
 

MODELING AND SIMULATION OF SILICON PHOTONICS BASED OPTICAL RING  

 

RESONATOR BIOSENSOR 

 

 

A Dissertation in 

Electrical and Computing Engineering 

and 

Computer Science  

 

Presented to the Faculty of the University of 

Missouri – Kansas City in partial fulfillment of the 

Requirements for the degree 

 

 

 

 

DOCTOR OF PHILOSOPHY 

 

By 

Liaquat Ali 

 

Master of Science (M.S.) in Advanced Optical Technologies,  

Friedrich–Alexander University Erlangen–Nurnberg, Germany,2014 

 

Kansas City, Missouri 

2021 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©2019 

Liaquat Ali 

ALL RIGHTS RESERVED 



 

iii 
 

MODELING AND SIMULATION OF SILICON PHOTONICS BASED OPTICAL RING 

RESONATOR BIOSENSOR 

 

Liaquat Ali, Candidate for the Doctor of Philosophy 

University of Missouri - Kansas City, 2021  

 

ABSTRACT 

In the photonic technological platforms, the signal is carried by light rather than an 

electron as in conventional electronic technologies. Electronic processing of the signals is 

becoming restricted, particularly in the multi-GHz frequency range, due to the parasitic effects 

of the copper wires and other limitations of the materials used in micro and nanoelectronics 

domains. On the other hand, photonic technology can offer data transmission at the THz range. 

To harness the power of photonic technology, silicon-photonics would be a very effective 

platform because these devices use silicon as the optical medium that can be fabricated using 

the standard CMOS technology. A biosensor is an analytical device used for the identification 

of an analyte that conglomerates a vital element with a physicochemical indicator.  Optical 

biosensors are comprised of a light source, light guiding medium, and photodetector. In recent 

decades, optical ring resonators gained importance as one of the promising biosensors due to 

miniaturized size and fast response. The optical ring resonator identifies the intended 

molecules or biochemical molecules by assessing the change in light behavior and that change 

in light behavior occurs due to the interactivity of the evanescent field of the resonating light 

with biosamples such as blood, serum, salvia, bacteria, protein or DNA traits present on the 

surface of the ring resonator. One of the most leading causes of death in modern times is 
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different types of cancer. American Cancer Society in their recent report, states that in more 

than 50% of death by cancer, cancer has been diagnosed at the last stage. The core target of 

this thesis is to outline a silicon photonics biosensor based on an optical ring resonator for the 

identification of cancer and other diseases. 
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CHAPTER 1 

INTRODUCTION 

Human physical health and fitness are very important human essential. People spend 

their valuable time and money behind it. The techniques to monitor and inspect human health 

depend on the sensors which analyze the interactions of human body cells with another 

transducing device.  These sensors are called biosensor, which is an analytical device used for 

the identification of an analyte that conglomerates a vital element with a physicochemical 

indicator [3]. These devices do those tasks and recover even more information about the 

diseases by the analysis of the molecule’s interactions with the help of the computer. 

Biosensors were introduced in the 1960s by the pioneers like Clark and Lyons [4]. There are 

numerous types of biosensors namely enzyme-based, tissue-based, magnetostrictive, and 

piezoelectric biosensors, etc. These devices cater to the specific interaction between a bio 

molecule which could be enzyme, antigen, or nucleic acid, and the analyte of interest. The 

biomolecular interaction is then transduced into a recognizable signal which is readable and 

quantifiable. Biosensors are categorized depending on the nature of the transduction 

mechanism, namely as mechanical, electrical, or optical. This thesis presents the design and 

modeling of an innovative optical biosensor system based on silicon photonics technology, 

which enables high sensitivity, high-quality factor, fast response, and low-cost design. 

In the photonic technological platforms, the signal is carried by light rather than an 

electron as in conventional electronic technologies [5]. Electronic processing of the signals is 

becoming restricted, particularly in the multi-GHz frequency range, due to the parasitic effects 

of the copper wires and other limitations of the materials used in micro and nanoelectronics 

domains. On the other hand, photonic technology can offer data transmission at the THz 
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range[6]. To harness the power of photonic technology silicon-photonics would be a very 

effective platform because these devices use silicon as the optical medium that can be 

fabricated using the standard CMOS technology [7]. The incorporation of a very high index 

contrast (and thus substantial miniaturization) and the availability of CMOS fabrication 

technology are enabling the utilization of matured electronics fabrication facilities to make 

photonic circuitry. As a result, silicon-photonics has been established as the leading technology 

for the integration of photonics and electronics in the same application systems [7].  

1.1 Silicon Photonics Optical Biosensor Market and Applications 

In recent decades, optical ring resonators gained importance as one of the promising 

biosensors due to miniaturized size and fast response. The applications of these optical sensors 

are mostly in the clinical sector[8], but they are also popular in the food industry[9], 

environmental and toxic detection[10], memory design[11]-[12], defense and marine 

applications[13]. While Silicon photonics has also been widely used in optical fiber 

communication, optical modulators, optical detection, and optical sensing applications [14], 

[15]. Among various types of silicon photonic biosensors, the most common are photonic 

crystals [16], disk resonators [17], Bragg gratings [18], strip waveguide [19], and waveguide 

ring resonators [17-18]. The technology of optical biosensors attains more importance due to 

the incorporation of silicon photonics. As silicon photonics integrated circuits use the already 

matured CMOS foundry technology. In grand view research report it says that the optical 

biosensors market was esteemed at $17,500.0 million in 2018 and is anticipated to gain 

$38,600.2 million by 2026, recording a CAGR of 10.4% from 2019 to 2026, while the Yole 

Development report states that the silicon technology market will grow from $480 million to 

$3.9 billion in the year 2025.  
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1.2 Limitation and challenges 

There has been tremendous research in the last few decades about biosensors in general 

and in particular last decade wonderful innovation has been done in optical biosensors. But it 

would take at least three decades more for these biosensors to be used as a general commercial 

product. Current biosensors used in the commercial market for diagnostic and prognosis are 

comprised of biosensors other than optical although some of them are reliable, they require a 

significant amount of time for detection. These biosensors are very expensive to fabricate and 

they require someone with excellent knowledge to use those sensors for monitoring health 

conditions. The optical biosensors which are currently being in the research domain are 

fabricated in specialized laboratory facilities and it would take a very long time to convert that 

specialized laboratory into a commercial manufacturing product. Even after research is 

performed to fabricate a silicon photonics biosensor system, there are no external quality 

control and laboratory accreditation systems to endorse the clinical trials and results for the 

commercialization of biosensors.  

1.3 Problem Statement 

This thesis presents the modeling and design of optical ring resonator biosensors based 

on silicon photonics technology for cancer detection. The second-largest disease all over the 

world with an increasing death rate over the past few years is cancer, for which over 200 types 

have been identified. Breast cancer is one of the three most common invasive cancers highly 

widespread in females and reckons for the second-highest number of deaths worldwide. 

Despite the recent scientific and technical development, the survival rate of cancer patients is 

still weak because of detection at the later stage and the poor prognosis of cancer. A recent 

study by the American Cancer Society shows that an estimated 50% of all cancer death in the 

US are diagnosed at a later stage[21]. Whereas if these cancers could be detected at an early 
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stage, then more effective treatment and prevention could be applied. Burdensome, expensive, 

and time-consuming diagnosis methods presently available for the detection of breast cancer 

raise the need for the origination of unique, unconventional, and highly sensitive devices. This 

research project aims to the first plan, design, simulate, develop, and then test a silicon 

photonics optical ring resonator biosensor for detection, prognosis, and therapy monitoring for 

blood-based biomarkers in breast cancer. The biosensor system would have a faster response 

time and would be less expensive as compared to current commercial biosensor use for cancer 

detection.   

1.4 Thesis Organization 

The main objective of this thesis is to investigate, design, model and simulate silicon 

photonics optical ring resonators for bio sensing application. First, different components of the 

biosensor are modeled, and after they are combined in the shape of a system to simulate by 

finite domain time-domain method using Lumerical software. Several potential component 

optimization solutions and optimization on complete biosensor systems are discussed as well.  

The thesis begins in Chapter 2 with a theory and literature survey and theory of different types 

of optical resonators, types of ring resonator integrated circuits, and parameters to quantify 

ring resonator circuit and end with theory for two ring resonators namely series and parallel. 

Chapter 3 discuss the modeling of the main components of the proposed biosensor design 

separately and reasons for selecting the parameters for each component. Chapter 4 presents the 

analysis for detecting the different cancer cells by the proposed biosensor system. Chapter 5 

shows the design and modeling for cascaded ring resonators in series and parallel fashion. 

Chapter 6 discuss the disease asthma and how machine learning algorithm can be applied to 

detect the asthma attack. The final chapter 7 present the summary of the main findings and 
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conclusion of the thesis and a dialog of possible future work. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

In this chapter, we will discuss the theoretical background of ring resonator biosensors. 

Each component of the ring resonator would be present and at the end of the chapter, the theory 

of the two ring resonator will be discussed. A biosensor is an analytical device, streaked for 

the identification of an analyte that conglomerates a biological element with a physicochemical 

indicator [3] as shown in Figure 1. The biosensor was started in the 1960s by the pioneers 

Clark and Lyons [4]. There are numerous types of biosensor namely enzyme-based, tissue-

based, magnetostrictive, and piezoelectric biosensors, etc. the application of these sensors are 

mostly in the clinical sector, but they are popular in the food industry, environmental and toxic 

detection, defense, and marine applications. In an electrical biosensor the identification of 

biological analyte is transformed into an electrical signal so apparently by detecting; the change 

in the electrical signal bio reaction can be detected. Whereas the optical biosensors, the 

recognition of biological analyte is transformed into some relative properties of light. Optical 

biosensors are comprised of the light source, light guiding medium, and photodetector. In 

recent decades, optical ring resonators gained importance as one of the propitious biosensors 

due to miniaturized size and fast response. The optical ring resonator identifies the intended 

molecules or biochemical molecules by assessing the change in light behavior and that change 

in light behavior occurs due to the interactivity of the evanescent field of the resonating light 

with bio samples such as blood, serum, salvia, bacteria, protein or DNA samples present on 

the surface of the ring resonator. In response to that interactivity in the medium changes the 

combined or effective refractive index of the bounded bio sample, which reciprocates in a 

change of the resonance wavelength of the resonator.  
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Figure 1 Block Diagram of Biosensor 

The change of resonance wavelength is related to several bio molecules in the bio 

sample[22]. There are many categories of silicon photonic biosensors namely photonic crystals 

[16], disk resonators [17], Bragg gratings [18], strip waveguide[19], and waveguide ring 

resonators [20] based on the same principle in which the change in refractive index is 

transferred into a change in resonance wavelength.  

In general, ring resonators can be design and developed in two models [23]. In the first 

model, two optical fibers are used, one to develop a ring by connecting two ends of fibers and 

the second optical fiber to couple the optical light into the ring [24]. The second model is 

integrated optical structures (by integrated optics technology). These optical structures are 

more consistent and replicate multiple times. They also offer multiple detections of bio 

particles at the same time by fabrication of similar ring resonators on a single chip and covering 

the surface of the ring resonator with a different layer[14], [20-21].  

 One of the most leading causes of death in modern times is different types of 

cancer. American Cancer Society in their recent report [22] states that in more than half of 

death by cancer, cancer has been diagnosed at the last stage. The report statistically proves that 
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these cancer deaths could be prevented if cancer could be detected at the initial stages. 

Currently, the techniques, which could detect cancer at an early stage, are very limited in 

sensitivity and resolution [27]. The core target of this paper is to outline a silicon photonics 

biosensor based on an optical ring resonator to be used for the detection of cancer cells. 

2.1 Single Ring Resonator Biosensor System 

The overall system for biosensors consists of multi-wavelength laser, optical fiber, 

grating couplers, waveguides, ring resonator waveguide, coupling waveguide, and 

photodetector as shown in Figure 2.  

 

Figure 2: Ring Resonator Biosensor System 

Grating Coupler 

It is tough to couple optical light from a laser to an integrated waveguide. This is 

because the typical radius of an optical fiber is around 125um whereas in the integrated 

waveguide the core layer, where the guided mode is enclosed of has a width in the range of 

100-300nm. A grating coupler as shown in Figure 3. is used as a coupler between the optical 

fiber and integrated waveguide. To address this coupling problem several groups have recently 

demonstrated coupling losses below 1 dB using an inverted lateral taper with a polymer overlay 

[28]-[29]. surface coupling is one solution for the coupling problem, which allows that 

coupling can be performed at any place of the chip a shown in Figure 3.  
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Figure 3: Grating Coupler for coupling optical fiber and integrated waveguide 

Optical Ring Resonator 

One of the ways to make an optical ring resonator is to combine the two ends of a single 

wave guide and forms a ring structure. The ring structure will trap the optical light inside and 

the light will resonant after constructive interference at the resonance wavelength. The process 

of the resonance of an electromagnetic wave can be described mathematically as (1). 

𝑘𝑑 = 2𝜋𝑚 (1) 

where 𝑘 = 𝑛𝑘0 is the wave number of the light, 𝑑 is the distance covered by the optical 

light in round trip and 𝑚 is the resonance mode. In optical ring resonator, d could be exchanged 

with the parameter of the ring as 𝑘 = 2𝜋
𝑛𝑒𝑓𝑓

𝜆0
⁄ , in which 𝑛𝑒𝑓𝑓 is the effective refractive 

index and 𝜆0 is the resonance wavelength. Applying the aforesaid modifications to equation 

(1), the resonance wavelength would be 

𝜆0 =   
2𝜋𝑛𝑒𝑓𝑓𝑅

𝑚
 (2) 

where R is the radius of the ring. Equation (2) shows the directly proportional 

relationship between the effective refractive index and resonance wavelength.  

Optical ring resonators can be clustered into two main categories depending on the 

number of couplers that are present along the ring resonator. The first type, the All-pass filter 
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has one coupler whereas the second add-drop filter has two couplers along with the ring 

structure. Both types of optical ring resonators are defined comprehensively in [30]. 

All-Pass Filter 

The structure shown in with one linear waveguide and a ring is an all-pass optical filter, 

where the linear waveguide is used to couple optical light into ring waveguide. The same 

waveguide is used as an input and output port. The output port usually is named the Through 

port. The optical light inserted into the input port transmits through the waveguide to reach the 

coupling region, which is the area of the waveguide with the minimum distance from the ring 

resonator. In this area, a part of the light evanescently couples to the ring.  

 

Figure 4 Spectral response for all-pass ring resonator 

The amount of coupling depends on the gap or the spacing between the waveguide and 

the ring, the dimension of the ring waveguide which will define the matching of propagation 

constant of mode propagating inside the linear waveguide and resonating mode in the ring. At 

resonance wavelength, the light will trap and build up the energy, whereas at the other 

wavelength optical light transmits through the linear waveguide to output without coupling to 

the ring waveguide. The transmission response all-pass filter is expressed by the following 

equation. 
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𝑇𝐴𝑃 =  
𝑎2 − 2𝑟𝑎𝑐𝑜𝑠𝜑 +  𝑟2

1 − 2𝑟𝑎𝑐𝑜𝑠𝜑 + (𝑎𝑟)2
 (3) 

     where 𝜑 is a phase shift of the light after one round-trip inside the ring, 𝑎 is the 

amount of diminution of light after one round-trip, and 𝑟 is the self-coupling coefficient of the 

coupler. 

Add-drop Filter 

In the add-drop configuration, two linear waveguides are positioned on each side of the 

ring waveguide as shown in figure 5 with its spectral response.  The first waveguide is to insert 

the optical light into the ring resonator and the second waveguide is to couple the optical lights 

out of the ring resonator. In this structure, there are four ports, the input port and through the 

port which is similar to an all-pass filter. Drop port has the output which is reciprocal of the 

through the port with some losses and add port is used to introduce any specific wavelength 

optical light. The transmission response for the add-drop filter is expressed by the following 

equation[31] 

𝑇𝑇ℎ𝑟𝑜𝑢𝑔ℎ =  
𝑎2𝑟2

2 − 2𝑟1𝑟2𝑎𝑐𝑜𝑠𝜑 +  𝑟1
2

1 − 2𝑟1𝑟2𝑎𝑐𝑜𝑠𝜑 + (𝑎𝑟1𝑟2)2
 (4) 

𝑇𝐷𝑟𝑜𝑝 =  
𝑎2𝑟2

2 − 2𝑟1𝑟2𝑎𝑐𝑜𝑠𝜑 +  𝑟1
2

1 − 2𝑟1𝑟2𝑎𝑐𝑜𝑠𝜑 + (𝑎𝑟1𝑟2)2
 (5)  

where r1 and r2 are self-coupling coefficients of the first and second couplers, 

respectively.  
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Figure 5 Spectral response for add-drop ring resonator 

The properties sensitivity, quality factor, extinction ratio, and free spectral range are 

few parameters to characterize the optical ring resonator. The sensitivity(S) for the ring 

resonator is the ratio of change in the resonant wavelength due to a change in refractive index. 

Sensitivity is to be measured in terms of nm/RIU and it should be high as possible.  

𝑆 =  
𝛥𝜆

𝛥𝑛
 (6) 

 where 𝛥𝜆 is the change in resonant wavelength and 𝛥𝑛 is the change in refractive 

index. The quality factor (Q) is defined as the ratio of resonant wavelength to change in the 

wavelength at Full Width Half Maximum (FWHM).  The quality factor should be as high as 

possible and it is a unit-less parameter.  

𝑄 =
𝜆(𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡)

𝛥𝜆(𝐹𝑊𝐻𝑀)
 (7) 

where 𝜆(𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡) is the wavelength at resonance and 𝛥𝜆(𝐹𝑊𝐻𝑀) is the difference 

of wavelengths obtained at FWHM. The extinction ratio for the ring resonator is defined as the 

ratio of the maximum amplitude to the lowest amplitude on a logarithmic scale. 

𝐸𝑅 = 10𝑙𝑜𝑔10(𝑃𝐿 𝑃𝐻⁄ ) (8) 

where PL is minimum amplitude and PH is the maximum amplitude of the signal at the 

resonance wavelength through the port. Free spectral range (FSR) is defined as the spacing in 
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optical frequency or wavelength between two successive reflected or transmitted optical lights 

at maximum or minimum amplitude. All these said properties are shown in figure 6 for the 

typical spectral response of the ring resonator.  

 

 

Figure 6 Transmission spectrum for ring resonator circuit showing Quality factor and 

Extinction Ratio. 

2.2 Two Ring Resonator Biosensor System 

The two-ring resonator system is widely applied in telecommunication systems as a 

closed filter. As of the characterization viewpoint, in the two-ring structure configured in 

series, the input port and the drop port will have the same direction, so that many devices can 

be connected easily. The parallel and series structure has been presented in [32]-[33]. In the 

series configuration, the rings are placed vertically on top of each other in such a way that 

signal from the bottom of one ring is sequentially passed through to the other ring. Due to this 

power transfer, all the rings in the structure must have the same resonant wavelength. The gap 

between the two rings obtains the combined resonant line shape in the series structure. In the 

parallel design, both the rings are coupled to the input and drop port waveguide. In this design, 

the rings can be combined to one another giving a wavelength selective reflector as presented 
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in [34].  The rings are interconnected in such a way that the same optical light from the input 

waveguide port is coupled to both ring resonators simultaneously. Due to that, in this design, 

the resonance wavelength for both ring resonators is not compulsory. The length of the 

waveguide defines the resonant line shapes. There will be several peaks or dips in these 

designs, which convert into nonaligned resonant frequencies. In the later section, we present 

the transfer function for the two-ring resonator configured in a serial and parallel configuration. 

Serially Coupled Two Ring Design 

The representation of a serially coupled two-ring design is shown in figure 7 From the 

geometric modeling and applying the methods in [1], the electric fields presented in figure 7 

can be analyzed as follows: 

 

Figure 7 Transmission Electric fields in serially coupled two-ring design [1] 

𝐸1𝑎 = −𝑘1
∗𝐸𝑖1 +  𝑡1

∗ ∝1 𝑒𝑗
𝜃1
2 𝐸1𝑏 (2) 
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𝐸1𝑏 = 𝑡2
∗ ∝1 𝑒𝑗

𝜃1
2 𝐸1𝑎  

−  𝑘2
∗ ∝2 𝑒𝑗

𝜃1
2 𝐸2𝑏 

(3) 

𝐸2𝑎 = 𝑘2 ∝1 𝑒𝑗
𝜃2
2 𝐸1𝑎

+  𝑡2 ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑏 

(4) 

𝐸2𝑏 = − 𝑘3
∗ 𝐸𝑖2 +  𝑡3

∗ ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑎 (5) 

𝐸𝑡1 =  𝑡1𝐸𝑖1  + 𝑘1 ∝1 𝑒𝑗
𝜃1
2 𝐸1𝑏 (6) 

𝐸𝑡2 =  𝑡3𝐸𝑖2  +  𝑘3 ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑎 (7) 

 

where ∝1,2= ∝𝑅11
2⁄
, ∝𝑅21

2⁄
 represents the half round trip loss coefficients of ring 

resonators one and two, respectively. From (2) to (7), the general expressions for the transfer 

functions for the throughput and the drop port can be derived. A simplified form can be 

obtained by assuming a coupler without losses and symmetric coupling behavior, setting 𝑡 =

 𝑡∗ and 𝜅 =  −𝑡∗ (note that the phase factor −j has not been introduced into the assumption 

and can be added if required) which gives the ready to use amplitude forms for the throughput 

port (𝐸𝑖2 =  0). 

𝐸𝑡1 

𝐸𝑖1 
=  

−𝑡1𝜅1
2𝛼1𝑒𝑗𝜃1  (𝑡3 ∝2 𝑒𝑗𝜃2 −  𝑡2)

1 −  𝑡3𝑡2𝛼2𝑒𝑗𝜃2 −  𝑡2𝑡1𝛼1𝑒𝑗𝜃1 + 𝑡3𝑡1𝛼1𝛼2𝑒𝑗𝜃2  𝑒𝑗𝜃2   
 (8) 

and for the drop port: 

𝐸𝑡2 

𝐸𝑖1 
=  

𝜅3𝜅2𝜅1𝛼1𝛼2𝑒𝑗
𝜃1
2 𝑒𝑗

𝜃2
2

1 − 𝑡3𝑡2𝛼2𝑒𝑗𝜃2 −  𝑡2𝑡1𝛼1𝑒𝑗𝜃1 + 𝑡3𝑡1𝛼1𝛼2𝑒𝑗𝜃2  𝑒𝑗𝜃2   
 (9) 
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Firstly the ring coupling coefficient 𝜅1(𝜅3)κ1(κ3) is calculated, and secondly, it is 

assumed that 𝜅1 = 𝜅3 for the simplicity of the model. The appropriate coupling values are 

computed, applying the index profile and geometry in [33] and [35]. The FSR can be made 

larger by changing the radius of one ring resonator (𝑅1  ≠  𝑅2).  The shape of the transmission 

spectrum at the throughput port is Lorentzian shape. Mostly, these type of two ring resonators 

is used in filters [36] and [37]. Another way is to use different types of waveguide coupled 

configuration [38].  

Parallel Coupled Two Ring Design 

The illustration of a parallel coupled two-ring design is presented in figure 3. From this 

model, the fields in-ring waveguide can be calculated as follows: 

𝐸1𝑎 = −𝑘1
∗𝐸𝑖1 +  𝑡1

∗ ∝1 𝑒𝑗
𝜃1
2 𝐸1𝑏 (10) 

𝐸1𝑏 = 𝑡2
∗ ∝1 𝑒𝑗

𝜃1
2 𝐸1𝑎  −  𝑘2

∗𝑒𝑗𝜃𝑤(𝑘4 ∝2 𝑒
𝑗𝜃2

2 𝐸2𝑎 −  𝑡4𝐸𝑖2) (11) 

𝐸2𝑎 =  − 𝑘3
∗𝑒𝑗𝜃𝑤 (𝑡1𝐸𝑖1 +  𝑘1 ∝1 𝑒𝑗

𝜃1
2 𝐸1𝑏) +  𝑡3

∗ ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑏 (12) 

𝐸2𝑏 = − 𝑘4
∗ 𝐸𝑖2 +  𝑡4

∗ ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑎 (13) 

𝐸𝑡1 =  𝑡1𝑒𝑗𝜃𝑤 (𝑡1𝐸𝑖1 +  𝑘1 ∝1 𝑒𝑗
𝜃1
2 𝐸1𝑏) +  𝑘3 ∝2 𝑒𝑗

𝜃2
2 𝐸2𝑏 (14) 

𝐸𝑡2 =  𝑡2𝑒𝑗𝜃𝑤 (𝑡4𝐸𝑖2 +  𝑘4 ∝2 𝑒𝑗
𝜃2
2 𝐸2𝑏) +  𝑘2 ∝1 𝑒𝑗

𝜃1
2 𝐸1𝑎 (15) 

𝜃𝑤 =  𝑘𝑊  ∙  𝑛𝑤𝑒𝑓𝑓
∙ Λ (16) 
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Figure 8 Electric fields in parallel-coupled two-ring design[1] 

where 𝜃𝑊 is the phase shift, Λ is path length difference and  𝑛𝑊𝑒𝑓𝑓
 is an effective 

refractive index.  

Using (10) to (16), one can derive the transfer function of the throughput and drop port.  

By considering the lossless couplers and waveguide, 𝑡 =  𝑡∗ and 𝜅 =  −𝜅∗, the amplitude 

forms for throughput port changes to zero. (𝐸𝑖2  =  0). 

𝐸𝑡1 

𝐸𝑖1 
=  𝑡3𝑡1𝑒𝑗𝜃𝑤 + 𝑡3𝑘1𝛼1𝑒𝑗𝜃𝑤

𝜃1
2 [ℎ +

𝑓(𝑎 + 𝑏𝑐)

1 − 𝑑
] + 𝑘3𝑡4𝛼2

2𝑒𝑗𝜃2
𝑎 + 𝑏𝑐

1 − 𝑑
 (17) 

And for the drop port: 

𝐸𝑡2 

𝐸𝑖1 
=  𝑘1𝑘2𝛼1𝑒𝑗

𝜃1
2 + 𝑘2𝑡1𝛼1

2𝑒𝑗𝜃1 [ℎ +  
𝑓(𝑎 + 𝑏𝑐)

1 − 𝑑
] + 𝑡2𝑘4𝛼2𝑒𝑗𝜃𝑤

𝜃2
2

𝑎 + 𝑏𝑐

1 − 𝑑
  (18) 

The length of the waveguide can be changed to increase the overall FSR of this design. 

The reflected waves can be interfered constructively by choosing Λ in such a way that it should 

be an odd multiple 
𝜆0

4
.  

𝛬 = (2𝑚 + 1)
𝜆0

4𝑛𝑊𝑒𝑓𝑓

 (19) 

One different form of parallel-coupled two-ring design is shown in figure 4, in which 

the gap between the ring waveguide is increased. The spectral transmission for this design has 
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been analyzed in [39]. A wavelength reflective filter can be designed by using four of the ring 

in a parallel manner[40].  

 

Figure 9. Special parallel-coupled two-ring design [1] 
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CHAPTER 3 

DESIGN AND MODELING 

In this chapter, the proposed optical ring resonator biosensor based on silicon photonics design 

and modeling is present. The overall system for biosensors consists of multi-wavelength laser, optical 

fiber, grating couplers, waveguides, ring resonator waveguide, coupling waveguide, and photodetector 

as shown in figure 10. In this section, the simulation results for the grating coupler, waveguide, and 

ring waveguide are presented along with the discussion on the complete ring resonator biosensor 

systems at the end. The simulations are performed in Lumerical MODE [41]. 

 

Figure 10 Proposed ring resonator bio sensor system 

3.1 Grating Coupler 

The cross-sectional area of an optical fiber core is almost 600 times larger than that of a silicon 

waveguide. Hence, we need components that adjust the mode field diameter accordingly. This is 

required to obtain efficient coupling from the fiber to the silicon chip and vice versa. The dimensions 

of our designed waveguide, discussed in the later section are 500x200 nm, which is very small as 

compared to the single-mode optical fiber whose diameter is 125µm. We used a surface grating coupler 
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as opposed to the edge coupling because edge coupling can only be used at the edge of the chip and the 

implementation of such design requires complicated post-processing and high-resolution optical 

alignment, which would increase the packaging cost. Grating couplers provide flexibility in the design 

and allow performing wafer or chip-scale automated testing. We have used Yan Wang [42] designed 

sub wavelength grating coupler optimized for a wavelength of 1550nm. The power reflection 

coefficients for the TE mode are -16.2dB and insertion loss of 4.1dB with 3dB bandwidth of 52.3nm, 

whereas for the TM mode the insertion loss is 3.74dB with a 3dB bandwidth of 82nm. The optimized 

sub-wavelength grating coupler for the TE00 mode has a 593nm grating period, a 237nm grating width, 

and a 74nm sub-wavelength grating. The spectral response sub-wavelength grating coupler is shown in 

figure 11. The grating coupler is 127um apart because we are using a fiber array to probe the circuit for 

testing purpose.  

 

 

 

Figure 11 Spectral response for grating coupler and the grating coupler circuit with multi-

wavelength laser, 127 um waveguide, and photodiode 

3.2 Waveguide 

A ring resonator is a circular shape waveguide. Therefore, we first performed the simulation in 

Lumerical MODE [41] for the waveguide and then used the same waveguide in a circular shape to 
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make a ring resonator. Here, we designed a strip waveguide with 500nm width and 220nm height using 

Lumerical MODE. The dimension of the integrated waveguide is shown in table I. 

Table I Dimension of integrated waveguide 

SiO2 

Parameter Dimension 

X 4um 

Y 4um 

Z 0.54um 

Si 

X 0.5um 

Y 0.22um 

Z 0.54um 

We simulated the waveguide to calculate the effective index for the wavelength of 1550nm.  

Figure 13 shows the electric field intensity, figure 15 shows the magnetic field, and figure 14 shows 

the energy density for the TE0 mode propagating in the designed optical waveguide. Figure 12 shows 

the screenshot taken from Lumerical MODE software. 

 

Figure 12 3D modeling of the integrated waveguide in Lumerical MODE.  
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The effective index can be modeled using the Taylor expansion around the center wavelength 

as shown in equation 1. Using the script editor of MODE we performed the curve fitting for 𝑛𝑒𝑓𝑓 for 

our design, which is shown in equation 2.  

𝑛𝑒𝑓𝑓(𝜆) = 𝑛1 + 𝑛2(𝜆 − 𝜆0) + 𝑛3(𝜆 − 𝜆0)2 (1) 

𝑛𝑒𝑓𝑓(𝜆) = 2.44733 − 1.13268(𝜆 − 1.55) − 0.0439436(𝜆 − 1.55)2 (2) 

 

Figure 13 Electric Field Intensity for TE01 mode propagating in the waveguide 

 

Figure 14 Energy density for TE02 mode propagating in the waveguide 
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Figure 15 Magnetic Field Intensity for TE01 mode propagating in the waveguide 

The results from this simulation give the S-parameters for waveguide, which is used in the 

Lumerical INTERCONNECT for ring resonator circuit design. When a waveguide is to bend as in our 

biosensor circuit, it induces an optical loss in terms of mode mismatch loss and radiation loss. If there 

is no optimized bend radius given to the waveguide, then significant scattering occurs at the transition 

from the straight region. This led to optical loss and multiple modes are excited by the bend. This 

phenomenon is shown in the figure for E-field with and without bending of the waveguide. However, 

in our designed ring resonator circuit, the optical light travels in fundamental mode as stated in the 

grating coupler discussion. Therefore, the model in the waveguide must be in fundamental mode. To 

understand the bend loss and mode mismatch, we analyzed the overlap function for the Eigen mode 

solver for the propagation of optical light in a waveguide with and without bent.  After the overlap 

analysis with different bend radius, we concluded that the bend radius should be 5um for the TE mode, 

which is also the width of the waveguide, and 10um for the TM mode. Table II shows the loss 

percentage in overlap, which states that 5µm radius for TE mode and 10µm radius for bending 

waveguide give the least loss.  
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Figure 16 E-field without bending and with bending of the waveguide 

 

Table II Different bent radius overlap with the loss for TE and TM mode 

Mode Radius 

(um) 

Loss % 

in Overlap 

TE 3 0.5 

TE 4 0.28 

TE 5 0.2 

TM 5 10 

TM 6 3.73 

TM 10 0.73 

 

3.3 Ring Waveguide 

A ring resonator is just a waveguide that is bent in a circular shape. Parameters for the proposed 

ring resonator are as follows: the radius of the ring (R) = 3.1um, the width of the ring (wg) = 500nm, 

and the gap between the ring resonator and the waveguide (g) = 100nm. Table III presents the 

parameters for the ring resonator and the coupling waveguide.  
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(a) 

 

(b) 

 

(c) 

 

Figure 17 (a) 3D view for the ring resonator circuit 

showing the through and drop port, colored part is Si and grey 

part is SiO2 (b)same ring resonator structure covered with 

known refractive index material and (c) Transmission spectra 

of ring resonator circuit at through port in Lumerical MODE  
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Table III Ring Resonator and coupling waveguide parameters 

Parameter Symbol Value µm 

Radius R 3.1 

Gap g 0.1 

Width of 

waveguide 

wG 0.5 

Thickness of 

waveguide 

h 0.22 

Figure 17 (a) shows the 3D view of the ring resonator circuit in Lumerical MODE and Figure 

17 (b) shows the transmission spectra of the ring resonator. The same 3D structure was generated in 

COMSOL as shown in figure 18 (a) with its transmission spectra in figure 18 (b).  
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(a) 

 

(b) 

 

Figure 18 (a) 3D view for the ring resonator circuit with (b) Transmission spectra of ring 

resonator circuit through software COMSOL 

3.4 Ring Resonator Biosensor System 

As shown in figure 10 the ring resonator biosensor system consists of grating couplers, linear 

waveguide, and ring waveguide.   We first designed and simulate the individual components and then 

combined all the components in Lumerical INTERCONNECT to design a complete biosensor system, 

which is shown in figure 19. The ring resonator circuit designed in this software contains the 

components from the library SiEPIC EBeam PDK[43] whereas figure 20 shows the spectral response 

for wavelength 1500nm to 1600nm. The response gives the minimum loss in transmission around the 

wavelength 1550nm. The reason is all the component in the circuit are optimized around wavelength 

1550nm 
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Figure 19 Ring Resonator Bio Sensor System in Lumerical INTERCONNECT 

 

Figure 20 Spectral response of ring resonator circuit for wavelength 1500 to 1600nm 
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CHAPTER 4 

BIOSENSOR COMPONENT OPTIMIZATION 

In this chapter, the proposed optical ring resonator biosensor components are optimized based 

on the quality factor and sensitivity. First, the radius of the ring waveguide is optimized, then the 

dimension of the waveguide is optimized for the highest quality factor and sensitivity. In all the 

processes of optimization, the condition of single-mode transmission and resonances is applied. To 

optimize the ring resonator for higher sensitivity and quality factors, the following analysis is 

performed.  

4.1 Radii Analysis 

      The first analysis is performed to find out the optimized radius for the ring resonator 

by keeping other parameters for the ring resonator constant. For sensitivity calculation, the refractive 

index for the top layer of the ring resonator is set to n=1, and then it is changed to n=1.1. In this way, 

the difference of refractive index unit RIU and change in resonance wavelength are applied to equation 

(3) to calculate the sensitivity. Figure 21 shows the quality factor and sensitivity values for different 

radii of the ring resonator. The radii used in the simulation is from 3um to 3.2um with a difference of 

0.05 um. It can be observed from Figure 21 that radius 3um shows the maximum quality factor, whereas 

radius 3 and 3.2 show the maximum sensitivity. For further simulation, the radius of 3um is used 

because it shows the optimum quality factor and sensitivity.  
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(a) 

 

(b) 

Figure 21. Variation of (a) Sensitivity and (b) Quality factor with a change in radius of ring 

waveguide. 

4.2 Waveguide Width and Height analysis 

The next step is to increase the Q-factor without compromise the sensitivity of the proposed 

sensor. Further optimization is required to make the sensor highly accurate, efficient and it is done by 

placing pure blood on the ring resonator. The optimization procedure with measured optimization 

parameters is discussed in Table IV. 
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Table IV Optimization of the ring resonator, radius = 3µm, and gap = 0.1 µm and changing 

waveguide width and height 

Waveguide 

width(µm) 

Waveguide 

Height(µm) 

Resonant 

Wavelength (µm) 

Sensitivity 

Quality 

Factor 

0.4 

0.18 

 

No 

resonance 

0 0 

0.45 1.51866 229 1339.02 

0.5 1.53485 158.3 1324.86 

0.4 

0.2 

 

No 

resonance 

0 0 

0.45 1.51884 174 1316.53 

0.5 1.53504 158.2 1324.73 

0.4 

0.22 

 

No 

resonance 

0 0 

0.45 1.51899 173.9 1316.4 

0.5 1.5352 158 1324.59 

 

The first step of optimization is to change the width of the waveguide (wG) from 0.4 µm to 0.5 

µm with an increment of 0.05 µm while keeping the height of the waveguide as 0.22 µm. We found 

that at wG = 0.45 µm maximum value of sensitivity and quality factor occurs with 158 and 1324.59 

respectively. It is further changing the height of the waveguide (h) from 0.18 µm to 0.22 µm with an 

increment of 0.02 µm for all the values of the width of the waveguide. It is observed that at some 

combination for waveguide width and height there is no resonance as shown in table IV. Final values 

obtained after waveguide height and width for which the sensitivity and quality factor is maximum are 

wG = 0.45 µm and h= 0.18 µm. All finalized steps are highlighted in table IV.  During the simulation; 
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it is observed that the sensitivity and quality factor follows the opposite trend. In the proposed final 

structure, the parameters for the ring resonator are acceptable and reasonable for fabrication to perform 

a practical experiment on the ring resonator biosensor. 
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CHAPTER 5 

ANALYSIS OF CANCER CELL 

In this chapter, the proposed optical ring resonator biosensor is applied for biosensing 

application which is to detect cancer cells from the blood sample. First, the unoptimized ring resonator 

biosensor is applied then an optimized biosensor is applied, and in the end, the comparison is shown in 

form of the table to present the improvement in the biosensor system.  

5.1 Refractive Index of Cancer Cell 

Different blood samples have different permittivity (Ԑ), and according to relation (Ԑ = η2), the 

blood samples have a different refractive index. The refractive index of healthy person blood is 1.35 

[44] whereas the refractive index of blood having a particular cancer cell is different as shown the table  

V. The propagation of light will vary in ring resonator with various samples of blood because of their 

different refractive indices. In the simulation, it is assumed that the refractive index of the mass covering 

the surface of the ring resonator is varied according to blood samples, and corresponding change at the 

output in transmission spectra is observed by simulation for five different cancer cell lines along with 

healthy person’s blood sample as shown in Figure 22.  
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Figure 22. Transmission spectra for different cells along with their refractive indices. Parameters 

for ring resonator R = 3.1µm, g = 0.1 µm, wG = 0.5 µm, h = 0.22 µm 

 

Table V Cancer cell line with their refractive index of the sample[2] 

Name of Cell Disease Refractive index 

Normal  1.35 

Jurkat Leukemia 1.39 

HeLa Cervical Cancer 1.392 

PC-12 Brain 1.395 

MDA-MB-231 Breast Cancer 1.399 

MCF-7 Breast Cancer 1.401 

 

5.2 Comparison of Unoptimized and Optimized 

Results are shown for five different cancer cell lines including a normal blood sample, which 

can be easily differentiated from infected blood samples, but the peak for a different cancer blood 

sample is very close to each other with a minimum distance of 0.18nm. Other parameters to quantify 

the specific cancer cell line is a quality factor and sensitivity which are calculated according to equation 

(3)-(4) is very low as in the unoptimized column data analysis. To optimize the ring resonator for higher 
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sensitivity and quality factors, the following analysis is performed. The optimized structure is simulated 

for different cancer cell lines including the normal cell, and corresponding transmission spectra are 

shown in Figure 23. Variation for both measuring parameters sensitivity and quality factor for different 

cancer cells is shown in Table VI.  

 

 

Figure 23. Transmission spectra for different cells along with their refractive indices for the 

optimized for ring resonator R = 3 µm, g = 0.1 µm, wG = 0.45 µm, h = 0.18 µm 
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Table VI Resonance wavelength, quality factor, and sensitivity for normal and different cancer blood 

sample from an optimized ring resonator  

 Unoptimized Ring Resonator  Optimized Ring Resonator Improvement(%) 

Blood 

Sample 

Resonant 

Wavelengt

h (µm) 

Quality 

Factor 

Sensitivity 

Resonant 

Wavelength 

(µm) 

Quality 

Factor 

Sensitivity 

Quality 

Factor 

Sensitivity 

Normal 1.52982 554.98 191.857 1.52906 1386.45 223.41 59.97 14.12 

Jurkat 1.53348 520.289 195.33 1.53272 1386.88 225.34 62.48 13.31 

HeLa 1.53367 520.153 195.714 1.5329 1378.86 225.51 62.27 13.21 

PC-12 1.53395 519.959 195.6 1.5332 1370.78 226.22 62.06 13.53 

MDA-

MB-231 

1.53432 516.182 196.19 1.53357 1362.66 227.54 62.11 13.77 

MCF-7 1.53451 516.05 196.31 1.53375 1354.98 226.71 61.91 13.40 

 

High sensitivity and quality factors are obtained as compared to unoptimized structure results. 

Figure 24 (a) and (b) shows the quality factor and sensitivity in the bar chart for the optimized ring 

resonator for a different disease blood sample. shows the comparison of our optimized biosensor with 

[2], although our proposed biosensor presents lower quality factor and sensitivity, the main advantage 

of our device is it is based on the integrated silicon photonics technology, which means the same CMOS 

foundry which fabricates integrated circuits can be used to fabricate the biosensor which will reduce 

the cost very low. 
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Table  VII Comparison with other work 

 Quality Factor Sensitivity 

S. Jindal [42] 4850 1150 

Proposed Design 1380 225 

 

    
(a) 

 
(b)  

Figure 24. Quality factor and Sensitivity for different cancer cells for optimized ring resonator circuit. 
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CHAPTER 6 

TWO RING RESONATOR BIOSENSOR SYSTEM 

In this chapter, the proposed optical ring resonator biosensor components are optimized based 

on the quality factor and sensitivity. First, the radius of the ring waveguide is optimized, then the 

dimension of the waveguide is optimized for the highest quality factor and sensitivity. In all the 

processes of optimization, the condition of single-mode transmission and resonances is applied.  The 

design parameters for different configurations of the cascaded ring resonator are presented. In the 

simulation, various properties of the ring resonator are analyzed. The fundamental properties are 

resonance wavelength, quality factor, sensitivity, and extinction ratio. The ring resonator structures 

have been modeled and simulated in Lumerical MODE [41]. In terms of materials selection, Silicon 

(Si) is used as the core material for the waveguide, silicon dioxide (SiO2) is used as the cladding on the 

bottom surface, and material of known refractive index is used as the top surface. Here, the idea is to 

put different materials on the top surface of the ring resonator for generating the simulation data. Each 

of these materials would have a refractive index equal to the refractive index value of a particular 

diseased cell sample so that the change in optical behavior of the proposed structure can be observed 

and optimized to be used as a biosensor. 

6.1 Serially Coupled Two Ring Design 

The structural model of the serially coupled two-ring design is presented in Figure 25, which 

consists of two linear coupling waveguides and two ring resonators in series with each other. The width 

of the linear waveguide is 0.5µm, and the height is 0.22µm, and the height and width of the ring 

waveguide are the same. The four ports are input, though, drop-1 and drop-2. The optical light from the 

laser source is coupled to the integrated waveguide at the input port by the grating coupler. Then the 

optical light is coupled to the top ring by the top linear waveguide, and it gets coupled to the bottom 

ring waveguide after that. The spectral transmission is observed at the through the port. 
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(a) 

 

(b) 

Figure 25. 3D view, red color material is Si, and grey color material is SiO2 and (b) XY view of the 

serially coupled two ring resonator structure showing some parameters 

In the serially coupled two-ring resonator, two ring waveguides are structured in top and bottom 

positions. To solve the optical mode inside the waveguide, the Eigenmode Solver method is applied at 

the point where the gap between the bus waveguide and the ring waveguide is minimum. The electric 

field intensity and the energy density for TE0 mode propagating in the coupling waveguide and the 

upper ring waveguide are measured and shown in Figure 26. 
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(a) (b) 

Figure 26. 3D Field Intensity and (b) Energy Density for TE0 mode propagating in the 

waveguide 

In this ring structure, the optical signal is transmitted from the input port, which gets coupled 

into the upper ring waveguide, and then coupled again to the lower ring waveguide. In figure 9, the 

coupling of light from the bus waveguide to the top ring waveguide and then two lower ring waveguides 

are observed. In Figure 27(a), light enters into the linear waveguide by input port, and it gets coupled 

to the upper ring, and then is coupled to the lower ring waveguide. 
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(a) 

 
(b) 

 
 

(c) 

Figure 27. Coupling of light from linear waveguide to ring waveguide at (a) 

1.5924µm (b)1.56213µm and (c)1.5019µm  

The spectral transmission for the range of wavelengths of 1.5um to 1.54um is shown in Figure 

28. The serially coupled two-ring resonator shows a single dip resonance at 1.515um, whereas at 
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wavelength 1.535um, it shows two resonance dips. The quality factor is 721.85, sensitivity is 105, and 

the extinction ratio is -0.8765. The top surface of the ring circuit is not covered with any material. 

 
 

Figure 28. Spectral transmission on the through port for ring resonator circuit in figure 5(a). 

6.2 Parallel Coupled Two Ring Design 

In the parallel-coupled two-ring resonator, the ring waveguide is structured side by side with a 

0.1um gap between the ring waveguide. To solve the optical mode inside the waveguide, the Eigenmode 

Solver method is applied at the point where the gap between the bus waveguide and the ring waveguide 

is minimum.  The electric field intensity and the energy density for TE0 mode propagating in the 

coupling waveguide and the upper ring waveguide are measured and shown in Figure 29 (a) and (b), 

respectively. 

  
(a) (b) 

Figure 29(a) Electric Field Intensity and (b) Energy Density for TE0 mode propagating in  

 

the waveguide 
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In this ring structure, the optical light can be coupled from two points from the bus waveguide, and also 

optical light can be coupled from one ring waveguide to another ring waveguide. Figure 30 shows the 

electric field intensity for different wavelengths. In Figure 30 (a), it can be observed that the optical 

light is not coupled into ring waveguide due to parameters of the ring waveguide, whereas in Figure 30 

(b), the optical light is coupled to the first ring waveguide, and in Figure 30 (c) the optical light from 

the first ring waveguide is being coupled to the second ring waveguide. 
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(a) 

 
(b) 

 

 

(c) 

Figure 30 Coupling of light from linear waveguide to ring waveguide 

at (a) 1.5µm (b)1.52015µm and (c)1.59677µm  
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The spectral transmission for the range of wavelengths of 1.5um to 1.54um is shown in Figure 

31. It can be observed that the parallel-coupled two-ring resonator shows single dip resonance at 1.509 

um and double-dip at 1.539. The top surface of the ring circuit is not covered with any material. 

  

Figure 31 Spectral transmission on the through port for ring resonator circuit in figure 5(a). 

The resonance wavelength, quality factor, sensitivity, and extinction ratio are 1.50931um, 

685.364, 105, and -1.7536, respectively. The first analysis is performed to determine the optimized 

radius for both the ring resonator structures by keeping other parameters of the structure constant. The 

radius is varied from 3um to 3.2um. It has been observed that at the radius below 3um, the optical mode 

does not couple from bus waveguide to ring waveguide, and the reason for varying the radius to 3.2um 

is to keep the size of the resonator small as possible. Figure 21 shows the quality factor, and sensitivity 

for the radius varied from 3um to 3.2 for both serially and parallel-coupled two ring resonators. As 

shown in figure 21, radius 3.1um shows the maximum quality factor, sensitivity, and extinction ratio. 

In the subsequent section, the radius of 3.1um will be applied in the biosensor design. 

6.3 Cascaded Ring Resonator as a Biosensor 

Different blood samples have different permittivity (Ԑ), and according to relation (Ԑ = η2), the 

blood samples have a different refractive index. The refractive index of healthy person blood is 1.35 

[44], whereas the refractive index of blood having a leukemia cancer cell is different, as shown in  Table 

VIII.  
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Table VIII Refractive index of healthy blood and leukemia blood 

Name of Cell Disease Refractive index Antibody 

Normal  1.35  

Jurkat Leukemia 1.39[2] Anti-CD-13[45] 

 

Figure 32 (a) shows the spectral transmission for a normal blood sample, which contains no 

cancer cell line, and (b) shows the blood sample containing the Jurkat cell, which shows the presence 

of leukemia for serially coupled and parallel-coupled two ring resonator respectively. Table IX shows 

the comparison for leukemia  

Another way to detect the Jurkat cell in the blood sample is by the interaction of antibody and 

antigen, as shown in figure 15. Jurkat cell contains CD3+ T-Lymphocyte cells[29]. The anti-CD3 

antibody can be placed on the surface of the ring resonator to detect the CD3+ cells. When the blood 

sample of a person having Jurkat cell is flown over the surface of the cascaded ring resonator 

configuration, the antigen and antibody will react, and the reaction will be reciprocated in the change 

of resonance wavelength. 

Table IX Quality factor and sensitivity for cascaded configuration 

Configuration 

Resonant 

wavelength (um) 

Quality 

Factor 

Sensitivity 

Serially coupled 

two ring resonator 

1.5152 890.7 120 

Parallel coupled 

two ring resonator 

1.5153 1001.5 201 
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Currently, the cytometer is used to precisely measure the CD3+ counts in a clinical manner[47]. 

This device in such a way that it counts the fluorescent signal by combine CD3+ cells with antibodies 

which has fluorescent property. Although these devices have high accuracy, they are expensive, require 

a trained specialist, and high upkeep requirements[47]. 

 

(a) 

 

(b) 

Figure 32 Spectral transmissions for a normal blood sample and Jurkat cell blood sample by (a) 

serially coupled and (b) parallel-coupled two ring resonators 
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The size of the Jurkat cell is 11.5 ± 1.5um [48], and for simulation purposes, one can consider 

the size of the anti-CD3 antibody similar. Both of the proposed cascaded ring configuration designs 

have the flexibility that the radius of the ring resonator could be changed to any value higher than 3um; 

as radius below 3um, there would be no coupling of optical mode between the bus waveguide and ring 

waveguide. For the antigen-antibody method of cancer detection, the radius of the ring resonator has 

been increased to 10um. Then the rectangular rod shape of the anti-CD3 antibody is placed on the 

surface of the ring resonator, as shown in Figure 34 (a) for serially and (b) for parallel-coupled two ring 

resonator.   

 

 

Figure 33 Proposed cascaded ring resonator circuit as a biosensor for the interaction of Antibody 

and Antigen 

After placing the anti-CD3 antibody, the blood sample having a Jurkat cell is flown over the 

cascaded ring resonator. The antigen-antibody would react, and that change can be reciprocated in the 

shift in resonance wavelength, as shown in Figure 35. The rectangular bars are anti-CD3 antibody 

placed on the top surface of the ring resonator circuit as a biosensor for the interaction of Antibody and 

Antigen 
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(a) 

 

(b) 

Figure 34. Proposed cascaded Proposed (a) serially and (b) parallel-coupled 

cascaded ring resonator for the interaction of Antibody and Antigen.  
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(a) 

 

(b) 

Figure 35. Spectral transmission after placing ant –CD3 antibody and after interaction 

of antigen-antibody on the surface of (a)serially and (b) parallel-coupled two ring resonator 
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CHAPTER 7 

NON-INVASIVE MONITORING DEVICE FOR BRONCHIAL ASTHMA 

In this chapter, we describe the process of applying a machine-learning algorithm to asthma 

data and generate a python flask application for monitoring the asthma attack for a patient.  A research 

proposal was written for a non-invasive monitoring device for bronchial asthma by Dr. Mahrukh Khan 

and Dr. Masud Chowdhury for the NSF STTR proposal. Asthma is a chronic lung Disease, which 

involves people of all age groups. A lifelong disease causes wheezing, breathlessness, chest tightness, 

and coughing. It can limit a person's quality of life.  According to the recent survey by Global Initiative 

for Asthma (GINA), the USA is among the few countries that have the worst numbers for prevalence 

of asthma in children aged 13-14 years. According to a Recent Survey by the Center for Disease Control 

(CDC), one in 13 people (about 24 million people) has asthma in 2016 in the USA. This situation is 

worse among children i.e. about 1 in 10 children (8.6%) had asthma in 2016. This alarming situation 

has increased medical and hospital costs with time. Asthma costs in the US grew from about $53 billion 

in 2002 to about $80 billion in 2013.  

The goal of the project is to develop the necessary components of the communication 

technology to enable the deployment of patient-centric, portable and low-cost systems for the detection 

and monitoring of millions of people suffering from asthma. Deployment of noninvasive, low-cost 

patient-centric monitoring devices will help to reduce the costs of medical treatments. It will help the 

monitoring of patients especially children, who cannot perform specific maneuvers required in other 

monitoring systems of asthma. This non-invasive health monitoring system makes use of information 

collected due to scattering profiles between the sensors and affected bronchi in the lungs to provide 

continuous monitoring of the patient’s condition during an asthma attack.  

The physicians can make their decisions regarding the health and severity of the attack based 

on the analysis of this useful data. The operation and performance of this system are dependent hugely 
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on the efficiency of the antennas, making the antennas backbone of this health monitoring system. The 

block diagram for the asthma monitoring device is shown in Figure 36. 

 

 Figure 36 Non-invasive monitoring device for asthma 

The proposed research work presents a potential solution of vital importance in providing 

efficient health monitoring for one of the most prevalent diseases in recent times. The proposed research 

work is anticipated to be accomplished in four phases. In the last phase of the project, when the Asthma 

data is received then a machine learning algorithm will be applied to the data to create a model and then 

this model will be used to detect the severity of the asthma attack.  

7.1 Machine Learning Algorithm 

 For applying the machine learning algorithm, we have used the pycaret python library. This 

library does all processing apply different machine learning algorithm and then list the best algorithm 

with accuracy in a list form. Figure 37 shows the Python code.  
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Figure 37 Python code for applying different machine learning algorithms on asthma dataset.  

 The code in line 5-7 load the dataset and then convert the dataset into a seen dataset which is 

going to be applied for machine learning and unseen dataset that we will use to measure the accuracy. 

Line 15-19 set up the pycaret library and then save the best machine learning algorithm. Line 23 tunes 

the algorithm to achieve more accuracy.  

 

Figure 38 Comparison of a different machine learning algorithm for Asthma dataset 
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The model is saved and then load again to apply for one dataset to verify that the working of the model.  

  

Figure 39 Machine learning model is applied for one row of asthma dataset 

Further, I have written python code for the flask app so that it can be used by the health professional or 

it can be used in the future to constantly predict the asthma attack on a patient. The app can be 

transformed in such a way that whenever the asthma attack is severe a notification to the patient's 

physician and emergency contact can be sent for further investigation.  

 

Figure 40 Python for flask app for asthma monitoring 
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Figure 41 Python Flask app for Asthma severity detection. 
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CHAPTER 8 

CONCLUSION & FUTURE WORK 

8.1 Summary 

In the first part of the Ph.D. thesis, a label-free ring resonator-based biosensing technique is 

proposed. The literature regarding the ring resonator biosensors is reviewed thoroughly then a novel 

biosensor based on silicon photonics ring resonator is proposed. The overall biosensing system consists 

of multi-wavelength laser, optical fiber, grating couplers, waveguides, ring resonator waveguide, 

coupling waveguide, and photodetector. For high sensitivity and selectivity, different designs of the 

ring resonators are simulated. Changes in the refractive index of the sample placed on the ring resonator 

surface lead to variation in the resonance wavelength of the ring resonator. This change can be used to 

identify the presence of cancerous cells in the blood sample. Further research can be performed to 

develop a biosensor that can quantify the cancer cells to detect the severity of cancer. The work is still 

at the theoretical stage, and we have focused on validating the concept through the numerical FDTD 

simulation of each of the components of the proposed biosensing system. In the future, we plan to 

fabricate the sensor using E-Beam Lithography technology, perform experiments for testing 

repeatability, linearity, and stability of the proposed biosensor, and compare the simulated and 

experimental results.  

In the second part of the thesis, a label-free two-ring optical ring resonator-based biosensing 

technique has been proposed. The complete system consists of the following components: (i) laser 

generating wavelength from 1.5um to 1.6um, (ii) optical fiber to transmit optical light from the laser to 

the integrated coupling waveguide through the grating couplers, (iii) cascaded optical ring resonator 

configuration, and (iv) the photodetector. Two different designs of optical ring resonator in the cascaded 

setting is considered, which are the series and the parallel-coupled two ring resonator. The biosensor 

detects the cancer cell in the blood sample by observing the shift in the resonance wavelength because 

of the shift in the refractive index of the blood sample positioned on the top of the ring resonator. The 
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proposed biosensor has the potential to offer quick responses typically in two to three hours as 

compared to the available commercial cancer cell diagnosis methods, which take weeks. The size of 

the proposed sensor is in the millimeter range, which is a thousand times smaller compared to the 

traditional cancer sensors.  

8.2 Future Work 

This Ph.D. thesis focuses on analysis and simulation-based validation of the new biosensor 

design for detecting cancer cells. Before attempting any prototype development, there are many issues 

related to its performance and reliability that need to be resolved. As a direct extension, we would focus 

on adding new methodologies with the proposed design to quantify cancer cells using the cascaded ring 

configuration to be able to predict the stages of cancer. This new conceptual design of a cascaded optical 

ring resonator-based biosensor is analyzed using FDTD simulation of the Lumerical suite. The next 

step would be to fabricate a prototype using E-Beam Lithography. Optical ring resonators can be 

fabricated using the industry-standard CMOS process using silicon as the base material. Therefore, the 

commercial development of this type of sensor would be cost-effective, and it would easy to integrate 

this sensor with the integrated bioelectronic circuits and systems. In the long run, we plan to partner 

with biomedical instrumentation and diagnosis research groups for clinical experimentation with real 

healthy and cancer-carrying blood samples to authenticate the simulated results.  
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