed bow-tie antenna is accomplished
by dint of a self-complementary structure while the bandwidth of the proposed monopole
antenna is enhanced with defected ground structure (DGS) and trident-shaped feeding strip.
Furthermore, a six-layered human head phantom composed of skin, fat, bone, dura,
cerebrospinal fluid (CSF), and brain is modeled in which a malignant tumor, hemorrhagic
stroke, and ischemic stroke are inserted individually upholding the safety regulation of
specific absorption rate (SAR). In addition, the monostatic radar-based delay-and-sum
(DAS) beam-forming or confocal microwave imaging algorithm is developed for
visualizing the location of the lesion explicitly via image reconstruction. It is exposed from
the simulation results that the proposed bow-tie antenna achieves superior performance to
the conventional counterparts, specifically, in respect of bandwidth and radiation efficiency
whereas the proposed monopole antenna attains superiority regarding bandwidth and size
in particular. Brain tumor detection is assured with a drastic improvement of current density
and SAR of the proposed bow-tie antenna compared to the normal healthy tissue. However,
the hemorrhagic stroke is detected with an excess of current density and SAR of the
proposed monopole antenna in comparison to the healthy brain while the situation reverses
in the case of the ischemic stroke. Eventually, the relevant microwave images are
reconstructed reliably in two-dimension with a high spatial resolution. Hence, the proposed
research work might save human lives by the alleviation of mortality rate due to brain
abnormalities through an early and quick diagnosis.
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CHAPTER 1
INTRODUCTION

1.1 General

Microwave imaging is a branch of science that utilizes electromagnetic waves in
microwave regime, i.e., ~300 MHz - 300 GHz for evaluating hidden or embedded objects
in any structure [1]. It is frequently used in medical diagnosis of abnormality or lesion such
as tumor, stroke, and so on. In the contemporary world, cancer and stroke have been
acknowledged as the second and third leading causes of death respectively [2], [3]. Brain
cancer is arguably recognized as the most fatal type of cancer. Statistics reveal that almost
1 % - 2 % of cancer patients in today’s world are affected by brain cancer [4]. The rapid
accumulation of abnormal cells known as malignant tumor inside the brain accounts for its
generation as shown in Fig. 1.1 (a) that is aggressively conducted by the bloodstream or
lymph system to the neighboring healthy tissues for overpowering them and generating
more tumors [5]. On the contrary, brain stroke is responsible for claiming 1 life in every 6
seconds worldwide [6]. Literally, it is a cerebrovascular accident that brings about sudden
obstruction in continuous blood flow containing oxygen and necessary nutrients to the
brain, causing loss of neurological function. By and large, there are two broad categories
of brain stroke, i.e., hemorrhagic stroke and ischemic stroke as demonstrated in Fig. 1.1
(b). Hemorrhagic stroke occurs when a blood vessel bursts and spills blood into the
surrounding brain tissues, interrupting proper functionalities. Conversely, ischemic stroke
is caused by the blockage of a blood vessel by a blood clot and thus impeding blood to
reach the brain [7]. However, both brain cancer and stroke demand a reliable diagnosis at
the early stage before initiating the corresponding treatment owing to the detrimental effects

on the most vital organ of the human body.

Hemorrhagic Stroke Ischemic Stroke
x Ruptured blood vessel ¢ Blocked blood vessel
Malignant ‘; \

« 9 Lo %

1. 4
Qf;.;- > f:&.a

(a) (b)
Fig. 1.1: Abnormalities inside human brain (a) Malignant tumor (b) Types of stroke.
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The remainder of this chapter has the following arrangement: Section 1.2 briefly describes
the related research works, followed by the motivation of the work in Section 1.3. The
proposed research methodology is outlined in Section 1.4. In Section 1.5, the research
objectives are included. The research contribution is summarized in Section 1.6. Finally,

Section 1.7 represents the research organization.

1.2 Related Works

A thorough review of the related works is carried out for exploring the principal findings
and limitations of the existing research. The objectives of the proposed work are set thereby
to overcome the research gap and upgrade the performance satisfactorily. During the last
two decades, there has been a growing interest in the deployment of microwave imaging
for investigating brain abnormalities [8]. Conventionally utilized medical imaging
modalities in this respect involve magnetic resonance imaging (MRI) scans, biopsy, X-ray
screening, positron emission tomography (PET), computed tomography (CT) scans,
electrical impedance tomography (EIT), magnetic induction tomography (MIT), electro-
encephalography (EEG), magneto-encephalography (MEG), cerebral angiography, ultra-
sound imaging, and so forth [9], [10]. Microwave imaging might become a viable surrogate
medical diagnostic technique to the state-of-the-art in light of providing substantial
advantages such as safety, portability, low cost, high accuracy, less complexity,
promptness, very low power, non-invasive and non-ionizing radiation [11]. Theoretically,
the higher the antenna operating frequency, the higher is the spatial resolution of microwave
image and the lower is the penetration depth of electromagnetic energy in human tissues.
Hence, a trade-off between resolution and penetration prevails. Therefore, a prerequisite
for active microwave imaging, particularly the radar-based scheme, is an ultra-wideband
(UWB) antenna that covers both low and high-frequency ranges of operation [12]. By
definition, an antenna occupying an impedance bandwidth of at least 500 MHz or a
fractional bandwidth exceeding 20 % is referred to as a UWB antenna [13]. The typical
UWB antennas that are most appealing in this context include monopole antenna, dipole
antenna, Vivaldi antenna, bow-tie antenna, pyramidal horn antenna, stacked patch antenna,
log-periodic antenna, and spiral antenna [14] as conferred in Table 1.1. Among them,
monopole antenna and bow-tie antenna have gained significant momentums on account of
certain outstanding criteria such as low fabrication cost, lightweight, and miniature size

although monopole antenna suffers from gain limitation while bow-tie antenna suffers from
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bandwidth limitation. Currently, a number of research literatures exist on bow-tie antennas
for microwave imaging applications [15]-[24]. However, none of these studies focused on
the diagnosis of brain abnormalities. Likewise, many research literatures have been
published on microwave imaging applications exploiting monopole antennas [25]-[34]. Out

of these, only a limited amount emphasized on brain abnormality detection and localization.

Table 1.1: Comparison among suitabilities of UWB antennas employed in
microwave imaging [14]

Antenna types | Bandwidth Gain Cost Weight Size
Monopole v x v V V
Dipole N N, X X X
Vivaldi v X X X X
Bow-tie x v V V V
Pyramidal horn v N, X X X
Stacked patch v v X X X
Log periodic \ v X X x
Spiral v N, X X X

1.3 Motivation of the Work

From a broader perspective, the motivation of the proposed research work is ascribed to the
increased survival rate of humans affected by brain abnormalities via prompt diagnosis and
medication. Accordingly, the systematic review of related research works persuades that
there is much scope for improvement in the performance metrics of the existing eminent

microwave imaging antennas as follows:
(1)  Miniaturization of antenna size.
(i)  Widening of antenna bandwidth.
(iii)  Augmentation of antenna gain.

(iv) Augmentation of antenna radiation efficiency.



1.4 Research Objectives

Specifically, this research aims to save human lives by mitigating the mortality risk due to

brain cancer and stroke through early detection and treatment. On that account, the

objectives of this research include:

(i)

(ii)

(iii)

To propose UWB antennas for the possible detection of lesion inside human

phantom.

To develop a microwave imaging algorithm for lesion image reconstruction inside

the phantom.

To compare the proposed work with existing ones in terms of antenna size,

bandwidth, gain, radiation efficiency, image resolution and accuracy.

1.5 Proposed Research Methodology

The methodology for obtaining the expected research outcomes is outlined in the following:

(i)

(i)

(iii)

Software and frequency selection: The commercial software package computer
simulation technology (CST) microwave studio (MWS) is used for antenna and
phantom design, simulation and performance analysis while MATLAB is used for
lesion image reconstruction. The operating frequency of the antenna is selected
within the industrial, scientific, and medical (ISM) band which is used worldwide

for biomedical applications [35].

Antenna and phantom design: A non-implantable UWB bow-tie antenna and a
monopole antenna are designed within the selected frequency band for the detection
and localization of brain tumor and brain stroke respectively. Besides, a multi-
layered human head phantom with corresponding lesion is modeled maintaining a
minimum gap from the antenna to avoid detrimental side-effects dispersed from

antenna radiation.

Antenna simulation: Each antenna is simulated both in free space and with the
phantom model in the presence and absence of lesion respectively. By comparing
the antenna simulation results with and without lesion over the phantom, the

presence of lesion is detected.



(iv)

v)

Biocompatibility analysis: Along with various performance parameters, the
biocompatibility analysis factor represented by specific absorption rate (SAR) is

assessed maintaining the IEEE safety level of the human body.

Implementation of microwave imaging algorithm: The monostatic radar-based
delay-and-sum (DAS) beamforming or confocal microwave imaging algorithm is

implemented for the envisaged lesion image reconstruction in two-dimension.

1.6 Research Contribution

In pursuit of fulfilling the distinctive objectives, this research contributes to a number of

original developments, some of which are already published in two leading international

conferences and the rest are drafted for the possible publications in two reputed journals in

the near future. The major contributions of this research are summarized below:

(i)

(i)

(iii)

(iv)

(v)

Detection of brain tumor inside a six-layered human head phantom model by
designing a self-complementary bow-tie antenna having improved bandwidth and

radiation efficiency compared to the existing ones.

Localization of brain tumor inside the phantom model precisely with a marginal

positive error.

Detection of brain stroke inside a six-layered human head phantom model by
designing a defected ground structure (DGS)-based monopole antenna with a
trident-shaped feeding strip having improved bandwidth and reduced physical

dimension compared to the existing ones.

Localization of brain stroke inside the phantom model precisely with a marginal

negative error.

Foundation for practical detection and localization of brain abnormalities through

antenna fabrication with full system measurement in future.

1.7 Research Organization

The research embodied in this thesis is divided into six chapters, organized as follows:



(i)

(i)

(iii)

(iv)

v)

CHAPTER 1 - INTRODUCTION: At first, this chapter introduces the general
overview. Next, the related works are briefly described, followed by the motivation
of the work. Latterly, the research objectives are included. Henceforth, the proposed
research methodology is outlined. The research contributions are summarized

afterward. Finally, the research organization is represented.

CHAPTER 2 - LITERATURE REVIEW: Initially, the general overview of this
chapter is considered. Later on, bow-tie antenna for microwave imaging are
explained. Immediately, monopole antenna for microwave imaging are illustrated.

In the end, the summary is provided.

CHAPTER 3 - THEORETICAL BACKGROUND: First of all, this chapter
represents the general overview. Subsequently, the classification of microwave

imaging is dealt with. Later, the microwave imaging algorithms are familiarized.

CHAPTER 4 — ANTENNA DESIGN, SIMULATION AND ANALYSIS:
Primarily, the general overview of this chapter is focused. After that, the
experimental settings are illuminated. Then, the proposed bow-tie antenna for brain
tumor diagnosis is intimated. Succeedingly, the proposed monopole antenna for
brain stroke diagnosis is interpreted. Hence, the comparative analysis is presented.
At last, the discussion is drawn.

CHAPTER 5 - CONCLUSION AND FUTURE RECOMMENDATIONS:
Firstly, this chapter sums up the conclusion. Thereafter, the limitations of the work

are addressed, followed by the future recommendations.



CHAPTER 2
LITERATURE REVIEW

2.1 General

This chapter considers a comprehensive and in-depth analysis of the existing literature
related to the proposed work in support of the related works that is described briefly in
Section 1.2 of Chapter 1. The rest of this chapter is oriented as below: In Section 2.2, bow-
tie antenna for microwave imaging are explained. Section 2.3 illustrates monopole antenna

for microwave imaging. In the end, the summary is provided in Section 2.4.

2.2 Bow-Tie Antenna for Microwave Imaging

Recently, Fiser et al. [15] proposed a UWB rounded bow-tie antenna with an overall
dimension of 60 x 60 x 50 mm? printed on the Rogers-RO4003C substrate for microwave
head imaging applications. The layout of this antenna with detailed dimensions of the front
view and side view is represented in Fig. 2.1 (a) and Fig. 2.1 (b) sequentially. The simulated

bandwidth and radiation efficiency were recorded as 5 GHz and around 80 % respectively.

1 1.524
—.;
0.508 B
e | i

>
B -+

60
35

60

A
|

(@) (b)

Fig. 2.1: Layout of the rounded bow-tie antenna on Rogers-RO4003C substrate (a)
front view (b) side view (all dimensions are in mm) [15].

In another paper, Rufus et al. [16] reported a rounded bow-tie antenna having a compact
dimension of 16 x 24 x 1.6 mm? fabricated on the FR-4 substrate (e, = 4.28, tané =
0.001) for microwave imaging applications. Fig. 2.2 explicates the configuration of this
antenna with particular dimensions. The antenna achieved a bandwidth of 0.1 GHz and a
gain of approximately 5 dB after simulation.
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Fig. 2.2: Configuration of the rounded bow-tie antenna on FR-4 substrate
(dimensions in mm) [16].

Another UWB compact bow-tie antenna was designed by Hossain et al. [17] for cancer
detection and treatment. The geometry of this antenna with the top view and bottom view
is shown in Fig. 2.3 (a) and Fig. 2.3 (b) correspondingly. The total footprint of the antenna
was 34.46 x 23.8 x 1.67 mm?® embedded on the FR-4 substrate. After simulation, a
bandwidth of 0.64 GHz and a radiation efficiency of 75.8 % were obtained.
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Fig. 2.3: Geometry of the compact bow-tie antenna on FR-4 substrate (a) top view
(b) bottom view [17].
Again, Arayeshnia et al. [18] designed and analyzed a UWB meandered bow-tie antenna
for wearable microwave brain imaging systems. Fig. 2.4 (a) and Fig. 2.4 (b) depict the
prototype of this antenna with specific dimensions of the front view and rear view
subsequently. The antenna occupied a size of 18 x 18 x 0.5 mm? rooted on the FR-4
substrate (&, = 4.3). The simulated bandwidth and radiation efficiency were attained as

3.25 GHz and almost 45 % respectively.
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Fig. 2.4: Prototype of the meandered bow-tie antenna on FR-4 substrate (a) front
view (b) rear view (W =18 mm, L = 18 mm, w; = 0.9 mm, w, = 0.3
mm, w; = 0.7 mm, w, = 0.2 mm, d; = 6.4 mm,d, =1.2mm, d; = 1.2
mm, d, = 4mm,ds = 1.5mm, d, =3.5mm,d, =2.7mm, d,,; = 1.68
mm, d;,,(d,,) = 0.51 mm) [18].
Another paper by Vijayalakshmi et al. [19] presented a UWB staircase antipodal bow-tie
antenna, occupying a physical dimension of 57 x 30.4 x 1.6 mm? integrated on the FR-4
substrate (&, = 4.4, tand = 0.025) for microwave imaging applications. The structure of
this antenna with detailed dimensions is highlighted in Fig. 2.5. The simulation results

revealed that the antenna possessed a bandwidth of 3.17 GHz and a gain of 4.29 dB.

|
27
—

Fig. 2.5: Structure of the staircase antipodal bow-tie antenna on FR-4 substrate
(L =6 mm, L, = 18.75 mm, L; = 13.1 mm, w, = 28.13 mm, wg =
22.5 mm, wg = 18.17 mm, w, = 16.07 mm, h, = 18.75 mm, hg = 15
mm, hg = 12.5 mm, d, = 10.74 mm) [19].
Furthermore, Li et al. [20] designed and simulated a UWB double-layered bow-tie antenna
for microwave head imaging applications. Fig. 2.6 (a) and Fig. 2.6 (b) specify the
configuration of this antenna with the top view and side view chronologically. The antenna
was mounted above the Rogers-RT6010 substrate (e, = 10.2) having a volume of 30 x 30
x 1.27 mm?3. After simulating the antenna, a bandwidth of 1.5 GHz, a gain of around 6 dB,

and a radiation efficiency of nearly 91 % were found.
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Fig. 2.6: Configuration of the double-layered bow-tie antenna on Rogers-RT6010
substrate (a) top view (b) side view [20].
The paper of Gomaa et al. [21] offered a double-sided triangular bow-tie antenna designed
on the Duroid-5880 substrate (e, = 2.2) with 37 x 40 x 1.27 mm? size for UWB
communications. The layout of this antenna is demonstrated in Fig. 2.7. The simulated

bandwidth and gain were acquired as 1.8 GHz and 5 dB respectively.

Fig. 2.7: Layout of the double-sided triangular bow-tie antenna on Duroid-5880
substrate [21].

Moreover, Mahalakshmi et al. [22] developed a miniaturized hexagonal bow-tie antenna of
10 x 10 x 1 mm? volume inlaid on the alumina ceramic (Al.O3) substrate (&, = 9.8) for
biomedical applications. The prototype of this antenna with particular dimensions is
pictorialized in Fig. 2.8. The observed values of the simulated bandwidth and gain were
around 0.19 GHz and -14.5 dB respectively.
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Fig. 2.8: Prototype of the hexagonal bow-tie antenna on Al.Oz substrate (W, = 10

mm, Ly = 10 mm, W, = 4.5 mm, L, = 8 mm, Wy = 0.5 mm, Wy, = 0.5

mm, Lg; = 4.5 mm, Wy, = 3.5mm, Ly, = 1.5 mm, W5 = 0.5 mm) [22].
In addition, a UWB bow-tie antenna had been implemented by Jalilvand et al. [23] for 3-D
microwave tomography. Fig. 2.9 displays the geometry of this antenna with specific
dimensions. The antenna was manufactured on the Rogers-5880 substrate (&, = 2.2) with
a volumetric dimension of 22 x 22 x 1.5 mm?®. A bandwidth of 2.4 GHz appeared after

performing the simulation.

-~
w

Fig. 2.9: Geometry of the bow-tie antenna on Rogers-5880 substrate (W = 22 mm,
L=22mm,d =28mm,w; =1mm) [23].

Also, Aydin et al. [24] promoted three bow-tie antennas in their paper for biomedical
imaging applications utilizing pure PLA, PLA/copper, and PLA/carbon respectively as
substrates. The antenna bandwidth close to 0.2 GHz was the widest for 60 x 60 x 2 mm?
size implanted on the PLA/copper substrate (&, = 2.4). Fig. 2.10 elucidates the structure
of this antenna with detailed dimensions.

11



Fig. 2.10: Structure of the bow-tie antenna on PLA/copper substrate (X = 10 mm,
Y =10mm, L, = 4.5mm, L, = 8 mm, h = 0.5 mm, 8 = 53°) [24].

2.3 Monopole Antenna for Microwave Imaging

In a recent paper, Rahman et al. [25] reported a slotted disk monopole antenna occupying
40 x 38 x 0.135 mm? dimensions embedded on the PET substrate (&, = 3.2, tand = 0.022)
for detecting brain stroke. The configuration of this antenna with particular dimensions is
explicated in Fig. 2.11. After performing the simulation, a bandwidth of 0.48 GHz, a gain
of 2.78 dB, and a radiation efficiency of 99 % were achieved.

Fig. 2.11: Configuration of the slotted disk monopole antenna on PET substrate
(W =38mm, L =40 mm, R, = 16.5 mm) [25].

Again, Wu et al. [26] proposed a UWB semi-circular monopole antenna to locate the
position of brain stroke. The total footprint of the antenna was 40 x 40 x 0.6 mm? inlaid on
the FR-4 substrate (e, = 4.4,tand = 0.02). The geometry of this antenna with specific
dimensions is depicted in Fig. 2.12. The simulated bandwidth and gain were obtained as 3
GHz and 1.85 dB respectively.
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Fig. 2.12: Geometry of the semi-circular monopole antenna on FR-4 substrate (W =
40 mm, L =40 mm, W1 =18 mm, L1 = 0.1 mm, R1 =19.61 mm,
R2 =19.61 mm, a =0.6 mm, b =12 mm, c =16 mm,d = 20 mm,
e =20.39mm,i =4mm,j =6mm, k =8mm) [26].
Another paper by Alkasi et al. [27] developed a multi-band monopole antenna with an
overall dimension of 81 x 45 x 1.6 mm? implanted on the FR-4 substrate (&, = 4.3) for
microwave imaging applications. The prototype of this antenna with detailed dimensions of
the front view and back view is specified in Fig. 2.13 (a) and Fig. 2.13 (b) successively. The
widest bandwidth after executing the simulation was recorded as 0.23 GHz for the resonant

frequency of 2.75 GHz.

(@) (b)

Fig. 2.13: Prototype of the multi-band monopole antenna with reflector on FR-4
substrate (a) front view (b) back view (Sw = 45 mm, Sl = 81 mm, Ril =
72 mm, Ri2 = 19 mm, Rw = 5.363 mm, Aw = 90 mm, Al = 120 mm,
Df =50 mm, Db =80 mm, Bw =10 mm, Bl =45 mm, Mw = 50
mm, Ml = 80 mm) [27].
Moreover, Hossain et al. [28] in their paper designed and optimized a UWB monopole
antenna with a two-branch feeding strip to diagnose brain stroke. Fig. 2.14 (a) and Fig. 2.14
(b) show the layout of this antenna with particular dimensions of the top view and bottom

view consecutively. The antenna had a volume of 30 x 20 x 1.5 mm? printed on the Rogers-
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RO3003 substrate (&, = 3,tand = 0.001). The simulated bandwidth, gain, and radiation
efficiency were attained as 3.85 GHz, 2.05 dB, and 78.76 % respectively.
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Fig. 2.14: Layout of the two-branch fed monopole antenna on Rogers-RO3003

substrate (a) top view (b) bottom view (W = 20 mm, L = 30 mm, P, =
17 mm, P, =8 mm, d = 13 mm, t =4 mm, My, = 2 mm, M; = 15.5
mm, G, = 12.2 mm) [28].

A UWB folded strip monopole antenna with a size of 40 x 32 x 0.8 mm?® integrated on the

FR-4 epoxy substrate (&, = 4.4, tand = 0.02) was introduced by Bhardwaj et al. [29] for

brain stroke detection. The structure of this antenna with specific dimensions is displayed in

Fig. 2.15. From the simulation results, the antenna acquired a bandwidth of 3.28 GHz and

a gain of 6.8 dB.

Fig. 2.15: Structure of the folded strip monopole antenna on FR-4 epoxy substrate
(W =32 mm, L =40 mm, L; = 10.5 mm, L, =8 mm, L; =4 mm,
L, = 18 mm, W, = 15 mm, W, = 32 mm, W; = 28 mm, W, = 24 mm,
Ws =17 mm, Lg; = 2 mm, Lg, = 0.5 mm, F; = 0.5 mm, L; =6 mm,
W; =185 mm, Ws = 2 mm, W, = 3.5 mm, §; = 0.5 mm, S, =0.5
mm, G; = 4 mm, G, = 1.5 mm) [29].

Another UWB flexible monopole antenna was implemented by Bashri et al. [30] for a

wearable head imaging system. Fig. 2.16 (a) and Fig. 2.16 (b) pictorialize the geometry of
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this antenna with detailed dimensions of the top view and bottom view accordingly. The
antenna was mounted above the PET substrate (&, = 2.4) having a volumetric dimension

of 70 x 30 x 0.075 mm? and the simulated bandwidth appeared as 2.2 GHz.
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Fig. 2.16: Geometry of the flexible monopole antenna on PET substrate (a) top view
(b) bottom view (W =30 mm, L=70 mm, g=0.5 mm, W=7
mm, L;; = 44 mm) [30].

Furthermore, Talukder et al. [31] presented a UWB monopole antenna capturing 70 x 60 x
1.5 mm?3 size fabricated on the FR-4 substrate (e, = 4.4) for microwave head imaging
applications. The configuration of this antenna with particular dimensions of the front view
and back view is elucidated in Fig. 2.17 (a) and Fig. 2.17 (b) in succession. The simulation
results manifested that the antenna possessed a bandwidth of 2.37 GHz, a gain of 5.95 dB,

and a radiation efficiency of 93 %.

(@) ()

Fig. 2.17: Configuration of the monopole antenna on FR-4 substrate (a) front view
(b) back view (W =60 mm, L =70 mm, wl =30 mm, w2 = 2.9
mm, w3 = 2mm,wf = 2.72mm, 1 = 25mm, [2 = 4 mm, [3 = 2 mm,
If =21.5mm,ur =7mm,vr =9 mm, Lx =6 mm, Ly = 6 mm, It =
6 mm, b =19.5mm, k =5mm, a = 3.1 mm, b =4 mm) [31].
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In another paper, Vasquez et al. [32] designed and experimentally assessed a UWB
monopole antenna to localize brain stroke. Fig. 2.18 (a) and Fig. 2.18 (b) represent the
prototype of this antenna with specific dimensions of the top view and bottom view
distinctively. The antenna had a physical dimension of 38 x 30 x 1.6 mm?® manufactured on

the FR-4 substrate. The simulated bandwidth was observed as nearly 1.22 GHz.

(@) (b)

Fig. 2.18: Prototype of the monopole antenna on FR-4 substrate (a) top view (b)
bottom view [32].

Also, Mobashsher et al. [33] promoted a UWB monopole antenna with a volume of 80 x 45
x 15 mm? designed on the FR-4 substrate (&, = 4.5, tand = 0.02) for locating hemorrhagic
stroke. The structure of this antenna with detailed dimensions is highlighted in Fig. 2.19.
The antenna exhibited 1.15 GHz bandwidth and 3.5 dB gain after simulation.

W, L

Lo

Fig. 2.19: Structure of the monopole antenna on FR-4 substrate (W, = 45 mm, L, =
80 mm, R =32 mm, w; =9 mm, wy = 3 mm, g; = 15 mm, g,, = 21
mm, gs; = 3 mm, gs = 6 mm) [33].
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In addition, Razzicchia et al. [34] offered a metasurface (MTS)-enhanced printed square
monopole antenna (PSMA) for detecting and localizing both hemorrhagic and ischemic
strokes. Fig. 2.20 (a) and Fig. 2.20 (b) demonstrate the layout of the PSMA with particular
dimensions and PSMA with MTS superstrate loading respectively. The antenna was rooted
on the RT/duroid-5880 LZ substrate (&, = 1.96, tand = 0.0019) having a size of 76 x 38

x 1.026 mmq. The simulated bandwidth was found as approximately 0.3 GHz.

(@) (b)

Fig. 2.20: Layout of the monopole antenna on RT/duroid-5880 LZ substrate (a)
PSMA (b) PSMA with MTS superstrate loading [34].

24 Summary

In this chapter, the most remarkable bow-tie antenna and monopole antenna for microwave
imaging are studied in detail. However, it comes to light that the antennas exerted in these
literatures suffered from bulky size, narrow bandwidth, poor gain, and poor radiation
efficiency. As a consequence, the resolution and accuracy of the microwave images were
not up to the mark. Therefore, more research is mandatory to enrich the performance further

across all ramifications.

17



CHAPTER 3
THEORETICAL BACKGROUND

3.1 General

In this chapter, a vivid concept of the theoretical background is represented which is the
primary need to carry out a successful research work. The remainder of this chapter has the
following organization: Section 3.2 deals with the classification of microwave imaging,
especially active microwave imaging. In Section 3.3, the microwave imaging algorithms

are familiarized with an elaboration of the monostatic radar-based confocal algorithm.

3.2 Classification of Microwave Imaging

Microwave imaging is generally classified into three major groups, i.e., passive microwave
imaging, hybrid or thermo-acoustic microwave imaging, and active microwave imaging as
seen in Fig. 3.1. Nevertheless, active microwave imaging is further classified into two
types, i.e., microwave tomography and radar-based microwave imaging [36]. In the passive
microwave imaging approach, the presence of a lesion is detected by measuring the
temperature difference between healthy tissue and unhealthy tissue exploiting a radiometry
device as the prime element. In contrast, the hybrid or thermo-acoustic microwave imaging
method utilizes microwave sensors and ultrasonic transducers to evaluate the variations of
pressure waves between injured tissue and uninjured tissue for lesion diagnosis. However,
active microwave imaging is the most prominent technique that exploits an antenna as the
core element to detect the existence of the lesion by assessing the huge contrast between

the dielectric properties of normal tissue and abnormal tissue [37].

@!ﬁcmwm-'e Imagin@

Passive Active Hybnd/
Thermo-acoustic

h

Tomography Radar-based

Fig. 3.1. Classification of microwave imaging.
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3.2.1 Active Microwave Imaging

More specifically, in the active microwave imaging technique, the setup for brain
abnormality detection with localization consists of four parts - a transmitter antenna, a
receiver antenna, a head phantom, and a signal storing and processing unit [38], [39] as
depicted in Fig. 3.2. The microwave signal originated by the transmitter antenna propagates
through air to the head phantom and then back-scattered towards the receiver antenna. The
received signal is characterized by three parts - the directly coupled signal from the
transmitter antenna, the reflected signal from various layers of the head phantom (i.e., skin,
fat, bone, brain, etc.), and lesion reflection. Location pertinent to the lesion acquires higher
energy level (i.e., current density, SAR, etc.) than normal healthy tissue [40]. Thus, the
presence of a lesion might be detected. However, with a view to reconstructing the image
of the lesion for an explicit visualization of its location, the phantom is mechanically rotated
along its axis by minimal angle steps in order that it can be sequentially scanned by the
transmitter antenna for numerous positions [41]. The signal storing and processing unit
further applies suitable microwave imaging algorithms to the received antenna scattering

parameters for the generation of microwave images.

Head phantom Transmitter
antenmna
O] Mutual coupling
Receiver Signal storing &
antenna processing unit

Fig. 3.2: Schematic diagram of active microwave imaging-based brain abnormality
detection and localization.

3.3 Microwave Imaging Algorithms

The microwave tomography scheme reproduces the dielectric properties (i.e., relative
permittivity and conductivity) of the lesion from the received scattered waves by
implementing an inverse non-linear scattering algorithm, for example, Gauss-Newton
inversion (GNI) algorithm, contrast-source inversion (CSlI) algorithm, and so on [42]. Such
a scheme is more complicated due to the requirement of large mathematical operators.

Contrarily, in the radar-based microwave imaging scheme, the center position of the lesion
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IS concentrated by virtue of strong reflection. This scheme is more preferable because of
involving a less sophisticated linear scattering algorithm, for instance, delay-and-sum
(DAS) beamforming or confocal microwave imaging algorithm, microwave imaging via
space-time (MIST) beamforming algorithm, tissue sensing adaptive radar (TSAR)

algorithm, and so forth [43].

3.3.1 Monostatic Radar-Based Confocal Algorithm

The monostatic radar-based delay-and-sum (DAS) beamforming or confocal microwave
imaging algorithm is one of the most promising algorithms which has widespread use in
lesion image reconstruction [44]. The flowchart of this algorithm is pictorialized in Fig. 3.3.

The algorithm with each step is thoroughly described below:

Scattering parameter (5, ) acquisttion with lesion Scattering parameter (5, ) acguisition without lesion
e \
HLyy(f) Hyy(f)
v l
Windowing vsing Hamming window Windowing vsing Hamming window
HL (Ehwindowed Hyy (Elwindowed
v l
Frequency domain to time domain conversion Frequency domain to time domain conversion
HLyy(t) Hyy(t)
Calibraticn

Loy (£

|

Clutter removal

7
Pyy(t)

|

Synthetic focusing

Focs ar)
(25 77

|

Image generation

I(x:. 7))

Fig. 3.3: Monostatic radar-based delay-and-sum (DAS) beamforming or confocal
microwave imaging algorithm for lesion image reconstruction.
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(i)

(i)

(iii)

Scattering parameter (S11) acquisition: At first, the rotation of the phantom is
executed mechanically along its axis with the least possible angle steps so that the
antenna can scan the phantom in a sequential manner for miscellaneous positions.
The scan region is allocated in an (m x n) grid that can be represented by the

following matrix:

(1,1 (1,2) - (L,n))
2,1 2 - (2,n)
GX,Y)=1@B1 (32 - (3,n) (3.1)
_(m., 1) (m', 2) (m: n).

Since the single antenna acts as a transceiver in the monostatic approach, therefore,
it radiates UWB microwave pulse that is circulated via air to the layers of the
phantom in the presence and absence of lesion respectively and after that is reflected
back towards the same antenna [45]. At each scan position, a huge number of
scattering parameters (S;;) with lesion HLyy, (f) and without lesion Hyy(f) are

recorded over the predetermined UWB frequency range.

Windowing using Hamming window: The acquired scattering parameters (S;4)
with lesion HLyy (f) and without lesion Hyy (f) are windowed using the Hamming

window to reduce the side lobe levels as follows:

HLyy (f Jwindowed = HLXY(f) * W (3.2)

Hyy (f )windowea = Hxy(f) *w (3.3)
Where, w = Hamming window signal.

Frequency domain to time domain conversion: The windowed signals with
lesion HLyy (f)windowea @Nd without lesion Hyy (f)windowea '€ converted from
the frequency domain to the equivalent time domain by taking their respective

inverse fast Fourier transform (IFFT) as expressed below:

HLyy (t) = IFFT (HLxy (f)windowea) (3.4)

Hyy(t) = IFFT(HXY(f)Windowed) (3.9)
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(iv) Calibration: The time domain signal without lesion Hyy (t) is subtracted from that

with lesion HLyy (t) to extract the lesion response in the time domain referred to as

the calibrated signal given in the following equation:

Lyy(t) = HLyy(t) — Hyy(t) (3.6)

Clutter removal: The calibrated signal Ly (t) still contains clutter or unwanted
reflections dominated by the antenna and the environment. In order to remove this
clutter, the calibrated signal Ly (t) is first averaged by adding it in a given row of
grid (m x n) and then dividing it with the total number of scan positions in that

row as derived below:
m
AX(t) — ZY=1:’:LXY(t) 3.7)

Hence,

[A; ()]
A,(t)
Ax(t) =| Ag .(t) (3.8)

Am: (t)d

The resultant averaged signal A (t) is then deducted from the calibrated signal

Lyy (t) known as the processed signal conferred in the following expression:

Pyy (t) = Lxy (t) — Ax (1) (3.9)
Consequently,
[P11(t)  Pp(t) -+ Pp(0)]
Py (t)  Pp(t) - Pop(t)
Pey(t) = [ P31(t)  Psp(t) - Psu(t) (3.10)
Pra(®) Pra(® - Pn(®)

(vi) Synthetic focusing: The round-trip time is computed aiming to perform the

synthetic focusing. For the purpose of computing the round-trip time, firstly, the

phantom region is divided in a grid like structure F (x;, y;) consisting of focal points
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or pixel points. The distance between each scan position (X,Y) and focal point
(x;, yj) is calculated as follows:

D= X-x)*+ (Y —y)? (3.12)

The propagation distance (d) for each of the N media is evaluated and transformed

to round-trip time (t) based on the average wave speed (c/+/€,) afterward. Hence,
the total round-trip time is deduced from the following equations:

tXY(xinj) =t Tty Tty (3.12)
Zd(Ml) Zd(Mz) Zd(MN)

tyy (20, v;) = Ho D 3.13

XY( l y]) c/Je&rm)  ¢/\JErm2) c/\[&rmn) (3.13)

Where, ¢ = velocity of light in vacuum = 3 x 108 m/s; &, = relative permittivity
of the propagation medium.

(vii) Image generation: The processed signal Pxy (t) at the round-trip time tyy (x;,y;)

is estimated as follows attempting to generate the intensity values associated with
the pixel points:

I, y;) =[S0y X3on Pey (b Ce )] (3.14)
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CHAPTER 4
ANTENNA DESIGN, SIMULATION AND ANALYSIS

41 General

This chapter focuses on the design, simulation, and analysis of two different types of ultra-
wideband (UWB) antennas, i.e., a self-complementary bow-tie antenna and a defected
ground structure (DGS)-based monopole antenna with a trident-shaped feeding strip
intended to diagnose a brain tumor and a brain stroke respectively inside a six-layered
human head phantom model. The rest of this chapter is arranged as follows: In Section 4.2,
the experimental settings are illuminated. Section 4.3 intimates the proposed bow-tie
antenna for brain tumor diagnosis showcasing antenna geometry, antenna design equations,
simulation results in free space, antenna with biological tissue model, and simulation results
with biological tissue model for the detection and localization of brain tumor. The proposed
monopole antenna for brain stroke diagnosis assimilating antenna geometry, antenna design
equations, antenna design evolution, simulation results in free space, antenna with
biological tissue model, and simulation results with biological tissue model for the
detection and localization of brain stroke is interpreted in Section 4.4. Section 4.5 presents
the comparative analysis constituting the comparison with existing bow-tie antennas and

monopole antennas. At last, the discussion is drawn in Section 4.6.

4.2 Experimental Settings

The proposed scenario under the experimental settings of monostatic radar-based
microwave head imaging system for brain abnormality detection and localization is
displayed in Fig. 4.1. Here, an anatomically realistic 3-D human head phantom is mounted
on a horizontal rotating platform that is controlled by a stepper motor. The antenna fixed
by an adjustable holder is connected to a microwave sensor through a universal serial bus
(USB) cable which is further connected to a laptop through another USB cable. At each
scanning angle of rotation, the antenna transmits UWB pulse generated by the microwave
sensor to the head phantom in the presence and absence of the intracranial brain injury
respectively. The reflected or scattered waves are received by the same antenna and then

sent to the laptop via the microwave sensor for storing and post-processing.
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Fig. 4.1
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Microwave Laptop
Stepper Sensor
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Experimental settings of monostatic radar-based microwave head imaging

system for brain abnormality detection and localization.

4.3 Proposed Bow-Tie Antenna for Brain Tumor Diagnosis

4.3.1 Antenna Geometry

Fig. 4.2 shows the detailed geometry of the proposed bow-tie antenna while Table 4.1
enlists its optimum dimensions from which the design equations are deduced. The antenna

is structurally planar and rectangular with an overall volume of 27 x 17 x 0.787 mm?®.

Commercially available dielectric material Rogers-RT5880 with relative permittivity, &,

2.2, loss tangent, tand = 0.0009, and thickness, h = 0.787 mm is selected as the substrate

while annealed copper with thickness, MT = 0.035 mm is selected as the metal.
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Fig. 4.2: Geometry of the proposed bow-tie antenna.
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Table 4.1: Optimum dimensions of the proposed bow-tie antenna

Antenna parameters Symbol Value (mm)
Substrate width w 17
Substrate length L 27

Substrate thickness h 0.787

Metal thickness MT 0.035

Arm width Ay 6.55

Arm length AL 14.7
Microstrip feed width My, 1.3
Microstrip feed length M, 18.5
Feed to flare region distance d 2.6

A polygonal radiating metal arm integrated with a 50 Q microstrip feed-line is etched on

the top layer of the substrate whereas the bottom layer comprises of a partial metal ground

plane. Moreover, a complementary slot of the radiating arm is inserted on the ground plane,

yielding a self-complementary bow-tie antenna. The input impedance of the antenna is

matched with the feed-line impedance by optimizing its design parameters effectively

through the iterative simulation method.

4.3.2

(i)

(i)

(iii)

Antenna Design Equations

Arm width (Ay): The arm width (4y,) is determined from the following equation:

P
Ay =7~ (4.1)

Where, A = center wavelength = c¢/f; ¢ = velocity of light in vacuum = 3 X

108 m/s; f = center frequency.

Arm length (A;): The arm length (4;) can be formulated as follows:

Substrate width (W): The substrate width (W) is obtained from the following

expression:

W = Ay + 13h (4.3)
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Where, h = substrate thickness.

(iv) Substrate length (L): The substrate length (L) is derived as below:

L=A;, +16h (4.4)

4.3.3 Simulation Results in Free Space

The proposed bow-tie antenna is designed and simulated in computer simulation
technology (CST) microwave studio (MWS), a commercially available full-wave
electromagnetic software package based on finite integration technique. After performing

antenna simulation in free space, the following results are attained:

Fig. 4.3 represents the simulated S;, parameter of the proposed bow-tie antenna in free
space. It is obvious that the antenna resonates at the frequency of 6.37 GHz with a small
reflection coefficient of -53.84 dB due to a good impedance matching. Moreover, the
antenna achieves an ultra-wide impedance bandwidth of 5.14 GHz (5.89 GHz - 11.03 GHz)

for |511 | < —10 dB which is the prime need for microwave imaging-based brain tumor

detection.

The radiation efficiency of the proposed bow-tie antenna after simulation in free space is
demonstrated in Fig. 4.4. Verily, the antenna possesses an extensive radiation efficiency of
0.9687, i.e., 96.87 % at 6.37 GHz resonant frequency.
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Fig. 4.3: Simulated reflection coefficient (S;,) of the proposed bow-tie antenna in

free space.
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Fig. 4.4: Simulated radiation efficiency of the proposed bow-tie antenna in free space.
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Fig. 4.5: Simulated far-field gain pattern of the proposed bow-tie antenna in free
space at resonant frequency (a) 3-D view (b) 2-D polar view.

Fig. 4.6: Simulated surface current density of the proposed bow-tie antenna in free
space at resonant frequency.
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Table 4.2: Performance metrics of the proposed bow-tie antenna in free space

Antenna performance Value
Resonant frequency (GHz) 6.37
S-parameters (dB) -53.84
Bandwidth (GHz) 5.14
Radiation efficiency (%) 96.87
3-D gain (dB) 3.34
2-D polar gain (dB) 3.23

Fig. 4.5 (a) and Fig. 4.5 (b) depict the simulated far-field 3-D and 2-D polar (recorded at
6 = 0° ¢ = 90°) gain patterns of the proposed bow-tie antenna in free space at the
resonant frequency of 6.37 GHz. Noticeably, there is a close agreement between the
maximum 3-D gain and the 2-D polar main lobe magnitude. Moreover, the half-power
beam-width is 252.9°. It is also prominent that the antenna exhibits a quasi-directional
radiation pattern, indicating maximum radiation along the bow-tie arms as required for the

diagnosis of brain tumor in microwave imaging.

To acquire further insight into the prior discussion on antenna performance, the surface
current density is simulated as specified in Fig. 4.6. Apparently, remarkable surface
currents are concentrated along the flare regions of the bow-tie arms. Hence, the surface
current density is maximum at 126 A/m at 6.37 GHz resonant frequency.

Table 4.2 outlines the performance metrics of the proposed bow-tie antenna in free space
with regard to the resonant frequency, S-parameters, bandwidth, radiation efficiency, 3-D
gain, and 2-D polar gain that validates its suitability for microwave imaging-based human

brain tumor diagnosis as clarified in the next sections.

4.3.4 Antenna with Biological Tissue Model

A six-layered heterogeneous human head phantom model with a spherical shape is
proposed as demonstrated in Fig. 4.7 (a). These layers include skin, fat, bone, dura,
cerebrospinal fluid (CSF), and brain consecutively [46]. However, the healthy head
phantom model is made cancerous by inserting a spherical-shaped malignant tumor of 5

mm radius among dura, CSF, and brain.
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Fig. 4.7: Six-layered human head phantom model with tumor (a) schematic
representation (b) simulation setup.

Table 4.3: Dielectric properties of cancerous human head phantom model with
approximate dimensions [47], [48]

Dielectric properties
Tissue | Radius Relative | Conductivity | Mass density
(mm) | permittivity (S/m) (kg/m?)
Skin 90 45 0.73 1109
Fat 89 5.54 0.04 911
Bone 87.6 5.6 0.03 1908
Dura 83.5 46 0.9 1174
CSF 83 70.1 2.3 1007
Brain 81 43.22 1.29 1046
Tumor 5 55 7 1035.5

It is noteworthy that the model mimics the practical frequency-dependent dielectric
properties (i.e., relative permittivity, conductivity, etc.) of a cancerous human head for
analyzing the interaction between microwaves and tissue layers properly as mentioned in
Table 4.3 [47], [48]. The assessment of antenna performance with the phantom model is
accomplished by placing the phantom model at a certain distance of 30 mm from the upper
surface of the antenna [49] as shown in Fig. 4.7 (b). This facilitates sufficient penetration
of microwave signals inside the tissue layers without causing cumulative side-effects due
to antenna radiation. However, the location of the tumor center is at (41.75, 0, 0) mm
coordinates from the antenna surface for readily diagnosing it from the simulation results.
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4.3.5 Simulation Results with Biological Tissue Model

4.35.1 Detection of Brain Tumor

Fig. 4.8 (a) and Fig. 4.8 (b) elucidate the current densities of the proposed bow-tie antenna
with phantom in the absence and presence of tumor respectively at the resonant frequency
of 6.37 GHz after simulation. It is worth mentioning that the peak value of the antenna
current density with phantom and tumor (i.e., 155 A/m?) is more than two times greater
than that with phantom alone (i.e., 60.5 A/m?). Thus, the proposed antenna can effectively
detect the presence of brain tumor with this abrupt rise of current density.

The simulated 10 g average SAR of the proposed bow-tie antenna with phantom in the
absence and presence of tumor are highlighted in Fig. 4.9 (a) and Fig. 4.9 (b)

chronologically at 6.37 GHz resonant frequency and 0.5 W input reference power.
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Fig. 4.8: Simulated current density of the proposed bow-tie antenna at resonant
frequency (a) with phantom (b) with phantom and tumor.
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Fig. 4.9: Simulated SAR distribution of the proposed bow-tie antenna at resonant
frequency (a) with phantom (b) with phantom and tumor.
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Table 4.4: Performance metrics of the proposed bow-tie antenna with phantom
model at resonant frequency

Peak current density Peak SAR
Phantom status 2
(A/m?) (W/Kg)
Phantom without tumor 60.5 0.241
Phantom with tumor 155 0.249

Evidently, the peak SAR value of the antenna with phantom containing tumor (i.e., 0.249
W/kg) is higher than that free of tumor (i.e., 0.241 W/kg), implying that the proposed
antenna can also detect brain tumor successfully with the excess of SAR distribution result.
In addition, it can be observed that the peak value of SAR always lies below 2 W/kg which
is the international standard safety limit for 10 g average SAR of bio-tissue [50]. Therefore,

no health hazard is supposed to happen in the envisaged detection of brain tumor.

The performance metrics of the proposed bow-tie antenna with the human head phantom
model are summarized in Table 4.4 in terms of peak current density and SAR as discussed
above. Comparison of these results between healthy and cancerous phantom models

confirms the intended brain tumor detection.

4.3.5.2 Localization of Brain Tumor

In order to explicitly visualize the tumor location inside the head phantom, a mechanical
rotation of the phantom is performed along its axis by 3.6° angular steps so that it can be
horizontally scanned by the antenna in X — Y plane for 100 different positions. During
every scanning, a total of 1001 scattering parameters (S;;) with tumor and without tumor
are measured within the specified UWB frequency range (0 GHz — 12 GHz). For processing
these data obtained from CST MWS, the monostatic radar-based delay-and-sum (DAS)
beam-forming or confocal microwave imaging algorithm is implemented in MATLAB.

Fig. 4.10 displays the reconstructed microwave image of the brain tumor with a high spatial
resolution while Table 4.5 presents the gist of its localization result. It is vivid that the red
color signifies the highest intensity value, specifying the tumor location of (49.8, 0.1961)
mm coordinates which is close enough to the actual location of (41.75, 0) mm coordinates.
Hence, the proposed antenna can identify the brain tumor location inside the human head

phantom model with a minimal positive error of (8.05, 0.1961) mm coordinates.
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Fig. 4.10: Reconstructed microwave image of brain tumor.

Table 4.5: Localization result of brain tumor

Actual Location in Localization
location image error

Xaxis | Y axis | Xaxis| Y axis | Xaxis| Y axis
(mm) | (mm) | (mm) | (mm) | (mm) | (mm)

41.75 0 49.8 | 0.1961 | 8.05 | 0.1961

4.4 Proposed Monopole Antenna for Brain Stroke Diagnosis

4.4.1 Antenna Geometry

The geometry of the proposed monopole antenna with specific dimensions of the top view
and bottom view is demonstrated in Fig. 4.11 (a) and Fig. 4.11 (b) respectively. The
optimum antenna dimensions are given in Table 4.6, followed by the particular design
equations. The antenna is derived from a planar rectangular monopole embedded with a
trident-shaped or three-branch microstrip feed-line of 50 Q. Industrially attainable
dielectric material Rogers-RO3003 having a relative permittivity (&) of 3, a loss tangent
(tand) of 0.001, and a thickness (h) of 1.5 mm is chosen as the substrate while annealed
copper having a thickness (MT) of 0.035 mm is chosen as the metal. The antenna occupies

an overall physical dimension of 30 x 20 x 1.5 mm?.
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Fig. 4.11: Geometry of the proposed monopole antenna (a) top view (b) bottom view.

Table 4.6:  Optimum dimensions of the proposed monopole antenna

Antenna parameters Symbol Value (mm)
Substrate width w 20
Substrate length L 30

Substrate thickness h 1.5
Metal thickness MT 0.035
Patch width Py 17
Patch length P, 8

Microstrip feed width My, 2

Microstrip feed length M, 15.5

Feed-branch difference d 13

Feed-branch length t 4
DGS ground length Gy, 12.2
Edge-cut width Ey 3.5
Edge-cut length E; 4
Notch width Ny, 2
Notch length N, 8

The iterative simulation method is utilized to optimize the design parameters so that the

antenna input impedance is perfectly matched with the feed-line impedance.
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4.4.2

(i)

(ii)

(iii)

(iv)

v)

(vi)

(i)

Antenna Design Equations

Patch width (Py,): The patch width (Py,) can be deduced as follows [28]:
P, =2 (4.5)

Where, A = center wavelength = c¢/f; ¢ = velocity of light in vacuum = 3 x

108 m/s; f = center wavelength.

Patch length (P;): The patch length (P,) is given by the following equation [28]:
P, == (4.6)

Substrate width (W): The substrate width (W) is formulated as below [28]:
W =Py +2h (4.7)

Where, h = substrate thickness.

Substrate length (L): The substrate length (L) is determined from the following
equation [28]:

Feed-branch difference (d): The feed-branch difference (d) is expressed as
follows [28]:
d="w (4.9)

1.3

Feed-branch length (t): The feed-branch length (t) is obtained from the following
equation [28]:

t=- (4.10)
DGS ground length (G): The DGS ground length (G, ) can be calculated as below [28]:

A
GL—E

(4.11)
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(viii) Edge-cut width (Ey,): The edge-cut width (Ey,) is deduced from the following

expression:

w
Ey=%
W=,

N |

(4.12)

(ix) Edge-cut length (E;): The edge-cut length (E},) is identical to the feed-branch

length (t) as given below:
E, =t (4.13)

(x) Notch width (Ny,): The notch width (Ny,) is equal to the microstrip feed width

(Myy,) as follows:

(xi) Notch length (N): The notch length (N,) is derived from the following equation:

N, =2 (4.15)

4.4.3 Antenna Design Evolution

The design evolution of the proposed monopole antenna involves four steps as shown
chronologically in Fig. 4.12 (a), Fig. 4.12 (b), Fig. 4.12 (c), and Fig. 4.12 (d). In step-1, the
basic monopole antenna consists of a radiating metal patch connected to a simple feeding
strip on the top layer and a partial metal ground plane on the bottom layer of the substrate,
culminating in a planar rectangular structure. Step-2 replaces the simple feeding strip with
a two-branch feeding strip of identical widths. In step-3, the two-branch feeding strip is
substituted with a trident-shaped feeding strip composed of one central branch and two side
branches of equal widths for exciting the antenna symmetrically at three feeding points.
The final design step, i.e., step-4 introduces defected ground structure (DGS) by cutting the
upper edges of the partial ground plane and inserting a notch in its middle position. The

antenna simulation results for each design step are explained thoroughly in the next section.
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Fig. 4.12: Design evolution of the proposed monopole antenna (a) step-1 (b) step-2
(c) step-3 (d) step-4.

4.4.4 Simulation Results in Free Space

The step-by-step design and simulation of the proposed monopole antenna are executed in
the finite integration technique-based commercial full-wave electromagnetic software
package computer simulation technology (CST) microwave studio (MWS). The stepwise

simulation results of the antenna in free space are illustrated as follows:

Fig. 4.13 depicts the simulated S;, parameters of the proposed monopole antenna in free
space for each design step. In step-1, the antenna resonates at 4.5 GHz frequency having
14.43 dB return loss and 1.99 GHz (3.4 GHz - 5.39 GHz) impedance bandwidth. However,
in step-2, the antenna resonant frequency is shifted to 3.83 GHz with a higher return loss
of 35.71 dB, indicating a better impedance matching and a higher bandwidth of 3.85 GHz
(3.08 GHz - 6.93 GHz) than in step-1. The resonant frequency of the antenna is further
drifted to 3.79 GHz with an improved return loss and operating bandwidth of 40.19 dB and
4.28 GHz (3.07 GHz - 7.35 GHz) respectively in step-3 compared to step-2. Finally, in
step-4, the antenna resonant frequency is tuned to 3.97 GHz with the highest return loss of
50.15 dB and the highest bandwidth of 5.9 GHz ranging from 3.14 GHz to 9.04 GHz among
all the steps, making the antenna very promising for microwave imaging-based brain stroke

diagnosis.

In Fig. 4.14, the stepwise radiation efficiencies of the proposed monopole antenna after
simulation in free space are represented. It can be observed that the antenna achieves a

radiation efficiency of 0.754, i.e., 75.4 % at the resonant frequency of 4.5 GHz in step-1.

37



S-Pararneters [Magritude in dB]

Frequency [GHz]

Fig. 4.13: Simulated reflection coefficients (S;;) of the proposed monopole
antennas in free space for each design step.
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Fig. 4.14: Simulated radiation efficiencies of the proposed monopole antennas in
free space for each design step.

Albeit, an augmentation of the radiation efficiency of 0.7876, i.e., 78.76 % at 3.83 GHz
resonant frequency occurs in step-2 compared to step-1. Again, in step-3, slightly higher
radiation efficiency of 0.7919, i.e., 79.19 % at the resonant frequency of 3.79 GHz is
obtained than in step-2. Ultimately, the antenna radiation efficiency is somewhat degraded
to 0.765, i.e., 76.5 % at 3.97 GHz resonant frequency in step-4 in contrast to the previous
step.

The simulated far-field 3-D gain patterns of the proposed monopole antenna in free space
at corresponding resonant frequency for step-1, step-2, step-3, and step-4 are shown in Fig.
4.15(a), Fig. 4.15(b), Fig. 4.15(c), and Fig. 4.15(d) respectively. It is obvious that in step-
1, the 3-D gain is maximum at 1.81 dB at 4.5 GHz resonant frequency. However, in step-
2, this gain is much enhanced to 2.05 dB at the resonant frequency of 3.83 GHz in
comparison to step-1. Furthermore, this gain is merely corroborated to 2.07 dB at 3.79 GHz

resonant frequency in step-3 in contrary to the preceding step.

38



(©)

dE
1.81
1.36
0.904
0.452

-8.55
-19.1
i _z8.6
-38.2

aB
z.07
1.55
1.08
0.517

-9.48

-19
i -28.4
-37.9

(d)

aB

1.5
0.998
0.499

-9.5
-19
i -28.5
-38

Fig. 4.15: Simulated far-field 3-D gain pattern of the proposed monopole antennas in
free space at resonant frequency (a) step-1 (b) step-2 (c) step-3 (d) step-4.
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Fig. 4.17: Simulated surface current density of the proposed monopole antennas in
free space at resonant frequency (a) step-1 (b) step-2 (c) step-3 (d) step-4.

Table 4.7:

(d)

Performance metrics of the proposed monopole antenna in free space
Antenna performance | Step-1 | Step-2 | Step-3 | Step-4
Resonant frequency (GHz)| 4.5 3.83 3.79 3.97
S-parameters (dB) -14.43 | -35.71 | -40.19 | -50.15
Bandwidth (GHz) 1.99 3.85 4.28 59
Radiation efficiency (%) 75.4 78.76 79.19 76.5
3-D gain (dB) 1.81 2.05 2.07 2
2-D polar gain (dB) 1.81 2.05 2.07 2

Eventually, a bit lower 3-D maximum gain of 2 dB prevails in step-4 at the resonant

frequency of 3.97 GHz than in step-3.

Fig. 4.16 (a), Fig. 4.16 (b), Fig. 4.16 (c), and Fig. 4.16 (d) demonstrate the simulated far-
field 2-D polar gain patterns (observed at 8 = 0°, ¢ = 90°) of the proposed monopole
antenna in free space at individual resonant frequency for step-1, step-2, step-3, and step-4
respectively. Evidently, in step-1, the antenna radiation pattern withholds a semi-directional
behavior, pointing maximum radiation to the bottom of the patch having a main lobe
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magnitude of 1.81 dB towards 148° direction at 4.5 GHz resonant frequency. In addition,
the 3-dB angular beam-width is 109° whereas the side lobe level is -4.3 dB, concentrating
maximum power along the major lobe of the antenna. Although, a slight deviation of the
radiation pattern occurs in step-2 at the resonant frequency of 3.83 GHz, causing an
extended main lobe magnitude of 2.05 dB in the direction of 158° compared to step-1. Also,
the 3-dB angular beam-width falls to 105.3° while the side lobe level rises to -3 dB. In step-
3, a pretty higher main lobe magnitude of 2.07 dB is found along 159° direction at 3.79
GHz resonant frequency than in step-2. Besides, the 3-dB angular beam-width declines to
104.9° and the side lobe level expands to -2.9 dB. Lastly, in step-4, the main lobe magnitude
is lowered to some extent of 2 dB directed towards 159° at the resonant frequency of 3.97
GHz in contrast to the former step. Moreover, the 3-dB angular beam-width is elevated to
107.1° even though the side lobe level is deteriorated to -3.4 dB.

In order to profoundly understand the step-by-step antenna performance as discussed
above, the simulated surface current densities are provided in Fig. 4.17 (a), Fig. 4.17 (b),
Fig. 4.17 (c), and Fig. 4.17 (d) for step-1, step-2, step-3, and step-4 consecutively at a
particular resonant frequency. It is visible that in step-1, significant surface currents are
induced along the edges of the partial ground plane at the resonant frequency of 4.5 GHz.
In contrast, more uniform surface currents flow through the radiating patch in step-2 at 3.83
GHz resonant frequency. Accordingly, in step-3 at the resonant frequency of 3.79 GHz,
much more uniform surface currents are circulated in the entire patch. However, in step-4,
strong additional surface currents are adjacent to the edges of the DGS at 3.97 GHz resonant
frequency. Consequently, there is a gradual decay in the stepwise maximum surface current
density, i.e., 35.9 A/m, 33.2 A/m, 33.1 A/m, and 32.1 A/m obtained for step-1, step-2, step-

3, and step-4 respectively.

Table 4.7 highlights the performance metrics of the proposed monopole antenna in free
space for each design step. It is nevertheless noteworthy that step-4 is preferable to all other
steps, especially in terms of return loss and bandwidth. Therefore, only step-4 is utilized in

the following sections to diagnose human brain stroke.

445 Antenna with Biological Tissue Model

Fig. 4.18 (a) represents a spherical-shaped six-layered heterogeneous human head phantom

model that is affected by stroke.
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Fig. 4.18: Six-layered human head phantom model with stroke (a) schematic
representation (b) simulation setup.

Table 4.8: Dielectric properties of stroke-affected human head phantom model with
approximate dimensions [47], [51]

Dielectric properties
: Radius .
Tissue (mm) Relative |Conductivity|Mass density
permittivity (S/m) (kg/m3)

Skin 90 45 0.73 1109

Fat 89 5.54 0.04 911

Bone 87.6 5.6 0.03 1908

Dura 83.5 46 0.9 1174

CSF 83 70.1 2.3 1007

Brain 81 43.22 1.29 1046

Stroke Hemorrhgglc 10 62 1.5 1050

Ischemic 10 30 0.5 1060

The six successive layers involve skin, fat, bone, dura, cerebrospinal fluid (CSF), and brain
[46] while the stroke might be hemorrhagic or ischemic. Either type of stroke is of 10 mm
radius that is individually inserted within the brain intimate to the CSF. It is worth
mentioning that the model imitates the realistic frequency-dependent dielectric properties
(i.e., relative permittivity, conductivity, and so on) of a stroke-affected human head to
appropriately analyze the interactions between microwaves and tissue layers as indicated
in Table 4.8 [47], [51]. While assessing antenna performance with the phantom model, a
particular distance of 30 mm is retained between the upper surface of the antenna and the
phantom model to provide adequate microwave signal penetration within the tissue layers
devoid of harmful side-effects caused by antenna radiation [52] as appeared in Fig. 4.18
(b). However, the center of each stroke is located at (49, 0, 0) mm coordinates from the

antenna surface so that it can be rapidly diagnosed from the simulation results.
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4.4.6 Simulation Results with Biological Tissue Model

4.4.6.1 Detection of Brain Stroke

The current densities of the proposed monopole antenna after simulating with phantom
excluding lesion, including a hemorrhagic stroke, and including an ischemic stroke are
explicated in Fig. 4.19 (a), Fig. 4.19 (b), and Fig. 4.19 (c) successively at 3.97 GHz resonant
frequency. Verily, the peak value of the antenna current density for phantom free of lesion
(i.e., 60.5 A/m?) is less than that containing hemorrhagic stroke (i.e., 61.9 A/m?) but larger
than that containing ischemic stroke (i.e., 59 A/m?). Thus, the existence of hemorrhagic
stroke and ischemic stroke can be detected efficiently with the proposed antenna

considering the excess and shortage of current density respectively.
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Fig. 4.19: Simulated current density of the proposed monopole antenna at resonant
frequency (a) with phantom (b) with phantom and hemorrhagic stroke (c)
with phantom and ischemic stroke.
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Fig. 4.20: Simulated SAR distribution of the proposed monopole antenna at
resonant frequency (a) with phantom (b) with phantom and hemorrhagic
stroke (c) with phantom and ischemic stroke.
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Table 4.9: Performance metrics of the proposed monopole antenna with phantom
model at resonant frequency

Phantorn status Peak current density Peak SAR
(A/m?) (W/kg)
Phantom without lesion 60.5 0.258
Phantom with hemorrhagic stroke 61.9 0.267
Phantom with ischemic stroke 59 0.242

Fig. 4.20 (a), Fig. 4.20 (b), and Fig. 4.20 (c) pictorialize the simulated 10 g average SAR at
0.5 W input reference power and 3.97 GHz resonant frequency of the proposed monopole
antenna with phantom having no lesion, having a hemorrhagic stroke, and having an
ischemic stroke respectively. It is visible that the peak SAR value of the antenna with
phantom alone (i.e., 0.258 W/kg) is smaller than that comprising hemorrhagic stroke (i.e.,
0.267 WI/kg) albeit higher than that comprising ischemic stroke (i.e., 0.242 W/kg). It
indicates that hemorrhagic stroke and ischemic stroke can also be detected with the
proposed antenna satisfactorily in order of excessive and deficient SAR distribution.
Moreover, it is noteworthy that no health risk is likely to appear in the envisaged brain
stroke detection since the peak value of SAR is always lower than the internationally safe
and standard SAR limit of bio-tissue for 10 g average, i.e., 2 W/kg [50].

The summary of the performance metrics of the proposed monopole antenna with the
human head phantom model is listed in Table 4.9 with regard to peak current density and
SAR as interpreted above. Detection of the intended brain stroke is confirmed by simply

comparing these results between healthy and stroke-affected phantom models.

4.46.2 Localization of Brain Stroke

With a view to visualizing the stroke location explicitly inside the head phantom, the
phantom is mechanically rotated by 5.625° angular steps along its axis so that the antenna
can sequentially scan the phantom around it in the horizontal X —Y plane for an overall
position of 64. At each scan position, altogether 1001 measurement points of scattering
parameters (S;;) with stroke and without stroke are recorded over the specified UWB
frequency band (0 GHz — 10 GHz). The monostatic radar-based delay-and-sum (DAS)
beam-forming or confocal microwave imaging algorithm is implemented in MATLAB for

processing these data achieved from CST MWS.
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Fig. 4.21: Reconstructed microwave image of brain stroke.

Table 4.10: Localization result of brain stroke

Actual Location in Localization
location image error

Xaxis | Y axis | Xaxis| Y axis | Xaxis| Y axis
(mm) | (mm) | (mm) | (mm) | (mm) | (mm)

49 0 39.02 | -1.961 | -9.98 | -1.961

The reconstructed microwave image of the brain stroke having a sharp precision is
displayed in Fig. 4.21 while the gist of its localization result is presented in Table 4.10.
Vividly, the highest intensity value is specified with the red color, implying that the stroke
is located at (39.02, -1.961) mm coordinates which is much contiguous to the actual
location of (49, 0) mm coordinates. Thus, the location of the brain stroke inside the human
head phantom model can be identified with the proposed antenna pertaining to a marginal

negative error of (9.98, 1.961) mm coordinates.
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4.5 Comparative Analysis

45.1 Comparison with Existing Bow-Tie Antennas

The proposed bow-tie antenna is compared with some relevant antennas described in the

literature from the perspectives of antenna size, bandwidth, gain, and radiation efficiency

as provided in Table 4.11. From this comparison table, it is found that the proposed antenna
has the widest bandwidth (i.e., 5.14 GHz) and the highest radiation efficiency (i.e., 96.87
%) in the list. Although, the gain of the proposed antenna (i.e., 3.34 dB) is only higher than
that designed by Hossain et al. [17] (i.e., -1.42 dB) and Mahalakshmi et al. [22] (i.e., -14.5
dB). Apart from the miniaturized antennas developed by Rufus et al. [16] (i.e., 16 x 24 x
1.6 mmd), Arayeshnia et al. [18] (i.e., 18 x 18 x 0.5 mm?), and Mahalakshmi et al. [22]

(i.e., 10 x 10 x 1 mm?®), the proposed antenna is more compact (i.e., 27 x 17 x 0.787 mm°)

than any other state-of-the-art.

Table 4.11: Comparison among the proposed bow-tie antenna and existing ones
Bandwidth Radiation
. 3 .
Antenna Size (mm?) (GH2) Gain (dB) efficiency (%)
Fiser et al.’s work
5 - ~80
[15] 60 x 60 x 50
Rufus et al.’s work
_ 0.1 =5 -
[16] 16 x 24 x 1.6
Hossainetal.’s | 34.46 x 23.8 x 0.64 142 758
work [17] 1.67
Arayeshnia et al.’s
. 3.25 - =45
work [18] 18 x 18 x 0.5
Vijayalakshmi et | 57 394, 16 3.17 4.29 i
al.’s work [19]
Lietal.’s work [20]| 30 x 30 x 1.27 1.5 ~6 ~91
Gomaaet al.’s
: 1.8 5 -
work [21] 37 x40 x 1.27
Mahalakshmi et
~0.19 -14.5 -
al.’s work [22] 10101
Jalilvand et al.’s
22 x 22 x 1. 2.4 - -
work [23] x22x15
Aydin et al.’s work
~0.2 - -
[24] 60 x 60 x 2
Proposed work |27 x 17 x 0.787 5.14 3.34 96.87
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4.5.2 Comparison with Existing Monopole Antennas

A comparison among the proposed monopole antenna and some similar antennas reported
in the literature are outlined in Table 4.12 from the perspectives of antenna size, bandwidth,
gain, and radiation efficiency. It is found from the comparison table that the proposed
antenna has the most compact physical dimension (i.e., 30 x 20 x 1.5 mm?®) except for the
analogous one designed by Hossain et al. [28] and the widest bandwidth (i.e., 5.9 GHz) in
the list. Yet, the radiation efficiency of the proposed antenna (i.e., 76.5 %) is inferior to all
other state-of-the-art while the gain (i.e., 2 dB) being only higher than that developed by
Wau et al. [26] (i.e., 1.85 dB).

Table 4.12: Comparison among the proposed monopole antenna and existing ones

Antenna Size (mm?) Ba(rz;j'\i'v;;jth Gain (dB) eﬁ!iqca}(ejri]igo(g %)
RanrE?E [ezts?"’s 40x38x1385| 048 2.78 99
Wu et [az'é’]s Work | 40 40 x 0.6 3 1.85 :
Alkasi e[tze;l].’s work 81 x 85 x 1.6 0.23 . }
Flossal E’; %"’s 30 x 20 x 1.5 3.85 2.05 78.76
Bha\:\fov:sj[gg;‘"’s 40 % 32% 0.8 3.28 6.8 :
Bashri e[tg%I].’s work 70 x 30 x 0.075 29 - -
Ta'\‘jv‘;‘iir[gtl‘;‘"’s 70 x 60 x 1.5 237 5.95 93
Vasquez et al.’s 38 x30x 16 ~1.22 - -
work [32]
MObivsnge[;g; al’s| g0 x45x 15 1.15 35 :
Razf/:/‘;‘;f?ﬁ]a"’s 76x38x1.026|  ~0.3 - -
Proposed work 30x20x 1.5 59 2 76.5
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4.6 Discussion

In a nutshell, it can be inferred from the design, simulation, and analysis that the proposed
antennas afford a reasonable combination of the most sought-after traits for microwave
imaging-based medical applications such as miniature size, enhanced bandwidth, moderate
gain, and high radiation efficiency. By means of scrutinizing the specific absorption rate
(SAR), a renowned biocompatibility analysis factor, the safety regulation of the human
body is preserved in each condition as well. In fact, reliable and simultaneous detection and
localization of brain abnormalities are done more precisely and accurately than the existing

microwave imaging techniques.
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CHAPTER 5
CONCLUSION AND FUTURE RECOMMENDATIONS

5.1 Conclusion

This research work offers an ultra-wideband (UWB) bow-tie antenna and a monopole
antenna for the simultaneous detection and localization of brain tumor and brain stroke
respectively inside a stratified human head phantom model via microwave imaging scheme.
With the proposed self-complementary structure, the performance of the bow-tie antenna
is better boosted than the traditional ones. For instance, the antenna occupies a significantly
compact size of 27 x 17 x 0.787 mm?®. In addition, it possesses an ultra-wide impedance
bandwidth of 5.14 GHz ranging between 5.89 GHz and 11.03 GHz. Moreover, a high
radiation efficiency of 96.87 % and a 3-D gain of 3.34 dB are obtained. Likewise, the
defected ground structure (DGS) underlying monopole antenna excited by a trident-shaped
feeding strip performs superiorly among the prevailing ones. For example, the antenna
obtains an ultra-wide impedance bandwidth of 5.9 GHz that ranges from 3.14 GHz to 9.04
GHz. Besides, a radiation efficiency of 76.5 % and a gain of 2 dB are achieved.
Furthermore, this miniature antenna occupies an overall volume of 30 x 20 x 1.5 mm?®.
Brain tumor detection is confirmed with a significant increase in antenna current density
and specific absorption rate (SAR) in contrast to the unwounded tissue. However, the
detection of the hemorrhagic stroke is ensured with an excessive antenna current density
and SAR while the ischemic stroke is detected with a deficient antenna current density and
SAR compared to the normal healthy tissue. In each case, the safety level of SAR is
sustained targeting to prevent biohazards. Ultimately, the localization of the brain
abnormalities is carried out reliably in two-dimension by developing the monostatic radar-
based delay-and-sum (DAS) beam-forming or confocal microwave imaging algorithm to
clearly visualize these through image reconstruction. Albeit, the reconstructed microwave
images having sharp precision include a minimal positive error and a minimal negative

error related to the location of the brain tumor and the brain stroke respectively.

The remainder of this chapter has the following orientation: Section 5.2 addresses the

limitations of the work, followed by the future recommendations in Section 5.3.
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5.2 Limitations of the Work

Nonetheless, the findings of this research are subjected to several limitations owing to the

design and methodological constraints. The notable limitations of this research are

addressed as follows:

(i)

(ii)

(iii)

(iv)

Being a simulation-based research work, it is conducted thoroughly in software
(i.e., CST MWS and MATLAB).

Because of employing the monostatic approach, simply a single antenna functions
as a transceiver from a particular position, and thereby requires an external rotation

of the phantom sequentially for a complete scan which is time-consuming.

Lossy dielectric materials with low relative permittivities (i.e., Rogers-RT5880
with &, = 2.2 and Rogers-RO3003 with &, = 3) are selected as antenna substrates

considering cost-effectiveness.

Only one type of antenna feeding technique (i.e., microstrip line feed) is utilized

due to its design flexibility.

5.3 Future Recommendations

In future, alternative designs and methodologies are imperative to develop for the sake of

overcoming the limitations emerged from this research. The following possible approaches

are recommended in this aspect:

(i)

(i)

(iii)

Practical implementation of the proposed antennas to be tested in the specified

application of brain abnormality detection and localization.

Employment of the multi-static approach where a set of antenna arrays transmits
and receives signals from multiple positions for a complete scan, and thereby

requires no external rotation of the phantom which is time-saving.

Selection of antenna substrates from lossy dielectric materials with high relative
permittivities (e.g., Rogers-RT6006 with &, = 6.15, Taconic CER-10 with ¢, =

10, etc.) to improve the performance metrics.
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(iv) Utilization of more antenna feeding techniques (e.g., coaxial probe feed, aperture
coupled feed, proximity coupled feed, etc.) for a comparative study.
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APPENDIX

MATLAB Code for Microwave Image Reconstruction of Brain Tumor:
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~32=db2mag (S_
~35=db2mag (S_
_38=dbZmag (S__
_41=dbZmag (S__
_44=dbZmag (S __
_47=db2mag (S__
_50=db2mag (S__
~53=dbZmag (S __
_56=dbZmag (S __
~59=dbZmag (S __
~_62=db2mag (S__
~_65=db2mag (S__
68=db2Zmag (S __
71=db2mag (S__
_74=dbZmag (S__
_77=db2mag (S_
(

5
8
ja_
a
a
;a
;a
ja_
ja_
a
;a
;a
;a
;a
;a
;a
;a
;a
;a
;a
a
=
=
;a
a
;a_80=db2Zmag (S
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.txt;load S _16.txt;
.txt;load S 20.txt;
.txt;load S 24.txt;
.txt;load S 28.txt;
.txt;load S 32.txt;
.txt;load S _36.txt;
.txt;load S 40.txt;
.txt;load S 44.txt;
.txt;load S 48.txt;
.txt;load S 52.txt;
.txt;load S 56.txt;
.txt;load S _60.txt;
.txt;load S 64.txt;
.txt;load S 68.txt;
.txt;load S _72.txt;
.txt;load S _76.txt;
.txt;load S _80.txt;
.txt;load S 84.txt;
.txt;load S 88.txt;
.txt;load S _92.txt;
.txt;load S _96.txt;
.txt;load S 100.txt;
,2)");a 3=dbZmag (S _3(:,2)")
,2)");a _6=dbZ2mag (S _6(:,2)")
,2) );a_9=db2mag (S _9(:,2)
1(:,2)");a 12=db2mag(S_12
14(:,2)");a_15=db2mag(S_15
17(:,2)");a_18=db2mag(S_18
20(:,2)");a_ 21= db2mag (S_21
23(:,2)");a_24=db2mag(S_24
26(:,2)");a_27=db2mag(S_27
29(:,2)");a_30=db2mag(S_30
32(:,2)"');a_33=db2Zmag (S_33
35(:,2)"');a_36=db2Zmag (S _36
38(:,2)"');a_39=db2mag (S _39
41(:,2)"');a_42=db2mag (S 42
44(:,2)"');a _45=db2mag (S _45
47(:,2)"');a_48=db2mag (S 48
50(:,2)"');a_51=db2Zmag (s _51
53(:,2)"');a 54=dbZmag (S 54
56(:,2)"');a 57=dbZmag (S 57
59(:,2)"');a 60=dbZmag (S 60
62(:,2)");a_63=db2mag(S_63
65(:,2)");a_66=db2mag(S_66
68(:,2)");a 69=dbZmag(S_69
71(:,2)"');a _72=db2mag (s 72
74(:,2)"');a _75=db2mag (s_75
77(:,2)");a_78=db2mag (S_78
80(:,2)");a_8l=dbZmag(S_81
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a_ 82=dbZmag (S 82
a_85=db2mag(s_85
a_ 88=db2Zmag (S_88
a_ 91=db2mag (s 91
a_ 94=db2mag (S_94
a_ 97=db2Zmag (s 97

a 100=dbZ2mag (S_ lOO

with tumor= [a 1

(IR VRSO REURE USRS RN
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;a_83=db2Zmag(S_83
;a 86=dbZmag(S_86
;a_89=dbZ2mag(S_89
;a_92=dbZ2mag(S_92
;a_95=dbZmag(S_95
;a 98=dbZmag(S_98
")

;a_84=dbZmag (S_84
;a 87=dbZmag (S_87
;a_90=db2mag(S_90
;a_93=dbZ2mag(S_93
;a_96=db2mag(S_96
;a 99=dbZmag (S 99
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a 55

a 56

a_ 57

a 58

a 59

a 60

a 61

a 62

a 63

a 64

a 65

a 66

a_ 67

a 68

a 69

a 70

a 71

a 72

a 73

a 74

a 75

a 76

a 77

a_ 78

a 79

a 80

a 81

a 82

a 83

a_ 84

a 85

a 86

a 87

a 88

a 89

a 90

a 91

a 92

a 93

a 94

a 95

a 96

a_ 97

a 98

a 99

a 1001";
%$%511 data acquisition without tumor from CST (Phantom rotation by 3.6°)
load R 1.txt;load R 2.txt;load R 3.txt;load R 4.txt;
load R 5.txt;load R 6.txt;load R 7.txt;load R 8.txt;
load R 9.txt;load R 10.txt;load R 11.txt;load R 12.txt;
load R 13.txt;load R 14.txt;load R 15.txt;load R 16.txt;
load R 17.txt;load R 18.txt;load R 19.txt;load R 20.txt;
load R 21.txt;load R 22.txt;load R 23.txt;load R 24.txt;
load R 25.txt;load R 26.txt;load R 27.txt;load R 28.txt;
load R 29.txt;load R 30.txt;load R 31.txt;load R 32.txt;
load R 33.txt;load R 34.txt;load R 35.txt;load R 36.txt;
load R 37.txt;load R 38.txt;load R 39.txt;load R 40.txt;
load R _41.txt;load R 42.txt;load R 43.txt;load R 44.txt;
load R _45.txt;load R 46.txt;load R 47.txt;load R 48.txt;
load R _49.txt;load R 50.txt;load R 51.txt;load R 52.txt;
load R 53.txt;load R 54.txt;load R 55.txt;load R 56.txt;
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load R 57.txt;load R 58.txt;load R 59.txt;load R 60.txt;
load R 61.txt;load R 62.txt;load R 63.txt;load R 64.txt;
load R _65.txt;load R 66.txt;load R 67.txt;load R 68.txt;
load R _69.txt;load R 70.txt;load R 71.txt;load R 72.txt;
load R _73.txt;load R 74.txt;load R 75.txt;load R 76.txt;
load R 77.txt;load R 78.txt;load R 79.txt;load R 80.txt;
load R 81.txt;load R 82.txt;load R 83.txt;load R 84.txt;
load R _85.txt;load R 86.txt;load R 87.txt;load R 88.txt;
load R _89.txt;load R 90.txt;load R 91.txt;load R 92.txt;
load R 93.txt;load R 94.txt;load R 95.txt;load R 96.txt;
load Rﬁ97.txt;load 98.txt;load R 99.txt;load R 100.txt;

b 1=dbZmag(R 1(:,2)" _2=db2mag(R_2(:,2) ") ;b _3=dbZmag(R _3(:,2

b _4=db2mag (R _4(:,2)"' =db2mag (R _5(:,2) ") ;b_6=dbZ2mag(R_6(:,2

b 7=db2mag(R_7(:,2) =db2mag(R_8(:,2) );b_S9=dbZmag(R_9(:,2

b 10=dbZ2mag(R_10(:,2 11=db2mag (R _11(:,2)") ;b 12=db2mag ( (:

b 13=db2mag (R _13(:,2 l4=db2mag(R 14( 2) ') ;b _15=db2mag( (:

b 16=db2mag (R _16(:,2 17=db2mag (R _17(:,2)"); b 18=db2mag ( (:

b 19=dbZ2mag (R _19(:,2  20=db2mag (R _20(:,2)"); b 21=db2mag ( (:

b 22=dbZ2mag (R _22(:,2 23=db2mag (R _23(:,2)"); b 24= db2mag(R 24 (:

b 25=dbZ2mag (R _25(:,2 26=db2mag (R _26(:,2)"); b 27=db2mag (R_27 (:

b 28=dbZmag (R _28(:,2  29=dbZ2mag (R _29(:,2)") ;b _30=dbZmag(R_30(:

b 31=dbZmag(R 31(:,2 32=dbZmag (R 32(:,2)"); b 33=dbZ2mag (R _33(:

b 34=dbZ2mag (R 34 (:,2 35=db2mag (R _35(:,2)"); b 36=db2mag (R _36(:

b 37=dbZ2mag (R _37(:,2 38=db2mag (R _38(:,2)"); b 39=db2mag (R _39(:

b 40=dbZ2mag (R _40(:,2 41=db2mag (R _41(:,2)"'); b 42=db2mag (R _42 (:

b 43=db2mag (R _43(:,2 44=db2mag (R _44(:,2)"');b_45=db2mag (R_45(:

b 46=db2mag (R _46(:,2 47=db2mag (R _47(:,2) ") ; b 48=db2mag (R_48(:

b 49=dbZ2mag (R _49(:,2  50=db2mag (R _50(:,2)"); b 51=db2mag (R _51(:

b 52=dbZ2mag (R _52(:,2  53=db2mag (R _53(:,2)"); b 54=db2mag (R _54(:

b 55=dbZ2mag (R _55(:,2 56=db2mag (R _56(:,2)"); b 57=db2mag (R _57(:

( (:,2 ( (:,2)"); ( (:

( (:,2 ( (:,2)"); ( (:

( (/2 ( (:,2) ") ( (:

( (/2 ( (:,2) ") ( (:

( (/2 ( (:,2) ") ( (:

( (:,2 ( (:,2)")3 ( (:

( (:,2 ( (:,2)"); ( (:

( (/2 ( (:,2) ") ( (:

( (/2 ( (:,2) ") ( (:

( (/2 ( (:,2) ") ( (:
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b 58=dbZmag (R 58 ~ 59=db2mag (R_59 ') ;b_60=dbZmag (R_60
b 61=dbZmag (R 61
b 64=dbZmag (R _64
b 67=dbZmag (R _67
b 70=dbZmag (R_70
b 73=dbZ2mag (R _73
b 76=dbZ2mag (R _76
b 79=db2mag (R_79
b 82=dbZmag (R 82
b 85=db2mag (R_85
b 88=dbZmag (R 88
b 91=dbZmag (R 91
b 94=dbZmag (R 94
b 97=dbZmag (R 97 (:,
b 100=db2mag (R_100(:,2
w1thout_tumor (b 1
b 2

~62=dbZmag R 62
~_65=dbZ2mag (R_65
68=dbZ2mag (R_68
71=dbZmag (R_71
74=db2mag (R_74
77=db2mag (R_77
80=dbZmag (R_80
83=dbZ2mag (R_83
86=dbZ2mag (R_86
 89=db2mag (R_89
 92=dbZ2mag (R_92
~ 95=db2mag (R_95
98=dbZmag (R_98

b 63=db2mag R 63
b 66=db2mag (R_66
b 69=db2mag (R _69
b 72=dbZmag (R _72
b 75=dbZ2mag (R_75
b 78=db2mag (R_78
b 81=dbZ2mag (R_81
b 84=dbZmag (R _84
b 87=dbZmag (R _87
b 90=dbZmag (R _90
b 93=db2mag (R_93
b 96=db2Zmag (R_96
b 99=db2mag (R _99
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b 17
b 18
b 19
b 20
b 21
b 22
b 23
b 24
b 25
b 26
b 27
b 28
b 29
b 30
b 31
b 32
b 33
b 34
b 35
b 36
b 37
b 38
b 39
b_40
b 41
b 42
b 43
b 44
b 45
b 46
b 47
b 48
b 49
b 50
b 51
b 52
b 53
b 54
b 55
b 56
b 57
b 58
b 59
b 60
b 61
b 62
b 63
b 64
b 65
b 66
b 67
b 68
b 69
b 70
b 71
b 72
b 73
b 74
b 75
b 76
b 77



b 78

b 79

b 80

b 81

b 82

b 83

b 84

b 85

b 86

b 87

b 88

b 89

b 90

b 91

b 92

b 93

b 94

b 95

b 96

b 97

b 98

b 99

b 100]";
$$Windowing using Hamming window
[A,B]l=size(with tumor) ;%A=Number of rows=1001,B=Number of columns=100
[A,B]=size (without tumor);
Window=hamming (A7) ;
with window=zeros (A,B);
without window=zeros (A,B);
for k=1:B

with window (:,k)=with tumor (:, k) .*Window;

without window (:,k)=without tumor (:,k).*Window;
end
%$$Frequency domain to time domain conversion
Time resolution=(A-1)/(max(R 1(:,1)*1e9)-
min(R 1(:,1)*1e9));%R(:,1)=S(:,1)=Frequency[GHz]
Sample size=Time resolution/ (A-1);
Time=linspace (- (A-1)/2*Sample size, (A-1) /2*Sample size,A);
IFFT with=ifftshift (ifft(with window))
IFFT without=ifftshift (ifft (without window));
%$%Calibration
Cal ibrated_with:IFFT_with— IFFT_Without;
$%Clutter removal
Average=zeros (A,10);
i=1;
for k=1:B

Average (:,1)=Average (:,1i)+Calibrated with(:,k);

if rem(k,10)==

i=i+1;

end
end
Average=Average./10;
New with=zeros (A,B);
i=1;
for k=1:B

New with(:,k)=Calibrated with(:,k)-Average(:,1);

if rem(k,10)==

i=i+1;

end
end
Processed signal=abs (New with);
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%$%Synthetic focusing (Air)
[a,b]=meshgrid(linspace(0,0,10),linspace(0,90,10));
X=b(:)';%Scan position (horizontal coordinate) [mm]
Y=a(:)';%Scan position(vertical coordinate) [mm]
[x,y]=meshgrid(linspace (-250,300,256),linspace (-250,300,256));
x=x(:);%Focal point (horizontal coordinate) [mm]

y=y (:);%Focal point (vertical coordinate) [mm]
D air=30;%Distance between antenna and phantom[mm]
d _air=zeros (length(x),B);%Propagation distance for air[mm]
for k=1:B
for m=1l:length (x)
D=sqrt ( (X (k)-x(m)) "2+ (Y (k) -y (m))"2);
d air(m, k)=sgrt (D"24D_air”"2);
end
end
Epsilonr air=1;%Relative permitivity of air
c=3ell;%Light velocity[mm]
vdelta air=c/sqrt (Epsilonr air);%Propagation velocity for air
t _air=zeros (length(x),B);%Round-trip time for air
for k=1:B
for i=l:length (x)
t air(i,k)=2*d _air(i, k)/vdelta air;
end
end
$%Synthetic focusing (Skin)
d skin=1;%Skin thickness[mm]
Epsilonr skin=45;%Relative permitivity of skin
vdelta skin=c/sqgrt (Epsilonr skin);%Propagation velocity for skin
t _skin=zeros(length(x),B);%Round-trip time for skin
for k=1:B
for i=1l:length (x)
t skin(i, k)=2*d skin/vdelta skin;
end
end
$%Synthetic focusing(Fat)
d fat=1.4;%Fat thickness[mm]
Epsilonr fat=5.54;%Relative permitivity of fat
vdelta fat=c/sqrt (Epsilonr fat);%Propagation velocity for fat
t fat=zeros(length(x),B);%Round-trip time for fat
for k=1:B
for i=1l:length (x)
t fat(i,k)=2*d fat/vdelta fat;
end
end
$%Synthetic focusing (Bone)
d bone=4.1;%Bone thickness[mm]
Epsilonr bone=5.6;%Relative permitivity of bone
vdelta bone=c/sqrt (Epsilonr bone);$Propagation velocity for bone
t bone=zeros (length (x),B);%Round-trip time for bone
for k=1:B
for i=l:length (x)
t bone (i, k)=2*d bone/vdelta bone;
end
end
%%Synthetic focusing(Dura)
d dura=0.5;%Dura thickness[mm]
Epsilonr dura=46;%Relative permitivity of dura
vdelta dura=c/sqrt (Epsilonr dura);%Propagation velocity for dura
t dura=zeros (length (x),B);%Round-trip time for dura
for k=1:B
for i=l:length (x)
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t dura(i,k)=2*d dura/vdelta dura;
end
end
$%Synthetic focusing (CSF)
d CSF=2;%CSF thickness[mm]
Epsilonr CSF=70.1;%Relative permitivity of CSF
vdelta CSF=c/sqrt (Epsilonr CSF);%Propagation velocity for CSF
t CSF=zeros (length(x),B);%*Round-trip time for CSF
for k=1:B
for i=1l:length (x)
t CSF(i,k)=2*d_CSF/vdelta CSF;
end
end
$%Synthetic focusing(Brain)
d brain=81;%Brain thickness[mm]
Epsilonr brain=43.22;%Relative permitivity of brain
vdelta brain=c/sqrt (Epsilonr brain);%Propagation velocity for brain
t _brain=zeros (length(x),B);%Round-trip time for brain
for k=1:B
for i=1l:length (x)
t_brain(i,k)=2*d_brain/vdelta_brain;
end
end
$%$Synthetic focusing(Total)
t _total=zeros (length(x),B);%Total round-trip time
for k=1:B
for i=l:length (x)
t total(i,k)=t air(i,k)+t _skin(i,k)+ t fat(i,k)+t bone(i,k)+
t dura(i,k)+t CSF(i,k)+t brain(i,k);
end
end
%$%Image generation
Interpolated data=zeros (length(t total),B);%Spline interpolation
for k=1:B
Interpolated data(:,k)=interpl (Time, Processed signal(:,k),
t total(:,k),'spline');
end
Intensity values=zeros (length (Interpolated data),l);%Intensity values
associated with the pixel points
for j=l:length(Interpolated data)
Intensity values (j)=sum(Interpolated data(j,:));
end
Intensity values=Intensity values./max(Intensity values);
Intensity=Intensity values."4;

figure ('Name', 'Figure : Reconstructed Image', 'NumberTitle','Off');%Image
mapping

scatter(x,y, 500, Intensity,'.");

axis([min(x) max(x) min(y) max(y)]l);

xlabel ('X axis (mm) ")
ylabel ('Y axis (mm) ")
colorbar

MATLAB Code for Microwave Image Reconstruction of Brain Stroke:

clc

clear all

%$%511 data acquisition with stroke from CST (Phantom with stroke
rotation by 5.625°%)

load s 1.txt;load S 2.txt;load S 3.txt;load S 4.txt;

load S 5.txt;load S 6.txt;load S 7.txt;load S 8.txt;

A-8



load s 9.txt;load S 10.txt;load S 11.txt;load S 12.txt;
load S 13.txt;load S 14.txt;load S 15.txt;load S 16.txt;
load S 17.txt;load S 18.txt;load S 19.txt;load S 20.txt;
load S 21.txt;load S 22.txt;load S 23.txt;load S 24.txt;
load S 25.txt;load S 26.txt;load S 27.txt;load S 28.txt;
load S 29.txt;load S 30.txt;load S 31.txt;load S 32.txt;
load S 33.txt;load S 34.txt;load S 35.txt;load S 36.txt;
load S 37.txt;load S 38.txt;load S 39.txt;load S 40.txt;
load S 41.txt;load S 42.txt;load S 43.txt;load S 44.txt;
load S 45.txt;load S 46.txt;load S 47.txt;load S 48.txt;
load S 49.txt;load S 50.txt;load S 51.txt;load S 52.txt;
load S 53.txt;load S 54.txt;load S 55.txt;load S 56.txt;
load S 57.txt;load S 58.txt;load S 59.txt;load S 60.txt;
load S_61.txt;load S 62.txt;load S _63.txt;load S 64.txt;

a_ l=db2mag (S _1(:,2)");a 2=db2mag (S _2(:,2)"');a 3=db2mag(S 3(:,2)");
a 4=dbZ2mag (S 4(:,2)");a 5=dbZmag (s 5(:,2)"');a 6= db2mag(S 6(:,2)");
a_ 7=dbZ2mag(S_7(:,2)");a 8=dbZmag (S _ 8(:,2) );a 9=dbZmag (S 9(:,2)");
a 10=dbZmag (s _10(:,2)"');a ll=dbZmag(s 11(:,2)"');a_ 1l2=dbZ2mag(S_12(:
a 13=db2mag (s _13(: ,2)');a_l4 db2mag(S 14( ,2)");a _15=db2mag (S_15(:
a_l6=db2mag (s _16(:,2)");a 17=db2mag(S_17(:,2)"');a 18=db2mag (S _18(:
a 19=dbZmag (s 19(:,2)"');a 20=dbZ2mag(S_20(:,2)"');a 21=dbZmag (S 21 (:
a_ 22=dbZmag (S _22(:,2)"');a 23=dbZ2mag(S_23(:,2)"');a 24=dbZmag (S _24(:
a_ 25=db2mag (S _25(:,2)");a 26=db2mag(S_26(:,2)"');a 27=db2mag (S 27 (:
a 28=db2mag (S _28(:,2)"');a 29=db2mag(S_29(:,2)"');a 30=db2mag (S _30(:
a 3l=db2mag (s _31(:,2)");a 32=db2mag(S_32(:,2)"');a 33=db2mag (S _33(:
a 34=dbZmag (S _34(:,2)"');a 35=dbZ2mag(S_35(:,2)"');a 36=dbZmag (S _36(:
a 37=dbZmag (s _37(:,2)"');a 38=dbZ2mag(S_38(:,2)"');a 39=dbZmag (S 39 (:
a_40=db2mag (S _40(:,2)");a 41=db2mag(S_41(:,2)"');a_42=db2mag (S 42 (:
a_43=db2mag (S _43(:,2)"');a 44=db2mag(S_44(:,2)"');a_45=db2mag (S _45(:
a_46=db2mag (S _46(:,2)"');a 47=db2mag(S_47(:,2)"');a_48=db2mag (S _48(:
a_49=dbZmag (s _49(:,2)"');a 50=dbZmag(S_50(:,2)"');a 5l=dbZmag (S 51 (:
a 52=dbZmag (S 52(:,2)"');a 53=dbZ2mag(S_53(:,2)"');a 54=dbZmag (S _54(:
a 55=db2mag (S 55(:,2)"');a 56=db2mag(S_56(:,2)"');a 57=db2mag (S 57 (:
a 58=db2mag (S 58(:,2)"');a 59=db2mag(S_59(:,2)"');a 60=db2mag (S 60 (:
a_6l=db2Z2mag (S 61(:,2)"');a 62=db2mag(S_62(:,2)"');a 63=db2mag (S _63(:
a 64=dbZmag (s _64(:,2)");

with stroke=[a 1
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a 26

a 27

a 28

a 29

a 30

a 31

a 32

a 33

a 34

a 35

a 36

a 37

a 38

a 39

a 40

a 41

a 42

a 43

a 44

a 45

a 46

a 47

a 48

a 49

a 50

a 51

a 52

a 53

a 54

a 55

a 56

a 57

a 58

a 59

a_ 60

a 61

a 62

a 63

a 64]"';
%$%S11 data acquisition without stroke from CST (Phantom rotation by
5.625°%)
load R 1.txt;load R 2.txt;load R 3.txt;load R 4.txt;
load R _5.txt;load R 6.txt;load R 7.txt;load R 8.txt;
load R 9.txt;load R 10.txt;load R 11.txt;load R 12.txt;
load R 13.txt;load R 14.txt;load R 15.txt;load R 16.txt;
load R 17.txt;load R 18.txt;load R 19.txt;load R 20.txt;
load R 21.txt;load R 22.txt;load R 23.txt;load R 24.txt;
load R 25.txt;load R 26.txt;load R 27.txt;load R 28.txt;
load R 29.txt;load R 30.txt;load R 31.txt;load R 32.txt;
load R 33.txt;load R 34.txt;load R 35.txt;load R 36.txt;
load R 37.txt;load R 38.txt;load R 39.txt;load R 40.txt;
load R 41.txt;load R 42.txt;load R 43.txt;load R 44.txt;
load R _45.txt;load R 46.txt;load R 47.txt;load R 48.txt;
load R _49.txt;load R 50.txt;load R 51.txt;load R 52.txt;
load R 53.txt;load R 54.txt;load R 55.txt;load R 56.txt;
load R 57.txt;load R 58.txt;load R 59.txt;load R 60.txt;
load R 61.txt;load R 62.txt;load R 63.txt;load R 64.txt;
b 1=dbZmag(R 1(:,2)"');b 2=dbZ2mag(R 2(:,2)");b 3=dbZ2mag(R 3(:,2)"');
b 4=db2Zmag(R _ 4(:,2)"');b_5=dbZ2mag(R 5(:,2) ") ;b _6=dbZ2mag(R 6(:,2)"');
b 7=dbZmag(R_7(:,2)"');b_8=dbZmag(R 8(:,2)");b 9=dbZ2mag(R 9(:,2)"');
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b 10=db2mag
b 13=dbZmag
b 16=dbZ2mag
b 19=db2mag
b 22=dbZ2mag
b 25=dbZmag
b 28=dbZ2mag
b 31=dbZ2mag
b 34=dbZ2mag
b 37=dbZ2mag
b 40=dbZmag
b 43=dbZmag
b 46=dbZ2mag
b 49=dbZ2mag
b 52=db2Z2mag
b 55=dbZmag
b 58=dbZmag
b 6l=dbZmag (R _
b 64=db2mag (R _64
without stroke=][

R 10¢(:
R 13(:
R 16(:
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R 40 (:
R 43 (:
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R 55(:
R 58(:

(:

(:

b_

N~~~ o~~~ o~~~ o~~~ o~~~

| o
N

P P O o Jo U W

=

(@)

O o000 0 0000

o
=
N

o
=
w

o
—
IS

b 15
b 16
b 17
b 18
b 19
b 20
b 21
b 22
b 23
b 24
b 25
b 26
b 27
b 28
b 29
b 30
b 31
b 32
b 33
b 34
b 35
b 36
b 37
b 38
b 39
b 40
b 41
b 42

I

’

’

’

’

’

O0O0O0OO0DO0DO0OO00C0D0O00000 OO0

2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")
2)")

;b 11=dbZmag

;b 20=dbZmag

;b _35=dbZmag

;b _53=dbZmag

R 11
R 14
R 17
R 20
R 23
R 26
R 29
R 32
R 35
R 38
R 41
R 44
R 47
R 50
R 53
R 56
R 59
R 62

~14=dbZmag
17=db2mag

23=db2mag
~26=dbZmag
29=dbZmag
32=db2mag

38=db2mag
41=dbZmag
44=dbZmag
47=db2mag
 50=db2mag

~56=dbZmag
~ 59=dbZmag
~62=db2mag

N~ o~~~ o~~~ o~~~ o~~~ o~~~
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b 43

b 44

b 45

b 46

b 47

b 48

b 49

b 50

b 51

b 52

b 53

b 54

b 55

b 56

b 57

b 58

b 59

b 60

b 61

b 62

b 63

b 64]"';
$%$Windowing using Hamming window
[A,B]=size(with stroke);%A=Number of rows=1001,B=Number of columns=64
[A,B]=size(without stroke);
Window=hamming (A7) ;
with window=zeros (A,B);
without window=zeros (A,B);
for k=1:B

with window (:,k)=with stroke(:,k).*Window;

without window (:,k)=without stroke(:,k).*Window;
end
$%Frequency domain to time domain conversion
Time resolution=(A-1)/(max(R 1(:,1)*1e9)-
min(R 1(:,1)*1e%));%R(:,1)=S(:,1)=Frequency[GHz]
Sample size=Time resolution/ (A-1);
Time=linspace (- (A-1) /2*Sample size, (A-1)/2*Sample size,A);
IFFT with=ifftshift (ifft(with window));
IFFT without=ifftshift (ifft (without window));
%$%Calibration
Cal ibrated_with:IFFT_with— IFFT_Without;
%$%Clutter removal
Average=zeros (A, 8);
i=1;
for k=1:B

Average (:,1)=Average (:,1i)+Calibrated with(:,k);

if rem(k,8)==

i=i+1;

end
end
Average=Average./8;
New with=zeros (A,B);
i=1;
for k=1:B

New with(:,k)=Calibrated with(:,k)-Average(:,1i);

if rem(k,8)==0

i=i+1;

end
end
Processed signal=abs (New with);
%$%Synthetic focusing (Air)
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[a,b]=meshgrid(linspace(0,0,8),linspace(0,90,8));

X=b(:)';%Scan position (horizontal coordinate) [mm]
Y=a(:)';%Scan position(vertical coordinate) [mm]
[x,y]=meshgrid(linspace (-250,300,256),linspace (-250,300,256));
x=x(:);%Focal point (horizontal coordinate) [mm]

y=y (:);%Focal point (vertical coordinate) [mm]

D air=30;%Distance between antenna and phantom[mm]
d _air=zeros (length(x),B);%Propagation distance for air[mm]
for k=1:B
for m=1l:1length (x)
D=sqgrt ((X (k) -x(m)) "2+ (Y (k) -y (m)) "2) ;
d air(m, k)=sqrt (D"2+D _air"2);
end
end
Epsilonr air=1;%Relative permitivity of air
c=3ell;%Light velocity[mm]
vdelta air=c/sqrt (Epsilonr air);%Propagation velocity for air
t _air=zeros (length(x),B);%Round-trip time for air
for k=1:B
for i=1l:length (x)
t air(i,k)=2*d _air(i, k)/vdelta air;
end
end
$%Synthetic focusing (Skin)
d skin=1;%Skin thickness[mm]
Epsilonr skin=45;%Relative permitivity of skin
vdelta skin=c/sqgrt (Epsilonr skin);%Propagation velocity for skin
t skin=zeros(length(x),B);%Round-trip time for skin
for k=1:B
for i=1l:length (x)
t skin(i, k)=2*d skin/vdelta skin;
end
end
$%Synthetic focusing(Fat)
d fat=1.4;%Fat thickness[mm]
Epsilonr fat=5.54;%Relative permitivity of fat
vdelta fat=c/sqrt (Epsilonr fat);%Propagation velocity for fat
t fat=zeros(length(x),B);%Round-trip time for fat
for k=1:B
for i=1l:length (x)
t fat(i,k)=2*d fat/vdelta fat;
end
end
$%Synthetic focusing (Bone)
d bone=4.1;%Bone thickness[mm]
Epsilonr bone=5.6;%Relative permitivity of bone
vdelta bone=c/sqgrt (Epsilonr bone);%$Propagation velocity for bone
t bone=zeros (length (x),B);%Round-trip time for bone
for k=1:B
for i=1:length (x)
t bone (i, k)=2*d bone/vdelta bone;
end
end
%%Synthetic focusing(Dura)
d dura=0.5;%Dura thickness[mm]
Epsilonr dura=46;%Relative permitivity of dura
vdelta dura=c/sqgrt (Epsilonr dura);%Propagation velocity for dura
t dura=zeros (length (x),B);%Round-trip time for dura
for k=1:B
for i=1:length (x)
t dura(i,k)=2*d dura/vdelta dura;
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end
end
$%Synthetic focusing (CSF)
d CSF=2;%CSF thickness[mm]
Epsilonr CSF=70.1;%Relative permitivity of CSF
vdelta CSF=c/sqrt (Epsilonr CSF);%Propagation velocity for CSF
t CSF=zeros (length(x),B);%Round-trip time for CSF
for k=1:B
for i=1l:length (x)
t CSF (i, k)=2*d CSF/vdelta CSF;
end
end
$%$Synthetic focusing(Brain)
d brain=81;%Brain thickness[mm]
Epsilonr brain=43.22;%Relative permitivity of brain
vdelta brain=c/sqrt (Epsilonr brain);%Propagation velocity for brain
t brain=zeros (length(x),B);%Round-trip time for brain
for k=1:B
for i=1l:length (x)
t brain(i, k)=2*d brain/vdelta brain;
end
end
$%$Synthetic focusing (Total)
t _total=zeros (length(x),B);%Total round-trip time
for k=1:B
for i=l:length (x)
t total(i,k)=t air(i,k)+t skin(i,k)+t fat(i,k)+t bone (i, k)+
t dura(i,k)+t CSF(i,k)+t brain(i,k);
end
end
%$%Image generation
Interpolated data=zeros(length(t total),B);%Spline interpolation
for k=1:B
Interpolated data(:,k)=interpl (Time, Processed signal (:,k),
t total(:,k),'spline');
end
Intensity values=zeros (length(Interpolated data),l);%Intensity values
associated with the pixel points
for j=l:length(Interpolated data)
Intensity values (j)=sum(Interpolated data(j,:));
end
Intensity values=Intensity values./max (Intensity values);
Intensity=Intensity values."4;

figure ('Name', 'Figure : Reconstructed Image', 'NumberTitle','Off');%Image
mapping
scatter(x,y, 500, Intensity,'.");

axis([min(x) max(x) min(y) max(y)]);
xlabel ('X axis (mm) ")

ylabel ('Y axis (mm) ")

colorbar
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