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Abstract
This thesis presents an innovative approach using microwave technology
for contactless monitoring of microbial growth on solid growth matrices.
Microwave sensors are widely employed in various biomedical applications
owing to their portable, ease of fabrication, low cost, label-free, and contactless sensing capabilities. The unique ability of the microwave sensor to
detect variations in the conductivity in the surrounding medium related to
microbial growth makes it a promising candidate for microbial growth monitoring and related applications. This thesis presents an in-depth analysis
of the design, fabrication, and testing of one-port planar microwave sensors.
The designed sensors allow microbial growth monitoring capabilities in both
temperature-controlled and uncontrolled environments.
Microbial growth largely depends on environmental factors that include
growth temperature, nutrient availability, spatial position, and presence of
growth-inhibiting compounds such as antibiotics. Through this research, the
potential of designed microwave sensors to investigate the influence of these
factors was explored. The first study utilized a microwave sensor to detect
microbial growth on a solid matrix provided with different glucose concentrations (0- 10 % w/v). Experimental results demonstrated a positive correlation between microbial growth at different nutrient concentrations with
the microwave sensor’s response. In the second study, the microwave sensor
successfully monitored the subsurface growth of microorganisms, confined
between two layers of solid growth matrices. In the third study, the potential of the designed microwave sensor was investigated and was successfully
demonstrated in monitoring the effect of antibiotics on microbial growth.
The data from all these experiments and supporting data from microbial growth imaging demonstrates the high efficiency of microwave sensors
in fast and contactless monitoring of microbial growth and its effectiveness
in biomedical applications. Through this work, the ability of microwave
resonator sensor to rapidly detect bacterial growth before any visual indicators was demonstrated. These initial studies lay the foundation and prove
the microwave sensor as a prospective tool to detect and monitor microbial
growth in food and pharmaceutical industries. The sensor resolution and
iii
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sensitivity can be further improved by utilizing active resonators. Moreover, the sensor design can be modified and enhanced to operate wirelessly
for long-range measurement systems.
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Lay Summary
This thesis presents an innovative approach using microwave sensors for
contactless monitoring of microbial growth on solid growth matrices. The
designed sensors were employed in three independent studies to monitor microbial growth under different nutrient conditions, the position of microorganisms, and the presence of antibiotics. The first study utilized a microwave
sensor to monitor the impact of the availability of nutrients on microbial
growth. The second study demonstrated the microwave sensor’s ability to
successfully monitor the subsurface growth of microorganisms. Moreover, in
the third application study, the potential of the designed microwave sensor
in monitoring the effect of antibiotics on microbial growth was successfully
demonstrated. These studies conclude that microwave sensors were able
to detect microbial growth before any visual indicators demonstrating the
rapid detection capabilities of the microwave sensor. These initial studies
prove microwave sensors as a prospective tool to monitor microbial growth
in the food and pharmaceutical industries.
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Chapter 1

Introduction
1.1

Motivation

Infections are an inevitable fact of life. They pose a serious challenge to
public health and the global economy. This is evident from the current global
pandemic caused by a novel coronavirus. As per the recent report published
by the World Health Organization (WHO), the aforementioned virus spread
rapidly across the globe affecting 188 countries with over 5 million cases and
over 300 thousand deaths as of May 27, 2020 [1–6]. Statistics and future
predictions have shown that deaths due to infection account for nearly 1315 million deaths annually and is projected to remain constant or increase
by 2050 [7]. Although mortality due to infections is projected to rise by
the year 2050, early detection of infections and infection-causing bacteria
can reduce the number of deaths per year significantly. Early detection of
such disease-causing organisms can help in developing effective therapy and
postulate various disease control measures against the pathogens [8]. Thus,
biologists and other researchers are constantly in search of new technologies
capable of detecting infections in earlier stages and to help develop vaccines
against life-threatening infections.
The current technologies capable of detecting pathogens rely on either
conventional techniques such as spread or pour plate techniques and molecular methods such as polymerase chain reaction (PCR) and enzyme-linked
immunosorbent assays (ELISA) [9–11]. Although these techniques are reliable, conventional techniques are not real-time and difficult to automate
while molecular methods require extensive sample preparation and expensive instruments [12–14]. To overcome the challenges presented by existing
technologies, rapid and portable biosensors to detect bacterial growth have
been developed [15–20]. Among all the available biosensors, optical and electrochemical biosensors were extensively used for biomedical applications due
to their real-time, non-contact, and label-free detection capabilities [21–24].
However, optical biosensors suffer from high cost and quick degradation of
reagents whereas electrochemical biosensors suffer from low selectivity, low
limit of detection (LoD) and are single-use devices due to direct contact of
1
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the sensor with the bacteria [20].
Recently, microwave sensors have emerged as a promising tool for material detection and characterization [25–29], liquids characterization [30–39],
gas characterization [27, 40–43], ice detection [44], light and UV detection
[45–47], and wearable RFID and biomedical technology [46, 48, 49], due to
their low cost, real-time, label-free, and non-contact-based detection mechanisms. Interestingly, bacterial growth monitoring in liquid matrices using
microwave technology has gained significant attention in recent years [50–
53]. Liquid growth media is used extensively by microbiologists for bacterial
growth monitoring. This is due to the availability of spectrophotometers
or other sophisticated instruments capable of detecting bacterial growth in
real-time [54, 55]. Also, the volume of the liquid bacteria culture can be
significantly reduced by employing microfluidic channels [56].
Solid growth media, on the other hand, is primarily used to isolate bacteria to obtain pure bacterial cultures [54]. They are also extensively used
to perform antibiotic susceptibility tests (AST) such as disk diffusion tests
and epsilometer tests [9]. However, the complex nature of solid agar coupled
with the limitations of conventional plating techniques holds back biologists
and researchers to automate the bacterial detection process. Therefore,
through this work, a proof of concept employing the microwave technology
to monitor bacterial growth on solid agar media will be presented.

1.2

Outline

This chapter begins with an introduction to microwave technology, followed by the principles of operation of microwave sensors to sense and characterize materials. The discussion will then focus on the currently available
methods for material sensing and characterization. Based on the merits
and demerits of each sensing method, a sensing technology suitable for the
current application will be chosen.

1.3

Introduction to microwave technology

The term microwave is associated with electromagnetic waves at frequencies in the range of 300 MHz to 300 GHz with a corresponding electric
wavelength between 1m (for a frequency of 300 MHz) to 1 mm (for a frequency 300 GHz) respectively as shown in Figure 1.1.
The theoretical foundation of microwave technology was laid by Clark
Maxwell in the early 1900s but it wasn’t until the development of Radio
2
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Figure 1.1: The electromagnetic spectrum. Copyright © 2005 John Wiley
& Sons, Inc. All rights reserved [57].

Detection and Ranging, or RADAR in World War II that engineers and scientists began to show substantial interest. Since then, microwave technology
has undergone significant development in terms of power consumption, size,
and cost due to the development of solid-state devices, printed circuit board
technology, and integrated circuits technology. Today, microwave technology finds applications in communication [58, 59], processing industry for
sintering, drying and curing [60–64], healthcare [65–67] and food industry
[16]. Microwave technology is also being extensively used in biomedical and
pharmaceutical applications such as detecting and monitoring food spoilage,
drug research, and manufacturing, human tissue characterization for cancer
and tumor detection, fermentation and biomass system design, and bioimplant research [48, 68]. This is attributed to its low cost, robust, compact,
non-contact, and label-free detection properties.

1.4

Principle of operation

A significant aspect of microwave technology is its ability to characterize
and sense materials by measuring their complex dielectric properties such
as permittivity and conductivity. Dielectric permittivity is a dimensionless
quantity that gauges the degree of polarization in a material due to the
presence of an external electric field [69]. In the presence of an electric
field, charges in the atoms and molecules of a dielectric material undergo
displacement. This results in the formation of dipoles along the direction of
the applied electric field as shown in Figure 1.2 [69]. Dielectric permittivity
3
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is thus, a measure of how effectively the dipoles are formed and aligned in
the direction of electric field.
Relative permittivity or dielectric constant of the dielectric (r ) is represented as the ratio of the permittivity of the material to that of the free
space (shown in equation 1.1)
 = r 0

(1.1)

Where  is the permittivity of the material (F/m), r is the relative permittivity and 0 is the permittivity of free space (8.85 x 10−12 F/m).

Figure 1.2: A dipole in the presence of an external electric field. All rights
reserved [69].

The complex permittivity of the medium() consists of real part known
0
as the dielectric constant ( ) and an imaginary part which accounts for the
00
losses in material ( ) as shown in equation 1.2 [70].
0

00

 =  − j.

(1.2)

0

The dielectric constant ( ) is a measure of the amount of energy from an
00
external field stored in the material whereas loss factor( ) is a associated to
dielectric loss. Loss in dielectric materials are mainly caused by (i) dielectric
damping, and (ii) conduction loss. Dielectric damping occurs due to the
displacement of the centers of the charge carriers under the influence of the
electric field whereas conductivity loss arises due to the movement of charge
carriers in the dielectric material [71]. Thus, an important property of a
dielectric material i.e. the loss tangent is defined as the ratio of imaginary
part to real part of the complex permittivity and is presented in equation
4
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1.3.

00

tan δ =

ω + σ
ω0

(1.3)
00

where, σ represents the conductive loss and ω represents loss due to dielectric damping [70], [57].
Measuring the dielectric properties of materials plays an important role
in food and pharmaceutical industries to detect tumours and monitor food
decay by microorganisms [16, 30, 58–64, 72]. Various standard methods
have been postulated and successfully applied to measure and determine
the complex permittivity and loss factor of materials. These methods are
thoroughly discussed in the next section.

1.5

Microwave technologies for complex
permittivity extractions

Measurement of dielectric properties using microwave technology involves measuring the scattering parameters( S- parameters) using a vector
network analyzer equipped with post-processing tools capable of extracting
complex permittivity and loss tangent of the sample under test (SUT) [73].
Various methods have been developed to measure the dielectric properties
of materials. In this section, four different permittivity characterization
techniques will be discussed.

1.5.1

Free-space method

The Free-space method is widely used to determine the dielectric properties of a sample under test at high temperatures or in hostile environments.
The measurements are carried out using two spot- focusing horn lens antennas facing each other as shown in Figure 1.3. The antenna is connected
to a network analyzer loaded with a post-processing program capable of determining dielectric properties from the measured response. Prior to any
measurements, the VNA is calibrated using a line- reflect- line calibration
method. The response of the sensor in the presence of a sample holder with
and without a sample is recorded. By using the de-embedding function provided in the VNA, the effect of the sample holder on the measured response
is canceled [73].
For instance, Hakansson et al. [74], measured the dielectric properties
of polymerized thin polypyrrole (PPy) films on synthetic textile substrates
in the frequency range of 1 − 18 GHz using the free-space method. Various
5
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Figure 1.3: Measurement of complex permittivity of a sample using free
space method. All rights reserved [73].

strategies such as mathematical diffraction removal program, time–gating
tools, and high gain horns were used to improve the permittivity measurements. A stable real part of the permittivity was observed above a dopant
concentration of 0.018 mol/1 p-toluene sulfonic acid (pTSA). Similarly, an
increase in the imaginary part of the permittivity was observed as the dopant
concentration was increased to 0.018 mol/1 pTSA. However, a further increase in the dopant concentration had a negligible effect on the imaginary
part of permittivity.
The Free-space method is widely used to determine the dielectric properties of in-homogeneous material at high temperatures or in hostile environments [75–79]. This technique is fast and reliable but is not portable and
requires a custom fabricated sample holder for each sample. Also, a large
sample is needed for permittivity measurements to avoid multiple reflections
within the sample and diffraction at the edge of the sample.

1.5.2

Open-ended coaxial probe method

The Open-ended coaxial probe method is a non- destructive testing
method for complex permittivity characterization. In this method, the coax6
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ial probe is placed against the specimen or immersed in the sample liquid
as shown in Figure 1.4. The coaxial probe is connected to a vector network
analyzer (VNA) and calibrated using a calibration standard (open, short,
and a standard reference liquids such as water, saline, and methanol). The
calibration program utilizes time gating function available in the VNA to
decrease the reflections from the connector [80]. The calibration improves
the ability of the network analyzer to accurately measure the dielectric properties of the sample under test. Complex permittivity of the sample under
test (SUT) is assessed by analyzing the reflection coefficient of the coaxial
probe using post-processing software embedded in the VNA [73]. Shim et al.

Figure 1.4: Measurement of tissue sample using open coaxial probe. All
rights reserved [80].

[81], for instance, presented a complex permittivity measurement technique
for artificial tissue emulating materials (ATEs). ATEs are used for in-vitro
testing of implantable biomedical devices. The coaxial probe was calibrated
between the frequency range 0.5- 6 GHz. The reported results were in good
agreement with the results obtained by commercially available open-ended
coaxial probe kits.
Open-ended coaxial probe method is extensively used for near field sensing applications and is portable and robust [82–86]. However, the device is
expensive and requires a large and custom machined sample. The measurement is also sensitive to air gaps between the sample and the probe.
7
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Transmission line method

In this method, a sample under test is used as a filling material of a
waveguide or coaxial probe as shown in Figure 1.5. The sensor is connected
to the vector network analyzer and calibrated to accurately measure the
complex permittivity of the sample under test. The S- parameter response
of the sensor is measured and processed using various conversion methods
[73].

Figure 1.5: Measurement using TR method with a waveguide. All rights
reserved [73].

For instance, Bogle et al. [87], presented a method for complex permittivity characterization of materials using a partially filled rectangular
waveguide. The device was calibrated to operate between the frequency
range 8- 12 GHz. Mode-matching technique was developed to accommodate
the resulting waveguide discontinuity and a Newton root search method was
utilized to subsequently extract the electromagnetic properties of the test
sample.
Transmission line method is widely used for complex permittivity extraction for medium to high loss materials [73, 88, 89]. However, the measurement accuracy is limited by the air- gap effects and the samples may
8
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need to be machined specifically.

1.5.4

Resonance based method

Resonant measurements are the widely used for obtaining complex dielectric properties such as permittivity of a given sample under test due to
its non-contact, portable, and label-free sensing capabilities. There are two
types of resonant measurements commonly used: perturbation and low loss
method. Low loss measurement methods are suitable for measurement on
low loss materials using larger samples. Perturbation methods are suitable
for permittivity measurements of medium to high loss material [73, 90].
The experimental setup to measure complex permittivity of a thin film
using a transverse magnetic (TM) cavity geometry employing perturbation
method is shown in Figure 1.6. With resonance characteristics depending on

Figure 1.6: Measurement of thin film using cavity resonator. All rights
reserved [73].
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the material under test (MUT) in a cavity, its quality factor and resonant
frequency can be monitored to determine the dielectric parameters. The
resonant frequency and Q-factor of an empty cavity and a cavity with the
material under test are measured and processed to determine the permittivity of the material.
Saeed et al. [91], presented a novel planar substrate integrated waveguide
cavity resonator technique to determine and extract complex permittivity
of the sample under test (SUT). The resonator was designed to resonate at
8 GHz and had a high Q- factor. The proposed design had low fabrication
cost, is easy to fabricate, and provided contact-free detection capabilities.
Resonance-based method is used for measuring the complex dielectric
properties of small sample under tests. However, there exist limitations on
the frequencies and loss characteristics of the materials that can be measured
with the method.

Table 1.1: Summary on the techniques to sense and measure dielectric properties using microwave technology
Method

Advantages

Disadvantages

Free-space
method

Contactless,
robust

Requires custom
sample holders,large
sample

Coaxial probe
method

Portable, robust
and contactless

large sample size,
complex data analysis

Transmission line
method

Portable,
small sample size,
non- contact,label- free

Requires custom samples
for cavity resonators

Resonance-based
method

Portable, non-contact
based sensing
and label- free

Sensor response
depends on the loss
characteristics
of the MUT

Compared to free- space and open-ended transmission line methods, the
resonance-based method uses inexpensive devices [92]. However, machining
the sample to fit in the cavity of the waveguide can be challenging. To overcome this, a microstrip line sensors can be used. Microstrip line sensors offer
10
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numerous advantages such as low-cost fabrication, small sample size, portability, robust, non-contact, and label-free detection and ease of integration
with microfluidic chips [27, 37–39, 56, 91, 93, 94].
The summary of the above discussed microwave technologies for complex
permittivity extractions is presented in Table 1.1.
Among the available techniques for material sensing and characterization
using microwave sensors, microstrip line sensors offer numerous advantages
such as low cost, contactless, ease of fabrication, and label-free detection
and will be selected to monitor bacterial growth on solid media.

1.6

Thesis objective

This thesis aims to design a custom- designed microwave resonator sensor
to monitor the influence of nutrients, subsurface position, and presence of
inhibitory compounds on the growth of microorganisms on solid growth
media. The designed sensor should be able to detect microbial growth before
any visual indicators.
The following objectives have been set to achieve the aim:
1. Employing the designed microwave sensor resonator to detect and
monitor the impact of variations in the glucose concentration in the
solid media on the bacterial growth
Hypothesis: The designed sensor will monitor the growth of bacteria
in response to varying glucose concentration in the media.
The tasks required to achieve this objective are:
− Prepare LB agar medium with varying concentrations of glucose
(0, 2, 5, and 10 %)
− Monitoring variation in the bacterial growth at tested glucose
concentrations using microwave sensor resonator
− Analyze the data and plot the measured results. Compare the
measured results with microscopic images taken at regular time
intervals to validate the efficacy of the designed sensor to monitor
bacterial growth.
2. Utilizing the designed microwave sensor to detect and monitor subsurface growth of bacteria confined between two layers of solid growth
media
Hypothesis: The designed sensor will monitor the transition of bacterial growth from 2-D surface growth to a 3-D subsurface growth.
The tasks required to achieve this objective are:
11
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− Prepare inoculated media plates with microorganisms confined
between two layers of solid LB agar
− Measuring conductivity changes during the transition of surface
to subsurface growth of bacteria using microwave sensor resonator
− Analyze, plot and compare the measured results with the captured microscopic images as mentioned earlier
3. Applying the designed microwave resonator sensor to monitor and
differentiate the impact of various concentrations of antibiotic, erythromycin on the growth of Bacteria
Hypothesis: The microwave sensor will monitor the dielectric properties of the (Mueller-Hinton) MH agar and differentiate the impact
of various antibiotic concentrations on the bacterial growth.
The tasks required to achieve the proposed objective are:
− Prepare sample MH agar plates with varying concentrations of
erythromycin (0, 7.5, 30, and 45 µg) using disk diffusion techniques
− Measuring conductivity changes during bacterial growth inhibition at tested antibiotic concentrations using microwave sensor
resonator
− Analyze, distinguish, and compare the measured results with the
captured microscopic images as mentioned earlier. Based on the
measured results, determine the antibiotic concentrations capable
of successfully inhibiting microbial growth

1.7

Thesis outline

This thesis is divided into four chapters. A brief summary of each chapter
content is as follows:
− Chapter 2 focuses on the theory of operation of a microstrip resonator.
An investigation of the existing planar microwave resonator sensors
based on their geometry, robustness, and efficiency will be performed.
This investigation will empower the choice of the appropriate sensor
design for the proper environmental conditions. A critical review of
various microwave resonators schemes available is presented, and the
limitations associated with them will be discussed. Based on the drawbacks of the discussed resonator schemes and the nature of the study, a
12
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thorough design procedure of the selected microwave resonator scheme
will be presented. The design procedure will encompass the Finite Element Method (FEM) analysis of complex planar resonator structures
aimed at determining the sensitive regions, impact on the sample under test, and the electrical characteristics of the resonator.
− Chapter 3 is devoted to the fabrication and functional verification
of the sensor designed in Chapter 2. This chapter begins with the
step by step in- house fabrication procedure followed to precisely and
accurately fabricate the sensor. The fabricated sensor will then be
subjected to various functional verification using standard samples to
verify the sensor’s operation as per the designed parameters.
− Chapter 4 presents the capability of the designed and fabricated sensor
discussed in chapter 3 to detect and monitor the impact on bacterial
growth on solid media subject to three mutually exclusive conditions:
varying nutrient concentration, spatial position, and the presence of
inhibitory compounds such as antibiotics.
− Finally, Chapter 5 concludes and summarizes the work presented in
the thesis, and discusses ideas for future work
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Chapter 2

Principle of operation,
design, and optimization of
planar microstrip resonator
This chapter aims to introduce a planar microwave resonator and explore
various factors that dictate the operation of the resonator such as resonant
frequency, resonant amplitude, and quality factor. It is followed by a thorough discussion of different types of planar microstrip resonator technologies. An in-depth analysis of frequency variation resonator and differential
model resonator will be undertaken. In addition to this, the steps followed
to design and study the resonator will be discussed. Various studies such as
EM field analysis, sensitive region analysis, and the impact of permittivity
and loss tangent of a sample under test on the response of the modelled
sensors will be performed in this chapter. The sensor design modelled in
this chapter is the result of weeks and months of numerous changes in the
sensor design and optimizations to improve the sensitivity of the resonator.

2.1

Introduction to planar microwave resonator

A resonator is a device that stores energy at the resonant frequency [57].
Consider a series RLC resonance circuit as shown in the Figure 2.1.
where V is the voltage of the input electromagnetic signal(Volt), R is the
resistance (Ω), L is the inductance(Henry), C is the capacitance (Farad),
I is the net current (Ampere) flowing through these elements, and Zin is
the input impedance. The input impedance Zin can be calculated using
equation 2.1 [57].
Zin =

2 ∗ Pin
Ploss + 2jω(Wm − We )
=
|I|2
0.5 ∗ |I|2

(2.1)

where Pin is the power delivered to the series RLC resonator at the input,
Ploss is the power dissipated by the resistor R, ω is the angular frequency
14
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Figure 2.1: Lumped element model of a series RLC resonator. All rights
reserved [57].

(Radian), Wm is the average magnetic energy stored in the inductor and
We is the average electrical energy stored in the capacitor. The series RLC
circuit is said to be at resonance when the average stored magnetic energy
in the circuit is equal to the average stored electrical energy. At, Wm = We ,
the input impedance is purely real as shown in equation 2.2.
Zin =

Ploss
= RΩ
0.5 ∗ |I|2

(2.2)

The frequency at which the input impedance is purely real is known as the
resonant frequency. The resonant frequency can be calculated using the
equation 2.3.
1
c
f= √
Hz
(2.3)
= √
λ
ef f
2π LC
Where f is the resonant frequency in Hz, c is the speed of light in
millimeter per second and λ is the wavelength in millimeter of the EM
wave, ef f is the effective permittivity.
An important parameter associated with a resonator is the quality factor. It is used to represent the EM loss in the resonator. A lower loss
implies a higher Q-factor. The relation between Q and loss tangent tan δ, a
dimensionless quantity to determine the amount of electromagnetic energy
absorbed within the material and dissipated as heat, is given by the equation
2.4.
0
1
ω

Q=
=
= − 00
(2.4)
tanδ
σ

Where σ is conductivity in siemens/m, ω is the angular frequency in
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0

00

rad,  of the real part of the permittivity,  is the imaginary part of the
permittivity.

2.2

Investigation on the various types of planar
microwave sensors

Among the available techniques for dielectric characterization using microwave sensors, microstrip line sensors offer numerous advantages such as
low cost, contactless, ease of fabrication, and label-free detection capabilities. There are two versions of microstrip planar sensors, resonant based and
non- resonant based. Resonant based planar sensors offer better sensitivity
and are compact as compared to non- resonant based planar sensors and
therefore were selected for this study. Based on the principle of operation,
planar stripline resonators can be broadly grouped into four categories:
− Frequency variation sensors
− Coupling modulation sensors
− Frequency splitting sensors
− Differential- mode sensor

2.2.1

Frequency variation sensor

A frequency variation sensor consists of a transmission line loaded with
a resonant element as shown in Figure 2.2. Material characteristics are
determined by measuring the variation in the resonant frequency, quality
factor, or resonant amplitude in the presence of a sample under test on the
resonant element. These sensors can be used to characterize and determine
the dielectric properties of liquids and solids in environments where ambient
factor changes such as temperature and humidity have a negligible effect on
the electrical properties of the sample under test. Mohammadi et al. [31]
presented a low- cost and hazard free 3D printed microfluidic microwavebased method for water quality monitoring. They employed a 2- port doublering resonator operating at 4.5 to 4.6 GHz with a quality factor of 120.
The study was able to achieve real-time monitoring of water contaminants
comparing to standard chemical-based methods. In another study, Wiltshire
et al. [44] demonstrated the capabilities of a 2- port microwave resonator
to detect ice and frost. The designed sensor operated between 3.5 GHz to 5
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Figure 2.2: Principle of operation of frequency variation sensor. All rights
reserved [95].

GHz with a quality factor of 250. The sensor was successfully able to detect
the phase transition between ice to water and vice- versa.
Frequency variation resonator sensors suffer significant degradation of
the response due to cross-sensitivity caused by variations in ambient factors
such as temperature and humidity.

2.2.2

Coupling modulation sensors

The impact of the cross-sensitivity of a microstrip sensor to ambient
changes can be eliminated using symmetry-based sensors such as coupling
modulation sensors. In such sensors, the transmission line is arbitrarily
loaded using a symmetrical resonator. (Figure 2.3). In the case of perfect
symmetric loading of the transmission line by the sensor, no resonance occurs, and the frequency response does not exhibit a notch. However, as
symmetry of the resonator is disturbed due to the dielectric loading or displacement of the resonator, the transmission line couples to the resonator,
and the resonant profile appear. The magnitude of the resonant profile
(typically a notch) is determined by the degree of coupling which is closely
related to the level of the asymmetry [96–99].
17
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Figure 2.3: Principle of operation of coupling modulation sensor. All rights
reserved [95].

The sensor is easy to design and fabricate. However, the sensitivity of
the sensor’s notch amplitude to displacement due to external factors limits
the operation of the sensor in external environments.

2.2.3

Frequency splitting sensors

The next scheme of microstrip resonator is the frequency splitting sensors. In these sensors, transmission line-based structures are symmetrically
loaded with a pair of (not necessarily symmetric) resonators (Figure 2.4)
leveraging the advantages of both frequency variation and coupling modulation sensor. In the absence of any sample on the sensor, the sensor
response is unchanged and a single resonant notch is observed. However, in
the presence of test material, the symmetry of the sensor is disturbed and
the resonant profile splits into two notches, one for each resonator. Thus,
differences in the frequency and amplitude between the two notches can
be associated with the level of asymmetry caused by a dielectric sample
through which dielectric properties can be inferred [100–103]. The sensor

18

2.2. Investigation on the various types of planar microwave sensors
configuration is robust and easy to fabricate and operate but suffers from
limited sensitivity and resolution as the frequency overlap of two resonators
can affect the quality factor of the notch.

Figure 2.4: Principle of operation of frequency splitting sensor. All rights
reserved [95].

2.2.4

Differential-mode sensor

Differential-mode sensors comprise two sensors, one sensitive to the sample whose dielectric properties need to be determined and the other sensitive to reference material. The output of these sensors is the difference
between the output of the two sensors as shown in Figure 2.5. Thus, the
cross-sensitivity of the sensor to ambient factors is eliminated making the
sensor robust to external factor variations. Various works using differential sensors to detect and characterize liquid samples have been reported
[30, 33, 101, 103, 104]. These devices can be used as a four-port device or
be coupled with additional microwave circuitry to reduce the ports to two
or one.
Therefore, based on the investigation of different schemes of microwave
resonators, frequency variation and differential-mode resonator schemes are
chosen for microbial growth monitoring due to ease of design, and fabrication. The selected designs also aid in performing complex dielectric measurements in both temperature-controlled and uncontrolled environments.
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Figure 2.5: Principle of operation of differential mode sensor. All rights
reserved [95].

2.3

FEM analysis of a planar microstrip
resonator

From the discussion presented in the previous sections, the frequency
variation sensor and a differential- mode resonator design were selected for
further analysis owing to their ease of design, operation, simplicity, and
robustness. In this section, the selected microstrip resonator models will
be analyzed using sophisticated Computer-Aided Design (CAD) tools capable of performing complex electromagnetic simulations on the designed
resonator structures. To achieve accurate simulation results, the dimension
of the mesh selected for the simulation must be less than or equal to the
minimum feature size of the designed sensor. The dimension of the mesh
depends upon the available Random Access Memory, or RAM on the system hosting the CAD software.Therefore, based on the available systems
hosting the CAD tool and the minimum feature size of the sensor, 0.8 mm
and 0.4 mm mesh sizes were selected. With a 0.8 mm mesh size, a bare
sensor modelled in High Frequency Structure Simulator, or HFSS took approximately 20 minutes to complete simulation as opposed to 40 minutes
using 0.4 mm mesh size. In addition to this, the difference between the
resonant amplitude of the simulated sensor at 0.8 mm and 0.4 mm mesh
size was -0.3 dB and 0.7 MHz respectively. Therefore, as the output results
of the simulation with 0.8 mm and 0.4 mm mesh sizes were similar, mesh
size of 0.8 mm was chosen to achieve faster and accurate simulation results
of the designed sensors. Section 2.1 presented the lumped element model of
a simple series resonance circuit. They are extensively used to describe a
network at low frequencies. However, at microwave frequencies, the wave-
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length of the signal is comparable to the dimension of lumped elements such
as resistors, capacitors, and inductors leading to variation in the current and
voltage across the device. Thus, at such frequencies, distributed elements
consisting of lengths of transmission lines are widely used. A distributed
element design of a microstrip resonator is shown in Figure 2.6.

Figure 2.6: Planar microstrip resonator. Top view (a) and exploded view
(b).

The main components of a resonator are feed-line, split ring resonator,
substrate, and ground plane as shown in Figure 2.6. The feed-line couples
the input electromagnetic waves to the split-ring resonator. The substrate
on which the resonator is fabricated should be selected carefully as the electrical and physical characteristics of the substrate can affect the resonant
frequency of the device. The split ring resonator is the key component and
needs to be carefully designed based on the required application. The length
of the split ring, the width of the coupling gap between the resonator and
the feed-line, and the width of the ring gap play an important role in determining the resonant frequency, resonant amplitude and quality factor.
In this section, the impact of substrate properties such as permittivity and
loss tangent on the dimensions of the microstrip resonator will be discussed.
This will be followed by the design of the microstrip feed line and the split
ring resonator.
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2.3.1

Impact of substrate on the microstrip resonator
design

A substrate can be defined as a structural material to develop RF or
Microwave Printed circuit boards. Soft substrates such as FR- 4, Duroids,
and polytetrafluoroethylene (PTFE) are used to design microwave PCBs as
they are easy to handle and readily available. Microwave substrates are often
referred to as “laminates” due to the presence of copper cladding attached
to either one or both sides of the dielectric material. Copper cladding can
be of various thicknesses and aid in improving the thermal characteristics
of the laminate in addition to providing weight to the board. A substrate
is defined by several electrical and mechanical properties such as dielectric
constant, dissipation factor, coefficient of thermal expansion (CTE), thermal
conductivity, and dielectric constant. These parameters can influence the
working of the device and must be carefully selected while designing.
− Dielectric permittivity: The dielectric permittivity of the substrate can
impact the dimension of the microstrip conductors fabricated on it.
For high-frequency applications, a low dielectric constant substrate is
preferred as it minimizes the parasitic capacitance developed between
traces and conductive structures.
− Dissipation factor : Substrates with low loss tangents are desirable for
high performance and high-power applications, as it would minimize
the amount of loss within a transmission line or along the structure.
− Surface roughness : The surface roughness is a measure of the smoothness of the surface of the copper cladding. Conductor surface roughness can substantially affect the loss of the conductor. Therefore,
based on the reported surface roughness by Rogers Corp, laminates
with small surface roughness was selected [105].
− Dielectric strength : This parameter is a measure of the intensity of the
electric field strength required to strip electronics from the dielectric
material [106]. This parameter has a negligible impact on the material
at low voltage and power but for application involving high voltage and
high-power, this could be a limiting factor in a device’s operation.
Therefore, based on the above factors/parameters that could influence
the operation of the sensing device, a substrate with low dielectric permittivity, low loss tangent, and low surface roughness was considered by referring
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the data sheets of the available substrates to design and fabricate the resonator [105]. The surface roughness of the copper was not measured as it
was out of scope of the current work. However, through normalization and
other data analysis techniques performed on the response of the resonator
during contactless bacterial growth monitoring, the effect of any microscopic
imperfections and ambient factors was minimized.
Therefore, among the laminates available at our disposal, Rogers 5880
was selected to fabricate our resonators. The electrical and mechanical properties of the available laminates from Rogers is given in Table 2.1.
Table 2.1: Electrical and mechanical properties of Rogers 5880, 6006 and
6010 substrates
Laminate name Permittivity Loss tangent
Rogers 5880
Rogers 6006
Rogers 6010

2.3.2

2.2
6.15
10.2

0.0009
0.0027
0.0023

Microstrip transmission line design and matching

A microstrip transmission line consists of a conductor attached to a
dielectric substrate with a grounded plane as shown in Figure 2.7.

Figure 2.7: Cross-section of a microstrip transmission line.
They are planar, easy to fabricate, portable, and support other device
integration such as microfluidic or passive microwave devices such as power
splitter, couplers, and mixers.
Various parameters influence the signal transmission through a microstrip
line such as physical dimensions of the transmission line, substrate thickness,
permittivity, and loss tangent. The physical dimensions of the transmission
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line and substrate such as width (w) of the stripline and the height (h) of
the substrate define the ratio of the voltage and current signals traveling
through the microstrip structure. This ratio is the characteristic impedance
(Z0 ) of the line and is kept constant for reliable signal transmission.
Theoretical analysis of a microstrip feed line
A time-varying electromagnetic signal traveling through a transmission
line generates electric and magnetic fields around it. The electric field is
uniformly distributed across the transmission line structure. However, in
the presence of a dielectric (commonly thin with d << λ), the electric field
lines are concentrated in the region between the conductor and the ground
plane, with some fraction being in the air region above the conductor as
shown in the Figure 2.8.The non-uniformity in the electric field is due to
(small) longitudinal electric and magnetic field components generated at
the air-substrate interface. These components arise due to the change in
the dielectric properties at the air-substrate interface [107].

Figure 2.8: Electric field (E- field) and magnetic field (H-field) distribution
across a microstrip transmission line. All rights reserved [107].
As electric field propagates in more than one medium, the effective permittivity is calculated using equation 2.5 to 2.8.
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h

(2.8)

Where ef f is effective relative dielectric constant, w is width of the microstrip line, h is the height of the microstrip line, Z0 is the characteristic
impedance of the line, r is the relative permittivity of the substrate. Therefore, to achieve an input impedance of 50 Ω, the width of the microstrip line
was calculated to be 2.48 mm as shown in the Figure 2.9.

Figure 2.9: Width of the transmission line (mm) versus input impedance
(Ω) for a constant dielectric height of 0.79 mm and permittivity of 2.2.

Note that the thickness of the copper cladding and the effect of frequency
was omitted while calculating the width of the transmission line. A more
accurate value for the width can be extracted using the Keysight’s LineCalc
tool.
Microstrip feedline design and simulation
Upon determining the optimum microstrip width to height ratio to achieve
a characteristic impedance of 50 Ω, a simple two-port model of a microstrip
line was simulated in High-Frequency Structure Simulator (HFSS). One port
was connected to a source and the other was connected to a 50 Ω load as
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shown in Figure 2.10. The reflection coefficient S11 was measured and plotted as shown in Figure 2.10.

Figure 2.10: HFSS model of a matched transmission line connected to
a 50 Ω load (a). Measured transmission coefficient (b), and transmission
coefficient plotted on a smith chart (c).

The feedline was matched to the characteristic impedance i.e. 50 Ω.
Therefore, the EM signal was transferred from the input to output through
characteristic impedance i.e. 50 Ω load with little to no reflection. This is
reflected in the low magnitude of the reflection coefficient from 1 GHz to 2
GHz. Also, to confirm the matching, the reflection coefficient was plotted
on a smith chart. As the load was matched to the feed line, the measured
result was close to the center of the smith chart.

2.3.3

Split ring resonator design

A ring resonator is a transmission line formed in a closed loop. For a
resonator to operate at a certain resonant frequency, the circumference of
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the resonator must be equal to a multiple of half of the wavelength calculated
at that frequency. Equation 2.9 calculates the length of the ring resonator
required to achieve resonance at the desired frequency (f GHz).
l=

c
cm
√
2f ef f

(2.9)

Where f is the resonant frequency in GHz, c is the speed of light in millimeter
per second and l is the length of the resonator in millimeter, ef f is the
effective permittivity of the medium surrounding the resonator. A resonator
in its simple form consists of a split ring coupled to a feed line as shown in
Figure 2.11.

Figure 2.11: A Model of a split ring resonator (a) and the S11 (dB) response
of the model resonator (b).

The circumference of the resonator calculated to resonate at 1.76 GHz
was found to be 57.4 mm. The resonant frequency was selected to accommodate the loss characteristics of the solid agar. A major portion of solid
agar constitutes water trapped between agar matrix. Based on the measured
effective loss characteristics of solid agar at lower frequencies using N1501A
dielectric probe from keysight (Appendix A.1), the resonant frequency was
considered from the lower spectrum of microwave frequencies. However, at
lower frequencies, the size of resonator increases. Therefore, to design a
compact and portable resonator while considering the low loss characteristics of solid agar at low frequencies, the resonant frequency was chosen to
be in the L- band (1 GHz– 2 GHz) of the microwave spectrum.
Based on the application, it can be designed as a one-port device or
two-port devices. Several sophisticated and complex resonator designs can
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be formed by cascading two resonators together or integrating active and
passive devices such as power splitters and transistors. In this section, we
design a single-port device as it requires less electronic circuitry to measure
the response and occupies less substrate space.
Study on the impact of coupling gap width on the resonator
Two transmission lines are said to be coupled when power is transferred
due to electromagnetic field interaction between the lines [57]. There are two
main modes of propagation of the signal through a coupled transmission line
pair: even mode and odd mode. Even mode occurs when the currents in the
transmission lines are in equal in amplitude and in the same direction. Odd
mode on the other hand occurs when the current in the coupled lines are
equal in amplitude but in opposite directions. In a coupled transmission line,
the amplitude of the signal can be treated as a superposition of appropriate
amplitudes of even and odd modes [57, 108].
The coupling gap (CG) length between the feed line and the split ring
resonator impacts the resonant frequency and quality factor of the resonator.
Coupling between the feed-line and resonator can be either loose or tight
coupling. The coupling between the resonator and the feed-line is considered
as loose coupling if the distance between the resonator and the feed line is
large. Loose coupling is an indication of the presence of a small capacitance
between the coupling gaps. Tight coupling on the other hand arises when the
feed line and resonator are closer to each other leading to a large capacitance
between the transmission line. Therefore, to determine the optimal coupling
distance between the feed line and the split ring such that the capacitance
between the feed line and split-ring resonator is minimum, a simulation study
was performed where the response of the sensor at different coupling gap
distance was performed. The split ring was positioned at an initial distance
of 0.4 mm and gradually increased to 1.4 mm in steps of 0.2 mm. The
response of the study is shown in Figure 2.12 (b). To understand the impact
of coupling gap variation on the electric and magnetic field distribution
across the split ring resonator, an EM field simulation was performed. The
results of the EM field simulation is presented in Figure 2.12 (c) and (d).
As per the simulated results shown in Figure 2.12 (b), the response of the
sensor improved progressively with each increment in the width coupling gap
up to 1.2 mm. Further increase in the width of coupling gap from 1.2 mm
to 1.4 mm resulted in a decrease in the quality factor of the resonant profile.
However, observing the electric and magnetic field distribution across the
split ring resonator at various coupling gap widths, the electric field strength
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across the coupling gap decreases as the coupling gap width increases.
From Figure 2.12 (d), feed line and split ring resonator is magnetically
coupled with each other. The magnetic coupling between the two transmission line is observed to be strongest at a coupling gap width of = 0.8 mm
and 1 mm. Further, the coupling capacitance between the feed line and split

29

2.3. FEM analysis of a planar microstrip resonator

Figure 2.12: A simple split ring resonator with ring gap (RG) and coupling
gap (CG) (a). The coupling gap was varied from 0.4 mm to 1.4 mm in
steps of 0.2 mm. The S11 (dB) vs Frequency (GHz) response of the sensor
for different coupling gap widths (b). Electric field distribution (c) and
magnetic field distribution (d) across the split ring resonator for various
coupling gap widths.

ring resonator at various gap distances was calculated using the equations
2.10 to 2.12 for parallel plate capacitors [109].
∆t = d +

0.0885 ∗ 10 ∗ d ∗ ln(Lw + 1)
π

(2.10)

0.0885 ∗ r ∗ 10 ∗ (L + ∆t) ∗ (w + ∆t)
(2.11)
d
0.0885 ∗ r ∗ L ∗ w
Cnorm =
(2.12)
d
Where L is the length of the capacitor plates in mm, W is the width
of the capacitor plates in mm, d is the distance between the feed line and
C=
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split ring resonator in mm, r is the relative permittivity of the substrate,
C is the total capacitance including fringing capacitance in pF , ∆t is the
increase in the length and width of the capacitor due to fringing effect.

Figure 2.13: Gap distance (mm) versus capacitance (pF) for a parallel plate
capacitance.

The effect of the gap distance on the coupling capacitance is presented in
Figure 2.13. From the results, it can be observed that as the coupling gap
width increases, the coupling capacitance decreases and remains constant
after a gap distance of 0.8 mm. Therefore, considering the electric field,
magnetic field distribution, and coupling capacitance variation with respect
to gap distance, 0.8 mm was selected as the optimum coupling gap width
between the feed line and split-ring resonator.
Previous studies on bacterial growth on solid agar such as the one conducted by Mohammadi et al. [30] using microwave resonators highlighted
the importance of the sensing area to detect bacterial growth. The experiments performed by the team utilized a resonator whose sensitive region
covered an area of 2 mm2 ( L=2 mm and W= 1 mm). The area covered was
able to monitor 1.5 µL of E. coli. Thus, to measure a significant area of
bacteria using our designed sensor, the ring gap was elongated. The proposed design is shown in Figure 2.14. An alignment marker was added to
the design to align the petri dish between the resonator and the test sample.
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Figure 2.14: Planar split ring resonator modelled in HFSS (a) and the
simulated response of the microstrip resonator (b).

Sensitive region determination
A resonator detects changes in the dielectric properties in the vicinity
of the sensor by measuring the interaction between the material and the
electric field around the resonator. These interactions alter the electrical
characteristics of the resonator such as resonant amplitude, resonant frequency, and quality factor through which dielectric properties of the test
sample can be interpreted. Thus, it is important to determine the regions
across the resonator where electric field intensity is maximized. To determine the electric field distribution across the resonator, the sensor is simulated in High-Frequency Structure Simulator (HFSS) and the magnitude of
electric field (E-field) and magnetic field (H-field) across the sensor at the
resonant frequency is plotted. The field distributions are shown in Figure
2.15. According to Figure 2.15 (a), a strong magnetic field intensity across
the coupling gap of the resonator was observed. The presence of a strong
magnetic field indicates strong inductive coupling between the feed line and
split ring resonator.
According to the distribution of electric field intensity shown in Figure
2.15 (b), the maximum E-field intensity was observed at the resonant gap
indicating high sensitivity to variations of the dielectric properties in its near
medium. The presence of a strong electric field intensity indicates a strong
capacitance between the ring gap. The electric field intensity is weaker near
the coupling gap indicating the presence of a weak capacitance between the
feed line and the resonator.

32

2.3. FEM analysis of a planar microstrip resonator

Figure 2.15: H- Field (a) and E- Field (b) analysis of a microstrip resonator.

To further study the impact of the coupling gap and ring gap on the
resonator, a test sample is placed on the ring gap and the coupling gap as
shown in Figure 2.16 (a)- (c). The test material is a standard sample with
permittivity 2.2, loss tangent 0.0009, and dimension 6 x 6 x 1.57 mm. The
sample is placed at a height of 0.1 mm above the surface of the sensor. The
material characteristics and distance from the substrate were held constant
for all the simulations. The simulation results are shown in the Figure 2.16
(b) .
The resonant frequency of the simulated bare sensor was 1.76 GHz. In
the presence of a test material covering the entire ring gap, a shift in the
resonant frequency was observed from 1.76 GHz to 1.722 GHz with a drop in
resonant amplitude from -11.57 dB to -14.36 dB. On the other hand, when
the test material was placed on the coupling gap as shown in Figure 2.16
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Figure 2.16: Simulation results (d) of a planar microwave resonator with
test sample on the ring gap (RG) (a), coupling gap (CG) (b), and on the
entire CG (c).

(b), a negligible change in the resonant amplitude and resonant frequency
was observed. Therefore, based on the response of the sensor to a test
sample placed on the ring and coupling gap, the ring gap was selected as
the sensitive region to detect bacterial growth.
Study on the response of the sensor to changes in permittivity
and loss tangent at the ring gap
In the previous section, the sensitive region of the sensor was determined
by studying the electric field distribution and the impact of test material on
the resonant frequency and amplitude of the resonator. In this section, the
response of the sensor to changes in the permittivity and loss tangent of a
test material on the ring gap will be analyzed and interpreted.
A test sample is placed on the ring gap of the split ring resonator as
shown in Figure 2.17 (a). The dimension of the sample was 6 x 6 x 1.57mm
and was placed at a height of 0.1 mm from the surface of the substrate.
The attributes of the test sample such as orientation, dimension, and the
gap between the substrate and the sample were held constant throughout
the study. According to the simulation results shown in Figure 2.17 (b)
and (c), the resonant frequency and resonant amplitude decreased as the
permittivity of the sample increased from 2 to 4 in steps of 0.5 with a
34
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Figure 2.17: A HFSS simulated model of the microstrip resonator with a
SUT on the ring gap (a). Effect on the resonant profile (resonant amplitude
and frequency) due to variation of permittivity (b) and loss tangent (c) of
a sample under test on the ring gap.

constant loss tangent of 0.0009. However, as the loss tangent of the sample
was increased from 0.0001 to 0.0017 in steps of 0.0004 while maintaining
a constant permittivity, the resonant amplitude decreased with no change
in the resonant frequency. Thus, the resonant amplitude was found to be
responsive to changes in loss tangent or conductivity of the SUT whereas
resonant frequency was found to be responsive to changes in permittivity of
the SUT.
Lumped parameter model
Previous sections on the microstrip resonator aimed to understand the
distributed model of the resonator utilizing the transmission line. The distributed model enabled us to use complex CAD tools such as HFSS to
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understand the interaction between the electric field and the dielectric material under test. However, to understand the behavior of the resonator,
a lumped parameter model is used. Figure 2.18 (a) shows the lumped parameter model of the designed resonator. The behavior of the structure is
modeled using lumped elements such as resistors (Ohm), inductors (Henry),
and capacitors (Farad). In this work, the lumped-element model of the res-

Figure 2.18: Lumped-element model of a frequency variation resonator (a)
and the recorded S11 (dB) response (b).
onator was designed and simulated in Advanced Design Systems (ADS) 2020
by Keysight Technologies. Based on the resonant frequency, the inductance
(L) and capacitance (Cgap ) of the network were calculated using equation
2.13.
L ∗ Cgap = (2πfres )−2
(2.13)
The series resistance (R Ω) of the network was kept to a minimum to
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avoid power loss and the turn’s ratio (T = 11.08:1) of the transformer coupling the magnetic field from the feed line to the resonator was adjusted to
improve the quality factor of the S11 notch. The inductance (L nH) and
capacitance (Cgap pF ) was calculated and found to be 5 nH and 1.63 pF,
respectively. The coupling capacitance (Cc = 0.0001pF ) was negligible and
had no impact on the result. On further analysis, it was observed that by
maintaining a low coupling capacitance (Cc pF ) and low series resistance (R
Ω), a desired S11 response at the desired resonant frequency and quality
factor was obtained by modeling the sensor structure. The result of the
simulated lumped-element model is presented in Figure 2.18 (b). According
to the simulated results, the S11 response of the Lumped- element model is
in good agreement with the simulated bare result of HFSS.
Challenges to frequency variation sensor
A frequency mode sensor is effective in determining the characteristics
of a material such as permittivity and conductivity in environments where
ambient fluctuations have a negligible effect on the output of the sensor.
However, they lose their advantage to cross-sensitivity caused by variations
in ambient factors such as temperature and humidity. Therefore, to overcome this limitation, a differential mode resonator is used. The next section
is thus dedicated to the design and analysis of differential mode resonators.

2.3.4

Differential mode resonator design

Figure 2.19: Proposed sensor design and its simulated S11 (dB) in HFSS.
A differential mode resonator consists of two resonators, sensing, and
a reference resonator. The sensing resonator is sensitive to changes in the
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dielectric properties of the material and the surrounding environment. The
reference resonator, on the other hand, is only sensitive to changes in the
surrounding environment and so acts as a control. Therefore, a difference
between the sensing and reference resonator outputs eliminates the crosssensitivity of the ambiance on the measured result.
The proposed differential resonator is shown in Figure 2.19. The two
resonators: sensing resonator operating at 1.514 GHz and a reference resonator operating at 1.797 GHz were designed. The sensor was designed on
rogers 5880 with permittivity 2.2, loss tangent 0.0009, and thickness 0.79
mm. Based on the resonant frequencies and permittivity of the substrate,
the length of the sensing and reference resonators was calculated as 67 mm
and 56.3 mm respectively. However, as a capacitive arm of 5 mm was required to detect and monitor bacteria growth, the lengths of the resonator
was adjusted to achieve the selected resonant frequencies. The width of the
microstrip transmission line was calculated to be 2.48 mm. The ring gap and
coupling gap for both the sensing and reference resonator was selected as 1
mm and 0.8 mm respectively. The dimensions of the resonator are shown in
Figure 2.19.
Sensitive region determination

Figure 2.20: H- Field distribution (a) and E field distribution (b) of the
designed differential resonator at 1.502 GHz.
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To determine the sensitive region of the resonator, an electric field and
magnetic field simulation was performed in HFSS. Figure 2.20 presents the
EM field distribution at 1.509 GHZ. According to the simulated results, a
region of strong magnetic field was observed at the coupling gap as compared
to the ring gap indicating a strong electromagnetic coupling between feed
line and the resonator. However, figure 2.20 (b) shows strong electric field
intensity concentrated at the ring gap of the sensing resonator indicating
high sensitivity to variations in the dielectric properties in its vicinity.
However, to validate the sensing region of the resonator, an analysis
in HFSS has been performed by placing a test material at two different
locations as shown in 2.21.

Figure 2.21: Simulation results of a differential microwave resonator with
test sample on the coupling gap (CG) (a) and ring gap (RG) (b) of the
sensing resonator.

The test material simulated was a standard sample with a permittivity
of 2.2, loss tangent of 0.0009, and the dimension of 6 x 6 x 1.79 mm. The parameters of the test sample such as orientation, dimension, and the distance
between the substrate and the test material were kept constant. According
to the simulated results shown in Figure 2.21, a frequency shift of 50 MHz
was observed when the material was placed at the ring gap while the reference output was unaffected. However, as the material was placed on the
coupling gap, a negligible change in the resonant amplitude and resonant
frequency of both the sensing and the reference resonator was observed.
Therefore, the ring gap was found to be more responsive to the presence
of a dielectric material as opposed to the coupling gap and was chosen for
measurements.
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2.4

Chapter conclusion

In this chapter, two different schemes of microstrip resonators: frequency
variation resonators and differential mode resonators have been discussed.
The proposed resonator designs were thoroughly analyzed and studies to determine the sensitive regions of the resonator. Based on the study, frequency
variation resonators found applications where temperature and other environmental factors were constant and had minimal impact on the resonator
outputs. However, in the case of significant variation in the ambient factors, differential mode resonators were used. The next chapter will discuss
the steps followed to fabricate the resonator and also discuss the various
functional tests performed to validate the operation of the sensor.
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Fabrication and evaluation of
the designed sensor
This chapter focuses on the fabrication and functional verification of
the sensor. This chapter begins with the step by step in- house fabrication
procedure followed to precisely and accurately fabricate the sensor. The
operation of the fabricated sensor will then be investigated using a standard
dielectric test material. This chapter presents the best outcomes of the
several tested sensors. The final sensor design of the microwave sensors was
achieved after weeks and months of numerous sensor design optimizations,
and an in-depth analysis of the measured results.

3.1

Sensor fabrication

To test the viability of the simulated designs, the sensors need to be
fabricated. Fabrication is a crucial step and involves various chemicals and
strong etchants. If performed incorrectly, errors in this step can damage the
fabricated sensor. The steps followed to fabricate the resonator using inhouse fabrication equipment is described below. The finalized layout of the
resonator was first transferred to laminated paper. To preserve the intricate
features of the resonator, a high-resolution laser printer was used to transfer
the design to a photocopy paper. The printed design was then patterned
on the selected substrate using a swingline thermal laminator. Under the
application of heat, the pattern from the photo paper was transferred to the
selected laminate i.e. Rogers 5880 with permittivity of 2.2 and dielectric
thickness of 0.79 mm. The patterned substrate was then subjected to an
etching process using a bath containing 750 gm ammonium persulphate in 5
liters of water. Ammonium persulphate is an excellent copper etchant and
is widely used for PCB fabrication. The ammonium persulphate reacts with
the exposed unwanted copper forming copper sulfate that dissolves in the
bath. The bath was constantly aerated and warmed to increase the etching
rate. The etching was thoroughly monitored as over-etching could result in
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an irreversible damage to the designed sensor.Once, the unwanted copper
was etched from the substrate, the etched substrate was washed using 95%
acetone. This substrate was rinsed until the ink from the patterned design
was completely removed revealing the copper traces. The sensor was then
washed in RO water to remove traces of acetone from the substrate. A
SubMiniature version A or SMA connector was soldered to the sensor. The
fabricated sensor is shown in Figure 3.1 and was functionally verified before
using it for its intended application.
To verify the working of the developed sensor, the fabricated sensor
was connected to a vector network analyzer (VNA) ZNB20 from Rhode
and Schwarz. The fabricated sensor was mechanically stabilized on the
table to avoid measurement errors due to mechanical vibrations from the
environment. The VNA was calibrated from 1 GHz to 2 GHz with an
intermediate frequency bandwidth of 300 Hz and an input power of 0 dBm.
The resolution or number of points was set to 6401 before measurements. An
automated program was coded in LabVIEW to extract the resonant profile
details such as resonant amplitude and the resonant frequency at a rate of
every 2 minutes.

Figure 3.1: Fabricated planar microstrip resonator.

While performing a time-based measurement of the fabricated sensor, it
was observed that the response of the sensor was degrading over time. Upon
investigation, this phenomenon was linked to the accumulation of static
charge on the surface of the resonator. Therefore, to discharge the static, the
resonator had to be connected to ground without impacting the operation
of the designed sensor. Thus, the resonator was redesigned to incorporate
a quarter wavelength microstrip short stub connected to a ground plane.
The microstrip stub acts as open circuit to the electromagnetic signals at
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the resonant frequency and short circuit to the static charges. The modified
resonator design is shown in Figure 3.2.

Figure 3.2: Fabricated planar microstrip resonator with ground.

3.2
3.2.1

Evaluation of Frequency variation sensor
Impact of SUT on the sensitive region of the sensor
on the electrical characteristic of the sensors

To study the impact on the response of the resonator in the presence of a
sample under test, the reflection coefficient or S11 response of the fabricated
sensor was measured. The response of the sensor in the absence of any
test material is shown in Figure 3.3. The resonant frequency and resonant
amplitude of the fabricated sensor in the absence of any test material were
measured to be 1.76 GHz and -13.52 dB respectively.
To determine the sensitive region of the resonator, a test sample whose
permittivity was close to the effective permittivity of solid agar in a petri
dish was chosen. The steps followed to measure the effective dielectric properties of solid agar is presented in Appendix A.1. Among the available test
substrates, a 6 x 9 mm test sample machined from a standard Rogers 5880
substrate with permittivity of 2.2, loss tangent of 0.0009 and thickness 1.79
mm was chosen to study the effect of test material on the response of the
sensor. The sample was placed on the ring gap and the coupling gap and
the response of the sensor was measured as shown in Figure 3.3.
As evident from the measured results, a resonant frequency shift of 50
MHz is observed when the test sample is placed on the ring gap whereas a
negligible resonant frequency shift of 1 MHz was observed when the mate43
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Figure 3.3: Measured response of the sensor in the presence of test sample
on the ring gap and coupling gap.

rial was placed on the coupling gap. Thus, the ring gap was found to be
responsive to the presence of a test material as opposed to the coupling gap
and is in good agreement with the simulated results.

3.3
3.3.1

Evaluation of differential mode resonator
Impact of SUT on the sensitive region of the sensor
on the electrical characteristic of the sensors

The fabricated differential-mode resonator is shown in Figure 3.4 (a).
The sensor consists of two simple resonators: one acts as a sensing resonator and the other as a reference resonator. The resonators are grounded
using microstrip stubs as shown in Figure 3.4 (a). The response of the bare
resonator in the absence of a sample under test is shown in Figure 3.4 (b).
To study the impact on the response of the resonator in the presence of a
sample under test, the reflection coefficient, or S11 response of the fabricated
sensor was measured. The resonant amplitude and resonant frequency of the
sensing resonator and the reference resonator in the absence of any test material were measured to be -10.38 dB at 1.508 GHz and -11.56 at 1.7946
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GHz respectively. To determine the sensitive region of the resonator, a 6 x 6
mm test sample machined from a standard Rogers 5880 substrate with permittivity of 2.2, loss tangent of 0.0009 and thickness 1.79 mm was obtained.
The response of the sensing and reference resonator due to the presence of
test material on the ring and coupling gap of the sensing resonator is shown
in Figure 3.4 (b).
A shift in the resonant profile of the sensing resonator was observed from
-10.38 dB at 1.508 GHz to -11.51 dB at 1.465 GHz due to the presence of
the test sample with minimum to no impact on the output of the reference
resonator. However, the presence of the test sample at the coupling gap
(CG) had no impact on the output of the sensing and reference resonator
as seen in Figure 3.4. Thus, the ring gap was found to be responsive to the
material as opposed to the coupling gap and is in good agreement with the
simulated results.

3.3.2

Conversion of two- port to one- port microstrip
device using a power splitter

The differential resonator fabricated in the previous section was a twoport device operating at 1.509 GHz and 1.798 GHz respectively. However,
to reduce the electronics required to perform measurements, the device was
transformed into a one-port device using microwave power splitters or power
dividers. Among the available power splitters such as Wilkinson, T- Junction, and Rat- race junction power dividers, the Wilkinson power divider was
widely used due to its ability to efficiently split the input power between its
outputs while maintaining a matched condition on all ports. However, conventional Wilkinson power splitters operate in a narrow range of frequencies
and fail to efficiently divide input power at frequencies outside their operational bandwidth. Thus, to overcome this limitation, an off the shelf
wideband power splitter was used.
The advantage of using a wideband power splitter lies in its ability to
provide stable power output at its output ports for a wide range of frequencies. The power splitter also provides a high degree of isolation between
its output ports. Therefore, a wide band power splitter ZAPD-21-S+ from
Mini circuits capable of providing a stable power output between 0.5 and 2
GHz was used with the sensor as shown in the Figure 3.5 (a).
To study the effect of the power divider on the response of the resonator, the transmission coefficient of the sensing and reference resonator
was measured individually and compared with the transmission coefficient
of the sensor combined with the power divider (shown in Figure 3.5 (b)).
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Figure 3.4: Fabricated resonator on Rogers 5880 (a) and measured results
with test sample on the ring gap (RG) and coupling gap (CG) of the sensing
resonator (b).

According to the measured results, due to the integration of a power divider
with the fabricated resonator, a −3 dB drop in the resonant amplitude is
observed with minimum impact on the resonant frequency. The drop in
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Figure 3.5: Fabricated differential resonator with a wide band power splitter (a) and measured S11 (dB) response of the fabricated sensor with and
without the power splitter (b).

the amplitude can be attributed to the insertion loss of the power splitter.
Thus, integration of power divider had a minimum impact on the electrical
characteristic of the resonator and thus was used to convert the two-port
differential sensor to a one-port device.

3.4

Chapter conclusion

In this chapter, the steps followed to fabricate two different designs of
microstrip resonators such as frequency variation resonators and differential mode resonators have been discussed. The fabricated sensor was then
subjected to a test to determine the sensitive region of the sensor. Determining the sensitive region of the sensor enables us to proceed further and
investigate and monitor bacterial growth on solid media subjected to various external factors such as nutrient availability, subsurface position, and
presence of antibiotics.
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Application of
custom-designed microstrip
resonators for real-time and
contactless monitoring of
bacterial growth on solid
media
This chapter includes the experiments conducted to assess the ability of
the designed planar microwave resonators for real-time and contactless bacterial growth monitoring on solid agar medium. The growth of bacteria is
influenced by several factors including temperature, growth media composition, nutrients availability, and presence/absence of inhibitory compounds.
Precisely, through this chapter, we demonstrate the ability of microwave device to detect and characterize the impact of external factors on the growth
profile of bacteria (E. coli ).
The first study presented in this chapter is a proof of concept and examines the potential of a microwave sensor to detect and monitor the influence
of various amounts of glucose (0, 2, 5, and 10 %) in Luria-Bertani (LB) agar
on the growth profile of E. coli. Glucose supplements at varying concentrations to growth media can accelerate or inhibit the growth of bacteria.
Therefore, through this study, the ability of the microwave resonator to accurately and swiftly differentiate the impact of glucose concentration on the
growth of bacteria is also presented. The measured results were compared
with the microscope images captured at constant intervals of time to verify
the sensor’s competency as a bacterial growth monitoring tool. The second
study investigates the capability of the sensor resonator to monitor subsurface growth of E. coli confined between two layers of LB agar. The growth
of bacteria confined between two layers of solid growth media progresses by
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transitioning from a 2-Dimensional growth to 3-Dimensional growth. The
variations in the dielectric properties of the growth medium due to lateral
and subsurface growth of E. coli were monitored by the sensor and presented
here. A third novel study demonstrates the potential of the designed microwave sensor to monitor the effect of antibiotics, erythromycin (0, 7.5, 30,
and 45 µg) on the growth of E. coli. It is well known that various concentrations of antibiotics have a different impact on bacterial growth. Therefore,
early detection and monitoring of the growth of bacteria in the presence of
antibiotics using sensor technology can contribute to antibiotic treatment.
The studies presented in this chapter demanded a year of continuous
measurements and sample preparations which includes the failed attempts
to prepare an agar plate for bacterial growth monitoring growth. Moreover,
throughout the course of this work, a considerable amount of time was spent
on researching and optimizing the sample preparation technique, analyzing
the measured results, and upgrading the experimental setup to avoid any
interference of external factor (e.g. temperature) on sensor measurements.

4.1

4.1.1

Microwave resonator reveals glucose
dependent growth profile of E. coli on solid
agar
Background

Bacteria require nutrients during metabolism to sustain growth. The
availability of crucial nutrients such as carbon can modify the morphology
and impact the growth rate of microorganisms such as E. coli [110, 111].
Traditional plating methods such as spread and pour plate techniques have
been widely employed to monitor and characterize the impact of nutrient
availability on bacterial growth [112]. However, these methods were not
real-time, require a longer incubation period to detect noticeable bacterial
growth, and were more prone to contamination. Recently, non-contact microwave sensors have proved to be a viable tool to measure bacterial growth
in liquid matrices [50, 113, 114]. A recent study by Mohammadi et al. [30]
demonstrated the capability of planar microwave sensors to monitor bacterial growth on solid media. This research further investigates the capability
of a microwave sensor to study the impact of nutritional parameters on the
growth profile of E. coli. Their work was able to successfully demonstrate
the capability of a microstrip resonator to monitor bacteria growth on the
surface of solid agar. The bacterial growth was monitored by gauging the
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change in the resonant amplitude due to variation of the conductivity of
growth medium due to bacteria metabolism.

4.1.2

Material and method

Sample preparation
To prepare solid LB agar media with 2%, 5%, and 10% glucose concentration, 1 gm of LB broth and 0.75 gm of LB agar was mixed with 50 ml
RO water in a flask. The resultant solution was then mixed with 1 gm, 2.5
gm, and 5 gm of powdered glucose to achieve 2%, 5%, and 10% of glucose
concentration in the media respectively. The media was placed in an autoclave for 15 minutes at 121 ◦ C to completely sterilize and kill any bacteria
spores present in the growth media. The sterile media was cooled down to
50 ◦ C. To achieve a uniform thickness of 1 mm across the petri dish, 3 ml of
the sterilized media was poured in the petri dish. The cross-section of the
agar plate is shown in Figure 4.1.

Figure 4.1: Cross-section of a solid agar plate.
The media preparation was performed in a fume hood or in the presence
of a bunsen burner to avoid contamination of the sample with unwanted
and airborne fungi. Fungi contamination leads to degradation of the plate
and results in false positives. The fungi-contaminated agar plate is shown in
Figure 4.2 (a). The plate was carefully sealed using a parafilm after the solid
media reached room temperature. Sealing the media plate while the agar
is still under the process of solidification leads to precipitation which alters
the water content in the petri dish and thereby render the plate unusable
for future experiments as shown in Figure 4.2 (b).
The above steps outline the general steps followed to prepare a control
plate i.e. with no bacteria inoculated on the surface of the agar. To prepare
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Figure 4.2: solid agar plate contaminated with airborne fungi (a) and solid
agar plate with precipitation (b).

inoculated agar plates, 3 µL of E. coli sample is spotted onto the agar plate
using a sterilized loop or pipette at the desired location and dried. In this
study, the HB101 strain of E. coli was used. The E. coli strain is nonpathogenic and has a rapid growth rate at optimal growth conditions. The
optical density at wavelength of 600 nm (OD600nm ) measured using a spectrophotometer was found to be 1.5. The plate is then sealed using parafilm
to avoid cross-contamination and preserve the nature of the contents of the
petri dish.
Experimental setup and procedure
To monitor the influence of 0 % (no glucose), 2 %, 5 % and 10 % glucose
on the growth profile of E. coli, a differential microstrip resonator was used.
The inoculated solid agar plate was placed on the sensor covering the sensing
resonator and the reference resonator. The inoculated bacterial spot was
aligned directly above the sensitive region of the sensing resonator as shown
in Figure 4.3.
To measure the response of the fabricated resonator, the sensor was connected to a vector network analyzer, ZNB20 from Rhode and Schwarz. The
VNA was calibrated from 1 GHz to 2 GHz with an Intermediate frequency
bandwidths of 300 Hz and an input power of 0 dBm. The resolution or number of points was set to 6401 before measurements. An automated program
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Figure 4.3: Placement of agar plate on the differential resonator (a). Inoculated bacteria aligned with the sensing region of the sensing resonator
(b).

was coded in LabVIEW to extract the resonant profile details such as the
resonant amplitude and the resonant frequency at a rate of every 2 minutes.
The experimental setup is shown in Figure 4.4.

4.1.3

Measurement result and discussion

To monitor the growth of E. coli in solid media, an experiment was
conducted using an inoculated agar plate with no added glucose (control
plate). The aim of this experiment was to test the working of the microwave
resonator as a device capable of monitoring bacteria growth. The sensing resonator was employed to monitor the media surrounding the E. coli.
The reference resonator was used to monitor variations in the media due
to temperature fluctuations. The measured resonant amplitude of sensing
and reference resonator was normalized by subtracting with the initial value
of their respective resonant amplitudes to diminish the impact of external
factors. Further, the difference between the normalized sensing and reference resonators’ amplitudes (∆ Resonant Amplitude (dB)) was calculated
to nullify the impact of ambient factors such as temperature and humidity
variations on the measured results. Analysis of the measured results and
the ambient temperature data revealed that the measured results were influenced by external factors such as temperature and external vibrations.
Considering this influence of the external factors on the sensor’s response,
the sensing apparatus was modified. Permanent fixtures and foams were
incorporated into the sensing apparatus to reduce external vibrations. The
52

4.1. Microwave resonator reveal the influence of glucose on E. coli growth

Figure 4.4: Experimental setup to monitor bacterial growth under various
nutrient conditions. The setup consists of a container with sensor enclosed
within it, a temperature probe, a microscope, VNA and LabVIEW to control
the VNA.

first 60 minutes of recorded data were excluded from the experimental measurements accounting stabilization of the sensing apparatus and the VNA
after calibration. The residual impact of temperature on the differential response due to non-uniformity of the agar plate was identified and eliminated
by normalizing (∆ Resonant Amplitude (dB)) with the recorded temperature. The measured resonant amplitude variation and resonant frequency
variation versus time representing growth phases of E. coli on LB agar with
varying glucose concentrations (0%, 2%, 5% and 10%) is shown in Figure
4.5. From the measured results, variation in the resonant amplitude( ∆ resonant amplitude) resembles with the growth profile of E. coli as opposed to
variation in the resonant frequency (∆ Resonant frequency) and was thus
selected for further analysis.
Studies have reported that high concentrations of solutes such as sugar or
glucose in the environment surrounding the bacteria alters the water levels
surrounding the bacteria resulting in a high osmotic pressure in the vicinity
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(a) LB agar with 0% glucose

(b) LB agar with 2% glucose
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(c) LB agar with 5% glucose

(d) LB agar with 10% glucose

Figure 4.5: Measured ∆ Resonant amplitude (dB), ∆ Resonant frequency
(GHz), recorded temperature (◦C), and microscopic images of E. coli captured at constant time intervals for 0% (a), 2% (b), 5% (c), and 10% (d) of
glucose in LB agar.
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of the bacteria [115]. High osmotic pressures exerts stress on the bacteria
which suppresses bacterial growth [115]. Therefore, a complete inhibition of
bacterial growth was witnessed at 10 % glucose. The signal equivalent to no
growth was derived from this (0.52 dB) and was selected as a threshold to
differentiate between no growth phase and growth phase essential for growth
measurements. The region of the measured response below the threshold i.e
0.52 dB was classified as no growth region. As E. coli is introduced into the
growth medium through inoculation, the bacteria gradually adapts to the
new environment, consumes nutrients and prepares for cell division. Various
factors such as availability of nutrients, environment temperature, culture
medium, pH, inoculum size, the physiological history of the cells, and the
precise physiochemical environment of both the original and the new growth
medium can impact the generation time of E. coli during no growth or lag
phase [116–118]. Therefore, due to various ambiguities in the no- growth
phase, this study focused on detection and monitoring of changes in the
growth phase of bacteria under various nutrient conditions. The growth
phase is the region where rapid multiplication of E. coli occurs. Based on
the threshold value i.e. 0.52 dB, the onset of the growth phase for 0%, 2%,
and, 5 % glucose was noted at 17, 17.03, 15.6 hr. respectively.
The slope of the linear growth phase representing the rate of change of
the resonant amplitude due to change in the growth rate was calculated
and found to be 0.10913 dB/hr, 0.23646 dB/hr and 0.21410 dB/hr with
a coefficient of determination 0.9004, 0.98545 and 0.99752, respectively as
presented in Table 4.1.
Table 4.1: Measured growth phase and rate of change of resonant amplitude
for E. coli at various concentrations of glucose in LB agar
Glucose
Percentage
%

Onset
of
growth phase
hr

Rate of change
of
amplitude variation
(dB/hr)

Coefficient
of
determination
R2

0
2
5

17
17.03
15.6

0.10913
0.23646
0.21410

0.90042
0.98545
0.99752

The data shows that the rate of change in resonant amplitude was highest
at 2 % glucose (0.23646 dB/hr) compared to 0 % (0.10913 dB/hr.). However, a slight decrease of the rate was observed as the glucose concentration
reached 5 % (0.2141 dB/hr.) and a complete inhibition of bacterial growth
56

4.2. Microwave resonator to monitor subsurface growth of E. coli
was observed at a glucose concentration of 10%. The accuracy and performance of the designed sensor to monitor bacterial growth on various LB
agar- glucose media was further backed by microscope images as shown in
Figure 4.5. This further confirms the effectiveness of the designed microwave
resonator to study factors influencing bacterial growth in solid agar thereby
overcoming the shortcomings of conventional bacterial growth monitoring
methods.

4.2
4.2.1

Microwave resonators to detect and monitor
subsurface growth of E. coli on solid agar.
Background

Infectious diseases caused by biofilm forming bacteria such as periodontitis and cystic fibrosis pneumonia pose serious challenges to public health
and global economy [119–123]. Most biofilm related infections are difficult
to treat as they tend to resist various antibiotics and biocides [124–126].
Moreover, contamination of medical devices and implants by biofilm forming bacteria can limit the usability of the device and could also lead to life
threatening infections[121, 127–130]. The U.S Department of Health and
Human Services have reported that roughly one among 24 infection cases in
USA are related to contaminated medical devices such as catheters, heart
valves, and prosthesis [127, 131]. Therefore, it is of paramount importance
to detect and monitor subsurface bacteria biofilm growth on tissues due to
contaminated implants to prevent life threatening infections.
Prior to detecting and monitoring subsurface bacterial growth, it is necessary to understand the growth mechanism of bacteria biofilms. A bacterial
colony in a biofilm initially grows on the surface of the medium in 2D and
later progresses into 3D [132, 133]. In the absence of any obstruction, the
transition from 2D to 3D occurs by bacteria expanding in the space above the
surface of the growth medium. However, in the presence of an obstruction,
the bacteria tend to proliferate and expand into the medium [132]. Studies
on the behavior of such transitions suggested that various mechanical forces
on the bacteria played a vital role in the transition of microcolonies from 2-D
to 3-D [129, 134]. Various forces act on the bacterium such as i) repulsive
forces between the bacterium ii) frictional force between the bacterium and
iii) elastic forces of the surrounding media [129, 132]. Such forces can strain
the bacteria to a transition point known as “buckling transition” at which
bacteria begin to invade its surrounding media.
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The current technologies to detect these pathogens rely on either conventional culture–based assays or molecular methods such as polymerase
chain reaction (PCR), enzyme-linked immunosorbent assays (ELISA) and
mass spectroscopy. However, these are often limited by longer detection
time as in the case of culture based assays or requires extensive sample
preparation and expensive instrumentation in the case of molecular tools
[12–14]. To overcome these limitations, researchers developed biosensors for
rapid detection and monitoring of microbial growth that can be used in
pathogenic detection [15–20]. Of these techniques, optical and electrochemical biosensors were widely used owing to their real-time, automated and
label-free detection. However optical biosensors suffer from high cost and
quick degradation of reagents whereas electrochemical biosensors suffer from
a low selectivity and limit of detection (LoD) [20]. Bio-FET are another class
of biosensors which are gaining popularity due to their label-free, ultra-high
sensitivity, scalability, low cost of fabrication and minimum power consumption [20, 135–137]. Although, the benefits of bio-FET make it a promising
candidate for detection and monitoring of bacteria, these sensors cannot be
used in contactless applications. Recently, microwave sensors have emerged
as a potential detection method for various applications including dielectric
spectroscopy, monitoring cancer, detection of glucose and electrolyte level
in aqueous solution, and classification and monitoring of bacteria in liquid
medium owing to their numerous advantages such as low cost, real time,
label-free and non-contact monitoring [31, 50, 68, 138]. Interestingly, bacterial monitoring using microwave sensors is gaining more attention in recent
years.
Through this current research, the capability of the microwave sensor to
monitor subsurface bacterial growth was explored. To the best of our knowledge, this is a maiden attempt in this direction. The experiment was carried
out at two different initial volumes of E. coli i.e. 3 µL and 9 µL sandwiched
between two layers of solid LB-agar using microwave resonator owing to
their robustness, low fabrication cost, contactless and label-free properties.
The changes in the characteristics of the medium due to the lateral and
subsurface growth of the bacteria are studied by measuring the variation in
the resonant amplitude of the microstrip resonator at two different volumes
of bacteria.
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4.2.2

Material and method

Sample preparation
To measure subsurface bacteria growth on solid agar media, a 1 mm
thick sterilized soft agar media sample(1 gm of LB broth and 0.5 gm of LB
agar) was prepared.
Three µL of E. coli was then spotted at the designated position on the
agar plate. The inoculated bacteria were then covered by a sterilized 18 x
18 mm glass cover slip coated with 8 ml of soft agar as shown in Figure 4.6.
The agar was cooled to room temperature to avoid precipitation and sealed
using a parafilm. The process of encapsulating the E. coli was crucial and
required a month of practice prior to performing the study.

Figure 4.6: Cross section of a solid agar with a coverslip covered with agar.

Experimental setup and procedure
In this study, a thermally insulated Styrofoam enclosure was used to
stabilize the variation in the external ambient factors such as temperature
and humidity. Therefore, as the ambient temperature fluctuations were
minimized, the differential-mode resonator was replaced with a simple yet
efficient frequency variation resonator to detect subsurface bacteria growth.
The frequency variation resonator was compact, required no additional components such as power splitter and was cost efficient. The sensor was secured
to the base of the Styrofoam container and the sample E. coli plate was
firmly placed on the sensor. The E. coli spot was aligned with the sensing
region as shown in the Figure 4.7.
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Figure 4.7: Solid media plate on a microstrip resonator with the inoculated
E. coli aligned with the sensitive region of the resonator.

The Styrofoam enclosure was equipped with an LED light source, a temperature probe to monitor temperature in the vicinity of the sensor and a
microscope to capture images of test sample at constant time intervals. To
measure the response of the fabricated resonator, the sensor was connected
to a vector network analyzer, ZNB20 from Rhode and Schwarz. The VNA
was calibrated from 1 GHz to 2 GHz with an Intermediate frequency bandwidths of 300 Hz and an input power of 0 dBm. The resolution or number
of points was set to 6401 prior to measurements. An automated program
was coded in LabVIEW to extract the resonant profile details such as resonant amplitude and resonant frequency at a rate of every 2 minutes. The
experimental setup is shown in the Figure 4.8.
The measured resonant amplitude for various volumes of E. coli was
normalized by subtracting it from the initial measured amplitude. The
measured data pertained to the initial 90 minutes of the experiment was
excluded accounting time for stabilization of the apparatus.
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Figure 4.8: Experimental setup to functionally verify the operation of the
sensor and monitor bacteria growth. The setup consists of a thermally
insulated Styrofoam container with sensor enclosed within it, a temperature
probe, a microscope, VNA and LabVIEW to control the VNA.

4.2.3

Measurement result and discussion

Prior to subsurface bacteria detection using microwave sensor, a preliminary test was conducted with two solid agar plates with and without the
presence of a cover-slip to study the bacterial penetration in the medium.
Both plates were incubated for 48 hours and later visually observed to determine the nature of bacteria growth on solid agar with and without the
presence of a cover slip. The E. coli grown on control plate exhibited threedimensional growth on the surface of agar. However, in the presence of a
cover slip, a lateral surface growth was observed followed by a penetrated
growth into the subsurface agar medium as shown in Figure 4.9.
Previous studies on the growth of microorganisms have shown that a
crucial stage in the subsurface bacterial growth involves the transition of
lateral or 2-Dimensional growth into 3-Dimensional growth into the medium
due to mechanical forces acting on the bacteria [132]. Various studies have
investigated the effects of mechanical forces on the planar to bulk transition
of bacteria sandwiched between two mediums [129, 134]. Bacterial growth
and its correlation with dielectric variations in the surrounding environment
has been successfully demonstrated [139–142]. A similar observation was
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Figure 4.9: Three-dimensional growth of E. coli on solid media with and
without the presence of cover slip.

found in this study where dielectric properties of the medium changed as
bacterial subsurface growth proceeded. A significant variation in resonant
amplitude was noticed compared to resonant frequency which is reasonable
as bacterial metabolism alters the conductivity of the growth medium and
resonant frequency is dependent on permittivity and conductivity [143].
In another study, a planar microstrip resonator was used to measure
resonant amplitude variation representing growth phases of E. coli confined
between two layers of agar. The measured results are presented in Figure
4.10.
From the measured ∆ Resonant amplitude (dB), a clear distinction between the measured E. coli growths can be drawn between 0 µL (control),
3 µL and 9 µL volume of the bacteria. A maximum amplitude of 0.037
dB was measured for control i.e. with no bacteria. Considering this as a
threshold value to distinguish between growth and no growth, the rate of
change of the measured amplitude correlating to bacterial growth was found
by fitting the measured results with Type I Gompertz growth model. This
was obtained by plotting change in resonant amplitude (Y axis) and bacterial growth time (X axis). Type I Gompertz growth model is a sigmoid
model often used to describe growth of animals, plants and various bacteria
and cancer cells [144].
Although Gompertz model requires an upper asymptote or adult value
to determine the growth rate of bacteria, due to the constant availability
of nutrients in the vicinity of E. coli, it would take weeks or months of
continuous monitoring of bacterial growth until stationary phase is achieved
and adult value is extracted. Stationary phase is defined as the period during
62

4.2. Microwave resonator to monitor subsurface growth of E. coli

Figure 4.10: Measured amplitude variation (∆ resonant amplitude (dB))
with the fitted Gompertz model curve (a), measured frequency variation (∆
resonant frequency (MHz)) (b), and the recorded temperature ( Temperature ◦C) (c) for 3 µL and 9 µL of E. coli on soft LB agar.

the life cycle of a microorganisms when the growth rate of bacteria equals
the death rate of bacteria. Therefore,in this work, the Gompertz model was
utilized to fit the initial linear growth phases of the selected volumes of E.
coli and determine the rate of change of resonant amplitude variation which
is related to the growth rate of bacteria.
The equation governing the Type I Gompertz model is given by equation
4.1.
y(t) = A ∗ exp(−exp(−kG ∗ (t − Ti )))
(4.1)
Where y(t) is the expected variation in the resonant amplitude as a function of time (t) due to bacteria growth, A represents the upper asymptote
(adult value) (dB), kG is the growth rate coefficient (dB/hr.) (which af63
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(a) Control- no bacteria

(b) E. coli- 3 µ L
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(c) E. coli- 9 µ L

Figure 4.11: Microscopic images depicting the growth of 3 µL and 9 µL
captured at constant time intervals.

fects the slope), and Ti represents time at inflection (hr.). The Ti parameter
shifts the growth curve horizontally without changing it shape and is therefore what is often termed a location parameter (whereas A and kG are shape
parameters). Table 4.2 presents the calculated Gompertz model parameters
for 3 µL, and 9 µL of E. coli.
The fitted Gompertz growth curve demonstrated a good agreement with
the measured microwave response. The performance and accuracy of the
sensor was further validated by microscope images captured at constant
time intervals as shown in Figure 4.11. The microscope images are in good
agreement with the measured results.
Table 4.2: Measured growth phase and rate of change of resonant amplitude
for E. coli at various concentrations of glucose in LB agar
E. coli volume (µL)

A

KG

Ti

R2

3
9

0.24182
0.12456

0.08173
0.139543

19.88572
25.59338

0.99753
0.96736
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This work exhibits a unique approach of a real-time, contactless and,
label-free microwave resonator to detect subsurface growth of E. coli confined between two layers of solid LB-agar. The fitting of bacterial growth
measurement to the Gompertz growth model with a coefficient of determination above 96 % shows the potential of the currently used sensing tool for
bacterial monitoring. A positive correlation between the measured results
and microscopic images further strengthened the application of microwave
sensors to measure subsurface bacteria growth.

4.3
4.3.1

Microwave resonator to monitor the impact
of erythromycin on E. coli growth.
Background

Antibiotics have played a pivotal role in treating and killing pathogenic
strains of bacteria thereby improving the health of patients suffering from
infections caused by bacteria [145–147]. However, due to industrialization
and overuse of antibiotics, microorganisms, as a mechanism of defense, have
evolved strategies capable of resisting the antibiotics [148]. These microorganisms are known as multidrug-resistant (MDR) bacteria or “super-bugs”
and pose a serious threat to humans, animals, and the health of the environment. It is predicted that causalities related to antibiotic resistance could
be 10 million lives per year by 2050 [145]. Thus, it is essential to manufacture new antibiotics and determine the appropriate dose required to treat
life-threatening infections [146–149].
To determine the antibiotic appropriate to treat a certain kind of infection, an antibiotic susceptibility test (AST) is performed. AST is a laboratory procedure performed by medical technologists (clinical laboratory
scientists) to determine the minimum inhibitory concentration (MIC) and
identify which antimicrobial regimen is specifically effective for individual
patients against deadly infections [9, 150]. Various AST techniques such
as Disk diffusion, dilution, Epsilometer test, PCR, DNA microarrays/chips
have been studied and developed to determine the minimum inhibitory concentration [9, 151]. These techniques are simple and effective in determining
the minimum inhibitory concentration for a certain type of infection but are
time-consuming and require expensive equipment. With the recent developments in the field of Lab-on-a-chip devices, a network of micro-channels,
sensors, and electrical circuits can be incorporated and fabricated on small
chips. This offers numerous advantages such as non-contact interface, porta-
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bility, quick reaction, and analysis time. Biosensors based on lab on a chip
technology have revolutionized the field of a clinical study and pharmaceutical sciences [17, 136]. They are also a promising tool for rapid and accurate
ASTs. Recently, microwave sensors are being widely used in pharmaceutical, biological and industrial applications owing to low cost, non-contact,
label-free detection, high sensitivity, and ease of integration with other Labon-Chip (LoC) devices [48, 50, 53]. Thus, in this study, a microwave sensor
capable of monitoring bacteria growth in the presence of 7.5 µg, 30 µg, and
45 µg of Erythromycin is presented. Based on the variation of growth rate,
the concentrations of erythromycin achieving total inhibition of E. coli will
be determined.

4.3.2

Material and method

Sample preparation
To measure the impact on the growth-inhibiting substance, such as antibiotics, on the growth profile of bacteria, a Mueller Hinton (MH) agar
media was prepared. Due to low levels of thymidine and thymine (excess
amounts can have adverse effects on the performance of various antibiotics),
MH agar is widely used for antibiotic susceptibility tests by the disk diffusion
method.
To prepare MH agar media 1.91 gm of MH agar was mixed with 50 ml
of RO water in a flask. The mixture was sterilized in an autoclave at 121
◦ C for 15 minutes. The mixture was cooled to 50 ◦ C prior to plating. Three
ml of the MH agar was poured into a Petri dish to achieve a uniform agar
thickness of 1 mm across the petri dish. The process was performed in a
fume hood or under a Bunsen burner flame to avoid contamination of agar
samples by fungi and other microorganisms. Three ml of E. coli was then
spotted at the designated position on the agar plate.
Prior to preparing antibiotic paper disks, sample solutions containing
various concentrations of erythromycin was prepared. Erythromycin, in
powdered form, is freely soluble in alcohol, acetone, and other organic solvents. However, in water, the solubility of erythromycin is limited to 2
mg/ml. Thus, a concentration of 7.5 µg and 30 µg per 30 µL was achieved
by series dilution of the parent erythromycin solution containing 2 mg/ml.
To prepare antibiotic paper disks, sterile blank paper disks and E- 15
µg paper disks procured by Fisher Scientific were used. Each paper disk
was hydrated with 30 µL of the prepared stock solution to maintain consistency among the antibiotic paper disks. A control disk containing 0 µg
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of erythromycin was prepared by hydrating a blank paper disk with 30 µL
of RO water. E- 45 µg paper disk was prepared by pouring 30 µL of E-30
µg solution to an E-15 µg paper disk. The hydrated antibiotic paper disks
with 0 µg, 7.5 µg, 30 µg, and 45 µg erythromycin was tapped on the solid
agar 5 mm from the inoculated E. coli. The plate was sealed using parafilm
at room temperature to avoid precipitation and fungal contamination.
Experimental setup and procedure
The fabricated frequency variation sensor was mechanically stabilized
and enclosed in a thermally insulated Styrofoam enclosure to avoid the impact of ambient factors such as external vibrations, temperature, and humidity on the response of the resonator. The Styrofoam enclosure was equipped
with an LED light source, a temperature probe to monitor the temperature
in the vicinity of the sensor, and a microscope to capture images of test
samples at constant time intervals. The sensor was connected to the VNA
using SMA cables. The experimental setup and the VNA calibration details
are discussed in section 4.2.2 ( experimental setup and procedure).
The measured resonant amplitude for various concentrations of antibiotics was normalized by subtracting it from the initially measured amplitude.
The measured data pertained to the initial 90 minutes of the experiment
were excluded accounting for mechanical stabilization of the apparatus.

4.3.3

Measurement result and discussion

To study the impact of a dry paper disk (with no antibiotics) on an agar
plate with no bacteria, a series of measurements were performed using a microwave resonator. Analysis of the measured results revealed that dry paper
disks tend to dehydrate the growth media in their vicinity. The dehydration
of the agar media alters the electrical characteristics of the growth media
and result in false measurements. Therefore, to avoid dehydration of the
growth media in the vicinity of the sensor’s sensitive region, the blank disks
were hydrated with an equal volume of RO water similar to antibiotic volume and used in all the further experiments. The steps followed to hydrate
the paper disks are presented in section 4.3.2 (sample preparation).
Another study on antibiotic disk diffusion assay showed a differential response against tested concentrations with an increase in an inhibition zone
corresponding to antibiotic concentration. The zone of inhibition was measured as 1.7 cm and 2.8 cm for 30 and 45 µg respectively (Figure 4.12).
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Figure 4.12: Zone of inhibition formed by 0 µg, 7.5 µg, 30 µg and 45 µg of
erythromycin.

This was compared with a control (plain disk) and 7.5 µg where no
inhibition of E. coli was observed. The preliminary zone of inhibition study
was performed at room temperature which was measured to be 22 ◦ C. The
zone of inhibition is the diameter of the region where no bacteria growth
was measured and shown in Figure 4.12. Therefore, based on the results
presented in Figure 4.12, it can be concluded that 45 µg and 30 µg of
erythromycin was able to effectively inhibit E. coli growth on solid MH agar
in contrast to 7.5 µg and 0 µg.

Table 4.3: Measured zone of inhibition formed by 0 µg, 7.5 µg, 30 µg and
45 µg of erythromycin.
Erythromycin
concentration (µg)

0.0

7.5

30

45

Diameter of
zone of inhibition (cm)

0

0

1.7

2.8
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As bacteria grows, the interaction between the nutrients present in the
medium and the bacteria such as transfer of protein to amino acids, lipids
to acetate, or carbohydrates to lactate results in the creation of new charged
end products that are expelled into the surrounding media. However, the
presence of an antibiotic can severely affect the growth of bacteria. At low
lethal concentrations of antibiotics, bacteria growth is observed as shown
in Figure 4.13. Low non-lethal concentration of erythromycin triggers a
different cellular response against the antibiotic. The low concentration of
antibiotics can stress the bacteria, but the bacteria continues to multiply
and alter the conductivity of the surrounding growth media [152, 153].

Figure 4.13: Measured resonant amplitude variation (∆ Resonant amplitude
(dB)) (a), resonant frequency variation(∆ Resonant frequency (MHz)) (b),
and recorded temperature (Temperature ◦C) (c) for bacterial growth in the
presence of 0 µg, 7.5 µg, 30 µg, and 45 µg of erythromycin.
However, at high concentrations, bacterial growth is inhibited as observed
in the measured results ( Figure 4.13). At lethal or high concentrations
of erythromycin, inhibition of protein slows down or suppresses bacterial
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(a) E-0 µg

(b) E-7.5 µg

(c) E-30 µg

(d) E-45 µg

Figure 4.14: Microscope images captured at constant time intervals depicting bacteria growth in the presence of 0 µg (a), 7.5 µg (b), 30 µg (c), and
45 µg (d) of erythromycin.

growth [152, 153] This change in the growth rate of bacteria is reflected by a
change in the conductivity of the medium. The microwave sensor measures
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the change in the conductivity of the medium surrounding the bacteria which
is interpreted by analyzing the change in the resonant amplitude which is
shown in Figure 4.13.
It is known from the previous literature that the zone of inhibition is
proportional to the strength of the antibiotics [154]. Thus, an increase in
the zone of inhibition prevents bacterial growth in the sensitive region of
the resonator. As evident from the bacterial growth images of E- 30 µg, a
small portion of bacteria grow within the sensitive region of the resonator.
This small growth was monitored by the microwave sensor and was visible
distinctively in the response of the sensor (Figure 4.13).
However, the zone of inhibition for E- 45 µg covered the entire sensitive
region. Thus, the growth of E. coli was inhibited by the antibiotic concentration and the resonant amplitude variations recorded was minimal (0.01
dB). Based on the microwave resonator response, E- 30 µg and E- 45 µg were
able to resist the growth of E. coli with OD600 = 1.5 which matches with
the preliminary test conducted. Therefore, at optimum growth conditions,
the microwave resonator successfully distinguished the impact of different
concentrations of erythromycin on the growth of E. coli within 18 hours as
opposed to the conventional disk diffusion technique that takes around 24
to 36 hours to produce visual results. Therefore, the microwave resonator’s
ability to rapidly detect microbial growth as compared to conventional AST
techniques was successfully demonstrated through this study. Moreover,
a positive correlation between the measured results with the preliminary
zone-of-inhibition study and the microscope images captured at constant
time intervals further strengthen the potency of the sensor to monitor the
influence of bacterial growth due to antibiotics.

4.4

Chapter conclusion

In this chapter, we have demonstrated the application of microwave resonator for real-time and contactless monitoring of bacterial growth. Furthermore, the microwave sensor’s ability to detect microbial growth before
any visual indications was demonstrated. The designed sensors were able
to successfully sense the growth of bacteria in both temperature-controlled
and temperature-uncontrolled environments.
From these studies and the simulation results presented in chapter 2, it is
evident that resonant amplitude was sensitive to changes in the conductivity
or loss tangent of the growth medium. As bacterial metabolism alters the
conductivity of the growth medium, the resonant amplitude was selected
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over resonant frequency to monitor bacterial growth.
The first study established the efficacy of the microwave resonator to
detect and differentiate the impact of glucose concentration on the growth
profile of E. coli. The rate of change of amplitude that can be associated
with the growth rate of bacteria was calculated for E. coli at various glucose
concentrations. The presence of carbon sources (0- 2 % w/v) in LB agar
enhances the growth of E. coli. Therefore, based on the measured results,
the highest rate of change in resonant amplitude was observed at 2% glucose (0.23646 dB/hr) compared to 0% (0.10913 dB/hr). However, at higher
concentrations (10 % w/v), carbon sources inhibited bacterial growth as observed from the measured results. The measured results were supported by
previous microbiology studies. In addition to this, a positive correlation of
the measured results with the microscope images captured at constant intervals further established the sensor’s ability to monitor bacterial growth.
The results of this study are explained thoroughly in a paper entitled “Differential Microwave Resonator Sensor Reveals Glucose Dependent Growth
Profile of E. coli on Solid Agar” [53]
In the second study, we demonstrated the ability of microwave sensors to
detect and monitor subsurface E. coli growth. The changes in the dielectric
properties of growth media during 2D and 3D growth in the solid growth
media were measured using microwave resonators. The successful fitting of
bacterial growth measurement to the Gompertz growth model with a coefficient of determination above 96% shows the potential of the currently
used sensing tool for bacterial monitoring. A positive correlation between
the measured results and microscopic images further strengthened the application of microwave sensors to measure subsurface bacterial growth. The
findings of this study are submitted as a research paper and is under review.
The third study successfully demonstrated the potential of the designed
microwave resonator to differentiate the impact of antibiotics, erythromycin
(0, 7.5, 30, 45 µg) on the growth profile of E. coli. From the measured
response of the sensor, it was observed that the growth of microorganisms
was inversely proportional to the concentration of antibiotics. Among the
tested concentrations of erythromycin (0, 7.5, 30 and, 45 µg), E-30 µg and
E-45 µg were able to successfully inhibit bacterial growth. The microwave
resonator successfully distinguished the impact of different concentrations
of erythromycin on the growth of E. coli within 18 hours as opposed to
the conventional disk diffusion technique that takes around 24 to 36 hours
to produce visual results. The positive correlation between the measured
results with the preliminary zone-of-inhibition study and the microscope
images captured at constant time intervals further strengthen the potency
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of the sensor to monitor bacterial growth. The findings of this study are
submitted as a research paper and is under review.
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Chapter 5

Conclusion
In this chapter, the main findings and contributions of the thesis are
summarized and the areas of possible improvements and research are presented.

5.1

Thesis conclusions

The thesis begins with an introduction to microwave technology and its
applications in industrial, food, biomedical, and pharmaceutical industries.
Among the available microwave sensing technologies, planar microstrip resonators were chosen for the current research due to its advantages such
as portability, ease of fabrication, label-free, and contactless sensing capabilities. The unique ability of microwave sensors to detect variations in
the conductivity in the surrounding medium related to microbial growth
makes it a promising candidate for microbial growth monitoring and related
applications. In this work, microstrip resonators were employed to monitor bacteria growth due to numerous advantages which include contactless,
label-free monitoring, portable, cost effective, and ease of development and
fabrication. The proposed planar microwave resonators were designed in
two arrangements: frequency variation resonator and differential-mode resonator. They were designed to operate as a one-port device with their operating frequency confined to the L-band. The sensor’s response to dielectric
material was studied through HFSS simulations. The simulation results are
presented in chapter 2. The sensors were fabricated using in-house fabrication techniques, and the details of sensor operation are explained in chapter
3.
The fabricated sensors were later employed to detect and monitor microbial growth on solid growth matrices. The sensors were used to monitor
the impact on the growth of microorganisms subjected to various factors
such as nutrient availability, bacterial position, and presence of inhibiting
compounds such as antibiotics were conducted as three independent studies. The conclusions and contributions from these studies are summarized
as follows:
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1. The first study demonstrated the ability of the designed sensor to successfully monitor and distinguish the impact of nutrient availability on
microbial growth. The impact of temperature on the response of the
sensor was observed and corrected by redesigning the microstrip resonator. The measured results obtained after eliminating the influence
of ambient temperature and mechanical stabilization was presented in
Chapter 4. The measured data was supported by microscopic images
revealing changes in microbial growth at different nutrient concentrations. The results of this study are explained thoroughly in a paper
entitled “Differential Microwave Resonator Sensor Reveals Glucose Dependent Growth Profile of E. coli on Solid Agar” [53].
2. The second study investigated the potential of the sensors to monitor
subsurface bacterial growth between two layers of solid growth matrices. Through the measured results and microscope images of various
experiments, the impact of the relaxation of the solid-solid interface of
the medium and stabilization of electronic components and VNA after
calibration was identified and eliminated from the measured results.
Additional experimental results further demonstrated a positive correlation between microbial growth and microwave sensor’s response and
further demonstrated the extended capacity of the sensor to monitor
subsurface bacterial growth unlike previous studies confined to surface
growth. The findings of this study are submitted and under review.
3. The third study investigated the effect of various concentrations of
antibiotics on microbial growth. The effect of the dry antibiotic paper disks on the solid agar matrices was identified through numerous
futile attempts. By using an equal volume of antibiotic solution to hydrate the paper disks, the impact of dry paper disks was eliminated.
Additional experiments confirmed a positive relationship between the
zone of inhibition, measured result, and the microscopic images. This
further strengthened the use of the sensor as a tool to determine the
minimum inhibitory concentration of antibiotics and can be applied for
antibiotic sensitivity assays. The results of this study are submitted
and under review.

5.2

Contributions

− Resonators with various configurations were designed and simulated to
achieve a highly sensitive device exclusively for monitoring microbial
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growth. Numerous futile attempts, design modifications, and optimization led to the final working model of a microwave resonator.
− Contributed to the current state of the art sensor technology aimed for
contactless and label-free bacterial growth monitoring on solid growth
medium.
− Designed a one-port sensing system by utilizing a wide band power
splitter.
− Analyzed the impact of nutrient availability, subsurface growth and
presence of antibiotics on growth of bacteria using contactless microwave resonator sensor.
− Observed the impact of ambient factors such as temperature, stabilization of sensing apparatus and implemented corrective measures to
minimize or diminish the impact of the above mentioned factors on
the response of the sensor.
− Optimized solid agar plating techniques to achieve successful bacterial
growth monitoring using microwave resonator sensor technology.
− Designed series of experiments to understand various aspects of bacterial growth on solid agar.

5.3

Future works

This research successfully demonstrated the potential of a prototype microwave sensor for contactless real-time monitoring of microbial growth on
solid growth matrices. However, based on the current research outcomes,
we identified the following research ideas could scale up the designed sensor
to industrial scale:
− Sensor design: Modification of sensor design by incorporating active
resonators can improve the sensitivity of the resonator. Using an array of active resonators multiple bacteria can be tested in a single
assay. Similarly, array of resonators can be used to monitor the effect of multiple antibiotics on a microbial specimen and determine the
appropriate antibiotics for treatment. There is a prospective to implement wireless resonators which can eliminate microwave cables and
soldered SMA connectors for ease in installation.
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5.3. Future works
− Sample preparation: Using microfluidic devices to inject varying concentrations of antibiotics can expand the application range of the current sensor. It also facilitates the reusability of the device by following
simple cleaning procedures.
− Sensor readout circuit: Including a customizable readout circuit/device
to measure the reflected power from the sensor can eliminate the system’s dependence on the vector network analyzers. By developing
such a self-reliant system, the cost of the sensor can also be reduced
significantly.
− Sensing apparatus: Appending an incubator for bacterial growth can
enhance the growth rate and will facilitate early detection of bacterial
growth which can be monitored with precision using a wireless sensor.
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Appendix A

A.1

Measurement of effective dielectric
properties of solid agar

To measure the dielectric properties or complex permittivity of materials,
the N1501 dielectric probe kit by Keysight Technologies, Inc. was used. The
probe setup is shown in Figure A.1.

Figure A.1: Experimental setup to measure the dielectric properties of sample under test.

It consists of an N1501A dielectric probe connected to a VNA through
an SMA cable. The probe is immersed into a test liquid or placed in close
contact with the solid material under test to perform the dielectric measurement.
To measuring the effective dielectric properties of solid agar, the solid
agar sample was enclosed in a plastic petri dish. The combination was then
placed in proximity of the dielectric probe such that the face of the dielectric
probe is completely covered by the sample as shown in Figure A.2.
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Figure A.2: Solid agar plate in conjunction with the N1501A dielectric
probe.

The probe was calibrated from 200 MHZ to 20 GHz with a resolution
of 1001 and intermediate frequency bandwidth of 300 Hz prior to measurements. Sixteen measurements were taken and an average of the measured
results were calculated and recorded using N1500A Materials Management
Suite provided by Keysight Technologies, Inc. The measured results for MH
agar and LB agar is shown in Figure A.3 (a) and (b) respectively.
According to the measured result, the effective permittivity of LB agar
and MH agar at frequency 1.76 GHz is 2.156 and 2.258 respectively. The
loss tangent however is measured to be 0.077 and 0.08 for LB and MH agar
respectively.
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(a) MH agar

(b) LB agar

Figure A.3: Measured effective permittivity and loss tangent of MH agar
(a) and LB agar (b).
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