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ABSTRACT

Design and Analysis of Metamaterial Based Biosensor to Determine Blood
Glucose Concentration

A biosensor utilizing metamaterials for the purpose of detecting blood glucose concentrations
is designed and simulated in this study. The proposed sensor consists of a microstrip patch
antenna designed on a Rogers RT5880 substrate. A circular-shaped complementary split ring
resonator (CSRR) cell is integrated onto the patch of the antenna which acts as a crucial
component for the glucose sensing. An investigation is conducted to determine the
dimensions of the CSRR, including the number of cells, the radius of the outer and inner
rings, and the location of the structure. Various shapes of CSRR, namely circular, square, and
hexagonal shapes are explored in order to determine the most optimal configuration for the
CSRR. The sensing zone of the sensor is determined based on the analysis of the electric
field and surface current. An investigation of the characteristics of the CSRR is performed to
illustrate its significance in the field of glucose detection. The sensor is analyzed in order to
ascertain the concentration of glucose ranging from 50 mg/dL to 300 mg/dL in both aqueous
solutions as well as a human finger model. The sensing parameter is amplitude of reflection
coefficient, which exhibits variation in response to alterations in the dielectric characteristics
of the sample being tested. The Debye and Cole-Cole relaxation model is employed to
estimate the dielectric properties of aqueous and blood glucose solutions respectively. The
glucose level is determined through the utilization of a linear regression model that describes
the correlation between the magnitude of the reflection coefficient of the sensor and the
concentration of glucose. The effects of varying the thickness of different finger tissues are
examined. The sensor demonstrates a notable sensitivity of 1.792 dB per (mgdL™) and is
capable of determining glucose levels with a good accuracy, as validated through the
application of mean absolute relative difference (MARD) and Clarke error grid analysis. The
maximum 1-g specific absorption rate (SAR) of the sensor is obtained as 0.519 W/kg which
ensures the RF safety of the device. This sensor exhibits enhanced performance compared to

some state-of-the-art glucose sensors.
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CHAPTER 1

INTRODUCTION
1.1 Overview

The growing rate and potential severity of diabetes, a metabolic condition, has emerged as a
significant worldwide health issue. This physiological state occurs when the body's capacity
to maintain equilibrium of blood glucose levels (BGL) is compromised, resulting in enhanced
concentrations of glucose in the blood circulatory system. The severity of diabetes displays
variations from case to case, whereby cases that are not properly treated present an elevated
risk of consequences, including cardiovascular illnesses, kidney dysfunction, nerve damage,

hypertension, slower healing process etc.

There exist two primary classifications of diabetes, namely type 1 and type 2. Type 1 diabetes
is identified by a deficiency in the generation of insulin by individuals, whereas type 2
diabetes is mostly attributed to insulin resistance, wherein the body's cells exhibit reduced
responsiveness to insulin. Diabetes is a chronic disease and there is currently no recognized
treatment. However, the successful management and control of diabetes necessitate the
implementation of many strategies. These include the maintenance of a well-balanced diet,
regular engagement in physical exercise, diligent monitoring of blood sugar levels, adherence
to prescribed medications, and in certain instances, the administration of insulin injections.
These measures enable individuals to effectively manage their health and reduce the

likelihood of experiencing adverse long-term problems related to diabetes.

1.2. Motivation of the Research

According to the 2021 report from the International Diabetes Federation (IDF), there were
536.6 million individuals affected by diabetes. It is estimated that this figure will increase to
642.7 million by 2030 and rise to 783.2 million by 2045. In 2021, the global death toll from
diabetes reached 6.7 million people. A summary of Estimated total number of adults
(20 ~ 79 years) with diabetes in different regions around the world is illustrated in Fig.
1.1 [1]. Another investigation conducted by the World Health Organization (WHO) reveals
that diabetes has affected 8% of Bangladesh's entire population and it is responsible for 3% of

deaths across all age groups [2].
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Fig. 1.1. Global diabetes prevalence in 2021 and estimation for 2030 and 2045 [1].

The most popular method to measure BGL is blood glucose meters (Glucometers) where a
tiny drop of blood from fingertip is taken on a test strip as shown in Fig. 1.2. Although this
procedure demonstrates an acceptable degree of precision, it is not without its drawbacks,
particularly in relation to patient experience. Some patients may experience pain and
discomfort, as well as an increased chance of infection. Additionally, these devices do not
facilitate reusability, hence imposing financial burdens on consumers who require regular
usage. Hence, there is a growing demand for non-invasive techniques to assess glucose

levels.



(@) (b)

Fig. 1.2. (a) Glucometer with test strips. (b) Methodology for finger piercing:
(1) Lancet needle, (2) Extracted blood is taken to the strip, (3) BGL reading
display on the screen.

1.3. Objectives of the Research

This thesis aims to design and analyze a metamaterial based microwave sensor for non-
invasive determination of glucose concentration, in response to the increasing demand in
developing convenient blood glucose monitoring devices for the diabetic community. In the

perspective of the aforementioned, the specific objectives of this research include:

Q) To design a biosensor based on metamaterial inspired microstrip patch antenna

for determining blood glucose concentration.

(i)  To analyze the performance of the proposed biosensor by determining glucose

concentration in an aqueous solution through simulation.

(iii)  To verify the performance of the proposed biosensor by determining the blood
glucose concentration in a designed human finger model.

1.4. Organization of the Research

The research presented throughout this thesis is structured into six chapters, organized as

follows:

CHAPTER 1 - INTRODUCTION: An overview is presented regarding the fundamentals of

diabetes, its severity and techniques of treatment. The present prevalence of diabetes globally



and in Bangladesh is examined. Subsequently, the need for the development of a non-
invasive blood glucose monitoring system is explained. The specific objectives of the thesis

are discussed. Finally, the arrangement of the research is presented.

CHAPTER 2 — LITERATURE REVIEW: The discussion focuses on various non-invasive
techniques that utilize optical and bio fluid based approaches. Next, different methods of non-
invasive glucose detection using RF/Microwave technology are discussed. The chapter also

includes a summary of the mentioned microwave-based techniques.

CHAPTER 3 - DIELECTRIC PROPERTIES ESTIMATION: An analysis is conducted
on the Debye and Cole-Cole relaxation models. Determination of the dielectric characteristics
of aqueous glucose solutions employing Debye model is explained. An overview of the
different tissues comprising the human finger model is presented. Lastly, the prediction of

electromagnetic properties of the finger tissues is analyzed using Cole-Cole relaxation model.

CHAPTER 4 - SENSOR DESIGN AND ANALYSIS: The design of the microstrip patch
antenna is explained. An analysis is presented to determine the dimensions of the CSRR unit
cell by evaluating its impact on the sensor. The properties of the antenna are analyzed in
order to define the sensing zone. A comprehensive investigation of the metamaterial
properties was elaborated to demonstrate its significance in the glucose sensing operation.

CHAPTER 5 - RESULTS AND DISCUSSIONS: This chapter outlines the determination
of glucose concentration from aqueous solution and blood glucose concentration from the
finger model by analyzing the S;; parameter the microwave sensor. The impact of changing
finger tissue thickness is also explained. The sensor's accuracy is assessed through the use of
MARD and Clarke error grid analysis. The sensor's RF safety on the human body is also
evaluated by computing the SAR of the sensor. Then comparison between the proposed

sensor and other state-of-the-art sensors is provided.

CHAPTER 6 - CONCLUSION: Insightful conclusions are discussed. The limitations of the

work are acknowledged and therefore, future recommendations are suggested.



CHAPTER 2

LITERATURE REVIEW

2.1 Non-Invasive Optical Methods

Several approaches have been implemented for non-invasive detection of glucose level. For
instance, optical methods such as near infrared (NIR) and mid infrared (MIR) spectroscopy
have been proposed where the NIR and MIR signals can effectively penetrate inside body
tissues and quantify glucose concentration using the reflection or transmission method [3]
[4]. However, there is a need for further enhancement of the sensor's sensitivity and accuracy.
Optical polarimetry is another method that involves the rotation of a polarized beam of light
due to the presence of a glucose solution. The deflection angle of polarized light is varied
according to the variation in glucose level, indicating that changes in glucose level can be
determined by analyzing the deflection angle [5]. Nevertheless, the presence of cloudy
material causes scattering of polarized light, hence impacting the sensor's robustness and

reproducibility.

Fiberoptic probe

V Fiberoptic probe ,
\ / Spectrograph
(a)

(b)

Fig. 2.1 (a) Layout of Raman spectroscopy system. (b) A wrist support to hold the
fiberoptic probe. [6].

Raman spectroscopy is capable of detecting the fundamental vibrations of particles and offers
advantages such as decreased interference and measurement error compared to alternative
optical techniques [6] [7]. Schematic of a Raman spectroscopy system is illustrated in Fig.
2.1 (a). An experimental setup where a wrist support equipped with a small opening designed



for mounting the probe is depicted in Fig. 2.1 (b). But the Raman spectrum is significantly
influenced by the presence of background noise in the surrounding environment which is a
limitation of such system. Optical coherence tomography (OCT) is an imaging technology
where OCT signal experiences alterations in optical reflection inside biological tissues [8]
[9]. This method has several advantages like enhanced resolution, elevated signal to noise
ratio and increased depth of penetration. However, this method is significantly influenced by
fluctuations in skin temperature, obtains reduced precision in measurements and has limited

potential for reuse.

2.2 Non-Invasive Bio Fluid Based Methods

Several bio fluid based electrochemical techniques have been suggested to facilitate the non-
invasive detection of glucose levels in bio fluids such as saliva, tears, sweat, and interstitial
fluid (ISF). Saliva possesses the benefit of being more easily extracted and collected
compared to other bio fluids, making it suitable for use in non-invasive glucose sensors [10].
However, the drawbacks of these biosensors encompass the existence of obstructive
pollutants, as well as issues with low sensitivity and accuracy. The primary benefit of the
tear-based non-invasive glucose sensor lies in the reduced presence of interfering
contaminants in tears, as well as the positive correlation between glucose levels in tears and
blood glucose levels [11]. Nevertheless, this type of sensor typically produces heat leading to
eye irritation and discomfort. Furthermore, the measurement precision failed to reach the
clinical standards. Sweat can be readily gathered, and sweat-based sensors provide wearable
devices for uninterrupted monitoring of glucose levels [12]. But prolonged exercise or intense
heat is necessary to cause sweat to appear on the skin, neither of which is good for diabetic
patients. Additionally, sweat sensors exhibit reduced sensitivity as a result of the lower
glucose levels present in sweat. The ISF glucose sensor utilizes transdermal Reverse
lontophoresis (RI) technology to extract glucose. Fig. 2.2 (a) shows the paper battery attached
to skin to generate electrochemical twin channels. The biosensor fully conforms to the skin to
measure glucose level from ISF as depicted in Fig. 2.2 (b). The advantages of this method
include a high concentration of glucose in the ISF and a strong correlation coefficient with
blood glucose. As a result, its accuracy surpasses that of the other three methods.
Nevertheless, the issue at hand is that while a greater current enhances the sensor's detection

limit and sensitivity, the higher current also leads to increased skin irritation [13].



Fig. 2.2. (a) The paper battery attached to the skin. (b) The ISF glucose sensor completely
conforming the skin surface [13].

2.3 Non-Invasive Microwave Based Methods

Radio Frequency (RF)/Microwave based glucose biosensors have been extensively integrated
due to their numerous advantages. RF/Microwave technology possesses the capability to
penetrate human tissue to significant depths without inducing any adverse effects. Numerous
microwave cavity-based sensors have been employed for the purpose of glucose detection. A
proposed method for measuring blood glucose concentration involves the use of a sensor that
features a cylindrical cylinder with a centrally positioned capillary tube [14]. Another
research introduces an epsilon negative (ENG) unit-cell resonator consisting to two ring and
horn shaped complementary geometries as represented in Fig. 2.3. A PDMS cavity is
positioned in the sensing region to contain 2 uL sample with glucose concentration ranging
from 20 mg/dL - 100 mg/dL [15].

Fig 2.3.  Configuration of an ENG unit-cell resonator with PDMS cavity to contain water
and glucose concentrations [15].



Several biosensors that use microwave microprobes have been implemented for the
measurement of glucose levels. A microwave dielectric resonator with a waveguide probe has
been designed with the purpose of detecting fluctuations in glucose concentration within the
range of 0 mg/dL to 300 mg/dL as illustrated in Fig. 2.4 [16]. The utilization of a dielectric
resonator in conjunction with a near-field microwave microprobe is used for the purpose of

quantifying the concentration of glucose in a solution containing glucose and NaCl [17].

Plastic bottle — Glucose solution

A2 dielectric waveguide resonator

Probe tip ——

Z

—

/4 Microstrip line

Fig. 2.4. Schematic diagram of /1/2 dielectric resonator with metal probe tip to hold a
plastic bottle containing glucose solution [16].

Substrate-integrated waveguide (SIW) based sensors have become prevalent in the context of
liquid characterization. The SIW technology is used to develop a sensor capable of measuring
BGL from the fingertip [18]. A recent study introduces a circular SIW sensor that
incorporates a glass capillary for the purpose of analyzing the dielectric characteristics of

aqueous solutions as shown in Fig. 2.5 [19].



Fig. 2.5. The configuration of the sensor consisting of circular SIW with microcapillary
channel [19].

Antennas, mainly microstrip patch antennas are utilized not only to transmit and receive
signals, but also find application in glucose detection. A sensor utilizing an antenna is
constructed to emit an endfire beam to conduct in-vitro and in-vivo glucose level
measurement [20]. In another study various microstrip antenna sensors were used to assess
BGL based on the return loss of the sensors. The front and back view of a fabricated ultra-
wideband (UWB) antenna and front view of a spiral shaped antenna is illustrated in Fig. 2.6
(@) and Fig. 2.6 (b) respectively. The researchers subsequently conducted a comparative

analysis of different sensors [21].

(@) (b)

Fig 2.6. Structure of (a) UWB, (b) spiral shaped antennas for glucose detection [21].



Microwave planar resonant sensors are well recognized as highly efficient sensors within the
realm of RF/Microwave based approaches. Certain planar sensors rely on resonance
frequency as the primary sensing parameter. A novel electric LC (ELC) resonator is
introduced, which consists of a glass capillary filled with a solution containing both aqueous
and blood glucose components. Fig. 2.7 (a) depicts the ELC resonator connected with the
vector network analyzer (VNA). Collected goat blood samples of different concentrations
from 100 mg/dL to 500 mg/dL are taken in the EDTA tubes as shown in Fig. 2.7 (b). The
empty and blood-filled glass capillaries are illustrated in an enlarged view in Fig. 2.7 (c) [22].
Another study involved an examination of an interdigital structure that was integrated onto a
coplanar waveguide transmission line. This analysis focused on various parameters of the
sensor, including resonant frequency, peak frequency, impedance, resistance, and reactance
[23].

Fig. 2.7. (a) ELC resonator based sensor connected with the VNA. (b) Goat blood samples
of different concentrations. (c) Empty and blood-filled glass capillary [22].

Different resonant sensors have been deployed for glucose sensing by measuring the
amplitude of the S parameter. For instance, a microwave sensor has been proposed for the

continuous monitoring of glucose levels, incorporating a metamaterial structure known as

10



CSRR. The microstrip feed-line and CSRR structure is depicted in Fig. 2.8 (a) and Fig. 2.8
(b) respectively. The sensor performs temperature correction by analyzing the experiment in
stable and varying temperatures [24]. A microwave sensor comprised of two cells of circular
Split ring resonator (SRR) with a liquid holder is introduced. Those resonators are coupled to
a coplanar line creating a two-port network to measure aqueous glucose concentrations.
Furthermore, an electrical prototype has been utilized to enhance the functionality of the

sensing operation [25].

(@) (®)

Fig. 2.8. (a) Microstrip Feed-line of the sensor. (b) Ground plane of the sensor and enlarged
view of the CSRR region [24].

Several studies have been undertaken to investigate the quality factor of planar sensors. The
Q factor was chosen as the sensing parameter for an open loop resonator, which is determined
by the presence of a dielectric liquid container containing a microliter aqueous glucose
solution which is shown in Fig. 2.9 [26]. The sensor of the paper [27] incorporates a
transducer assisted by a metamaterial element called as SRR, which exhibits a robust field
within the sensing zone to quantify glucose at various concentrations. Phase shift based
planar sensors are also applied in glucose sensing. For example, a sensitivity of 2° phase
shift per 0.1 mg/mL glucose concentration was achieved by a sensor consists of two-port
microstrip line [28]. An overview of above mentioned microwave based glucose sensors are
described in Table 2.1.
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Fig. 2.9. (a) The microwave resonator with PTFE sample holder. (b) The sensor connected
with VNA [26].
Table 2.1. An overview of different microwave glucose sensors
Operating
Ref. | Sensor Structure Frequency Sensitivity Remarks
(GHz)
o ) Detecting, tracking and
[14] Cylindrical cavity 7.63 - _
measuring module
[15] ENG unit-cell 1.17 0.014 MHz/mgmL PDMS cavity
resonator
_ ] Microwave waveguide
[16] | Dielectric resonator 2.15 -
probe
Near-field _ ) )
_ High Q dielectric
[17] Microwave 4.5 0.005 dB/(mg/mL)
. resonator
microprobe
] . | SIW cavity, Fingerprint
[18] Band-stop filter 5.46 0.02 MHz/mgdL" -
effect, modified SRR
) Resonant perturbation
[19] Circular SIW 4.4 - method, Any material
charaterization
Spoof surface )
o L Coplanar Waveguide
[20] | plasmon polarization 8.9 150 MHz/mgmL"
sensor
) ) Spiral, Ultra-wideband,
[21] | Microstrip antenna 47,34,1 -

Narrowband antenna
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Complementary L )
[22] ) 1.64 18.5 KHz/mgdL™ | Glass capillary, Reusable
electric LC resonator
S11 -
Coplanar interdigital 0.0153 dB/(mg/mL) PDMS cavity, Non-
[23] 3.90 _
structure Sa— reciprocal
0.005 dB/(mg/mL)
_ Microfluidic channel,
[24] Single CSRR 2.42 0.0153 dB/(mg/mL)
Temperature corrected
Two cells of circular In vitro test, Clarke error
[25] 1.80 0.042 dB/(mg/mL) _
SRR grid
) Q factor, PTFE sample
[26] Single SRR 5.16 -
holder
Asymmetric single Q factor, High electric
[27] Y : 4.50 - _ g
SRR field confinement
Two port
[28] microstripline 4.88 2° phase change per | Taper ground plane
10 mg/di
resonator

Nevertheless, a significant drawback of the preceding sensors is their limited sensitivity,
resulting in low accuracy when detecting glucose levels. One further obstacle faced by
microwave sensors is the issue of inadequate selectivity, which refers to their limited capacity

to measure the concentration of glucose in a solution amongst the presence of other elements.

This study presents a sensor adopting a microstrip patch antenna that incorporates a
metamaterial element which is CSRR. The objective of this sensor is to measure the
concentration of glucose in aqueous solutions and blood within the range of 50mg/dL to 300
mg/dL. The determination of the sensing zone is based on the area surrounding the CSRR,
which possesses the capability to accumulate a significant concentration of high electric field.
The sensitivity of this sensor is remarkable, determining at 1.792 dB/(mg/mL). The sensor
under consideration also demonstrates a significant correlation between the computed glucose

concentrations and the corresponding actual values.
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CHAPTER 3

DIELECTRIC PROPERTIES ESTIMATION

3.1 The Theory of Dielectric Relaxation

A dielectric substance refers to an electrical insulator that does not allow for the free
movement of internal electrical charges and can become polarized when an electric field is
exerted. The word "absolute permittivity," also known as "permittivity,” quantifies the extent
to which a dielectric medium is influenced by an applied electric field. Dielectric polarization
occurs when an electric field is applied to a dielectric, causing the displacement of electric
charges from their usual stationary location in the material. Positive charges will shift
towards the field, whereas negative charges will move in the opposite direction. The
displacement of the charged particles will also generate an intrinsic electric field that opposes
the applied electric field. Fig. 3.1. illustrates the impact of polarization on a dielectric

material under the influence of an electric field.

Unpolarized Polarized by an applied electric field

+ 4+ + + + + + + + + + + +

Fig. 3.1. The polarization phenomenon in the presence of an electric field on a dielectric
material.

The electric displacement field, D, characterizes the influence of an electric field, E, on the
alignment of electric charges and is described as:
D=¢,E+P, (3.1)

Here, P, is the polarization density which represents the induced dipole moment in the
material. The constant &, denotes the permittivity in free space.
When a dielectric material displays an immediate response to variations in the electric field, it

implies that the polarization density will exhibit a linear dependence on the electric field. The
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relationship between polarization density and electric field can be expressed as:
Ry =¢o2.E (3.2)
Here, x, is known as electric susceptibility, which quantifies the level of polarization

exhibited by dielectrics when subjected to an external electric field. The electric susceptibility

can be expressed in terms of relative permittivity as:

0

The polarization of a material does not exhibit an immediate reaction to the applied electric
field and is dependent upon the frequency. Therefore, the polarization density is a function on

angular frequency, @ and can be expressed as:
Py (@) = & 1. (0) E(w) (3.4)
Due to the frequency dependence of susceptibility, y, , the permittivity will similarly exhibit

frequency dependence. The complex relative permittivity can be mathematically described as

a function of the angular frequency w = 2rf and the concentration of the material .
e, (0.7)=¢,"(0.7)~ e, "(0.7) (35)
Here, The real part, denoted as ¢, ', represents the energy stored within the medium, while

the imaginary part, denoted as ¢, ", represents the loss of energy in the medium. At lower

frequencies, the permittivity exhibits minimal variation and remains in proximity to its static
or low-frequency value. Nevertheless, at higher frequencies, the permittivity can undergo
significant changes as a result of the reaction of the material's dipoles to the rapidly varying

electric field.

The loss tangent is a frequency dependent measure of the energy dissipation in a dielectric

substance when it is exposed to an electric field. It is represented as:

tan(é‘) = M

o (1) (3.6)
Dielectric relaxation is the delay in molecular polarization with respect to an alternating
electric field in a dielectric medium. The Debye equation is used to describe the relaxation
response from the alignment of electric dipoles in reaction to an externally applied electric
field. The Debye model introduces a relaxation time, denoted as t, which serves as a measure
of the time required for the dipoles to arrange themselves with the external electric field. The

mathematical expression representing the Debye relaxation model is defined as follows [29]:
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gStat(Z)_goo(Z)+ O (37)
1+ jor(y) joe,

e(w, y)=¢,(x)+

tan(5) — {gstat (Z) — &y (}()}COT(I) (3 8)
& (1) + JE.. (D 0T(2) '

These equations include the variables e, , ¢, and o, which represent the static permittivity,

infinite permittivity and ionic conductivity respectively. For low-conductive materials such as

glucose, the term 95 canbe disregarded.

Jog,
The Cole-Cole model is characterized as an enhanced version of the Debye model. The Cole-
Cole model incorporates a parameter, o which measures the extent of non-exponential
behavior in the relaxation phenomenon. The parameter o can take value between 0 and 1.
When the value of a is set to 0, the model simplifies to the Debye model. The first order
Cole-Cole relaxation model is mathematically described by the following equations [30]:

b (@)=, +— 2 O (3.9)
1+ (jor)"™  jows,

1+ (w7)* sin(ar 1 2)
1+ 2(w7) ™ sin(ar 1 2) + 07

& (0)=¢,+Ae (3.10)

As(w7)™ cos(ar / 2)
1+ 2(w7)™ " sin(ar 1 2) + 7™

& (w)=

(3.11)

3.2 Dielectric Properties of Aqueous Glucose Solution

The dielectric properties of a substance determine the manner in which waves propagate
within that medium. Hence the dielectric properties of a given material serve as fundamental
design parameters for the RF/microwave sensors. When a sensor comes in proximity to a
tissue, the electromagnetic wave emitted by the sensor interacts with the tissue, thereby
altering the frequency response of the sensor. If blood glucose concentration is changed, the
dielectric properties of blood will also vary which can be determined using a microwave
sensor. Approximately 50 percent of the total volume of human blood consists of water,
along with components like glucose, sodium, calcium, potassium, chloride and others.
Therefore, aqueous glucose solution can be considered as an approximation for blood in the
initial phase of designing a microwave sensor, as it exhibits similar characteristics to blood.
The first order Debye relaxation model is utilized in the literature to approximate the
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dielectric properties of the aqueous glucose solution. The potential relationship between

Debye parameters and glucose level may be derived from the following formulas [31]:

g (x)~5.38+30x10°% ¢ (3.12)
£ (¥) 80.68—0.207x10° y (3.13)
7(x) ~9.68+0.23x10° (3.14)

Table 3.1: Dielectric properties of aqueous glucose solution

Glucose concentration (mg/dL) Per\;?rizi%[ttii\\// eity talszsesn .
50 59.14 0.5672
100 59.54 0.5521
150 59.93 0.5373
200 60.33 0.5226
250 60.73 0.5081
300 61.13 0.4938
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Fig. 3.2.  Estimated values of (a) relative permittivity and (b) loss tangent with fitted curve
for different AGC using Debye relaxation model.

Table 3.1 presents the data corresponding to the relative permittivity and loss tangent of

aqueous glucose solution with different concentrations. These values have been estimated
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using the Debye relaxation model, particularly at the resonant frequency of the proposed
sensor, which is 10.54 GHz. The predicted values of relative permittivity and loss tangent

along with the fitted curve are depicted in Fig. 3.2.

The glucose concentration range examined in this study is from 50 mg/dL to 300 mg/dL. The
rationale for selecting this range pertains to the possible diabetes level of individuals. The
normal blood glucose level of an individual is less than 100 mg/dL (5.6 mmol/L) while
fasting and less than 140 mg/dL (7.8 mmol/L) after meal. An extreme lower glucose level is
known as hypoglycemia. Blood glucose level indicating hypoglycemia is typically less than
70 mg/dL (3.9 mmol/L) for fasting and less than 70-80 mg/dL (3.9-4.4 mmol/L) after meal.
An extreme higher glucose level is termed as hyperglycemia. Blood glucose level indicating
fasting hyperglycemia is greater than 100 mg/dL (5.6 mmol/L) and greater than 180 mg/dL
(10.0 mmol/L) after meal. [32]. Therefore, the selected range encompasses the entire
spectrum of glucose levels that can be typically observed in humans, spanning from

exceptionally low to exceptionally high values.

3.3 Dielectric Properties of Human Finger Model

In this investigation, a simulation is conducted using a multi-layer human finger model in
order to ascertain the BGL. Several recent research have presented various models for the
structure of the human finger, which consist of multiple tissues [33] [34]. However, these
studies have not provided a clear explanation for the selection of specific thicknesses for each
layer. The human finger model proposed by Cebedio et al. has been considered in this study
[35]. They estimated the layer thickness using ultrasound technology on the small finger of
an actual human volunteer. The model encompasses six distinct biological tissues, including
dry and wet skin, blood, fat, muscle, bone. Additionally, a nail has been incorporated at the
top of the skin layer. Each layer is in the square shape with a side length of 3.3 mm, except

for the nail layer, which has a width that is half of the other layers.

The anatomy of a typical human finger is illustrated in Fig. 3.3. Initially we need to take into
account the impact of skin layers. Skin is mainly composed of three distinct layers:
epidermis, dermis and hypodermis. In this model skin is modeled as consisting of two layers:
dry skin and wet skin. The relative permittivity value of skin is high, similar to that of blood.
Consequently, the electromagnetic wave experiences more attenuation inside this layer

compared to other tissues.
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Fig. 3.3. Anatomy of a human finger.

The transportation of blood from the heart to the human finger occurs through the arteries,
while the return of blood from the finger to the heart takes place via the veins. Capillaries are
small blood channels which enable the connection between arteries and veins. Previous
studies suggested the concept of blood as a single thick layer. Considering blood as a thick
layer would simplify our task by allowing the sensor to effectively detect the dielectric
characteristics of blood, resulting in enhanced sensitivity. However, the present model adopts
a more realistic approach by defining blood as comprising three distinct and thin layers. The
blood hematocrit is a crucial determinant of the dielectric characteristics of blood. Blood
hematocrit is the proportion of red blood cells in the blood. At low frequencies, there is a
significant variation in the dielectric constant due to changes in the hematocrit. The
occurrence of this phenomenon diminishes at higher frequency as a result of the linear

relationship between the real part of the dielectric constant [36].

The tissue of the muscle is accountable for both movement and keeping control of body
position. Bone tissue fulfills a crucial role in the body by offering support and protection,
ensuring the structural integrity of key organs, and serving as a storage site for minerals. The
bone structure exhibits a number of holes, hence facilitating the elevated permeability of
electromagnetic waves. Both muscle and bone tissues exhibit a high degree of transparency
to microwaves. These waves can go through the tissues without much absorption. The layout

of the human finger model used in the simulation is shown in Fig. 3.4.
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Fig. 3.4. Different layers of the human finger model.

The operating frequency of the sensor is a critical factor that significantly affects the
penetration depth through the finger. The depth of penetration can be described by the
following equation [37]:
ok 1
i 277\/25r' \/1+(gr g, ')2 -1

(3.15)

Here, A, is denoted free space wavelength which decreases when the frequency increases (A =
c/f). To analyze the behavior of blood circulating in the finger, mainly penetration through
skin and fat layer is required, while penetration via muscle and bone is of less importance.
Moreover, research has demonstrated that the sensitivity of biosensors to changes in glucose
concentrations is enhanced at higher frequencies. This makes it possible for blood and
microwaves to interact more strongly [38]. Hence our choice of higher operating frequency
(>10 GHz) is justified.

Biological tissues can be characterized as materials that exhibit frequency-dependent
behavior and the dispersion relation is typically described by the Cole-Cole relaxation model.
The Cole-Cole equations are utilized to estimate the dielectric characteristics of the layers
present in the human finger model. The parameters included in the Cole-Cole model for the

estimation of dielectric characteristics in different human tissue are presented in Table 3.2
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[39]. An overview of the dielectric characteristics and thickness of different biological tissues

is shown in Table 3.3.

Table 3.2: Parameters used in the Cole-Cole model

Tissue €0 Ag T (PS) a c
Dry skin 4 32 7.23 0 0.0002
Wet skin 4 39 7.96 0.1 0.0004

Bone 2.5 10 13.26 0.2 0.0200

Muscle 4 50 7.23 0.1 0.2000

Fat 2.5 3 7.96 0.2 0.0100

Table 3.3: Overview of the finger tissues

Tissue Thickness Pe??r:fiitttii\\lﬁty Loss tangent
Dry Skin 0.6 30.03 0.4150
Wet Skin 1.04 32.44 0.4473

Blood 0.25 Variable Variable

Fat 2.3 4.56 0.2170
Muscle 2 41.87 0.4261
Bone 4 7.90 0.4582
Nail [40] 0.3 3 -
U. Blood 0.1 Variable Variable

The parameters of Cole-Cole equation are a function of glucose concentration of blood, as

shown by the following equations [41]:

£, (;():0.0099;(2 +0.047y+2.3 (3.16)
Aa(;g)=—0.0093;(2 +0.21y+71 (3.17)
7(1)20.0012;(2 +0.23y+8.7 (3.18)
as(z)=0.0063)(2 -014y+2 (3.19)
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Here, y represents blood glucose concentration, expressed in g/dL. The calculated dielectric
properties of different concentrations of blood at 10.54 GHz, the resonant frequency of the
sensor, are presented in Table 3.4. The estimated values of permittivity and loss tangent with
the fitted curve are illustrated in Fig. 3.5.

Table 3.4: Dielectric properties of BGL

BGL (mg/dL) Rel?ti.v ? Loss tangent
Permittivity
50 52.08 0.5253
100 52.04 0.5259
150 52.01 0.5264
200 51.97 0.5269
250 51.94 0.5274
300 51.90 0.5280

52.0 T T T T 0.5285
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Fig. 3.5. Predicted values of (a) relative permittivity and (b) loss tangent with fitted curve
for different BGL using Cole-Cole relaxation model.
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The investigation of dielectric characteristics as illustrated in Fig. 3.2 reveals that an increase
in AGC results in an increase in relative permittivity and a decrease in loss tangent. However,
a rise in BGL will result in a reduction in relative permittivity and an elevation in loss tangent
which is depicted in Fig. 3.5. The heterogeneous nature of blood is responsible for the
alteration in dielectric characteristics compared to that of a water solution. The complex
relationship of different substances in blood creates a dynamic aspect, which affects dielectric
characteristics in a way that is different from that of homogeneous water solutions. The
aqueous and blood glucose solutions are the sample under test (SUT) in this analysis which
will be created in CST Microwave studio as new materials. An in depth analysis will be
performed to determine the correlation between the estimated dielectric properties of water
and blood glucose concentrations and the resonance properties of the sensor which will be
presented in the subsequent chapters.
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CHAPTER 4

SENSOR DESIGN AND ANALYSIS

4.1 Principle of Metamaterial Based Antenna Sensor

An antenna has the capability to function as a sensing device while concurrently serving as a
signal transmitter. This type of device is commonly known as an antenna sensor. Antenna
sensors have been previously employed for various purposes including biomedical
applications [20] [21]. In this study, a novel antenna sensor is designed utilizing a microstrip

patch antenna for the purpose of non-invasive glucose level detection.

Microstrip Patch

Microstrip Feed

Port
Substrate
Ground

Fig. 4.1. The layout of microstrip patch antenna with fundamental resonant modes.

A microstrip patch antenna comprises four essential elements: a ground plane, a substrate, a
radiation patch, and a transmission feed line. An electromagnetic resonator is formed by the
conductive ground plane and the radiation patch, which are separated by a dielectric
substrate. Consequently, a functional electromagnetic resonance cavity enables the emission
of radiation at certain frequencies. The rectangular radiation patch antenna exhibits two
fundamental resonant modes, namely the TM010 mode and the TMO001 mode. The distinction
between these two modes lies in the orientation of the electric current. In the TM010 mode,
the current flows along the length of the radiating patch, whereas in the TM001 mode, it
flows along the width of the patch as shown in Fig. 4.1. The radiating patch is powered by a
microstrip feed line, where an input signal is given. The radiating patch either transmits or
reflects this signal. The return loss of the microstrip patch antenna can be estimated by
calculating the ratio of reflected power to incident power, which is sometimes referred to as
the reflection coefficient or S1;. The working frequency of the antenna is determined by the
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frequency at which the reflection coefficient is minimal. This means that very little energy is
reflected by the antenna at this frequency and the majority of the incident power is radiated
[42].

Split ring resonator (SRR) h  Complementary split ring resonator (CSRR})
Substrate #%
thickness
Split gap (s}
A
Metallization
width [w]
Coupling &y
Nl
gap (g) &
Substrate
(a) (b)

Fig. 4.2. Overview of SRR and CSRR structures [43].

Current circulation

Capacitance
between loops

Inductance
induced by
flowing current

Capacitance between gaps

Fig 4.3. Electromagnetic characteristics of a CSRR cell [44].

The structure of typical SRR and CSRR are shown in Fig. 4.2. SRR and CSRR are frequently
used as metamaterials in the context of material characterization operations. A SRR cell is
composed of two metallic rings that have a split gap at opposite ends. There exists a space
between both of the rings. Various shapes can be observed for SRR or CSRR, with circular
and square forms being the most prevalent. The concept of CSRR can be understood as the
inverse representation of SRR. In the case of SRR, rings are fabricated on the layer, whereas

in the case of CSRR, rings are etched into the layer. The Electromagnetic behaviour of a
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CSRR cell is depicted in Fig. 4.3. The electric field of SRR is localized within the narrow
split gap. Conversely, in the context of CSRR, it is capable of confining highly intense
electric fields inside a comparatively larger sensing area of the resonator, while
simultaneously constraining the magnetic field between the slit traces. Consequently, this will
result in improved sensitivity for the microwave-frequency analysis of lossy liquid samples

[45]. For this reason, CSRR is selected as the metamaterial element for our proposed sensor.

50Q ¢

W
Sii‘j cc

Fig. 4.4. Equivalent circuit of a CSRR based antenna sensor [46].

CSRR exhibits characteristics similar to those of a resonant electric dipole, and can therefore
be represented as an RLC resonant circuit when an electric current flows through the loop
which is presented in Fig. 4.4. The ring of the CSRR functions as an inductance Lg, while the
split gap and separation between the outer and inner ring form a parallel capacitance Cg. The
conductive and dielectric losses are represented by a resistance Rg. The effect of capacitive
coupling that occurs between the 50 Q microstrip transmission line and the CSRR can be
express by a capacitance Cc. Thus, these structures resonate at a particular frequency when
the oscillating electric and magnetic energy stored in the inductances and capacitances are in

equilibrium. The resonant frequency of the structure can be expressed as [46]:

1

f =
r 2z L. (Cy +C.)

The aqueous and blood glucose solutions which have high permittivity and dielectric loss will

(4.1)

interfere with the intensely distributed electric field surrounding the CSRR cell. The
propagation of this intense electric field will interact with the glucose solution at the resonant
frequency, resulting in a modification of the permittivity of glucose solution. The alteration in
permittivity will result in a modification of the reflection coefficient of the sensor.
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4.2 Antenna Design

The antenna based biosensor comprises a pair of circular CSRR rings which serves as the
sensing region. The sensor design process involves utilizing a Rogers RT5880 substrate
which possesses a relative permittivity (g;) value of 2.2 and a loss tangent (tan &) value of
0.009. The thickness of the substrate is 1 mm. A rectangular patch of 17.3 mm in length and
21 mm in width is located at the center. The thickness of the metals used in the patch,
microstrip line and ground of the antenna has been set at 0.05 mm. An inset-cut microstrip
line feed technique is employed, whose width is calculated to be 3.1 mm in order to obtain an
input impedance of 50 ohm. The length of the inset-cut is selected to be 5.8 mm which is
about one third of the length of the patch. The antenna is designed to resonate at a frequency

of 5.6 GHz. The simulation of the sensor is performed using CST Microwave Studio.

The outer ring of the CSRR has a radius of 3 mm, while the inner ring has a radius of 2.4
mm. The width of the rings, the spacing between them and split gaps, are all equal, measuring
0.3 mm. The schematic representation of the sensor is illustrated in Fig. 4.5. The key
dimensions of the sensor are displayed in Table 4.1. The antenna dimensions were calculated

using the following formulas [42]:

wo— 1 2 4.2)
2f, \Jeolto \ & +1

1
e +1 € —1{ 12h]2
= + 1+

Width of the patch:

Effective dielectric constant:

Epetf = > > W (4.3
Normalized extension of length AL:
AL (&refr +O.3)(V:+0.264J
—=0.412 (4.4)
h W
(6 —0.258)[h+o.8j
Length of the patch:
L= L —2AL (4.5)
2fr \)80“0 ‘\/‘greff .
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Where, f. = Resonance frequency

€, = Relative permittivity of the substrate

We

Lp

(b)

Fig. 4.5. (a) Simplified diagram of the sensor with CSRR. (b) Layout of the CSRR.

Table 4.1: Key parameters of the proposed sensor

Parameter Description Value (mm)
Lp Length of the patch 17.3
Wp Width of the patch 21
W, Width of the microstrip line 3.1
Lc Length of the inset cut 5.8
Wc Width of the inset cut 1.1
Ro Radius of the outer ring 3
R, Radius of the inner ring 2.4
w Width of both the rings 0.3
g Split gap 0.3

28



4.3 CSRR Design

CSRR plays a crucial role in the attributes and functioning of the sensor. Fig. 4.6 presents a
comparative analysis of the reflection coefficient (S11) of the antenna, both with and without
the inclusion of the CSRR. The antenna without CSRR exhibits three primary resonances,
occurring approximately at frequencies of 5.6 GHz, 9.5 GHz, and 10.5 GHz. The application
of the CSRR structure in antenna design leads to a notable alteration in the resonance
characteristics. The resonant frequency of the sensor is determined by the dimensions of its
length and width prior to loading of CSRR. But after the incorporation of CSRR, the
parameters that govern the resonant frequency as well as amplitude of S parameters of our
proposed sensor are the dimensions of the CSRR. Therefore an investigation about the design

of CSRR is described in the subsequent section.
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Fig. 4.6. Comparison of the reflection coefficient of the sensor with and without CSRR.

4.3.1 Determination of Number of CSRR Cells

Previous studies have used sensors featuring varying quantities of CSRR cells for the purpose
of measuring glucose level [47] [45]. Various numbers of CSRR cells, specifically 1, 3, 4, 5,
and 6, were employed in this research and thereafter an analysis of their respective S-
parameters was conducted. Fig. 4.7 illustrates the configuration of CSRR cells within the
sensor. The analysis of S-parameters of sensors equipped with different CSRR cells is shown
in Fig. 4.8. The investigation reveals that the sensor equipped with a single cell configuration

exhibits the lowest reflection coefficient (-42.9 dB) compared to sensors with multiple cells.
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The sensor with triple cell yields a close approximation of the Sy; value, determining at -41.4
dB. The results of the other three sensors are relatively modest compared to these two
sensors. Therefore, the utilization of a higher number of cells does not effectively result in
improved outcomes. Additionally, the selection of a single cell will contribute to a reduction

in design complexity more effectively.

QOO {2
0

50 [ aoa
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Fig. 4.7. The configuration of different numbers of CSRR cells in the glucose sensor.

=10 4

]
— =20 4
-
w
——single cell
=30 tri
riple cell
four cell
five cell
—404  |——six cell
1 1 1 1 1 1 1
4 5 6 7 8 9 10 11
Frequency (GHz)

Fig. 4.8. Analysis of the S-parameters of sensors using various CSRR cells.
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4.3.2 Determination of Radii of CSRR Rings

The radius of the CSRR rings is an important factor in the design aspect of the glucose
sensor. The widths of both rings in a CSRR and the distance between them are equal.
Consequently, when a particular radius for outer ring is selected, the radius of inner ring is
adjusted accordingly. An investigation was conducted using different radii of rings of the
CSRRs, as depicted in Fig. 4.9. The observation reveals that the CSRR, characterized by
radius of 3 mm for outer ring and an radius of 2.4 mm for inner ring, has the most minimal
reflection coefficient, -55.6 dB. Hence, the CSRR with this particular configuration has been

chosen for the purpose of glucose detecting operation.

S11 (dB)

{ |— outer ring radius 2
— outer ring radius 2.8
—40 { |—— outer ring radius 2.9
| |~ outer ring radius 3
outer ring radius 3.1
=50 4 |—— outer ring radius 3.2
—— outer ring radius 4
1 |— outer ring radius 5
—60 T T T T T T T T
10.0 10.2 10.4 10.6 10.8 11.0

Frequency (GHz)

Fig. 4.9. Comparison of S;; (dB) at various CSRR ring radii.

4.3.3 Determination of the Location of CSRR Cell

The location of the CSRR cell is another significant design aspect. Various placements of the
CSRR cell along the length of the patch have been taken into consideration. The performance
study of the sensor, demonstrating the impact of different placements of the CSRR, can be
observed in Fig. 4.10. The findings suggest that the sensor exhibits a minimal reflection
coefficient of -53.4 dB when the distance from the center (DC) of the patch is 0.8 mm.
Therefore, the optimal placement of the CSRR within the sensor is determined to be 0.8 mm

above the centre of the patch.
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Fig. 4.10. Comparison of Sy; (dB) at various CSRR location.

4.3.4 Determination of Optimum Shape of CSRR Cell

[ 9,

(a) (b)
Fig. 4.11. The schematic of the sensor with (a) square, (b) hexagonal CSRR.

In addition to the circular shape that is used for the CSRR cell, two other commonly used
forms, namely the hexagonal and circular shapes, both having equal dimensions are evaluated
and their characteristics are explored. Fig. 4.11 illustrates the layout of sensor with a square
and a hexagonal shaped CSRR cell. The comparison of reflection coefficient of these sensors
are shown in Fig. 4.12. It is the sensor with the circular CSRR has the lowest S;; value (-42.9
dB), whereas the square structure that demonstrates the closest proximity having the Si; value

of -38.3 dB. The effect brought about by the hexagonal structure is unsatisfactory and
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ignored. In consideration of this, we have completed the circular CSRR that was included in

the sensor.
04
-10
@ 20
»
-30
—— Circular CSRR
-404 |—— Square CSRR
—— Hexagonal CSRR
-50 T LI L T L T L T L T LI 1
3 4 5 6 7 8 9 10 1 12

Frequency (GHz)
Fig. 4.12. Simulated S;; of the sensor at different CSRR shapes.

4.4 Determination of the Sensing Region

The analysis of the electric field distribution and surface current density of the sensor was
conducted in order to identify the region with the highest sensitivity. Fig. 4.13 depicts the
distribution of electric field and surface current of the sensor. The area surrounding of CSRR
is associated with the localization of the most significant levels of intense electric field and
surface current density. The propagation of an intense electric field will induce an interaction
with the glucose sample, resulting in a modification of its dielectric characteristics,
particularly relative permittivity and loss tangent. The alteration in these will result in a
variation of the reflection coefficient of the sensor. Therefore, this particular location that has

been selected as the designated area wherein the SUT will be positioned.
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Fig. 4.13. (a) Electric field distribution (b) Surface current density of the sensor.

4.5 Gain and Radiation Efficiency of the Sensor

Fig. 4.14 (a) and Fig. 4.14 (b) show the simulated far-field 3-D and 2-D realized gain pattern
of the sensor respectively at its resonant frequency that is about 10.5 GHz. The radiation at
this frequency exhibits a main lobe magnitude of 6.12 dBi towards 42°. The 3-dB angular
beam-width is 42.3° whereas the side lobe level is observed to be -14.7 dBi, which results the
maximum power concentration along the major lobe of the sensor. The radiation efficiency of
the sensor is depicted in Fig. 4.15. The sensor exhibits an impressive radiation efficiency of
0.9i.e. 90% at 10.5 GHz.
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Fig. 4.14. Simulated far-field (a) 3-D and (b) 2-D realized gain pattern of the sensor.
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Fig. 4.15. The radiation efficiency plot of the sensor.
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4.6 Analysis on Metamaterial Properties

Metamaterials refer to systematically developed materials, typically organized in periodic
arrangements, which exhibit a range of distinctive properties that are not commonly observed
in natural materials. The growing interest on metamaterials can be attributed to their
exceptional physical attributes pertaining to sound, elasticity and electromagnetic waves.
These attributes, which cannot be observed in natural materials, encompass negative
refractive index, negative density, negative incremental stiffness, negative Poisson's ratio,
and negative thermal conductivity [48] [49]. The extraordinary behavior exhibited by
metamaterials is not dependent upon the materials that make it up, rather its characteristics
are influenced by some other factors like shape, size, configuration, and alignments.
Metamaterials commonly have dimensions that are comparatively smaller than the
wavelength to which they are subjected; this is why they can also be called subwavelength
structures. For example, a CSRR based sensor has been proposed to detect ethanol and petrol
that resonates at a wavelength of A/12 [50], and an SRR based sensor for DNA sensing has
been presented that resonates at a wavelength of A/15 [51]. Unlike natural materials, the
metamaterials exhibits unexpected patterns of interaction with both light and sound waves.
Therefore, their ability to control the propagation of electromagnetic wave enables them for
utilization in sensor applications. The electromagnetic properties of metamaterials can be

described and quantified by employing the subsequent mathematical equations [52].
Permittivity, & :g (4.6)

Permeability, u=nxZ (4.7)

Here, the symbols ‘n’ and ‘Z’ represent the refractive index and impedance, respectively.

These parameters can be computed using the following equations:

(1+ Sl:l_)2 B S212

(1S, -5, (48)

Impedance, Z =\/

Refractive index, n= ﬁ[{(m (einkod )) + Zmz} —i (In (einkod ))} (4.9

0

Here, the notation ( )and ( ) is used to represent the real and imaginary components,
respectively. The variable d represents the maximum width of the metamaterial cell, m is a

number that corresponds to the branch index of n, while k, denotes the wave number.
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Fig. 4.16. Classification of metamaterial based on electromagnetic properties.

Metamaterials are categorized according to their electromagnetic properties i.e. permittivity
(¢) and permeability (u), as illustrated in Fig. 4.16. If both the values for € and p of the
material are positive, it will be classified as Double Positive (DPS) and will be categorized
under quadrant I. Materials with negative € and positive p is denoted as Epsilon Negative
(ENG) and falls into quadrant Il. Mu Negative (MNG) materials are located in quadrant 1V,
characterized by positive € and negative p. Materials that possess both negative permittivity
and permeability are commonly referred to as Double Negative (DNG) and they belong to

quadrant 11l [53]. Such types of materials are also known as Left Hand Materials (LHM)

because the electric field E, the magnetic field H, and the wave vector k form a left set of
vectors. According to Maxwell's equations, the refractive index of an object is expected to be
negative if both its permittivity and permeability values are negative. The presence of
negative refractive index in LHM material leads to the accumulation of incident

electromagnetic waves which is very vital for the glucose sensing operation [54].
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Fig. 4.17. The (a) real permittivity, (b) real permeability, (c) refractive index of the

metamaterial unit cell.

The extracted metamaterial characteristics are illustrated in Fig. 4.17. The investigation
reveals that the metamaterial unit cell demonstrates negative values for both permittivity and
permeability while operating at the resonant frequency. The refractive index is also negative

as it was assumed. Hence, the metamaterial has the potential ability to accumulate strong

electric field, a critical factor in facilitating the sensing process.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Analysis with Aqueous Glucose Solution

The initial phase of this study entails identifying the concentration of glucose in aqueous
solution. Fig. 5.1 shows the perspective view of a plexiglass container (&, = 3.9 and tan 6 =
0.001) positioned directly above the CSRR region, which is considered the most sensitive
region of the sensor. A range of water glucose concentrations, spanning from 50 mg/dL to
300 mg/dL, is introduced into the container. The subsequent analysis involves evaluating the

function of the antenna using these solutions.

\

Fig. 5.1. Perspective view of the sensor with aqueous glucose solution.

The intense electric field present in the sensing region comes in interaction with the SUT,
which is glucose solution in this case. The highly sensitive sensor has the ability to detect
even the minute variations in the permittivity of the SUT. The amplitude of reflection
coefficient of the sensor will exhibit variations in response to alterations in the concentrations
of the glucose solution as depicted in Fig. 5.2. In the inset of this figure, enlarged portion of
the change in reflection coefficient around the resonant frequency are shown. The figure
clearly demonstrates that there is an increase in the magnitude of |S;; (dB)| as the amount of
glucose is increased. Through the examination of the variation in the amplitude of the

reflection coefficient of the sensor, it is possible to ascertain the concentration of glucose in
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the solution. The amplitude of reflection coefficients of the sensor, corresponding to different

aqueous glucose concentrations (AGC) are presented in Table 5.1.
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35| |—— 250 mg/dL
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Frequency (GHz)

Fig. 5.2. Variation of S;; in dB of the sensor with varying concentrations of glucose in

water solution.

Table 5.1: AGC with corresponding Si;

AGC (mg/dL) | Sy (dB)
50 -34.99
100 -35.26
150 -35.53
200 -35.81
250 -36.08
300 -36.35

The simple linear regression technique has been used to predict the AGC based on the
acquired values of Si; in dB derived from Table 5.1. The regression equation can be
described in the following form:

y=mx-+b (5.1)
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Here, x denotes BGL and y denotes obtained reflection coefficient from the plot. The process
of constructing the regression equation that establishes the relationship between AGC and

S11(dB) is outlined in Table 5.2, followed by further computations.

Table 5.2: Regression analysis to estimate AGC

X y X-X | y-y (x - X)* (x-X)(y-Y)
50 | -34.99 | -125 | 0.68 0.4624 -85

100 | -35.26 | -75 | 0.41 0.1681 -30.75

150 | -35.53 | -25 | 0.14 0.0196 -35

200 | -35.81 | 25 | -0.14 0.0196 -35

250 | -36.08 | 75 | -0.41 0.1681 -30.75

300 | -36.35 | 125 | -0.68 0.4624 -85

D (x-X)?=43750 | > (x—-X)(y-y)=-2385

In this context, X = 175 and y = —35.67 represent the average values of the variables x and

y, respectively. The value of regression coefficient, m is computed as:

o 2% -9)

=5.45x107 5.2
> (x=X%)? ©.2)
The value of b can be computed as:
y=mxX+b
= -35.67= (—5.45><1o-3 ><175) +b
= b=-34.72
The obtained regression equation can be expressed as:
y=-34.72-5.45x10"x (5.3)

The correlation coefficient (R?) is employed to demonstrate the capability of the regression
model to predict the given data. The process of computing correlation coefficient is described

below.
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Table 5.3: Determination of R”in the regression analysis to estimate AGC

x| v-9)° jo(9-y (9-9)
50 | -34.99 0.462 -34.99 0.68 0.462
100 | -35.26 0.168 -35.27 04 0.16
150 | -35.53 0.02 -35.54 0.13 0.017
200 | -35.81 0.02 -35.81 | -0.14 0.02
250 | -36.08 0.168 -36.08 | -0.41 0.168
300 | -36.35 0.462 -36.36 | -0.68 0.462

2. (y-y) S (9-v) =1.289
The value of R?is obtained as:
R? = M ~0.992
D> (y-y)

(5.4)

In this equation,  represents the predicted value of y. The value correlation coefficient (R*)

is 0.992, which indicates a very close relationship between AGC and Si;. The AGC can be

computed by employing the mathematical regression model. Table 5.4 presents an overview

of the reference AGC and the resultant AGC values derived from the model, along with the

corresponding error. The representation of the actual S;; (dB) and the estimated S;; (dB)

derived from the model for glucose concentrations in aqueous solutions along with the fitted

curve is plotted in Fig. 5.3. It is apparent from the plot that the real and estimated values of

Si1 are nearly identical.

Table 5.4: An overview of actual and estimated AGC

Reference AGC (mg/dL) | Estimated AGC (mg/dL) | Error (%)
50 49.54 0.92
100 99.08 0.92
150 148.62 0.92
200 200 0
250 249.54 0.184
300 299.08 0.31
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Fig. 5.3. Actual and estimated S;; (dB) for different AGC.

5.2 Analysis with Human Finger Model

Fig. 5.4. Perspective view of the sensor with finger model placed on it.

The main objective of our study is to ascertain the BGL of a human finger model. The multi-
layer finger model has been integrated into the sensor as depicted in Fig. 5.4. The
electromagnetic waves emitted by the sensor will thereafter penetrate the layers of the finger

and engage with the layers of blood. The sensor will identify and evaluate any change in
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blood permittivity. Fig. 5.5 shows that an increase in blood permittivity leads to a
corresponding rise in the amplitude of |S;; (dB)|. Table 5.5 presents the amplitude of return

loss of the sensor, corresponding to different blood glucose concentrations.
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Fig. 5.5. Change in S;; (dB) of the sensor with different BGL.

Table 5.5: Range of BGL alongside respective Sy; values

BGL (mg/dL) S11 (dB)
50 -48.94
100 -49.53
150 -50.93
200 -51.64
250 -52.43
300 -53.42

The sensitivity of the sensor is calculated as the ratio of the variation in the magnitude of Sj;
associated with alterations in glucose concentration. The sensitivity is found to be 1.792 dB
per (mg/mL) which indicates that the antenna exhibits a strong response even in the presence
of small variations in blood glucose concentrations. Subsequently the value of sensitivity is
computed as:

n-1
- (S,,—S:)
Sensitivity =  —+= 1~ 55
d iZl:(gH-l_gi) ( )
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Here, s, = i value of reflection coefficient and g, = i value of glucose concentration. The

simple linear regression technique has been used to predict the BGL based on the acquired
values of Si; in dB derived from Table 5.5. The process of constructing the regression
equation that establishes the relationship between BGL and S;1(dB) is outlined in Table 5.6,

followed by further computations.

Table 5.6: Regression analysis to estimate BGL

X y | x-X|y-y (X - X)° x-X)(y-V)

50 | -48.94 | -125 | 2.21 4.88 -276.25
100 | -49.53 | -75 | 1.62 2.62 -121.5
150 | -50.93 | -25 | 0.22 0.048 5.5

200 | -51.64 | 25 | -0.49 0.24 -12.25
250 | -52.43 | 75 |-1.28 1.638 -96

300 | -53.42 | 125 | -2.27 5.15 -283.75

D (x=X)?=43750 | Y (x—X)(y-y)=-795.25

In this context, X =175 and y =-51.15 represent the average values of the variables x and v,

respectively. The subsequent equation is applied to compute the value of regression

coefficient, m:

o 2= -Y)

=-0.018 5.6
z (X _ X)Z ( )
The value of b can be computed as:
y=mx+b
= -51.15= (—0.018><175) +b
= b=-48
The obtained regression equation can be expressed as:
y =—-48-0.018x (5.7)

The process of computing correlation coefficient (R?) is narrated below.
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Table 5.7: Determination of R*in the regression analysis to estimate BGL

x| Y (v-y) | (9-9) (5-3)
50 | -48.94 4.88 -48.9 | 2.25 5.06
100 | -49.53 2.62 -49.8 | 1.35 1.82
150 | -50.93 0.05 -50.7 | 0.45 0.2
200 | -51.64 0.24 -51.6 | -0.45 0.2
250 | -52.43 1.64 -525 | -1.35 1.82
300 | -53.42 5.15 -53.4 | -2.25 5.06

Y(y-9)?=1458 Y@ -y)?=14.16
The value of R?is obtained as:
R* = Z(y—_y)z =0.971
> (y-y)

(5.8)

The value correlation coefficient (R?) is 0.971, implying a highly significant correlation

between AGC and S;;. The BGL can be computed by employing the mathematical regression

model. Table 5.8 presents an overview of the reference BGL and the resultant BGL values

derived from the model, along with the corresponding error. The representation of the actual
S11 (dB) and the predicted S;; (dB) derived from the model for different blood glucose

concentrations including the fitted curve is plotted in Fig. 5.6. The actual and predicted

values of S;; exhibit a high degree of similarity which is obvious from the plot.

Table 5.8: An overview of actual and estimated BGL

Reference BGL (mg/dL) | Estimated BGL (mg/dL) | Error (%)
50 52.22 4.44
100 85 15
150 162.78 8.52
200 202.22 1.11
250 246.11 1.56
300 301.11 0.37
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Fig. 5.6. Actual and predicted Si; (dB) for different BGL.

5.3 Analysis with Variation of Finger Tissues

The thickness of the finger tissues can vary among individuals, depending on factors such as
body composition, gender, age, ethnicity etc. Therefore, it is necessary to do an analysis in
order to comprehend the relationship between the thicknesses of finger tissues and the
reflection coefficient of the sensor. The impact of varying the thickness of both dry and wet
skin is demonstrated in Fig. 5.7 (a). By examining the figure, it is evident that altering the
skin thickness results in modifications to both the resonant frequency and the amplitude of
the reflection coefficient. Fig. 5.7 (b) illustrates the analysis involving the variation of blood
layer thickness. There are slight variations in S;; values for blood layer thickness ranging
from 0.22 mm to 0.25 mm. However, when the thickness ranges from 0.26 mm to 0.28 mm,
there are significant variations in the amplitude of S;; of the sensor. The asymmetrical
changes in resonant frequency and return loss, as depicted in Fig. 5.7 (c), are caused by
variations in the thickness of fat layers. The reflection coefficient increases as the thickness
of both the muscle and bone layers increases, as seen in Fig 5.7 (d) and Fig. 5.7 (e)
respectively. So, enhanced thickness in muscle and bone layers will result in higher
reflection. The increase in tissue thickness will result in a drop in the resonant frequency for
muscle and an increase in the resonant frequency for bone. The investigation conducted on

nail tissue in Fig. 5.7 (f) reveals that there is minimal alteration in both resonant frequency
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and amplitude when the nail thickness is varied. So the thickness of the nail layer has
minimal impact on the characteristics of the sensor. It also indicates that the radiation

experiences attenuation in different finger tissues and has limited penetration into the nail

layer.
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Fig. 5.7. Variation of S;; of the sensor with changes in thickness of (a) dry and wet skin,
(b) blood, (c) fat, (d) muscle, (e) bone and (f) nail.

To summarize, the variations in tissue thickness will result in alterations in the characteristics
of the sensor, thereby impacting the readings of glucose levels. Hence, the capacity to scale
among diverse diabetic individuals with varying blood parameters is a challenge. This issue
can be resolved by conducting a single invasive personal calibration of the sensor, in which
the individual's blood glucose level will be examined invasively and then with the proposed
sensor. By conducting a comparison of the two results, the sensor will be adjusted to
accurately measure glucose level of a specific individual. An alternative approach might
involve integrating a machine learning model trained on a diverse dataset consisting of a

substantial number of individuals.

5.4 Sensor Accuracy and Safety Analysis

The Clarke Error Grid Analysis and Mean Absolute Relative Difference (MARD) are
frequently utilized techniques for assessing the accuracy of glucose level detection. These
analyses aid in evaluating the effectiveness of a glucose monitoring device compared
to reference data. The examination of Specific Absorption Rate (SAR) is used to assess the
RF safety pertaining to the human body when subjected to electromagnetic fields. SAR
indicates the measure of electromagnetic energy absorption by the human body when
exposed to RF electromagnetic fields. The SAR analysis offers a thorough comprehension of
the absorption of RF radiation by the human body and its potential health effects. In the
subsequent sections, an investigation on these methods is discussed to verify the accuracy and
safety of the proposed sensor in the field of glucose level detection.

50



5.4.1 Accuracy Verification using MARD Analysis

MARD is a popular statistical analysis that provides a single value summarizing the overall
accuracy of the glucose sensing operation. The accuracy of the proposed glucose sensor has

been quantified using MARD analysis, which can be described as:

1 N Ej
NEl A

MARD = (5.9)

Here, Ei is estimated BGL and AI is actual BGL. After substituting the values of estimated

and actual BGL from Table 5.8, the value of MARD is computed to be 0.051. This indicates
that there is only 5.1% fluctuation between the estimated and actual BGL.

5.4.2 Accuracy Assessment using Clarke Error Grid Analysis

The strength and direction of the correlation between predicted and reference BGL values of
the proposed sensor was verified using the Clarke error grid analysis as depicted in Fig. 5.8.
The grid is comprised of five distinct zones, with each zone denoting a distinct level of risk
associated with the variation between estimated and reference glucose values. Zone A is
commonly known as the clinically accurate zone, since it has a prediction error rate that is
below 20%. The occurrence of prediction error is observed to be higher in Zone B and C.
However, these errors remain within a safe range and do not typically lead to inaccurate
course of treatment. The zone D and E is characterized by significant errors that may result
risks to the health of patients [55]. It is obvious from the plot that all of the estimated BGL
obtained from our study consistently remain within zone A, indicating a high level of

performance for the sensor being presented.
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Fig. 5.8. Verification of the sensor using Clarke error grid Analysis.

5.4.3 Specific Absorption Rate (SAR) Analysis for RF Safety

In order to assess any potential risks linked to the RF electromagnetic radiation released by
the glucose sensor, the SAR of the sensor is computed at its resonance frequency, which is
around 10.5 GHz. The proposed human finger model has a mass of 0.52 gm. However, in
order to simulate SAR distributions at 1-g, a minimum of 2 gm of finger tissue is necessary.
Therefore, the thickness of each layer of the finger tissue is augmented proportionally in
order to achieve a mass of about 2.2 gm. The specified power input was set to 0.5 W. The
simulated SAR distribution of the proposed sensor is shown in Fig 5.9. The maximum 1-g
SAR is found as 0.519 W/kg. The safety standard for SAR of 1 gm of tissue is 1.6 W/kg as
recommended by IEEE C95.1-1999 [56]. Hence, the finding demonstrates that the 1-g SAR
of the sensor is well below the established safety threshold, thereby posing no RF radiation

hazard to the human body.
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Fig. 5.9. Simulated 1-g SAR analysis of the proposed sensor at the resonant freuency.

5.5 Comparative Analysis

A comparative analysis of determining the sensitivity between the proposed sensor and other
recently developed sensors is presented in Table 5.9. The highest sensitivity 1.79 dB per
mg/mL, is achieved by this particular work while the sensor from the research [57] has
sensitivity of 0.8 — 1 dB per mg/mL, which is the second highest among all the works. The
sensitivity of other reported sensors is approximately 22 to 224 times lower than the
sensitivity of the presented sensor. The enhanced sensitivity enables accurate detection of

glucose levels and differentiation between small variations in glucose concentrations.

Table 5.9: Comparison with other sensors based on sensitivity

Reference Sensor Structure Sensing parameter ( dE? %r;sritri\]/é%m_)
[25] Two cells of circular SRR Su 0.042
[60] Double CSRR Sx 0.008
[61] Coplanar Single SRR Su 0.023
[62] Chipless SRR sensor Sa 0.083
[57] Dielectric disk resonator Sx 08-1
Proposed Single CSRR sensor Su 1.79
sensor
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Table 5.10: Comparison based on electric field intensity

Reference Sensor Structure Electric Field (V/m)
[63] Closed loop split ring sensor 1.23x10"
[64] Microwave planar resonator sensor 1.00x10"
[59] SIW with CSRR 1.91x10°
[65] Open stab resonator 1.13x10"
[58] Metamaterial based sensor 4.00x10*
Proposed Single CSRR sensor 5.00%10*
sensor

Table 5.10 presents another comparison based on electric field intensity. The sensor under
consideration demonstrates the most intense electric field which is 5.00x10* \V/m, leading to a
strong interaction with both aqueous glucose solutions and human finger model. A
metamaterial inspired sensor [58] demonstrates electric field intensity of 4.00x10% which
aligns closely with the outcomes of this research. The lowest electric field intensity of
1.91x10° is attained by another CSRR based sensor incorporating SIW [59]. The proposed
sensor exhibits a significant accumulation of electric field, demonstrating a high level of

sensitivity and highly accurate detection capability for glucose levels. These characteristics

affirm the superior performance of the proposed sensor.
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CHAPTER 6

CONCLUSION

6.1 Conclusion

A biomedical sensor dedicated for glucose concentration measurement has been designed and
analyzed in this research paper. A metamaterial structure, namely CSRR is integrated on the
device in order to exploit its unique characteristics for improved sensing capabilities.
Through the analysis of the S-parameters of the sensor, it is determined that the optimal
design consists of a single cell of CSRR positioned 0.8 mm above the center of the patch. The
outer ring radius of the CSRR has been specified at 3 mm, while the inner ring radius is set at
2.4 mm. Three distinct geometric shapes, namely circular, square, and hexagonal shapes, are
evaluated and the circular shape is ultimately selected as the optimal choice. The CSRR
region is selected as the sensing region as it exhibits the most intense electric field
concentration and surface current density. The response of the sensor is analyzed to
determine glucose level in both water glucose solution and a human finger model. Debye and
Cole-Cole relaxation models are employed to determine the dielectric properties of various
concentrations of water solution and finger tissues respectively. The return loss of the sensor
has been observed to vary in conjunction with changes in glucose concentrations. Statistical
regression equation has been developed which establish a correlation between glucose level
with return loss. The sensor shows superior sensitivity of 1.79 dB per mg/mL, indicating its
ability to recognize even the smallest variations in glucose concentration. The sensor
possesses a MARD value of 0.051, which signifies that only 5.1% of the estimated values
deviate from the actual values of glucose level. Based on the Clarke error grid analysis, it is
found that all the predicted glucose levels fall within region A, which represents the clinically
acceptable range. The highest 1-g SAR is obtained as 0.519 W/kg, which falls within the
established safety threshold for human beings. This sensor is evaluated in terms of sensitivity
and electric field intensity, in comparison to other contemporary glucose sensors. The
comparison demonstrates that the proposed sensor outperforms other sensors in both criteria.
With high accuracy, superior sensitivity and absence of any health risks, this sensor is an
excellent option for detecting glucose levels in real-world applications.
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6.2 Contributions of the Research

This research aims to achieve specific objectives and has made several original contributions.
Some of these contributions have already been published in two prominent international
conferences, while the remaining ones are currently being reviewed for potential publication
in another reputed journal in the near future. The main contributions of this study are outlined

as follows:

(1) An antenna sensor with a metamaterial element, specifically CSRR is designed and
simulated. This microwave sensor can be utilized not just to monitor glucose level

in human body but also can be employed in several other biomedical applications.

(i) The analysis of the attributes of the CSRR is carried out in order to highlight the
distinctive qualities that it possesses, which are not typically found in nature. By
exploiting these unique characteristics of this metamaterial element, it can be

incorporated into a variety of microwave devices for a wide range of applications.

(ili)  The metamaterial based sensor is used to estimate both aqueous and blood glucose
concentrations. This sensor can be fabricated and its prospective application can
assist with controlling the worldwide diabetes epidemic.

6.3 Limitations of the Research

Nevertheless, it is essential to recognize the inherent limitations and difficulties that could
affect the results of the study. For example, the aqueous glucose solutions are applied directly
on the box without the utilization of any microfluidic channel. The possible impact on
environmental conditions, such as temperature and humidity, is not taken into account; but
these elements might influence the performance of the sensor. Another limitation arises from
the usage of a single port for feeding, restricting the analysis solely to the values of the
reflection coefficient S1;. Variations in body composition, gender, age ethnicity, and other
variables might cause finger tissue thickness to differ from person to person. Because of these
differences in tissue thickness, the sensor's properties will change, which in turn affects the
accuracy of glucose level detection. Therefore, a single invasive calibration procedure can be
adopted to address this matter. It is also to be mentioned that this work solely consists of
simulation-based research, lacking any experimental work to validate the theory and analysis
of the sensor.
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6.4 Future Work

In order to address the challenges that have been identified in this research, it is crucial to put
forward some recommendations and approaches in the future. A microfluidic channel can be
utilized to introduce aqueous glucose solutions. An additional port can be incorporated to
examine the values of the transmission coefficient S;1. The sensor should be fabricated in
real-time and validate the experimental findings against the simulated outcomes. The
synthesized sensor can be examined under different temperature and humidity conditions to
rectify errors caused by these factors. In addition, an artificial intelligence (Al) model trained
on a broad dataset containing a significant number of individuals can help address the

problems arising from differences in tissue thickness and blood dissimilarity.
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APPENDIX - A

MATLAB CODES

A.1 Construction of the Clarke Error Grid

function [total, percentage] = clarke(y,yp)

% CLARKE Performs Clarke Error Grid Analysis

% [total, percentage] = clarke(y,yp)

% INPUTS:

%y Reference values (mg/dl)

% yp Predicted/estimtated values (mg/dl)

if nargin ==
error ('clarke:Inputs', 'There are no inputs.')
end
if length(yp) ~= length(y)
error('clarke:Inputs', 'Vectors y and yp must be the same length.')
end
if (max(y) > 400) || (max(yp) > 400) || (min(y) < 0) || (min(yp) < 0)
error ('clarke:Inputs', 'Vectors y and yp are not in the physiological
range of glucose (<400mg/dl).")
end
§ e Print figure flag ---————=-----—"-""""-------————
PRINT FIGURE = true;
B e Determine data length -----——----------"----———-

h = figure;

plot(y,vyp, 'ko', '"MarkerSize', 4, '"MarkerFaceColor', 'r', '"MarkerEdgeColor',
xlabel ('Reference BGL [mg/dl]");

ylabel ('Predicted BGL [mg/dl]");

title('Clarke''s Error Grid Analysis');

set (gca, 'XLim', [0 400]);

set(gca, 'YLim', [0 400]);

axis square

hold on

plot ([0 4001, [0 4001, 'b:") % Theoretical 45° regression
line

plot ([0 175/31,[70 701, 'b-")

% plot ([175/3 3201, [70 4007, "k-")

plot([175/3 400/1.2]1,[70 4001, 'b-") % replace 320 with 400/1.2
because 100* (400 - 400/1.2)/(400/1.2) = 20% error

plot ([70 701,84 400], 'b-")

plot ([0 701, [180 180], 'b-")

plot ([70 2901, [180 4001, 'b-") % Corrected upper B-C boundary
% plot ([70 701,[0 175/31,'k-")

plot ([70 701, [0 56], 'b-") % replace 175.3 with 56 because
100*abs (56-70) /70) = 20% error

% plot ([70 400],[175/3 3207, 'k-")

EOF
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70 4001, [56 320] 'b-1)
180 1801, [0 701, 'b-")
180 400],[70 70],'b—'
240 240],[70 180], "b-
[
[

plot
plot
plot
plot
plot
plot
text (30,20, 'A', "FontSize',12);

(
(
( )
( ]
(
(
(
text (30,150, 'D', '"FontSize',12);
(
(
(
(
(
(

)

240 4001, [180 18071, "b-")

— — — — —

130 180],([0 701, "b-") % Lower B-C boundary slope OK

text (30,380, 'E', '"FontSize',12);
text (150,380, 'C'", "FontSize',12);
text (160,20, 'C', 'FontSize',12);
text (380,20, 'E', 'FontSize',12);
text (380,120, 'D'", "FontSize',12);
text (380,260, 'B', "FontSize',12);
text (280,380, 'B', 'FontSize',12);
set (h, 'color', 'white'); % sets the color to white
% Specify window units
set (h, 'units', 'inches")
% Change figure and paper size (Fixed to 3x3 in)
set (h, 'Position', [0.1 0.1 3 31])
set (h, 'PaperPosition', [0.1 0.1 3 3])
if PRINT FIGURE
% Saves plot as a Enhanced MetaFile
print (h, '-dmeta', 'Clarke EGA'");
% Saves plot as PNG at 300 dpi

print (h, '-dpng', 'Clarke EGA', '-r300');

total = zeros(5,1); % Initializes output

if (yp(i) <= 70 && y (i) <= 70) || (yp(i) <= 1.2*y(i) && yp(i) >=
0.8*y (1))
total(l) = total(l) + 1; % Zone A
else
if ( (y(i) >= 180) && (yp(i) <= 70) ) || ( (y(i) <= 70) && yp(i) >=
180 )
total (5) = total(5) + 1; % Zone E
else
if ((y(i) >= 70 && y(i) <= 290) && (yp(i) >= y(i) + 110) ) ||
((y(1) >= 130 && y (i) <= 180)&& (yp(i) <= (7/5)*y (i) - 182))
total (3) = total(3) + 1; % Zone C
else
if ((y(i) >= 240) && ((yp(i) >= 70) && (yp(i) <= 180))) ||
(y(i) <= 175/3 && (yp(i) <= 180) && (yp(i) >= 70)) || ((y(i) >= 175/3 &&
y (1) <— 70) && (yp(i) >= (6/5)*y(i)))
total(4) = total(4) + 1;% Zone D
else
total(2) = total(2) + 1;% Zone B
end $ End of 4th if
end $ End of 3rd if
end $ End of 2nd if
end $ End of 1st if
end % End of for loop
percentage = (total./n)*100;

% EOF
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A.2 Determination of Dielectric Properties of Aqueous Glucose Concentration

clec;

clear all;

close all;

wt = input ('Enter the value of aqueous glucose concentration: ');
f = 10.54*%10"9;

eps_inf = 5.38+((30*10"-3) *wt) ;

eps_stat = 80.68-((0.207*10"-3) *wt) ;

tau = (9.68+((0.23*%10"-3) *wt))*(107-12);

omega tau = 2*pi*f*tau;

eps_real = eps_inf + (eps_stat - eps _inf) /

(1+ (omega_tau”2))
eps _imag = ((eps_stat - eps_inf)* omega tau)/ (

1+ (omega_tau”2));

tan delta2 = eps imag/eps_real;

A.3 Determination of Dielectric Properties of Blood Glucose Concentration

clc;
clear all;
close all;

wt = input ('Enter the value of blood glucose level: ');
f =10.54*10"9;

eps_inf = (0.0099* (wt"2))+(0.047*wt)+2.3;

eps delta = (-0.0093* (wt"2))+(-0.21*wt)+71;

tau ps = (0.0012* (wt”2))+(0.23*wt)+8.7;

tau = tau ps*(107-12);

sigma = (0.0063* (wt"2))+(-0.14*wt)+2;

omega_tau = 2*pi*f*tau;
alpha = 0.1;
epsilon not = 8.854*107-12;

eps = eps_inf + (eps_delta / (1l+(omega tau” (1l-
alpha))))+(sigma/ (2*pi*f*epsilon not));

eps_real = eps_inf + (eps delta * (l+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/ (1+(2*omega_tau” (l-alpha) *
sin(alpha*pi/2))+ (omega tau” (2* (l1-alpha))));

eps_imag = (eps_delta*omega tau” (1-

alpha) *cos (alpha*pi/2))/ (1+(2* (omega_ tau” (l-alpha))*
sin(alpha*pi/2) )+ (omega_ tau” (2* (1-alpha))));

tan delta = eps_imag/eps real;

A-3



A.4 Determination of Dielectric Properties of Finger Tissues

clc;
clear all;
close all;

f = 10.54*%10"9;

[

% Dry skin

eps_inf = 4;
eps_delta = 32;

tau ps = 7.23;

tau = 7.23*(107-12);

sigma = 0.002;

omega_ tau = 2*pi*f*tau;
alpha = 0;

epsilon not = 8.854*107-12;

eps_dryskin = eps_inf + (eps delta / (1+(omega tau” (1-
alpha))))+(sigma/ (2*pi*f*epsilon not));

eps_real dryskin = eps_inf + (eps delta * (l+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/ (1+(2*omega_ tau” (1-alpha) *
sin(alpha*pi/2))+ (omega_tau” (2* (1-alpha))))

eps_imag dryskin = (eps delta*omega tau” (1-

alpha) *cos (alpha*pi/2))/ (1+(2* (omega_tau” (l-alpha))*
sin(alpha*pi/2))+ (omega_ tau” (2* (1-alpha))));

tan delta dryskin = eps imag dryskin/eps real dryskin;
% Wet skin

eps_inf = 4;
eps_delta = 39;

tau ps = 7.96;

tau = 7.96* (107-12);

sigma = 0.004;

omega_ tau = 2*pi*f*tau;
alpha = 0.1;

epsilon not = 8.854*107-12;

eps_wetskin = eps _inf + (eps_delta / (1+ (omega_tau” (1-
alpha))))+(sigma/ (2*pi*f*epsilon not));

eps real wetskin = eps inf + (eps delta * (l+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/ (1+(2*omega tau” (l-alpha) *
sin(alpha*pi/2))+ (omega_ tau” (2* (1-alpha))))

eps_imag wetskin = (eps_delta*omega tau” (1-

alpha) *cos (alpha*pi/2) )/ (1+(2* (omega_tau” (l-alpha))*
sin(alpha*pi/2) )+ (omega_ tau” (2* (1-alpha))));

tan delta wetskin = eps imag wetskin/eps real wetskin;

o)

5 Muscle

eps_inf = 4;
eps_delta = 50;
tau ps = 7.23;
tau = 7.23*(107-12);
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sigma = 0.2;

omega_tau = 2*pi*f*tau;

alpha = 0.1;

eps _muscle = eps_inf + (eps _delta / (14 (omega_tau” (1-
alpha))))+(sigma/ (2*pi*f*epsilon not));

eps _real muscle = eps inf + (eps delta * (1+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/(1+(2*omega_ tau” (l-alpha) *
sin(alpha*pi/2))+ (omega_ tau” (2* (l1-alpha))))

eps_imag muscle = (eps_delta*omega tau” (1-

alpha) *cos (alpha*pi/2))/ (1+(2* (omega_ tau” (l-alpha))*
sin(alpha*pi/2))+ (omega tau” (2* (1-alpha))));

tan delta muscle = eps imag muscle/eps real muscle;

% Fat

eps_inf = 2.
eps delta =
tau ps = 7.96;

tau = 7.96*(107-12);
sigma = 0.01;

omega_tau = 2*pi*f*tau;
alpha = 0.2;

5;
3;

eps_fat = eps _inf + (eps delta / (1+(omega tau” (1l-

alpha))))+(sigma/ (2*pi*f*epsilon not));

eps_real fat = eps inf + (eps delta * (l+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/ (1+(2*omega_tau” (l-alpha) *
sin(alpha*pi/2))+ (omega_ tau” (2* (1-alpha))))

eps imag fat = (eps delta*omega tau” (1-

alpha) *cos (alpha*pi/2))/ (1+(2* (omega_tau” (1-alpha))*
sin(alpha*pi/2))+ (omega tau” (2* (l-alpha))));

tan delta fat = eps imag fat/eps real fat;

[

% Bone

eps inf = 2.5;

eps delta = 10;

tau ps = 13.26;

tau = 13.26*(10%-12);
sigma = 0.02;

omega_ tau = 2*pi*f*tau;
alpha = 0.2;

eps _bone = eps _inf + (eps _delta / (1l+(omega tau” (1-
alpha))))+(sigma/(Z*pi*f*epsiloninot));

eps real bone = eps inf + (eps delta * (1+(omega tau” (l-alpha)*
sin(alpha*pi/2))))/ (1+(2*omega_tau” (l-alpha) *

sin(alpha*pi/2))+ (omega_ tau” (2* (1-alpha))))

eps_imag bone (eps_delta*omega tau” (1-

alpha) *cos (alpha*pi/2))/ (1+(2* (omega_ tau” (1l-alpha))*
sin(alpha*pi/2) )+ (omega_ tau” (2* (1-alpha))));

I~~~ 1

tan delta bone = eps imag bone/eps real bone;
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