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ABSTRACT 

This thesis proposes the designed circuits of all-optical full adder/subtractor, 
optical logic AND gate, OR gate, and optical multiplexers based on optical switching 
within nonlinear microring resonators. The switching scheme caused by nonlinear 
effects in the medium such as cross-phase modulation (XPM) and carrier injection 
pumping to induce the change of the refractive index of the material, which causes 
the MRRs resonant wavelength shifted. Therefore, optical switching performed and 
applied to the design circuit of all-optical 1-bit arithmetic and logic unit (ALU). In this 
method, the advantage of the system, such as power stability, non-dispersion, and the 
dark-bright soliton phase conversion control, can be obtained. The input source into 
the circuit is the bright soliton pulse, with the pulse width of 35 ps, the peak power at 
1.55 µm is 1 mW. 

The simulation result using MATLAB shows the output signal with a minimum 
loss of only 0.1% for a low input power of 1 mW and an ultra-fast response time of 
approximately 1 ps. It gives the ultra-high bandwidth of more than 40 Gbits−1. The 
circuit composes of 14 microring resonators made of InGaAsP/InP material with smaller 
ring radii of 1.5 µm, and the total physical scale of the circuit less than 100 µm2. The 
designed circuits are compact, simple, and flexible, which is suitable for more 
development in terms of substituting the electronic circuitry in the future. 
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Chapter 1 
INTRODUCTION 

 
This chapter presents the history and significance of the problem, objectives, 

and goals of the research, scope, and structure of the thesis as the following details. 
 
1.1 Motivation 
 Nowadays, fiber-optic technology has been developed and widely used in the 
field of communication and measurement equipment due to the effectiveness of 
ultra-high data transmission bandwidth. The demand for bandwidth in data processing 
and communication is still dramatically increasing. As a result, the development of 
electronic technologies for data processing has been continuously improved, such as 
reducing the size of the device so that it can increase the number of parts; thus, the 
electrons can reduce the distance and travel time, and the system efficiency increases. 
Among the development of electronic technologies to enhance the efficiency of 
electronic signal processing from past to present is likely to encounter the limit of 
bandwidth and processing speed [1], [2]. Therefore, photonic technologies have been 
applied. 
 Since the photon is the particle that has no mass, it can perform at higher 
speeds than that electron does (where the mass of an electron is 9.10938291 × 10-31 
kg). In terms of computation and communication, the electron can control easier than 
a photon. Therefore, new disciplines have developed to utilize photonics or light, and 
this brings to a high-speed data transmission rate where specific devices are used to 
convert from electrical signals to optical signals (electrical-to-optical converter: EOC) 
or reconvert from optical signals to electrical signals (optical-to-electrical converter: 
OEC). However, two of the most critical issues in converting the signals for high-speed 
data processors are the power consumption and the delay of the EOC/OEC devices 
[3], [4]. All-optical technologies have proposed to solve the problem [5], [6], and 
increase efficiency. 

In all-optical signal processing, it is the same as electronic. It can produce a bit 
of information and can verify the data as well as can send bits of information from 
one place to another. It can also use to obtain data in logical and arithmetic forms 
[7]–[11]. In general, photonic circuit design is still costly and limited in use because of 
its limitations in terms of connectivity, device size, design, and fabrication. The 
photonic circuit can be made more inexpensive and more efficient, it is important to 
keep researching in the photonic field, especially in optical data processing, logical 
operation, and computation. 
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 Therefore, in this thesis, the photonic circuit is designed for performing the 
logical and arithmetical operators based on the nonlinear effect within the microring 
resonator system. All operations can be controlled by a nonlinear pulse applying for 
switching the optical logic signal with high flexibility in design, compact in scale, simple 
in fabrication, and can be used extensively [12]–[14]. By the effect of increasingly 
researching development in photonic technology and many advantages of nonlinear 
ring resonator [4] will lead to all-optically computation, as well as quantum computing 
that can perform at even more ultra-fast speed data transmission soon. 
 
1.2 Goal of the Thesis 

• To study the characteristics of the microring resonator. 
• To study the nonlinear phenomena in the microring. 
• To derive the mathematical model of nonlinear ring resonator as the transfer 

function and to understand the ring resonator characteristic. 
• To study the applications of nonlinear ring resonator for optical logic and 

arithmetic operations. 
• To design the photonic circuits based on a nonlinear ring resonator system for 

performing all-optical logic and arithmetic operations using for all-optical ALU. 
• To analysis the efficiency and effect of parameters in a nonlinear ring resonator. 
• To publish the researches on all-optical data processing, so that inspires the 

awareness of the development in all-optical logic and arithmetic devices. 
 
1.3 Concept used in the Research 

Changing properties in linear optical semiconductor material will not depend 
on the intensity of the light. In contrast, nonlinear optical semiconductor materials will 
be able to change its properties from changing the intensity of light that travels through 
it. The intensity of light will cause various property changes such as refractive index, 
transparency, light absorption, etc., in which the evolution of some properties using 
the intensity of light can be used to perform as an optical processing device. Microring 
resonator is one of the most popular devices for optical applications, as the ring 
resonator has many advantages compared to other devices such as durability, small 
scale, high efficiency, uncomplicated design, and high flexibility. Besides, the price and 
the size of the ring resonator are reducing continuously [15]. From such advantages of 
the microring resonator, it is appropriate to apply in various optical applications. 

Nonlinear light pulses or solitons are other types of waves that can be found 
naturally, such as the Tsunami. The advantage is that soliton can maintain the shape 
of its waveform when a pulse travels in the long distance at high speed. Light is a type 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



3 
 

 
 

of transverse wave that can transform as a soliton (solitary wave). Also, the soliton 
wave can generate in wavelengths with a minimum loss length between (1.3 to 1.6) 
micrometers. When applying optical soliton into optical data signals processing and 
communication, it allows the overall efficiency of the system to be increased. 

Optical tree architecture [16] is one of the structures integrating with high-speed 
photonic circuits in optical data processing and computing systems. Optical tree 
architecture and nonlinear materials play an important role in optical data signals 
processing with the ability to be controlled the entire system with light. Therefore, it 
is one of the alternatives that has designed and applied to process optical data such 
as in a logical-integrated circuit [17], arithmetic circuit [7], and other operations.  

Therefore, this research relies on the changing properties in nonlinear material, 
the effectiveness of nonlinear light pulses and nonlinear ring resonator, and the flexible 
design of optical tree architecture scheme, the design of all-optically switching, 
multiplexing, and arithmetic operation such as full-adder/full-subtractor using for all-
optical further ALU design are proposed. 
 
1.4 Scope of Research 

This thesis focuses on the study of theory and principles of nonlinear microring 
resonator devices in terms of logical processing and optical computation in order to 
design and propose photonic circuits using the nonlinear ring resonator such as all-
optical switching, multiplexing and all-optical full-adder/full-subtractor operations 
which are the necessary components in all-optical ALU design. The simulation result 
of mathematical models of the systems is obtained by using MATLAB.  
 
1.5 Expectation 

To understand the ring resonator characteristics and to realize the 
mathematical models of nonlinear ring resonator circuits as the transfer functions 
(transmission equations) and to design the ultra-high-speed photonic circuit using the 
nonlinear ring resonator for logic and arithmetic operations which the optical logic "0" 
and logic "1" are performed by the nonlinear optical dark and bright soliton pulses. 
The design system is suitable to be applied in more advanced techniques as well as 
to inspire the research and development of optical signal processing consistently. 
 
1.6 Structure of the Thesis 

Chapter 1: This chapter describes the history and importance of problems, basic 
principles, and the structure of the thesis. 

Chapter 2: This chapter explains the properties of light, a ring resonator, and 
optical semiconductor properties, which is necessary for the system design. This material is reserved for educational use only, not allowed for commercial use. 
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Chapter 3: This chapter describes the reported relating researches, research 
method, principle, and the concept for designing optical arithmetic and logic operators. 

Chapter 4: This chapter describes the principles, concepts of proposed 
methods as well as the simulation results of the system. 

Chapter 5: This chapter is a summary of research results, discussion, and future 
research guidelines 
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Chapter 2 
THEORETICAL BACKGROUND 

 
This section discusses the essential theories and fundamentals of light as a 

basis for studying and understanding light for further research, starting with the nature 
of light, the optical phenomena occurring in both linear and nonlinear media, optical 
soliton, nonlinear ring resonator and the reaction of radiation with the material. 
 
2.1 Electromagnetic Spectrum 

The electromagnetic spectrum is the collective term for all possible 
frequencies of electromagnetic radiation, where the polarization characterizes the 
medium, and it is a function of the electrical field in the case of weak nonlinear 
behavior of the medium. Light is an electromagnetic wave. By the nature of light, it 
can determine in two ways, in the form of photons or waves, where the motion of 
light (𝑐) moves at a speed of about 300,000 km/s, or 180,000 mi/s. In each of the 
electromagnetic spectrum, the wave has different properties such as wavelength, 
photon energy, and frequency of electromagnetic vibration, as shown in Figure 2.1. 

 

 
Figure 2.1 The electromagnetic spectrum 

 
In each of the electromagnetic spectrum, as shown in Figure 2.1, Hertz (Hz) is 

the most used to measure frequency. The wavelength measure in meter (m). The 
equation used to calculate wavelength and frequency is derived from (2.1). 
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λ=
c

f
 (2.1) 

 
Where λ is the wavelength (m), f is the frequency (cycles per times or Hz), and 

c is the speed of light in a vacuum (299,792,458 m/s 3108 m/s). Moreover, the 
photon energy is given by (2.2).  
 

Energy(eV)=hf (2.2) 
 

Where h is the Plank’s constant (6.63  10-34 J s or 4.14  10-15 eV s). 
 2.1.1 Electromagnetic Radiation 
 Traditionally, an electromagnetic wave comprises the synchronized oscillations 
of electrical and magnetic fields that propagate at the speed of daylight through a 
vacuum (approximately 3×108 m/s). 
 

 
Figure 2.2 Electromagnetic wave radiation 

 
Maxwell's equations can express the radiation of electromagnetic radiation as 

in (2.3) – (2.6), which is a series of partial differential equations explaining how charges 
and currents induce electric fields and magnetic fields [18]. 
 
Gauss’s law for electric:                                              ∮

s
E⃑⃑ dA⃑⃑ =

Q

ε0
 (2.3) 

Gauss’s law for magnetism:                                       ∮
s
E⃑⃑ dA⃑⃑ =0 (2.4) 

Faraday’s law:                                                                 ∮ E⃑⃑ ds =-
dφ

B

dt
 (2.5) 

Ampere’s law with Maxwell’s addition:                ∮ B⃑⃑ ds =μ
0
I+μ

0
ε0

dφ
E

dt
 (2.6) 
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2.2 Properties of Lightwave and total Internal Reflection 
Light is an electromagnetic wave, which is due to the movement of the photon 

particles into every wavelength of light. The basic properties of light waves described 
as follows. 

In the medium with the same refractive index (𝑛), light travels in a straight line. 
The refractive index is the ratio at which the speed of light decreases in that material 
(compared to the speed of light in the vacuum). The refractive index of the material 
can obtain from n=c/v, where n is the refractive index of the material, 𝑐 is the speed 
of light in vacuum, and v is the speed of light in the material. Therefore, the shorter 
wavelength (blue light) has a higher index of refraction, casing more reduction in speed. 
The refractive index is generally more than one. If the material has high dense, light 
travels more slowly. 
 
Table 2.1 Some examples of refractive indices of common materials 

Material Refractive index 
Vacuum 
Air 
Air (at standard atmosphere) 
Water 
Diamond 
Indium phosphide (InP) 
Gallium arsenide (GaAs) 
Silicon (Si) 
Indium gallium arsenide phosphide (InGaAsP) 
Aluminum gallium arsenide (AlGaAs) 

1 
1.000293 
1.000277 

1.333 
2.419 
3.21 
3.35 
3.48 
3.51 
3.6 

**Note: The refractive index of each material might vary depending on many factors such as 
temperature, wavelength, density, ingredient ratio, the process of mixing, etc. 
 
The refraction of light follows the Snell’s law as in (2.7), when light passing 

through the two distinct material with different refractive indexes when the light hits 
the object, the reflection will follow the law of reflection of light that "The angle of 
incidence is always equal to the angle of reflection." 
 

sinθ1

sinθ2
=

n2

n1
 (2.7) 

 
Here θ1 is the angle of incidence, and θ2 is the angle of refraction where n1 and 

n2 are refractive indexes of first and second mediums, respectively.  
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The reflection of light can be divided into two characteristics such as regular 
reflection which occurs when the light hits a shiny surface object (mirror-like), and 
diffuse reflection which occurs when the light hits a rough surface object (retaining the 
energy, but losing the image), depending on the nature of the interface. 

 

 
Figure 2.3 Regular reflection and diffuse reflection 

 
Total internal refraction is a phenomenon happening once a propagating wave 

strikes a medium boundary at a greater angle than the critical angle (θc) respected to 
the normal line of the surface. If the index of refraction is lower than the opposite 
aspect of the boundary, and the angle of incidence (θ1) is larger than the critical angle, 
the lightwave, therefore, cannot pass through and is totally reflected as shown in Figure 
2.4. Hence, the light wave can travel along with the medium, and optical data can be 
transmitted. Underneath this case, the angle of incidence referred to as the critical 
angle (θc) is given by (2.8). Once the angle of incidence is larger than the critical angle, 
the ray originating in medium one is completely reflected in the same medium. This 
phenomenon is termed total internal reflection. The optical fiber uses this principle of 
total internal reflection to guide the light wave, and the mirage on a hot summer day 
is a phenomenon caused by the same principle [19]. 
 

sinθc=
n2

n1
 (2.8) 

 

 
Figure 2.4 Critical angle and total internal reflection of light 

 
Here θ1 is the incident angle, θ2 is the refracted angle, and θc is the critical 

angle. n1 is the incident index, and n2 is the refractive index of the second medium. This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



9 
 

 
 

2.3 Loss in Optical Fiber 
The steady reduction or loss of signal power in an optical fiber mainly a result 

of absorption and dispersion. Attenuation is wavelength-dependent and can be 
converted to decibels per kilometer (dB/km). A combination of material absorption, 
Rayleigh scattering, Mie scattering, and connecting losses induces fiber attenuation, 
which includes the use of amplification systems. 

 

 
Figure 2.5 Losses occurring in optical fiber. 

 
Figure 2.5 shows the losses in fiber such as Rayleigh scattering (gives the 

atmosphere its blue color), with different wavelength, and the most widely used center 
wavelength for communication is 900 nm, 1300 nm, 1500 nm, and 1600 nm due to 
these wavelength bands caused the weakest of the attenuation losses. The other 
common wavelengths used are O-band (1260 to 1360) nm, E-band (1360 to 1460) nm, 
S-band (1460 to 1530) nm, C-band (1530 to 1565) nm, L-band (1565 to 1625) nm, U-
band (1625 to 1675) nm, etc. 

 
2.4 Nonlinear Optics 

Nonlinear optics is about the phenomenon that occurs in the optical 
conductor. The nonlinear optic has been studied since 1961 when Ruby Laser is used 
to creating the second harmonic in the crystal [20]. After that, in 1970, the 
development of optical fiber generated from nonlinear medium until the loss value 
was reduced to less than 20 dB/km [21]. Therefore, the nonlinear optical fiber was 
introduced. In 1972 [22], [23], there were studies of stimulated Raman and Brillouin 
scatterings in single-mode optical fiber, which was affected by the nonlinear properties 
caused by energy accumulation when light travels in various devices, and later, other 
nonlinear phenomena such as Cross-Phase Modulation (XPM), Self-Phase Modulation 
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(SPM), Four-Wave Mixing (FWM) [24], etc. The research on nonlinear phenomena has 
been studied and researched continuously until 1989; there have been written 
advanced nonlinear fiber-optic books [25]. Until in the 1990s, the study of the research 
and development of lightwave technology has continued to grow rapidly and 
continuously as never before. 
 

 
Figure 2.6 Linear and nonlinear actions 

 
A variety of nonlinear phenomena arising from the Kerr effect phenomenon 

[26], such as Nonlinear Phase Shift, Cross-Phase Modulation, Self-Phase Modulation, 
Optical Bistability, Optical Bifurcation, Optical Soliton, etc. There are also other 
phenomena that occur due to the third order susceptibility of the medium (χ3), such 
as two-photon absorption, four-wave mixing generation, optical phase conjugation [27], 
in which only some aspects will be explained and studied in this thesis. 

2.4.1 Nonlinear Effects 
The significant light phenomena that when light pulses travel on a nonlinear 

medium are able to group vital nonlinear phenomena as follows [15], [28]–[30]. 
 

 
Figure 2.7 Nonlinear phenomena in optical fiber 

 
The first group is the phenomenon that occurs without the energy exchange 

between the medium and the electric field. 
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2.4.2 Nonlinear Refraction 
The result of the third-order nonlinear susceptibility (χ3) is the optical Kerr 

effect or nonlinear refraction. It is a nonlinear optical phenomenon that occurs in 
crystals and glasses as intense light propagates, as well as other media such as gases. 
This phenomenon is the effect of a nonlinear response that occurs instantly and can 
describe as modifying the refractive index. Especially the refractive index of the high-
intensity light beam itself is adjusted according to (2.9). The intensity-dependent 
refractive index for a nonlinear material is given by 
 

n=n0+n2I=n0+
n2P

Aeff

 (2.9) 

 
Where n0 is linear index of refraction, n2 is nonlinear refractive index, P is the 

optical power, I is the optical intensity,  and Aeff is the effective mode core area of the 
system device, for micro/nanometer ring resonators, the value of Aeff is in the range of 
0.1 µm2 to 0.5 µm2 [15], for silica n2=310-16 cm2/W [28], where the relationship 
between nonlinearity and the third-order susceptibility value is determined by (2.10). 
 

n2=
3

8ncε0
χ3 (2.10) 

 
Optical Kerr nonlinearity is a phenomenon that occurs from a third-order 

susceptibility (χ3) without the energy exchange between the electric field and the 
medium.  Kerr phenomenon explains the change in the refractive index of the medium 
when the electric field moves in the medium, where the wave in the medium depends 
on the phase velocity of the wave and the intensity of the electric field. The changing 
of the refractive index based on the intensity of the electric field, according to (2.10). 
The change in the refractive index of the media material, which depends on the 
intensity of light, is applied in a wide range of applications such as squeezing, solitons, 
wavelength conversion, pulse compression, optical switching, which are significant 
phenomena as follows. 

• Self-Phase Modulation (SPM) is a phenomenon that changes the refractive 
index of a medium resulting from the intensity of light pulses moving through 
the medium [31]. 

• Cross-Phase Modulation (XPM) is a phenomenon that occurs when the light 
waves are ranging from two different wavelengths, which travel in the same 
medium at the same time and resulting in one light wave able to induce the 
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phase change of another one light wave with a different wavelength. This effect 
will cause the spectrum to broaden (spectral broadening).  

• Four-Wave Mixing (FWM) is a phenomenon caused by transmitting multiple 
wavelengths of light into the same medium at the same time, where the signal 
is combined; it creates a new frequency to occur, as shown in Figure 2.8. This 
new frequency might be overlapped or induced by the original signal resulting 
in the reduction of the initial signal. 

 

 
Figure 2.8 The formation of a four-wave mixing when entering frequencies f

1
, f
2
, f
3
 into 

the system causes f
fwm

, where f
fwm

=f
1
+f

2
-f
3
. 

 
The second group of nonlinear phenomena that result from an electric field 

transfers some energy to a nonlinear medium, causing scattering nonlinearity. This 
phenomenon is caused by the instability of the energy level, which causes the transfer 
of photon energy to photons with lower energy levels, which consists of 

• Stimulated Brillouin Scattering (SBS) occurs when the energy level of light is 
enough to cause scattering in the medium. 

• Stimulated Raman Scattering (SRS) is the impact caused by the variance of light 
waves affecting other waves when the intensity of light reaches a certain level. 
2.4.3 Nonlinear Phase Shift 
When the light wave moves through a non-linear optical medium with length 

(L), the amplitude and phase change occurs [32], as shown in (2.11). 
 

Eout=ae+iϕEin (2.11) 
 
Here, Eout is an output electric field, and Ein is the input electric field. Where the 
amplitude change value (a) can be obtained from (2.12). 
 

a=e-αL (2.12) 
 
The sum of the phase changes (ϕ) caused by linear phase change (ϕ

L
) and non-

linear phase change (ϕ
NL
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ϕ=ϕ
L
+ϕ

NL
=n0k𝑛L+n2Ik𝑛Leff (2.13) 

k𝑛=
2π

λ
 (2.14) 

Leff=
1-e-αL

α
 (2.15) 

 
The length of the medium that causes effective depends on the linear 

absorption (α) of the medium. If the absorption value of the medium is very high, it 
will cause Leff to below. In which the optical switching is needed at least pi phase shift 
for nonlinear phase shift, where, if the n2 of material has a greater value and less loss, 
it will make the photon circuit are small and use less energy in the work process.  

2.4.4 Optical Bistability 
The Optical Bistability (OB) phenomenon occurs from a combination of 

nonlinearity in the interaction between radiation and matter and a feedback 
mechanism [33]. There are generally two OB classes: absorptive and dispersive OB. An 
increase in input power increases saturation, i.e., the degree of media transparency. 
This allows the intensity cavity field to increase, which in return increases the 
saturation. InGaAsP can be designed to have the band edge around 1.45 µm and thus 
can show absorptive OB when pumped at 1.55 µm [34]. Since the refractive index is a 
function of intensity, it shifts the optical length of the medium so that the resonance 
of the cavity is moved closer to the input frequency. 
 

 
Figure 2.9 Optical Bistability of nonlinearity switch on/off within ring resonator. 

 
2.4.5 Optical Bifurcation 
Bifurcations can be occurred in continuous systems and also in discrete systems 

[35]–[37]. The study of how the character of fixed points changes as parameters of the 
system change is called bifurcation theory. Recall that the term bifurcation is used to 
describe any sudden change in the dynamics of the system. When a fixed-point 
changes character as parameter values change, the behavior of trajectories about that 
fixed point will change. 
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Figure 2.10 Optical Bifurcation occurring within ring resonator 

 
2.4.6 Optical Chaos 
The theory of chaos explains the behavior in mathematics and physics of 

certain nonlinear dynamical systems that exhibit dynamics that are sensitive to initial 
conditions under specific conditions (popularly referred to as the butterfly effect) [38]. 
Optical Chaos is observed in many non-linear optical systems. A ring resonator is one 
of the most common examples. As a result of this sensitivity, the behavior of chaotic 
systems seems to be unpredictable due to an exponential increase in errors in the 
initial conditions. 

 
Figure 2.11 Chaotic signal generated by microring resonator 

 
• In general, these three ingredients, such as the time-evolution equations; the 

values of the parameters describing the system; and the initial conditions, are 
needed to define the behavior of a system. 
 
2.4.7 Optical Solitons 
Soliton [39]is one type of wave that was recorded for the first time in 1834 [40] 

by John Scott Russell, a Scottish mathematician. This solitary wave can propagate for 
several distances without changing its shape and has a constant speed. Soliton waves 
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can be seen in nature, such as the tsunami, sound waves, and can also be found in 
the light waves. According to the soliton is a short pulse and can be generated within 
the wavelength of 1.55 µm. It can be propagated for long distances, and when the 
collision of a soliton within the medium occurs, it remains their pulse shape (no 
dispersion-induced pulse broadening). Soliton has a low loss while propagating in long-
distance; therefore, the Soliton's applications have been widely reported.   

 

  
(a) Soliton vs. Gaussian beams (b) Soliton vs. Gaussian pulses 

Figure 2.12 Difference of Soliton and Gaussian. 
 

When light signals propagate within the medium for a distance, unavoidably 
loss and pulse distribution occur. However, a soliton is possible to utilize the nonlinear 
properties of the medium to compensate for the distribution of waveforms while the 
waves are propagating. Another advantage of using soliton is the power is gained and 
used for non-dispersion propagation is a long-distance communication link.  

 

  
(a) Dark Soliton (b) Bright Soliton 
Figure 2.13 The shapes of dark and bright soliton pulses. 

 
Optical dark and bright Soliton pulses can be represented by the hyperbolic 

secant and tangent as in (2.16) and (2.17), respectively. 

EDark(t)=A.tanh [
T

T0

] exp [(
x

2LD

) -iϕ(t)] (2.16) 

EBright(t)=A.sech [
T

T0

] exp [(
x

2LD

) -iϕ(t)] (2.17) 
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Soliton signals are suitable to be used in logic. If comparing the soliton signal 
with the digital signal level, the logic signal can be shown as in Figure 2.14. In addition, 
the soliton signal can be interfered with to construct or destruct each other according 
to the endless wave characteristics. However, the introduction of dark and bright 
solitons to be used in optical logic is still minor and can be developed to improve 
system performance and system security.  

 

 
Figure 2.14 Digital signal RZ, NRZ and Soliton comparison. 

 
Even if soliton is a pulse that can maintain the pulse properties when the pulse 

travels in a nonlinear medium. But soliton has the property of inducing the side soliton 
pulses that cause the gravitational attraction between the masses, which can only be 
found in nonlinear pulses. From this feature, the adjacent pulses might be induced to 
move out of the bit slot. 

In the synchronization control process, many techniques can be performed 
[41]–[43]. In general, it requires an independent laser that can determine the mode-
locked that can control the same repetition rate, which the process is based on the 
linear of effective cavity length (Leff), which is derived from f

r
=c/Leff, (c is the speed of 

light in vacuum). In particular, the feedback system, which in the process of controlling 
the synchronization of the laser, is necessary to use to compensate for the instability 
of the resonant cavity. In the feedback control process, it can be divided into Active, 
Passive, and Hybrid Synchronization, where the stability of each synchronization 
technique is still being improved and developed continuously, which will lead to a 
system that can control the unison synchronization. In this thesis, the signal can be 
controlled by the unison. 
 
2.5 Transfer Function Theory of Ring Resonators 

The waveguide is an essential device in the photonic circuit, in which each 
waveguide has different characteristics of filtering and wave distribution, as shown in 
Figure 2.15. In the design of the photonic circuit, it is important to understand the 
properties of each device to be able to choose the appropriate utilization and to 
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achieve optimum performance. This section discusses the transfer function theory of 
the ring resonators. 

 

 
Figure 2.15 Waveguide structures. 

 
2.5.1 Directional Coupler Theory 
In analyzing the delay and the coupling direction when the signal moving 

through the waveguide in which the signal platforms with separated and combined 
signals can be analyzed by using Z-Transforms. The diagram of the coupling direction 
is shown in Figure 2.16. The line in the figure represents the waveguide, which will 
have a curve to each other and separated, where the ratio of energy transferred to 
each direction is determined by κ.  This parameter indicates the level of imported 
energy that will be transferred to the waveguide on the opposite side (cross-port), 
where the relationship of import and export energy can be written as in (2.18) - (2.19). 

 
c=cosθ=√(1-γ)(1-κ) (2.18) 
-js=-jsinθ=-j√(1-γ)κ (2.19) 

 
Where γ is the loss coefficient when the signal passed through the coupler and

  refers to the signal strength, including the length of the coupling section, complex 
number -j means phase shift (π/2) when the optical signal crosses the waveguide to 
the opposite side. 

 

 
Figure 2.16 The coupling direction of the coupler and the I/O relationship. 
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2.5.2 Single Coupling Ring Resonator 
From the theory of light transmission in linear systems, the electric field of light 

waves moving in each segment can be determined by (2.20). 
 

ESegment=EAexp (
αSegment

2
L-jkn(Segment)LSegment) (2.20) 

 
Where EA is the amplitude of the electric field, LSegment is the optical path length 

in each segment, αSegment is the intensity attenuation coefficient of light according to 
distance and kn(Segment) is the wave propagation of each segment. 

A simple structure of a single coupling ring resonator [44]–[46] is shown in Figure 
2.17. From the figure, the ring with a radius of R, the length of the circumference of 
the ring is L=2πR, where κ is defined as the coupling coefficient of power, α is the 
attenuation coefficient, the intensity of light according to distance and kn is the wave 
propagation constant. 

 

 
Figure 2.17 Single coupling ring resonator 

 
In the mobility of the electric field of light, when light moving through the 

coupling area, it can express the equation according to the direction of movement as 
follows: when the light travels in a straight line (bar state) instead of √1-κ and when 
the light travels in a cross-state instead of 𝑗√𝜅. Therefore, from Figure 2.17, the 
relationship between the throughput electric field (Et) and the input electric field (Ei) 
can be determined as follows. 

 
Et=√1-γ[√1-κEi+j√κEb] (2.21) 
Ea=√1-γ[√1-κEb+j√κEi] (2.22) 

Eb=Eaexp (
-αL

2
-jknL) (2.23) 
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Herein, defined as kn=2πneff/λ, γ represents the intensity coupling loss 
coefficient, and neff is the effective refractive index. From (2.21) – (2.23), the transfer 
function (Et/Ei) can be derived as follows. 

 

Et

Ei

=√1-γ [
√1-κ-√1-γexp (

-αL
2

-jknL)

1-√1-γ√1-κexp (
-αL
2

-jknL)
] (2.24) 

 
For better understanding, new parameters are defined as follows: D=√1-γ, 

x=De
-αL

2 , y=√1-κ, and ϕ=knL. The relationship of the intensity of the output port 
compared to the input port is as in (2.25) [45]. 
 

It

Ii

= |
Et

Ei

|
2

=D2 [1-
(1-x2)(1-y2)

(1-xy)
2
+4xysin (

ϕ
2
)
] (2.25) 

 
2.5.3 Double Coupling Ring Resonator 
Double coupling ring resonator, as shown in Figure 2.18, in calculating the 

relationship of signal intensity [40] of the double coupling ring resonator, the loss 
coefficient caused by coupling (D2=1) can be calculated as follows. 

 

 
Figure 2.18 Double coupling ring resonator 

 

Ea=j√κ1Ei1+√1-κ1exp (
-α

4
L-jkn

L

2
) Eb (2.26) 

Eb=√1-κ2exp (
-α

4
L-jkn

L

2
) Ea, when (Ei2=0) (2.27) 

 
Substitute (2.27) into (2.26), therefore  
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Ea=j√κ1Ei1+√1-κ1e
(
-α
4

L-jkn
L
2
)
[√1-κ2e

(
-α
4

L-jkn
L
2
)
Ea]  

Ea=
j√κ1Ei1

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
 (2.28) 

 
Substitute (2.28) into (2.27), therefore  

 

Eb=√1-κ2e
(
-α
4

L-jkn
L
2
) [

j√κ1Ei1

1-√1-κ1√1-κ2e
(
-α
2
L-jknL)

]  

Eb=
j√κ1√1-κ2e

(
-α
4

L-jkn
L
2
)
E

i1

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
 (2.29) 

 
From Figure 2.18, therefore 

 

Et1=j√κ1e
(
-α
4

L-jkn
L
2
)
Eb+√1-κ1Ei1 (2.30) 

 
Substitute (2.29) into (2.30), therefore  

 

Et1=j√κ1e
(
-α
4

L-jkn
L
2
) [

j√κ1√1-κ2e
(
-α
4

L-jkn
L
2
)
E

i1

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
] +√1-κ1Ei1 

Et1

Ei1

= [
√1-κ1-√1-κ2e

(
-α
2

L-jknL)

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
]  

It1

Ii1
= |

Et1

Ei1
|
2

   = [
1-κ1-2√1-κ1√1-κ2e

-α
2

L
cos(knL)+(1-κ2)e-αL

1+(1-κ1)(1-κ2)e-αL-2√1-κ1√1-κ2e
-α
2

L
cos(knL)

]   (2.31) 

Et2j√κ2e
-α

4
L-jkn

L

2Ea, when (Ei2=0) (2.32) 
 

Substitute (2.28) into (2.32), therefore  
 

Et2=j√κ2e
(
-α
4

L-jkn
L
2
) [

j√κ1Ei1

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
]  

Et2

Ei1

= [
√κ1√κ2e

(
-α
4

L-jkn
L
2
)

1-√1-κ1√1-κ2e
(
-α
2

L-jknL)
]  

It2

Ii1

= |
Et2

Ei1

|
2

   = [
κ1κ2e

-α
2

L

1+(1-κ1)(1-κ2)e
-αL-2√1-κ1√1-κ2e

-α
2

L
cos(knL)

] (2.33) 
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2.5.4 Measurement of The Ring Resonator Efficiency 
The measurement of the ring resonator circuit efficiency has important 

parameters that indicate the efficiency of the ring resonator, consisting of Q factor, free 
spectral range (FSR), finesse, and photon lifetime, in which each parameter can be 
found as follows.  

 

 
Figure 2.19 Measuring the various efficiencies of the waveforms. 

 
o Quality factor (Q) 

The Q factor is the parameter value of the ring resonator circuit that indicates 
the sharpness of the resonant output signal. In the electrical field, the Q value of the 
light waveguide refers to the accumulation of energy and the rate of energy loss of 
the light each round-trip in the ring resonator, where the Q value can be determined. 

 
Q

F
=

f
0

Δf
=

λ0

Δλ
 (2.34) 

 
Where Δλ is Full Width at Half Maximum (FWHM), and λ0 is the resonant 

wavelength of the ring resonator. 
 

o Free Spectral Range (FSR) 
The gap between the resonant frequencies is called the free spectral range, 

when determining the constant phase value and corresponds to ϕ=2mπ, which is 
defined ask. Therefore, when the phase has a constant change, ϕ=2(m+1)π, it is defined 
as k+Δk. 

The frequency shift (Δf) and wavelength shift (Δλ) is corresponding to the phase 
constant value (Δk) according to Δf=cΔk/2π  and Δλ=λ

2
Δk/2π  equations. Therefore we 

can find the gap between the resonant frequency (f) and wavelength (λ) are given by 
(2.35) and (2.36). 
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Δf=
c

ngrL
 (2.35) 

Δλ = |
-λ
2

ngrL
| (2.36) 

 
Where 𝑛𝑔𝑟 is the group refractive index determined as follows 
 

ngr≡neff-λ
dneff

dλ
  (2.37) 

 
o Resonance Bandwidth 

Resonance bandwidth determines how fast the ring resonator can process 
optical data. The bandwidth of the ring resonator is given by the resonator's finesse (F) 
and the full width at half-maximum (FWHM or 3 dB bandwidth). In order to understand 
how the coupling coefficient (κ) affects the resonator bandwidth, we will consider 
critically coupled ring resonator in the case of δϕ=2κ/√1-κ. Therefore, the lower 
coefficient of coupling, the larger bandwidth of resonance is obtained. 

When using 𝛿ϕ=δ(knL)=2π/F, therefore FWHM (δϕ) in terms of frequency and 
wavelength at the resonant point can be determined by (2.38) - (2.39). 
 

δf=
c

FngrL
 (2.38) 

δλ=
λ
2

FngrL
 (2.39) 

 
o Finesse (𝐹) 

The finesse value of the resonator is the parameter determined by the ratio of 
the full-width at half-maximum (FWHM of the waveform) and the free spectral range 
and (FSR) of the resonant frequency, can be calculated using FSR (Δf or Δλ ) and FWHM 
(δf or δλ) of the filter by (2.40) – (2.42). 

F=
Δf

δf
=

c
ngrL

c
FngrL

 (2.40) 

F=
Δλ

δλ
=

λ
2

ngrL

λ
2

FngrL

 (2.41) 

F=
FSR

δλ
≈
1

αL
 (2.42) 
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Figure 2.20 The sharpness level of the signal at various F values. 

 
o Photon lifetime (τcav) 

The photon lifetime (τcav) is the period that indicates the degradation of energy 
or the increased duration of energy in the ring resonator. In the ring resonator, the 
photon lifetime value is corresponding to the coupling value between the waveguide 
and the ring resonator, including with various loss values that occur within the ring 
resonator, where the photon lifetime is typically very small compared to the carrier 
lifetime, which is about 10×10-12 s. The photon lifetime in the ring resonator can be 
calculated from (2.44). 
 

τcav=
Qλ

2πc
=

λ
2

2πcΔλ
 (2.43) 

 
Where τcav is the photon lifetime, Q is the Q-factor of the ring resonator, λ is 

the resonant wavelength, and 𝑐 is the velocity of light in the vacuum. 
o Switching Time (τsw) 

The time for the switching of the optical resonator device can be used to shift 
the resonant frequency into and out of λ0 [47]–[49] from the desired resonant 
frequency by using signal controlling the resonant frequency change as shown in Figure  
2.20. The fastest time that device achieved can be obtained from (2.44). 

τsw=
Q

δν
=

Q

f
R

=
QλR

c
 (2.44) 

 
Where Q is the quality factor, δν is the full width at half maximum (FWHM), f

R
 

is the resonant frequency, λR is the resonant wavelength, and 𝑐 is the speed of light in 
the vacuum (3 × 108 m/s). 
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Figure 2.21 Pulse switching. 

 
2.6 Interaction of Radiation with Matter 

The electromagnetic spectrum consists of numerous types of radiation, each 
with a different energy, causing the reaction with different objects, where each part of 
the electromagnetic wave consists of quantum energy, which is high enough to cause 
an excitation. Energy levels of atoms and molecules characterize in periodic or 
quantum. If the energy does not reach or does not fit the quantum energy level, the 
radiation passes through the object without reaction. The radiation in each range of 
the electromagnetic wave spectrum interacts with objects differently depending on 
the type of material by transmitting energy between the quantized states generated 
by the photons, consisting of absorption, emission and stimulated emission, in which 
every process requires photon energy according to the Planck's relationship principle. 
By the nature of the semiconductor, there will be a bandgap that is less than the 
insulator, but more than the conductor, as shown in Figure 2.22. 

 

 
Figure 2.22 The gap between the energy band of (a) insulator (b) semiconductor and 

(c) electrical conductor. 
 

2.6.1 Absorption 
According to the quantum theory, particles (atoms, molecules, or ions) have 

energy levels that are specific to each particle type. At room temperature, most 
particles are in the state with the lowest energy, which is called the ground state, but 
when providing energy to the particles in the form of electromagnetic radiation, if the 
photon energy is given to fit the difference between the energy levels of the particles 
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will absorb energy, causing the particles to move in a higher energy state called excited 
state. The process by which particles absorb energy (heat, electricity, or radiation) 
causes higher energy levels, called excitation, in which energy absorption can be 
written as in (2.45). 

 
M+hν→M* (2.45) 

           

Figure 2.23 Energy absorption. 
 

2.6.2 Emission 
After the particles receive energy (heat, electricity, or radiation) stimulated 

higher energy, particles that are in the excited state are unstable. After a short period 
of time (about 10-6 s to 10-9 s) will cause energy emission and reduce the energy level, 
as shown in Figure 2.24. The process in which the particles that are in the state of 
stimulating the release of excess energy return to the ground state or have a lower 
energy level is called relaxation, which electromagnetic radiation emitting can be 
written as in (2.46). 

 
M*→M+hν (2.46) 

 

            

Figure 2.24 Energy emission. 
 

2.6.3 Stimulated Emission 
When the electrons are in the excited state, into the level of power that is 

higher than the ground state. At the same time, the giving of photon energy, which has 
quantum energy equivalent to the difference of the energy level between the current 
levels, where this energy is not absorbed by the system, but will make atoms or 
molecules emit the energy before time. The emitted light and the stimulating light, 
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therefore, comes out of the system at the same time, the same energy, and in unison, 
both the direction of mobility and phase of the light wave, as shown in Figure 2.25. 
 

 
Figure 2.25 Stimulated emission. 

 
2.6.4 Carrier Lifetime 
Minority carrier lifetime (τ) or excess carriers in semiconductor mean the average 

time in which the excess carriers are reunified and evanescent after being injected to 
be approximately 0.368 times of the number of injections. For the accurate value of 
the carrier lifetime in each semiconductor, it is difficult to find the value due to its 
easily fluctuate and highly sensitive even though it is constructed with the same 
process. Therefore, it is difficult to control the Minority carrier's lifetime. In the 
semiconductor manufacturing process that wants to reduce the carrier's lifetime, this 
can be done by adding gold atoms into the semiconductor as well. Where the ratio of 
the carrier lifetime and the addition of the gold atom is approximately equal to 10 
times the amount of gold atoms added to it. That is when adding 100 times the gold 
atom, and the carrier lifetime will be reduced by 1000 times [50]. In general, the carrier 
lifetime is minor, usually in the range of 10-6 s to 10-9 s. The purpose of reducing the 
carrier lifetime is to increase the speed of operation or the speed of the switching of 
semiconductor devices to make the device more responsive to high-frequency signals. 
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Chapter 3 
RELATED RESEARCH AND ALL-OPTICAL SWITCHING SCHEME 

 
Since the first proposal to use optical signal instead of electrical signal 

processing, the revolution of all-optical devices have been extremely developed to 
be smaller and higher performance. Several techniques of optical signal processing 
used in all-optical logic and arithmetic operations have been investigated. This is the 
roadmap to design a Photonic integrated circuit (PIC). Therefore, this thesis proposes 
the design system of all-optical full-adder and subtractor arithmetic operation using 
microring resonator for all-optical arithmetic and logic unit application based all-
optical switching operation. 
 
3.1 Technologies of All-optical Arithmetic and Logic Design 

Technologies of all-optical logic and arithmetic designs can be divided into 
two categories, i.e., one is the architecture design without the use of a 
semiconductor optical amplifier (SOA), and another is the design with the use of SOA.   
 
Table 3.1 Technologies of all-optical logic and arithmetic design 

Architectures without SOA Architectures with SOA 
- Waveguide configuration 
- Sagnac interferometer 
- Nonlinear optical loop mirror 
- Optical intensity switch 
- Phase shift based MZI 

- SOA based MZI  
- Michelson interferometer 
- Ultra-fast nonlinear interferometer 
- Terahertz optical asymmetric 
demultiplexer (TOAD) 
- SLALOM interferometer 

 
3.2 Related Research 

In optical data processing and computing, a variety of techniques have been 
proposed, and one of the essential methods and applications for optical arithmetic 
and logic operations is optical tree architecture [7]–[9], [51]–[54], which can be 
applied in various optical logic and arithmetic applications. 

3.2.1 All-optical Logic and Arithmetic using SOA-based MZI 
Mach-Zehnder interferometer (MZI) [9], [55], [56] is commonly used for 

optical logic building due to the simple structure and tolerance, making it favorable 
to design and to be applied. Building a logic gate with MZI using SOA, consists of 
SOAs installed on the two arms of the MZI, as shown in Figure 3.1. By operation, an 
MZI-based optical logic uses the XPM technique occurring in the SOA to induce the 
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phase difference between the two arms of the interferometer for establishing the 
logical state at the output ports. 

 

 
Figure 3.1 SOA based MZI configuration 

 
 The building of logical circuits and arithmetic circuits based on optical tree 
architecture using MZI relies on the nonlinear phenomena occurring within the SOA 
installed on both arms of the MZI [57] to perform all-optical switching as a path 
selection. This method has advantages and disadvantages as follows.  

• Advantages: simple structure, control ability, operation in 40 Gb/s. 
• Disadvantage: using SOA, large scale, difficulty in very-large-scale integration 

(VLSI) optics. 
3.2.2 All-optical Logic and Arithmetic based on Tree-architecture using 
Nonlinear Materials 
The building of logical circuits and arithmetic circuits based on optical tree 

architecture using nonlinear materials attached [7], as shown in Figure 3.2. 
 

 
Figure 3.2 Nonlinear materials structure. 

 
This method uses an attaching of linear and nonlinear semiconductor 

materials together, which has the following advantages and disadvantages: 
• Advantages: simple structure, using a passive device. 
• Disadvantages: limit in VLSI integration, difficulty in controllability. 

3.2.3 All-optical Logic and Arithmetic Circuits using TOAD 
A terahertz optical asymmetric demultiplexer (TOAD) device is used for the 

building of a logical and arithmetic circuit [8]. It functions as an optical switch to 
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choose the working path, as shown in Figure 3.3. This architecture has advantages 
and disadvantages as follows. 

• Advantages: simple structure, control ability. 
• Disadvantages: using SOA, large scale, difficulty in VLSI integration, low bitrate. 

 

 
Figure 3.3 TOAD structure. 

 
The operation of TOAD uses a nonlinear interferometer, which is applied to 

various optical data processing applications. The structure of the TOAD by using the 
Sagnac interferometer is shown in Figure 3.3 [58], [59]. From the figure, the input 
signal will be divided into two parts, moving in a loop in a clockwise and 
counterclockwise direction and will be combined at the coupler. The loop will be 
further connected with the control to enable and disable the switch, which will 
operate with SOA building from nonlinear materials to enable the phase shift of the 
input signal to cause the switching of a signal. The nonlinear value of SOA depends 
on the strength of the control signal. 

3.2.4 Optical Channel Dropping Filter (OCDF) 
OCDF is the access method to one of the channels in the wavelength division 

multiplexed (WDM) system without disturbing other channels, which is considered 
one of the critical components in photonic circuits and optical communication 
systems. Various schemes have been reported [60]–[63]. The schematic diagram of 
the optical channel filter is shown in Figure 3.4. It consists of two waveguides, the 
bus, and the drop. When the light signals pass through the waveguide, there is only 
one channel frequency can be exported to the drop. 
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(a) (b) 

Figure 3.4 Common structure of resonator-cavity channel dropping filter. 
 

The efficiency of the OCDF is determined by the ability to transmit energy 
between the two waveguides. The maximum power transmission capacity is 100 %, 
both direct and backward, with no other channels appearing in the system. 

3.2.5 Plasma Dispersion Effect 
The change in the refractive index of the semiconductor optical material 

caused by the free carriers plasma dispersion effect will increase the absorption 
coefficient of the material while the refractive index of the material decreases. In 
which the refractive index of the material (Δn) and the light absorptive coefficient 
(Δα) change when the device receives the power that is in the gap between the 
energy band of the optical semiconductor material that commonly used as shown in 
Table 3.2 [64]–[69]. 
 
Table 3.2 Bandgap energy for some specific semiconductor materials 

Material Formula Bandgap energy Wavelength 
Aluminum Arsenide AlAs 2.09 eV 550 nm 
Aluminum Gallium Arsenide AlGaAs (1.42 to 1.61) eV (770 to 870) nm 
Gallium Arsenide GaAs 1.42 eV 870 nm 
Gallium Phosphide GaP 2.24 eV 550 nm 
Indium Gallium Arsenide 
Phosphide 

InGaAsP (0.74 to 1.13) eV (1100 to 1670) nm 

Indium Phosphide InP 1.33 eV 930 nm 
**Annotation** The bandgap energy of specific material may change depending on 
various parameters such as temperature, density, wavelength, the mixing ratio of the 
material, and mixing method, as well. 
 
 3.2.6 Carrier Injection for Electron-hole Pair Induction 
 The nonlinear method of the optical semiconductor materials used in this 
research is to inject carriers pumping light to induce electron-hole pairs, as shown in 
Figure 3.5. In which the injected carriers will change the gain-loss coefficient and the 
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index of refraction of the medium. The light pumping energy must not be less than 
the energy value of the substance used. The approximate wavelengths of each 
material that is universally applied are expressed in Table 3.2. 
 

  
(a) (b) 

Figure 3.5 The injection of induced carriers into the ring resonator (a) injection the 
induced carrier through the waveguide (b) direct injection of the carriers. 

 
 A semiconductor material can be changed the properties of a substance in 
various methods, such as using voltage, using heat, or adding energy to the material 
at an appropriate energy level until the substance can change its properties or 
specific responses. It also depends on other environmental factors, such as the 
shape and dimension of the material in each substrate layer, the methods of device 
fabrication, and more. The use of semiconductor materials for optical switching is 
generally based on the thermo-optic effect [70]–[72] and free carriers plasma 
dispersion effect (FCD) [73]–[75]. 
 Although the Thermo-optic method is uncomplicated to operate, it is quite 
difficult to control heat emission, and the response time is slower [69], [76]. Even 
there are ongoing improvements to the methodology, and if compared to the free 
carrier plasma dispersion effect, it is still much slower. Therefore, this thesis proposes 
the design of all-optical logic circuits controlled by all-optical signals to improve the 
efficiency of the operation. The optical signal form used is the optical soliton, for 
both input and pumping to control the carrier induce effect [64], [77], [78] in order to 
change the refractive index in the optical semiconductor material. The 
semiconductor material that is universally used in optical applications could change 
the properties of the substance if the energy received is not less than the value of 
the bandgap energy. Carrier injection or signal import to induce changes in the 
refractive index of the nonlinear ring resonator can be achieved in two characteristics, 
as shown in Figure 3.5 [16], [79], [80]. 

This thesis discusses theoretical concepts and simulation results of the 
system used in the photonic circuit design to process all-optical arithmetic and logic 
operations using a nonlinear ring resonator, which is an exciting and continually 
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demonstrated [50] and fabricated [15] for various applications arranged from several 
massive to tiny radii, as concluded in Table 3.3. 
 
Table 3.3 Ring resonator fabrication and application survey 

Year Proposed application Radius Type 
2002 [81] Switching, time-division demultiplexing, 

routing, four-wave mixing base on GaAs-AlGaAs 
10 µm Experiment 

2003 [82] InGaAsP-based passive ring coupler laser 20 µm Simulation 
2004 [83] Third-order add-drop filters based on the 

series-coupled ring in silicon-rich silicon nitride 
5 µm Experiment 

2006 [84] Biosensor based on vertically coupled glass 
microring resonators 

60 µm Experiment 

2006 [85] Third-order microring filters fabricated in 
silicon-rich silicon nitride 

8.004 
µm 

Experiment 

2008 [15] Demonstration of silicon ring resonator which 
minimizes spurious light scattering and 
increases critical dimensions of geometry 

1.5 µm Experiment 

2008 [86] The fabrication method for high-quality 
resonant photonic devices on SOI substrates 

10 µm Experiment 

2010 [87] Silicon-based asymmetrically coupled add-
drop ring resonators 

20 µm Simulation, 
experiment 

2013 [88] The fabrication method is eliminating the 
surface roughness problem introduced during 
dry etching of waveguide sidewalls. 

80 µm Experiment 

2014 [89] Label-free biosensors 1.75 µm Experiment 
2015 [14] Sub-wavelength grating (SWG) based rings 

realized on silicon on insulator (SOI) chips 
(10 to 
40) µm 

Experiment 

2016 [90] Communication and sensing using microring 
resonator on the SOI platform 

5 µm Simulation, 
Experiment 

2017 [91] Integrated photonic structure of microring 
resonator based on As-deposited Si3N4 layer 

100 µm Experiment 

 
The reports indicate that the smallest fabricated ring resonator size is 1.5 µm 

radius. Therefore, in order that makes the design system to fit the practical devices 
and to make the design circuit ultra-compact. This radius size is used for the circuits. 
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3.3 All-optical Switching Scheme within Nonlinear Ring Resonator 
For telecommunications, an optical switch is a switch that enables the 

selective switching of the signal from one circuit to another in optical fibers or 
integrated optical circuits (IOC). An optical switch can be operated by mechanical 
means, such as physically shifting an optical fiber to drive one or more alternative 
fibers, fast optical switches, such as those with electro-optic or magneto-optic 
effects, can be used to perform logic operations, including semiconductor optical 
amplifiers (SOA) which are optoelectronic devices that can be used as optical 
amplifiers in this category. 

This section describes how microring resonator (MRR) can perform the logic 
switching operation. Typically, the only particular wavelength is allowed to resonate 
in an MRR, when a resonant frequency is input into MRR via input-port with suitable 
coupling parameters, all output power appears at drop-port. Base on nonlinear Kerr 
effect, when the higher intensity input (control input) is applied into the MRR via 
add-port or pumping on the top of MRR, the intensity-dependent refractive index of 
the material changes and cause the change of resonant frequency. Thus, the optical 
power is wholly switched from drop-port to through-port. 

The need to provide flexibility in optical network connectivity drives optical 
switching technology. Optical security, test systems, and wireless reconfigurable add-
drop multiplexers are the primary applications. Possible future uses include remote 
optical supply and recovery. 

Current applications for switching include passive safety switches for service 
restoration after the interruption, such as fiber cut. Remote Fiber Test Systems (RFTS) 
is a universal application for switches that can monitor and locate a fault on a fiber 
transmission line. Optical cross-connection is an emerging application of optical 
switches. The system uses optical switching fabrics to connect multiple optical inputs 
and outputs. 

Nonlinear optical phenomena can be induced in semiconductors by free-
carrier injection induced by single-photon absorption (SPA) [80], [92], [93]. The 
absorbed photons generate electron-hole pairs by pumping the semiconductor 
material optically above its bandgap energy. This carrier injection pumping would 
adjust the gain-loss ratio and the semiconductor material index of refraction. The 
results indicated that the switching was designed for ultrafast (25 ps) and low-power 
(25 mW) operation with high modulation depth (85 %) to enable logical operation at 
40 Gb/s [93]. The advantages are compactness, cascade ability, high Q-factor, 
tunability, reversibility, and reconfigurability, making the designs favorable for 
practical applications. 
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In order to design an optical switch in the non-linear ring resonator, the 
control signal is applied to induce the refractive index in two ways: the control signal 
through the waveguide at add-port and the direct pump input to the ring resonator 
as shown in Figure 3.6. From a comparative study of the advantages and 
disadvantages of importing input signals to induce the refractive index of the 
resonant ring, it is found that the direct input method at the resonant ring is more 
flexible and more convenient in applications. Therefore, this thesis refers to the 
model of optical switching equipment fabrication that operates by inputting the 
input into the ring directly. In practice, the induction of the refractive index of the 
ring resonator by the light pump to change the coefficient of the medium may cause 
heat. This thesis does not consider the effect of changing the refractive index or the 
red-shift effect of a thermal medium. 

 

  
(a) (b) 

Figure 3.6 Applying a control signal to perform an optical switch from the ring 
resonator (a) Input via add-port of double coupling ring structure (b) Direct 
induction carrier injection on the ring resonator. 

 
Based on the cross-phase modulation (XPM) caused by the nonlinear effect 

of the material, a modified add/drop ring resonator using for performing all-optical 
switching by carrier injection can be successfully operated with an optical pump 
beam on the top of microring (MRR) architecture as shown in Figure 3.6. In this 
scheme [94], the input and control field is generated by Gaussian pulses (or Soliton 
pulses). By using optical pulse for power controlling and for switching output signal, 
the input pulse (λ1) is used for input, and the pumping pulse (or control pulse) at (λ2) 
is used for controlling the all-optical switch (OSW). 
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3.3.1 Modified Add/Drop Ring Resonator (MARR) 
 

         
Figure 3.7 Modified add-drop ring resonator 

 
In Figure 3.7, the modified add-drop multiplexer used for optical switching is 

illustrated. The coupling region is defined by the coupling factor (κ). The equations 
described the electric field coupling are given by √1-κ for the bar section and j√κ for 
the cross-section [44], [95], [96]. When the input light pulse is input and passed 
through the first optical coupler (C1, See Figure 3.7) connected between the input 
waveguide and the center-ring resonator of the add-drop multiplexer, the 
transmitted (Eth) and circulated (E1) optical fields can be expressed as in (3.1)–(3.2). 
 

 8 4
1 1 1 41 1
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MAR MAR
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L L

th inE E j e E
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− − 
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− − 

= − − + 
 

  (3.2) 

 
where κ1 and γ

1
 are the intensity coupling coefficient and the fractional 

coupler intensity loss of the first optical coupler, respectively, E4 is the circulated 
optical field after passing through the fourth optical coupler (C4) connected between 
the center ring resonator and the left-hand-side (LHS) ring resonator, knR is the wave 
propagation number of the center ring resonator, LMAR=2πR is the circumference of 
the center ring resonator, R is the ring radius of the center ring. Moreover, after the 
optical field (E1) passed through the second coupler connected between the center 
ring resonator and the RHS ring resonator, the optical field coupled into the right ring 
resonator (ER1) and the optical field transmitted to next optical coupler (E2) are given 
by (3.3)–(3.5). 
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 0 1RE x E=  (3.5) 
 
where κ2  and γ

2
 are the intensity coupling coefficient and the partial coupler 

intensity loss of the second optical coupler (C2), respectively. ER is a round-trip 
circulated optical field inside the right-hand-side (RHS) ring resonator, α is the 
attenuation coefficient of the ring resonator (knR) is the wave propagation number of 
the RHS ring, λ is the optical wavelength, LR=2πrR is the circumference of the RHS 
ring resonator, and rR is the RHS ring radius. 
 Next step, when the light passed through the third optical coupler (C3) 
connected between the center ring and the output waveguide, the optical field 
coupled into drop-port (Edr) and the optical field circulated (E3) into the fourth 
optical coupler is given by equations (3.6)–(3.7). 
 

 8 4 2
3 3 3 1 31 1

n
MAR MAR R nR R

jk
L L L jk L

RE e E j e E
 

  
− − − − 

= − − + 
 

 (3.6) 

 8 4
2 2 2 31 1

n
MAR MAR

jk
L L

dr adE E j e E


  
− − 

= − − + 
 

 (3.7) 

 
where κ3 and γ

3
 are the intensity coupling coefficient and the partial coupler 

intensity loss of the third optical coupler (C3), respectively, Ead is the added (control) 
optical field. 

For the final step, when the light passed through the fourth optical coupler 
(C4), the optical field coupled into the LHS ring resonator (EL), and the optical field 
traveled back (E4) to the first optical coupler is expressed in (3.8)–(3.10). 
 

 8 4 2
4 4 4 2 41 1

n
MAR MAR L nL L

jk
L L L jk L

LE e E j e E
 

  
− − − − 

= − − + 
 

 (3.8) 
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 8 4 2
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Assume that
8 4

4 4
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n
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j e
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− −
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−
=

− − −

, therefore 

 

 0 2LE y E=  (3.10) 
where κ4 and γ

4
 are the intensity coupling coefficient and the partial coupler 

intensity loss of the fourth optical coupler (C4), respectively. EL is a round-trip 
circulated optical field inside the LHS ring resonator, LL=2πrL is the circumference of 
the left-ring resonator, and the left-ring radius is rL. 

When substituting (3.5) to (3.6) and (3.10) to (3.8), therefore 
 

 8 4 2
3 3 3 1 3 0 11 1

n
MAR MAR R nR R

jk
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E e E j e x E
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 (3.11) 
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Assume that 8 4 2
1 3 3 3 01 1

n
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, therefore 

 
 3 1 1E x E=  (3.13) 

 

and assume that 8 4 2
1 4 4 4 01 1

n
MAR MAR L nL L

jk
L L L jk L

y e j e y
 

  
− − − − 

= − − + 
 

, therefore 

 
 4 1 2E y E=  (3.14) 

 
When substituting (3.14) to (3.2) and (3.13) to (3.3), therefore 
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Assume that 8 4
2 1 1 11 1

n
MAR MAR

jk
L L

y e y


 
− −

= − − , therefore 
 

 ( )1 2 2 1 11 inE y E j E = + −   (3.17) 
 

Assume that 8 4
2 2 2 11 1

n
MAR MAR

jk
L L

x e x


 
− −

= − − , therefore 
 

 ( )2 2 2 2 11 adE j E x E = − +  (3.18) 
 
When substituting (3.18) to (3.17), therefore 

 
 ( )( )1 2 2 2 2 1 1 11 1ad inE y j E x E j E   = − + + −   
 1 1 2 2 2

1

2 2 2 2

1 1

1 1
in ad

j j y
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When substituting (3.19) to (3.18), therefore 
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When substituting (3.20) to (3.14), therefore 
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 (3.21) 

 
When substituting (3.19) to (3.13), therefore 

 
 

1 1 1 2 2 1 2
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 (3.22) 

 
When substituting (3.21) to (3.1), therefore 
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When substituting (3.22) to (3.2), therefore 
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 (3.24) 

 The output intensities at through and drop ports are given by Ith=|Eth|
2 and 

Idr=|Edr|
2, respectively. 

3.3.2 All-Optical Switching Scheme in Modified Add/drop Ring Resonator 
 

     

Figure 3.8 All-optical switching in modified add-drop ring resonator (MARR), where (a) 
no pumping signal, (b) with a pumping signal 

 
In this scheme [94], the cross-phase modulation (XPM) is applied, which can 

be used to induce the decrease of the refractive index simultaneously. The optical 
signal output at through and drop ports can be controlled, which can make the 
optical switching signal at throughput port and drop port out of phase of π [97]. 
Regarding the plasma dispersive effect phenomena in nonlinear material, the optical 
logic switching at the output port of microring (throughput port and drop port) can 
be formed within InGaAsP/InP material based [46], [80], and represented the NOT 
gate, as shown in Figure 3.8. Results of the configuration by exciting on top of 
modified add/drop ring resonator are obtained simultaneously and seen at the drop 
and through ports, respectively, which can be functioned as the all-optical switch. This material is reserved for educational use only, not allowed for commercial use. 
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Since the bandgap wavelength of AlGaAs is around 800 nm, and InGaAsP’s is 
around 1300 nm, hence Eg(InGaAsP)=Eg(AlGaAs). In the microring waveguide, the pump 
pulse is almost completely absorbed, and high-density free carriers are produced. 
This carrier effectively results in a net decrease in the microring waveguide's 
refractive index and causes the resonance wavelength to temporarily blue shift [92]. 
The output probe signal would be modulated if the probe beam were adjusted to 
one of microring resonant wavelengths. The modulation depth depends on the 
resonance-wavelength shift magnitude. The steeper the resonant profile, i.e., the 
higher the finesse of the cavity, the greater the output signal modulation for a given 
shift in wavelength. 

In the simulation [94], to perform the optical switching with an optimum 
result for the all-optical switch, the parameters of modified add/drop ring resonator 
are fixed to be κ1=0.5, κ2=0.25, κ3=0.5, and κ4=0.25, respectively. The ring radii 
Rad=5 μm for microring resonator, rL=1.5 μm, and rR=1.5 μm for left and right nanoring 
resonators. In order to make the system associate with the practical device [12], the 
selected parameters of the system are fixed to n0=3.34 (refractive index of 
InGaAsP/InP), effective areas Aeff(MRR)=0.5 μm2, and Aeff (NRR)=0.25 μm2 for a microring 
resonator and nanoring resonator, respectively. Attenuation loss of light propagating 
within the system (i.e., waveguide) is α=0.5 dB/mm, and coupling loss γ=0.1. The 
nonlinear refractive index of the microring used is n2=2.2×10-17 m2/W. The soliton 
input pulse has the wavelength at λ1=1.55 μm, peak power at PIN=1 mW, and the 
control signal with wavelength at  λ2=1.25 μm, peak power at PP=1.6 mW, for 
pumping on top of microring. Both signals have a pulse width of 20 fs. 

In the case of simulation, the author used two software to simulate the 
mathematical modeling and the physical modeling of the device such as MATLAB 
and Lumerical FDTD method. The simulation resulted from the FDTD method are 
shown in Figure 3.9 and Figure 3.10. 

 

 
Figure 3.9 Simulation result of optical switching using the FDTD method  This material is reserved for educational use only, not allowed for commercial use. 
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Figure 3.10 Simulation results with and without pumping signal  

 
The optical logic switching for the simultaneous output is illustrated, which 

can be shown as follows in Table 3.4. This can be inferred that the input signal will 
be sent to the drop port (DR) if there is no control signal (the signal at the add port 
of a microring resonator). On the other hand, when the control signal is applied, the 
waveguide's refractive index is changed and causes the resonant wavelength to 
change. Hence the input signal is transmitted directly through port (TH). 

 

Table 3.4 Modified add/drop ring resonator used as an optical switch 
Input Pumping Output 

EIN PIN(mW) EP PP(mW) ETH PTH(mW) EDR PDR(mW) 
0 0 0 0 0 0 0 0 
1 1 0 0 1 0.8 0 0.2 
1 1 1 1.6 0 0.2 1 0.8 

 
Figure 3.11 The pulse shift. 
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The all-optical switch base on modified add/drop ring resonator by using 
carrier injection control the switching at through and drop ports has been 
demonstrated, where the advantages of the system are the switching speed (τsw), low 
power consumption and each tunable channel can be operated independently. 
Therefore, the pumping energy is closed to the bandgap energy of material for 
refractive index changed due to the resonant wavelength of the microring changed. 
The all-optical switching operation can be replaced by the use of the electronic 
device, in order that increases the speed of communication. The proposed system is 
flexible and straightforward logic switching. Besides, this system can be expanded by 
proper integration of dark-bright soliton control-based optical switches, which can be 
required for more advanced applications, for a higher number of input digits 
implementation. 

However, the modified add/drop ring resonator device remains not fabricated. 
Therefore, to make the work associated with the fabricated device, the practical 
parameters of the microring resonator is used in the design circuit and simulation to 
perform the arithmetic and logic operation all-optically. 
 
3.4 All-Optical Half Adder/Subtractor based on Optical Switching 

Half adder/subtractor circuit is a 2-bits binary addition or subtraction circuit 
which has two inputs and two outputs. From the tree-architecture circuit [7], the half 
adder and subtractor circuits can be built. As illustrated in Figure 3.13, all-optical half 
adder/subtractor based dark-bright soliton conversion control technique has been 
proposed [95]. This technique relied on dark-bright soliton behavior within the π/2 
phase shift device (optical coupler) in which a beam combiner is integrated with the 
outputs T2-port (X̅Y) and D3-port (XY̅) in order to represent the XOR logic operation 
where the arithmetic operations can be performed simultaneously at drop-port and 
through-port, respectively. Here the Carry and Borrow signals are represented by 
outputs T3-port and D3-port, respectively. The proposed half adder/subtractor circuit 
can be applied to design an all-optical full adder/subtractor circuit, which will be 
described in the next section. 
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Figure 3.12 All-optical simultaneous half adder/subtractor circuit. 

 
Table 3.5 The optimum parameters used in the simulation of half adder/subtractor. 

Parameters Value 
Coupling coefficients of the center ring (κ1=κ2) 0.5 
Resonant wavelength (λ0) 1550 nm 
Ring radius (R) 1500 nm 
The effective area of the waveguide (Aeff) 0.25 µm2 
Linear absorption coefficient (α) 0.05 dB/mm 
Coupling loss (γ) 0.01 
The effective refractive index of the waveguide (neff) 3.34 
Change of refractive index when the waveguide is induced (Δn) 3.5×10-3 
Resonant wavelength when the waveguide is induced by 
pumping (λ1) 

1.54 µm 

Input power (P) 2.25 mW 
From the simulation results of the system, as shown in Figure 3.13, the 

output is shown in Figure 3.14, where the Sum/Diff signal becomes logic "1" when the 
input signal is dark-bright (logic "01"), and bright-dark (logic "10"). In the same way, the 
Carry signal becomes logic "1" when the input signal is bright-bright (logic "11"), and 
the Borrow signal becomes logic "1" only when input is dark-bright (logic "01"). The 
figure illustrates the simulation results of the all-optical half adder/subtractor circuit 
when inputs are logic "00", "01", "10", and "11", respectively. 
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(a) when input logic 00 (b) when input logic 01 

Figure 3.13 The simulation results when the input logic is (a) AB=00, (b) AB=01 [95]. 
 

  
(a) when input logic 10 (b) when input logic 11 

Figure 3.14 The simulation results when the input logic is (a) AB=10, (b) AB=11 [95]. 
 

From the obtained output signals, as illustrated in Figure (3.14 to 3.15), we 
can see that the ripple output energy is about 0.1. This ripple energy can be tuned 
and controlled by increasing or reducing the control signal (dark soliton) before 
inputting into the system. Moreover, from the simulation results using parameters, as 
shown in Table 3.5, we obtained new parameters, as illustrated in Table 3.6. 
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Table 3.6 The other parameters obtained from the simulation. 
Parameters Value 

Maximum transmission at through-port ( maxTH ) 1 
Minimum transmission at through-port ( minTH ) 0.0243 
On-Off ratio 41 dB 
Free spectral range (FSR) 6 nm 
The full width at half-maximum (FWHM) 0.56 nm 
Quality factor (Q ) 2767 
Finesse ( F ) 10.71 
Cavity time (τcav) 2.276 ps 
Switching time (τsw) 0.14 ps 
 

3.4.1 Performance Comparison 
The proposed method uses the nonlinear pulse in all operations, which is an 

optical pulse that can keep its irregular pulse shape during the transmission. This 
optical pulse can further be travel for long distances with a slight loss, which is 
suitable for binary bit data communication. The limit in the performance of the 
proposed method depends on the free-carrier lifetime of the used material (for InP is 
about 100 ps) [64]–[66]. The control pulse width using for inducing the change of the 
refractive index of the medium must be higher than the value of τcav of the device. 

From the simulation results, the value of τcav of the proposed method for 
different sizes of ring radius shown in Table 3.7. The bit-rate comparison of each 
technology shown in Table 3.8.  

 
Table 3.7 The values of τcav resulted from different ring radii. 

Sizes of ring radii Values of τcav 
5 µm 0.878 ps 
10 µm 1.58 ps 
20 µm 3.184 ps 
50 µm 7.984 ps 
100 µm 15.92 ps 

 
Table 3.8 The bit-rate comparison with other techniques. 

Technologies Bit-rate 
Ring resonator 40 Gbps 

MZI 40 Gbps 
TOAD 10-20 Gbps 
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Chapter 4 
DESIGN CIRCUITS AND SIMULATION RESULTS 

 
4.1 All-optical Full Adder/Subtractor based on Optical Switching 

4.1.1 Propose Circuit 
This section proposes the design of an all-optical circuit performing two 

arithmetic operations, i.e., full addition and full subtraction. The designed circuit has 
a continuous wave input (CW), three control inputs (X, Y, and Z), and tree outputs 
representing the results of summation or difference (SUM/DIFF), Carry, and Borrow. 

The designed block diagram for all-optical full adder/subtractor is shown in 
Figure 4.1(a), and the designed circuit using six microring resonators is illustrated in 
Figure 4.1(b). The outputs of SUM or DIFF can simultaneously be obtained, in which 
input "S" is the selector for control the signal coming from Borrow or Carry to be 
transmitted to the output “C0” to identify the operation of the circuit when will be 
full adder or full subtractor. The outputs of SUM and DIFF will always be the same 
logic in every case of “XYZ” logic inputs. 
 

 
(a) Block diagram of all-optical full adder/subtractor 

 
(b) all-optical full adder/subtractor circuit 

 
Figure 4.1 Designed circuit of all-optical full adder/subtractor based on microring 

resonators, where input is a continuous wave (CW), X, Y and Z are 
control inputs, MRRs: microring resonators, IN IS input port, TH: 
throughput port, DR: drop port, and AD: add port. 
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The designed circuit consists of six microring resonators with four series 
stages, five beam splitters (BS), and five beam combiners (BC). Here the approximate 
physical size of a microring resonator (including bus waveguides) is 5 µm wide, 5 µm 
long, and 250 nm thick. The width of waveguides is approximately 290 nm to 440 
nm, and the ring radius of ring resonators is 1.5 µm [15]. 

To perform full addition or full subtraction as illustrated in Figure 4.2, when 
the input and control pulses are initially inserted into first microring resonator (MRR1) 
using dark soliton (logic 0) or bright soliton (logic 1). The optical solitons converted to 
dark and bright solitons through MRR1, and the soliton outputs can be seen 
simultaneously at through and drop ports of MRR1 with π phase-shifted [80]. 
Therefore, MRR1 functions as an inverter gate-like at TH1 port and buffer gate-like for 
DR port. Consequently, outputs of MRR1 can be written as TH1=X̅ for throughput 
port, and DR1=X for drop port, as illustrated in Figure 4.2. The output signals from 
MRR1 applied to the next stage as the inputs of MRR2 and MRR3. 
 

 
Figure 4.2 Algebraic expression of all-optical full adder/subtractor circuit 

 
Next, logic 0 (dark soliton) or logic 1 (bright soliton) data input (Y) is applied to 

add ports of MRR2 and MRR3, the dark-bright soliton conversion with π phase shift is 
re-operated. The outputs are obtained simultaneously for all-optical logic operation 
at the output ports of MRR2 and MRR3. The outputs can be written as TH2=X̅Y, 
TH3=XY for throughput ports, and DR2=X̅Y̅, DR3=XY̅ for drop ports of MRR2 and 
MRR3, respectively. This method can be used to perform all-optical half adder (HA) 
and half-subtractor (HS) as following. 

• Summation or Difference of HA/HS is the combined signal from TH2 and DR3 
ports (SHA=DHA=X̅Y+XY̅). 
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• Carry of HA is the signal from TH3 port (CHA=XY). 
• Borrow of HS is the signal from TH2 port (BHA=X̅Y). 

To operate the all-optical HA and HS [95], it can be achieved simply by using 
beam splitters (BS) and beam combiners (BC), e.g., fiber couplers or optical Y-
branches, where the beam splitters used in the designed circuit are not polarized, 
and the reflection-transmission ratio for all incident light is 50:50 (or 50 percent).  

The outputs of the first HA/HS stage is obtained and is transmitted as the 
input signals (SHA, DHA, CHA, BHA) for the next HA/HS stage via input and add ports of 
MRR4. Consequently, the dark-bright soliton conversion is re-operated, and the 
outputs of MRR4 are TH4=SHA for throughput (TH4) port and DR4=SHA

̅̅ ̅̅ ̅ for drop port 
(DR4). Both output signals are then used as input signals of MRR5 and MRR6, 
respectively. 

In this stage, the control input pulse “Z” with logic "0" or logic "1" is entered 
into both MRR5, and MRR6 via add ports (see Figure 4.2), then MRR5 and MRR6 are 
re-operated with the dark-bright conversion. The output is seen at the output ports 
simultaneously at output ports 𝑇H5=SHA

̅̅ ̅̅ ̅Z, DR5=SHA
̅̅ ̅̅ ̅Z̅, TH6=SHAZ, and DR6=SHAZ̅. 

Therefore, all-optical full adder/subtractor can be finally performed by combining 
optical signals from output ports of MRR2, MRR3, MRR5, and MRR6 using beam 
combiners, where the algebraic expression of full addition and full subtraction are 
expressed by (4.1) – (4.4). 
 

 Sum=SHA
̅̅ ̅̅ ̅Z+SHAZ̅=TH5+DR6 (4.1) 

 Carry=XY+SHAZ=TH3+TH6 (4.2) 
 Diff=DHA

̅̅ ̅̅ ̅Z+DHAZ̅=TH5+DR6 (4.3) 
 Borrow=X̅Y+SHA

̅̅ ̅̅ ̅Z=TH2+TH5 (4.4) 
 

Based on optical switching methodology in the nonlinear device (MRR), the 
operations of all-optical arithmetic can be achieved. The simulation results and the 
discussion are provided in the next section. 

4.1.2 Simulation Result 
 In the simulation, we assumed that the outputs from the first stage and second 
stage of HA/HS are synchronized in time when they are combined. The optimum 
parameters are expressed in Table 4.1. The parameters are fixed for all MRRs in the 
circuit. Wherein this case, the ring radius is set to respond to the resonant 
wavelength at 1.550 µm. The input is a continuous wave (CW), and the control inputs 
"XYZ" is formed by dark or bright soliton. Here, the width and the length of the 
waveguides connected between MRRs are not considered. 
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Table 4.1 Optimum parameters for all MRRs used in the simulation 
Symbol Definition Value 

R Ring radius 1.551 µm 
L Diameter of 9.745 µm 

Aeff The effective mode core area 0.25 µm2 
α Attenuation loss within the ring 0.05 dB/mm 
κ Coupling coefficient 0.25 
γ Coupling loss 0.01 

neff The effective refractive index of waveguide 
(InGaAsP/InP) 

3.34 

n2 Nonlinear index of refraction of InGaAsP/InP 4.27×10-17 cm2/W 
P Input power 1 mW 
λR Resonant wavelength 1.55 

 

 
(a)  output logic when input is 000 (b) output logic when input is 001 

Figure 4.3 Output intensities at throughput and drop ports when inputs “XYZ” are 
logic (a) 000, (b) 001. 

 
Figure 4.3(a) shows the signal transmitted at the full adder/subtractor output 

ports for the first state where XYZ control inputs are logic 000. Initially, the 
continuous input signal entered via the input port into MRR1, and there is no control 
signal (X=0), and therefore the optical signal is transmitted to the DR1-port due to 
the resonance state. The optical signal from DR1-port is immediately entered via an 
input port into MRR2, as there is no control input (Y=0) added to MRR2, such that the 
optical signal can exist at DR2-port and be defined as an optical data logic 1. The 
optical signal from the DR2 port is then used to input the MRR4 via the input port, 
and the output signal is appeared at the DR4-port due to the resonance condition. 
The signal is then fed into the MRR5 input port since no control input (Z=0) is added 
to MRR5, and so that the optical signal is again transmitted to DR5-port due to the 
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resonance condition and reflects the 01000100 optical logic at the TH2, DR2, TH3, 
DR3, TH5, DR5, TH6, and DR6 output ports respectively. 

Figure 4.3(b) shows the signals transmitted when logic 001 is the XYZ inputs. 
In this situation, the initial state is the same as the earlier case where control inputs 
X and Y (XY=00) are not applied. The input signal is therefore transmitted to the DR2-
port and DR4-port and then entered via the input port into the MRR5. The control 
input Z (Z=1) is used for this state, so the optical signal is transferred from DR5-port 
to TH5-port and presented at the output ports as optical logic 01001000. 

 

 
(a)  the output logic is when input is 010 (b) output logic when input is 011 

Figure 4.4 Output intensities at throughput and drop ports when inputs “XYZ” are 
logic (a) 010, (b) 011. 

 
Figure 4.4(a) shows output signals at logic 010 inputs. There is no control 

input (X=0) applied to MRR1 in this case. Therefore, the input signal is again 
transmitted to the DR1-port. Next, the DR1-port signal is input to MRR2 via the input 
port, and the control input (Y=1) is applied to MRR2 via the add port, so the optical 
signal is switched from DR2-port to TH2-port as an optical logic 1. The TH2-port signal 
is then used as the MRR4 input signal via the add port and appears at the TH4-port 
caused by the resonance condition and then added to MRR6 via the input port. For 
this state, control input (Z=1) is applied via add port to MRR6, and therefore the 
optical signal is transmitted to the DR6 port and is defined as 10000001 optical logic 
at TH2, DR2, TH3, DR3, TH5, DR5, TH6, and DR6 output ports respectively. 

Figure 4.4(b) shows the outputs when logic 011 is input XYZ. This case is the 
same as for the first and second states in which control signals are applied (XY=01), 
and the optical signal is transmitted to TH2-port and represented as optical logic 1. 
The TH2-port signal is then used as the MRR2 input signal via add port and appears 
at TH4-port due to resonance condition and is then applied to MRR6. Since the 
control input (Z=0) is applied in this state, the optical signal appears at the TH6 port 
and is represented at the output ports as optical logic 10000010, respectively. 
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(a)  output logic when input is 100 (b) output logic when input is 101 

Figure 4.5 Output intensities at throughput and drop ports when inputs “XYZ” are 
logic (a) “100”, (b) “101”. 

 
Figure 4.5(a) shows the outputs when the XYZ inputs are “100” logic. The 

control pulse is applied to MRR1 (X = “1”) in this case, which transmits the input 
signal to TH1-port. Next, the TH1-port signal is entered via the input port into MRR3, 
and the control input (Y = “1”) is applied to the AD2-port so that the optical signal 
appears as the optical logic “1” at the TH3-port. The TH3-port signal is then used as 
the MRR4 input signal via the input port and appears at the DR4-port due to the 
resonance condition, and the signal is then entered into MRR6. For this stage, no 
control input (Z = “0”), therefore, the optical signal appears at DR6-port, and the 
output logic at ports TH2, DR2, TH3, DR3, TH5, DR5, TH6, and DR4 are optical logic 
“00010001”. 

Figure 4.5(b) shows the outputs when logic “101” is the XYZ inputs. For the 
first and second states, since there are no control inputs (XY = “10”), this case is the 
same as the previous case, and the optical signal is transmitted as optical logic 1 to 
the DR3-port. The control input (Z = “1”) is applied in this state. Therefore, the 
optical signal from MRR4 appears at the TH6-port and is represented at the output 
ports, respectively, as optical logic “10000010”. 
 

 
(a)  output logic when input is 110 (b) when input is 111 

Figure 4.6 Output intensities at throughput and drop ports when inputs “XYZ” are 
logic (a) “110”, (b) “111”. 
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Figure 4.6(a) illustrates the outputs, while XYZ inputs are logic “110”. In this 
case, the control signal is applied to MRR1 (input X = “1”), which caused the input 
signal to be transmitted to TH1-port. The control input (Y = “1”) is then added to 
MRR3, so the signal from MRR1 (TH1-port) is transmitted as an optical logic “1” to 
the TH3-port of MRR3. The signal from TH3-port is forwarded again as the MRR4 input 
signal via the input port and is then appeared at the DR4 port. The signal is then sent 
to MRR5. No control input (input Z = “0”) is used for this state. Therefore, the optical 
signal appears at the DR5-port and is shown as “00100100” optical logic at the TH2, 
DR2, TH3, DR3, TH5, DR5, TH5, and DR5, respectively. 

Finally, the output logic is shown in Figure 4.6(b) when the XYZ input is logic 
“111”. This case is the same as the previous case for the first and second stages 
where two control signals (input XY = “11”) are applied, and the optical signal is 
then transmitted as an optical logic 1 to TH3-port. The control input (input Z = “1”) 
is applied to MRR5 in this state. Therefore, the optical signal from the DR4-port of 
MRR4 appears at the TH5-port of MRR5 and is transmitted to output ports as 
“00101000” optical logic output. 
 
Table 4.2 Simulation result of all-optical full adder/subtractor 
Input Output Intensity Output logic 

X Y Z TH2 DR2 TH3 DR3 TH5 DR5 TH6 DR6 Carry Sum/Diff Borrow 
0 0 0 0 0.9 0 0 0 0.8 0 0.1 0 0 0 
0 0 1 0 0.9 0 0 0.7 0.1 0.1 0 0 1 1 
0 1 0 0.8 0.1 0 0 0 0 0 0.3 0 1 1 
0 1 1 0.8 0.1 0 0 0 0 0.3 0 1 0 1 
1 0 0 0 0.1 0 0.8 0 0 0 0.9 0 1 0 
1 0 1 0 0.1 0 0.8 0 0 0.8 0.1 1 0 0 
1 1 0 0.1 0 0.7 0.1 0 0.1 0 0.3 1 0 0 
1 1 1 0.1 0 0.7 0.1 0.3 0 0 0 1  1 1 

  
**Note** TH2=X̅Y, DR2=X̅Y̅, TH3=XY, DR3=XY̅, TH5=SHA

̅̅ ̅̅ ̅Z, DR5=SHA
̅̅ ̅̅ ̅Z̅, 

TH6=SHAZ, and DR6=SHAZ̅. The minimum intensity of logic “1” must higher than 0.2. 
 

The description of the optical logic output states for the FA/FS circuit from 
the output ports are expressed in Table 4.2. Here, Summation or Difference can be 
performed using a beam splitter and beam combiner to split and combine the 
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output intensities transmitted to output ports of the circuit as the result of 
summation or difference, Carry, and Borrow, as expressed in (4.1) – (4.4). The 
Summation of FA is Sum=TH5+DR6, and Carry is Carry=TH3+TH6. The Difference of 
FS is Diff=TH5+DR6, and Borrow is Borrow=TH2+TH5. 

The dark and bright soliton pulses represent the input signals and the control 
signal as logic “0” and logic “1”, respectively. The input signal is input into the input 
port while the control signal is input into add port. In Figure 4.2(b), the DR2-port (red 
line) and TH3-port (green line) signals can either be the same or different depending 
on the resonant wavelengths of the control signals (X and Y). For the optical 
switching scheme, when both control signals X and Y are not applied to MRR1 and 
MRR2, most signal power from the input port is transmitted to DR2-port while the 
TH3-port signal is the remaining input power. In other words, when both control 
signals X and Y are applied to MRR1 and MRR3, most of the signal power from the 
input port is transmitted to TH3-port, whereas the signal at DR2-port is the tiny signal 
power remains. Moreover, all DR2-port and TH3-port signals are combined and used 
as the MRR4 input signal, while the MRR4 control signal is the TH2-port and DR3-port 
combination (blue lines) signal. Using additional Erbium-doped fiber amplifiers (EDFA) 
can manipulate this control signal and the input signal for the next stage. 

4.1.3 Ring Resonator Parameter Analysis 
The advantages of short output pulse generation, which is the purpose of this 

research, are light moving within the nonlinear material microring. In which ultra-short 
pulses will give the ultra-fast transmission [98]. The soliton equation is required to 
appear along with the result due to the more significant nonlinear effect caused by 
the Kerr effect that would affect the soliton pulse. The single soliton pulse is sliced 
to be multi-peaks, from which the single peak is shorter in time [99]. The scale of the 
device is within the current capacity of fabrication technology (the minimum size is 
1.5 µm ring radius [15]). The adjustable input wavelength is 1.55 µm, which is 
necessary for math with the input solitons for witching identification. It is possible to 
calculate the initial estimated propagation time by τpr=OPL× neff c⁄ , where OPL is the 
most extended optical path length along four microrings (MRR1 to MRR2 to MRR4 to 
MRR5) that the signal propagates from the MRR1 input port (IN-1) to the MRR5 drop 
port (DR-5), seen in Figure 4.1(b). Here, the length of the waveguides connected 
between four MRRs is not considered due to the connecting length depending on 
the fabrication technology. 

 
 For through ports: τpr=

(4×2πR)neff

c
 (4.5) 

 For drop ports:     τpr=
(4×3πR)neff

c
 (4.6) 
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where neff is the effective refractive index of InGaAsP/InP (neff=3.34), and c is 
the speed of light in a vacuum.  

The estimated time of propagation after inputting the signal is less than 1 ps 
and approximately equal to 0.42 ps at TH5-port and approximately equal to 0.62 ps 
at DR5 port. Therefore, the estimated operational speed of the circuit is about 40 
Gb/s. It is higher compared with MZI (2.5 to 10 Gb/s) and TOAD (10 Gb/s) 
technologies. The coupling coefficient (κ) indicates the level of energy induced at the 
coupling length into the cross waveguide. This coefficient can be modified in practice 
by adjusting the gap between the input waveguide and a ring resonator. 

In the simulation, it is a soliton pulse in which the high-level signal is retained 
because of the soliton pulse property called the self-phase modulation. In this 
design system, all input and control signal (XYZ) is an optical soliton. The controlled 
input wavelength is 1.55 µm. The required power to make the switching device 
activated is 2.25 mW. All devices are available through the existing fabrication 
technology in this model. The beam splitter and combiner can be replaced with the 
optical coupler, and a ring resonator with a small radius of 1.5 µm is already 
fabricated [15]. 
 
4.2 All-optical Logic AND Gate and OR Gate Circuit based on Microring 
resonators 
 4.2.1 Design circuit 

The designed circuit of all-optical logic AND gate and OR gate [109] is shown 
in Figure 4.7. The circuit has a continuous wave input, which is divided into two pulse 
inputs into input ports of MRR2 and MRR3, and two control inputs "A" and "B" 
represent the inputs of AND gate and OR gate circuit. The output of the AND gate can 
be written seen at TH2 port of MRR2 ( AB ), and the output of the OR gate can be 
obtained from the combination of signals from output ports DR2 of MRR2 and TH3 of 
MRR3 ( AB B+ ), respectively. 
 

 
Figure 4.7 Design circuit of all-optical logic AND gate and OR gate. This material is reserved for educational use only, not allowed for commercial use. 
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 4.2.2 Simulation Result 
 In a simulation, the parameters of all microring resonators are fixed as the 
same with the parameters in Table 4.1 in the previous section. 
 

  
 
Figure 4.8 Simulation result when control input “AB” = “00”, (a) output signal of 

MRR2 and MRR3, (b) AND gate and OR gate output. 
 

  
Figure 4.9 Simulation result when control input “AB” = “01”, (a) output signal of 

MRR2 and MRR3, (b) AND gate and OR gate output. 
 

  
Figure 4.10 Simulation result when control input “AB” = “10”, (a) output signal of 

MRR2 and MRR3, (b) AND gate and OR gate output. 
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Figure 4.11 Simulation result when control input “AB” = “11”, (a) output signal of 

MRR2 and MRR3, (b) AND gate and OR gate output. 
 
Table 4.3 Output intensity of all-optical logic AND gate and OR gate 
Input 
CW 

Control inputs Output intensity Output logic gate 
A B TH2 DR2 TH3 DR3 AND 

(TH2) 
OR 

(DR2+TH3) 
ON OFF OFF 0.01 0.09 0.1 0.8 0.01 0.2 
ON OFF ON 0.1 0 0.9 0.02 0.1 0.9 
ON ON OFF 0.1 0.8 0.1 0.8 0.1 0.9 
ON ON ON 0.9 0.02 0.9 0.02 0.9 0.9 

 
4.3 All-optical 2:1 Multiplexers based on Microring Resonators 

An optical add-drop multiplexer (OADM) is an essential part of an optical fiber 
network in optical communication. A multiplexer combines two or more lower-
bandwidth data streams or multiplexes into a single light beam. In electronics, a 
multiplexer (MUX), also known as a data selector, is a device that selects and 
transfers it to a single output line between several analogs or digital input signals. 
The optical fiber bandwidth properties are well known and make it the chosen 
medium for high-speed data. Nonetheless, this bandwidth requires different types of 
multiplexing. Optical-multiplexer and de-multiplexer are mostly passive optical filter 
systems that are designed to filter specific wavelengths (usually optical fiber) in and 
out of the transportation system. The process of filtering the wavelength can be 
performed using various techniques such as prisms, thin-film filters, dichroic filters, or 
interference filters. Microring resonator is used in this work in order to perform optical 
add-drop multiplexer, a device used in wavelength division multiplexing system for 
multiplexing and routing different channels of light into or out of a single-mode fiber 
(SMF) of microring resonator system as well.  

The concept of using a microring resonator to perform an OADM has been 
proposed [83], [100]. A modified add-drop ring resonator is formed by an add-drop 
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filter, which modulated by two nonlinear side ring phase resonators [101]. When the 
input light fed into the system, the nonlinear effect is induced by the two side rings 
into the center ring, which has a few benefits in various applications as follows. 
Firstly, the nonlinear effect coupled into the center ring and the faster switching 
output pulse obtained [102], which can apply for a higher transmission bit rate than 
the add-drop filter. However, the energy conservation maintained while the power 
increased due to the shorter pulse width. Secondly, the self-pumping of the system 
obtained using the suitable control of the two side ring parameters and input power, 
where the signal amplification obtained [103].  Thirdly, the whispering gallery mode 
of the system is obtained by controlling the two side ring parameters, which can be 
applied for a wireless transmission link [104], [105].  

Lastly, the space-time function can apply to form the space-time function-
controlled system, which can use in various applications [106]–[108].  

In Figure 4.12 2:1 multiplexer can be designed based on an optical switching 
scheme in MARR, where IN: input port, TH: throughput port, AD: add port, and DR: 
drop port. Figure 4.12(a), when the pump signal is not injected (selected input S=0), 
the signal coming from IN-port is dropped at DR-port, while the signal coming from 
AD-port is transmitted into TH-port of MARR. Figure 4.12(b), when the pumping signal 
is injected, which causes the change of the refractive index of MARR, therefore, the 
signal coming from IN-port is switched to TH-port, and the signal coming from AD-
port is transmitted to DR-port, respectively. 

 

 
Figure 4.12 All-optical 2:1 multiplexer based on nonlinear ring resonator; 1  and 2  

are resonant wavelengths, 3  is the wavelength of pumping signal. 
 
When considering the transfer function of the modified add-drop ring 

resonator (MARR) [94], the mathematical model is the same with section 3.3.1. In this 
case, the input port is used for the first input, and the add port is used for the 
second input. The summary of the optimum parameters of 2:1 add/drop MUX used 
in the simulation is expressed in Table 4.4. The left and right MRRs radii are 1.551 
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µm, in order to make the device response for center wavelength 1.55 µm and 
associate with the practical device. 
 
Table 4.4 Parameters of modified add/drop multiplexer used in the simulation 
Symbol Definition Value 

R Center ring radius 5 µm 
rL, rR Left and right ring radii 1.5 µm 
Aeff1 The effective mode core area for the center ring  0.5 µ m2 
Aeff The effective mode core area for left and right ring 0.25 µm2 
α Attenuation loss within the ring 0.05 dB/mm 

κ1, κ2 Coupling coefficients between ring resonators 0.25 
κ3, κ3 Coupling coefficients between ring and waveguides 0.5 

γ Coupling loss 0.01 
neff The effective refractive index of MRRs (InGaAsP/InP) 3.34 
n2 Nonlinear index of refraction of InGaAsP/InP 4.27×10-17 cm2/W 
Δn Change of refractive index when applying control 3.5×10-3 
λR Resonant wavelength 1.55 

ΔλR Changed resonant wavelength 1.54 
 

  
(a) Input= 1  (1 mW), no control 

(resonant wavelength is 1550 nm) 
(b) input= 1  (1 mW), control= 2  (2.25 mW) 

(resonant wavelength changed) 
Figure 4.13 Output intensity of 2:1 MUX 

 
4.4 Design of All-optical Arithmetic and Logic Unit 

Base on the proposed method and the designed circuits in previous sections, 
all-optical 1-bit ALU can be integrated and performed two logical and two arithmetic 
operations. In Figure 4.14, the design circuit of all-optical logic OR gate and AND gate 
[109], and all-optical ultra-fast multiplexing [94] have been reported. The beam 
splitters are used to divide the input signal into both separated AU and LU parts. The 
operations of 1-bit ALU is expressed in Table 4.5. This material is reserved for educational use only, not allowed for commercial use. 
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Figure 4.14 All-optical arithmetic and logic unit, where a and b are inputs, c0 is 

carried input, S1 and S0 are selecting inputs, and c1 is Carry/Borrow output. 
 
Table 4.5 Operation of all-optical AU block and LU block 

Pumping Input Output Operations Output 
S1 S0 a b c0 YLU YAU c1 YALU 

OFF OFF x y z a OR b Ignored Ignored OR 
OFF ON x y z a OR b Ignored Ignored AND 
ON OFF x y z Ignored SUM/DIFF Borrow DIFF 
ON ON y y z Ignored SUM/DIFF Carry SUM 

 

 
Figure 4.15 The simulation result of the full addition of ALU. This material is reserved for educational use only, not allowed for commercial use. 
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 When selecting input S0S1 is logic 00, the output from logic OR gate is 
transmitted to the drop port of add-drop multiplexer. When selecting input S0S1 is 
logic 01, the selecting input 𝑆1 is pumped onto the left hand-hand-side add-drop 
filter, and output from logic AND gate is selected to be transmitted into the 
multiplexer and dropped at the drop port. When selecting input S0S1 is logic 10, the 
selecting input S1 is not pumped onto the add-drop filter, and the borrow output is 
directly transmitted to c1. Hence, the output from the add-drop multiplexer is the 
output of the full-subtractor. Lastly, when selecting input S0S1 is logic 11, the 
selecting input S1 is pumped onto the add-drop filter, and carry output is transmitted 
to c1 port. Hence, the output from the add-drop multiplexer is the output of the 
full-adder. Therefore, when selecting input S0 is logic 0, the output of ALU is from 
the output of the LU part when selecting input S0 is logic 1, the output of ALU is 
from AU part. The simulation result of ALU when selecting inputs S1S0 is logic “11” is 
shown in Figure 4.15, and the output intensity of ALU circuit when in some cases of 
inputs are expressed in Table 4.6. 
 
Table 4.6 Output intensity of optical ALU 

Selecting Input    Output Y                               Output C0 
S0 S1 c0 b a a⋁b a∧b DIFF SUM Borrow Carry 

OFF OFF 0 0 0 0.2 0 0.1 0.1 0 0 
OFF ON 0 0 1 0.9 0.1 0.9 0.9 0.7 0.1 
ON OFF 0 1 0 0.9 0.1 0.8 0.3 0 0.3 
ON ON 0 1 1 0.9 0.9 0.1 0.1 0.7 0.3 
OFF OFF 1 0 0 0.2 0 0.9 0.9 0 0 
OFF ON 1 0 1 0.9 0.1 0.2 0.2 0 0.7 
ON OFF 1 1 0 0.9 0.1 0.1 0.1 0 0.8 
ON ON 1 1 1 0.9 0.9 0.3 0.3 0.7 0.7 

**Note** The minimum intensity the define the output logic “1” of the circuit must 
not be lower than 0.3. The intensity which is lower than 0.3 is defined as logic “0”. 
 

Figure 4.6 shows the simulation results when we input the signal in two 
condition. In Figure 4.6(a), shows the output signal when a dark soliton is represented 
as logic “0”, and Figure 4.6(b) shows the results when input logic “0” is represented 
by no pumping power. 
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Figure 4.16 Simulation result of ALU when selecting inputs S0S1 are logic, 00, 01, 10, 

and 11; (a) logic “0” is dark soliton and logic “1” is bright soliton; (b) logic 
“0” is minimal signal and logic “1” is bright soliton. 

 
4.5 Performance Analysis of Ring Resonator and Comparison 

In order to design an optical logic and arithmetic operation using a nonlinear 
ring resonator to increase system performance to be in line with the intended use, 
there are important parameters that should be taken into consideration when 
determining the efficiency of the system. Consists of essential parameters such as 
quality factor (Q), free spectral range (FSR), Finesse (F), and photon lifetime (τcav). 
Each parameter has detail and effect when applied to the design of an optical ALU 
using a nonlinear ring resonator, in which specifies the parameters of the ring 
resonator to be the same value. From the simulation results of the all-optical ALU 
structure, the parameters have been varied as follows. Figure 4.17 shows the 
transmission characteristic of MRRs when ring radius is 1.5 µm. coupling coefficient (κ) 
is 0.25, and the input power at 1 mW. The output free spectral range is 36 nm, 
FWHM is 4 nm, and the high ON-OFF ratio of 41 dB. 
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Figure 4.17 Simulation result of the transmission characteristic 

 
4.5.1 Full-Width at Half-Maximum 

 The value of the FWHM of the resonant frequency in the simulation result of 
the ring resonator is shown in Figure 4.18. According to the relation graph, when the 
coupling coefficient (κ) value is fixed, it illustrates that the FWHM of the resonant 
frequency, according to (4.7), will increase when the radius of the nonlinear ring 
resonator decreases. When the radius of the ring resonator is fixed, when the κ value 
increases significantly, this will result in full-width half of the resonant frequency 
increases. The full-width at half-maximum (FWHM) is given for this configuration by 
(4.7) 
 

 FWHM=
κ2λ0

πLneff

 (4.7) 

 

 
Figure 4.18 The ratio between FWHM of resonant wavelength and coupling 

coefficient. 
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 4.5.2 Free Spectral Range 
 Free spectral range (FSR) is a parameter that indicates the distance between 
resonance peaks. The simulation results of the FSR in nonlinear ring resonator 
according to (4.8) is shown in Figure 4.19 and Figure 4.20 From the relation graph, 
when giving a constant refractive index (n) of the medium, the value of FSR 
decreases as the ring size increases. The value of FSR increases accordingly as the 
wavelength increases. 
 

 FSR=
λ

2

neffL
=

2πc

neff2πR
=

c

neffR
 (4.8) 

 

 
Figure 4.19 Relation between free spectral range and ring radius when neff=3.34 

 

 
Figure 4.20 The relation between wavelength and FSR. 

 
4.5.3 Quality Factor 

 The quality factor (Q) is one of the essential parameters, in which the 
quantity value will indicate the period of energy accumulation and energy loss within 
a ring resonator in each cycle. The simulation results show the changing ratio of Q 
value compared with the change of coupling coefficients (κ) value in the nonlinear 
ring resonators according to the equation Q=2πneff/λκ2 is shown in Figure 4.21. From 
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the figure, the relationship between the Q value and the κ value shows that when 
the κ value increases, it causes the Q value to decrease. From the simulation result, 
it is found that when the Q value is high, it will cause the change of the logic output 
status to have more delay.  
 

 
Figure 4.21 The ratio between quality factor and coupling coefficient. 

 
4.5.4 Finesse 

 The Finesse (F) of the ring resonator is determined by the ratio of the free 
spectral range and the full-width at half-maximum (FWHM) of the resonant 
frequency. The finesse value can be calculated by equation F=2π/αL, in the case of 
that does not consider the loss within the ring resonator and coupling loss (α=0), and 
the coupling coefficient value is symmetrical (κ1=κ2=κ "1), the finesse (F) can be 
estimated according to the equation F=π/κ2 as shown in Figure 4.22 which can be 
seen that the value F increases when coupling coefficient decreases. 
 

 
Figure 4.22 The relationship between finesse and coupling coefficient. 

 
 4.5.5 Propagation Time 
 Propagation time (T) or propagation delay, in networking, is the amount of 
time it takes for the head of the signal to travel from the sender (input port) to the 
receiver (output port). It can be computed as the ratio between the optical path This material is reserved for educational use only, not allowed for commercial use. 
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length (OPL), of the circuit, and the propagation speed (velocity of light) over a 
specific medium. The propagation time in a nonlinear ring resonator is defined by 
(4.9) and (4.10). The simulation results of the propagation time from the inputs to the 
output port (Y1) is shown in Figure 4.23. In this case, the length of the connecting line 
between ring resonators is not taken into consideration. 
 

 TTH=
Lneff

c
=

10πRneff

c
 (4.9) 

 
TDR=

(L+
L
2

)neff

c
=

15πRneff

c
 

(4.10) 

 

 
Figure 4.23 The ratio between propagation time and ring radius. 

 
4.5.6 Photon Lifetime 
The photon lifetime (τcav) is related to the coupling between waveguide and 

ring resonator, as well as the losses that occur within the ring. The existence of the 
photons within the nonlinear ring resonator in comparison with the Q value 
according to equation τcav=Qλ/2πc. The relationship can be seen in Figure 4.24. The 
figure shows that when the Q value increases, the result will increase the photon 
lifetime, which results in a change in the logic state of the circuit (delay) increases. 

 

 
Figure 4.24 The ratio between photon lifetime and quality factor. 
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4.6 Simulation Results of Varying Some Parameters 
 4.6.1 Simulation Result when Varying Coupling Coefficient 

 

 
Figure 4.25 Simulation result when the ring radius is 1.5 µm and coupling coefficients 

are 0.1 
 

 
Figure 4.26 Result when ring radius is 1.5 µm, and coupling coefficients are 0.25. 
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Figure 4.27 Result when ring radius is 1.5 µm, and coupling coefficients are 0.5. 

 
From Figures 4.25 to Figure 4.27, the figures illustrate that the coupling 

coefficient influences the pulse shape of the transmitted signals. When the coupling 
coefficient increases, this affects the full width at half-maximum (FWHM) to be 
increased. 

4.6.2 Simulation Result when Varying Ring Radius 
From Figures 4.28 to 4.30, the figures illustrate that the ring radius influences 

the mode number of the transmitted signals. When the ring radius increases, this 
affects the change of resonant wavelength and the amount of resonant wavelength, 
while the free spectral range (FSR) decreases as well. 

 

 
Figure 4.28 Result when coupling coefficients are 0.25 and ring radius is 1.55 µm. 
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Figure 4.29 Result when coupling coefficients are 0.25 and ring radius is 3 µm. 

 

 
Figure 4.30 Result when coupling coefficients are 0.25 and ring radius is 5 µm. 
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4.6.3 Simulation Result when Coupling Coefficients are Different 
From Figures 4.31 to 4.32, the figures illustrate that the difference of the coupling 

coefficients signal intensity coupled into the ring and the transmitted output. This affects the 
change in the ON-OFF ratio of the devices. 

 

  
Figure 4.31 Result when ring radius is 1.55 µm, coupling coefficient κ1=0.2, κ2=0.4 

 

  
Figure 4.32 Result when ring radius is 1.55 µm, coupling coefficient κ1=0.2, κ2=0.3 
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Chapter 5 
CONCLUSION 

 
This thesis proposes an all-optical adder/subtractor and other logical circuits 

based on optical switching in nonlinear microring resonators. The method of 
switching can be performed by external pumping input with the power just above 
the bandgap energy of the specific material used for microring resonators (2.25 mW 
for InGaAsP/InP) [110]. The pumping induced the change of refractive index and 
causes the resonant wavelength shifted, i.e., MRRs are set up to respond to some 
resonant wavelengths when MRR is on resonant state, the output is dropped at drop 
port, and when the optical pumping is applied, the signal is therefore transmitted to 
the throughput port due to the resonant wavelength shifted. The proposed method 
and circuit can be used to design 1-bit optical ALU performing two arithmetic 
operations and two logic gates, i.e., full addition, full subtraction, logic OR gate, and 
logic AND gate, respectively. The input of the circuits is bright soliton pulse (logic “1”) 
or dark soliton pulse (logic “0”). This soliton pulses can be controlled and applied 
for high-security long-distance communication using the dark-bright conversion 
principle [111], [112]. the optical switching is therefore performed using carrier 
injection technique by pumping input to induce the change of refractive index 

The simulation result shows the ultrafast switching time of only 0.14 ps, and 
the ultrafast response time of approximately 0.78 ps at drop port of a modified 
add/drop multiplexer. 

The proposed circuit is a microscopic scale just smaller than 100 µm2 
compared to the Mach-Zehnder interferometer structure (MZI) with a total length of 
6 mm [108], and terahertz optical-asymmetric demultiplexer (TOAD) structure with 
the SOA structure of 500 µm [119]. However, TOAD structure has a lower operating 
speed of up to 20 Gbps [120], it makes it more difficult to be integrated with 
photonic circuits. In many pieces of research, SOA is applied to the operation, 
resulting in a smaller device structure; however, this increases the complexity of 
designing and fabricating more sophisticated devices as well. 

Ring resonator has attracted a lot of research and development of new 
devices to replace electronic devices continuously, since many of the advantages 
such as robustness, ultra-fast switching speed, and high bitrate (up to 40 Gbps). This 
results in a smaller device scale (just 1.5 µm of radius) [15], and increased operating 
efficiency. Since the circuit uses a nonlinear ring resonator with a small radius, it 
makes it favorable to be considered for fabrication, and flexible to demonstrate in 
the more considerable amount of bits integration. New materials, such as the Silicon 
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on Insulator (SOI), have been introduced for use in the fabrication of stable quality 
devices for better integration with other technologies in the future. The comparison 
of the advantages between ring resonator are expressed in Table 5.1. 

 
Table 5.1 The comparison of the advantage and disadvantages of each architecture. 

Technologies Bitrate Advantage Disadvantage 
- Ring Resonator 
structure 

40 Gb/s + Simple and 
compact structure, 
low loss, low power 
consumption 

- Need additional amplifier 
(e.g., EDFA) when 
integrated with a larger 
circuit  

- TOAD [51] 10 Gb/s + High stability - Low operation speed 
SOA-MZI [55] (2.5 to 10) 

Gb/s 
+ Stable, small scale - limited operation speed, 

using SOA 
- Nonlinear 
optical loop 
mirror [113] 

40 Gb/s + Simple structure, 
high bitrate 

- Difficult to be applied 
with other devices 

- Intensity switch 
[114] 

13 Gb/s + Simple structure - High loss, limited 
operation speed 

- SLALOM [115] (1 to 2.5) 
Gb/s 

+ Small scale, low 
energy consumption 

- Ultra-low operation 
speed 

- Nonlinear 
Interferometer 
[116] 

40 Gb/s + Can be serially 
connected 

- Sensitive for polarization, 
large scale, using SOA 

- Semiconductor 
Optical Amplifier 
[117] 

40 Gb/s + Small scale, low 
energy consumption, 
can be applied with 
other devices 

- large scale, using SOA, 
difficult to be integrated 
into a photonic circuit 

 
5.1 Future Work 
 However, this research, based on simulation, the output obtained from the 
AU block, and the LU block were assumed to be synchronized in time. Therefore, 
time taken in bus waveguides is not considered due to this parameter is depending 
on the suitable length of the connection line, and material used. In a further 
experiment, this parameter might be compensated by specific devices, e.g., optical 
clock. The circuit is designed based on a series-connection between microring 
resonators; therefore, the intensity loss occurs when light travels along with each 
microring. The additional amplifier (e.g., EDFA) might be necessary in order to 
integrate with a larger circuit. This material is reserved for educational use only, not allowed for commercial use. 
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Based on the proposed method, some more logical operations can be designed, 
such as 4:1 multiplexer; as illustrated in Figure 5.1, the circuit combines or 
multiplexes four input channels into one output, which is the same method with 2:1 
multiplexer. The design circuit is essential in design more complicated logical circuits, 
and ALU circuit that has eight functions, or higher as well. Furthermore, the design 
circuit of 1-bit ALU can be improved by adjusting suitable parameters in order to 
integrate with higher bits of ALU. 

 

 
Figure 5.1 Design of all-optical 4:1 multiplexer using microring resonator. 
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Appendix A 
LIST OF SYMBOLS 

 
Symbol Definition 

α Attenuation loss in fiber (dB/km) 
β
1
 Linear term coefficient of the propagation constant 

β
2
 

Second-order terms coefficient of Taylor expansion of the 
propagation constant 

χ3 Third-order susceptibility 
δ Resonance bandwidth (FWHM) 
ε0 Vacuum permittivity 
Φ(ϕ) Phase contribution 

Γ 
Scale over which nonlinear effects make the beam becomes 
wider or narrower 

γ Coupling loss 
κ Coupling coefficient 
λR Resonant wavelength 
τsw Switching time 
τcav Photon lift time 
τ Soliton phase shift time 

f
R
(νR) Resonant frequency 
ω0 Soliton frequency shift 
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Appendix B 
LIST OF PARAMETERS 

 
Parameter Definition 

A Soliton amplitude in one round trip 
Aeff Effective mode core area 
c Speed of light in vacuum (3108 km/s) 
E Electric field 
I Optical intensity 
kn Propagation number 
m Mode number 
n0 Linear refractive index 
n2 Nonlinear refractive index 
neff Effective refractive index 
P Optical power 
R Microring radius 
r Nanoring radius 
L Ring circumference 
T Propagation time in a round trip 
T0 Initial soliton pulse width 
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Appendix C 
LIST OF PARAMETERS AND FORMULAS 

 
Parameter Formula 

ON-OFF ratio 𝑂𝑁 − 𝑂𝐹𝐹 𝑟𝑎𝑡𝑖𝑜 =
𝑇max (𝑇ℎ𝑟𝑜𝑢𝑔ℎ)

𝑇min (𝐷𝑟𝑜𝑝)
 

Extinction Ratio 𝐸𝑅(𝑑𝐵) = 10𝑙𝑜𝑔 (
𝑇𝑚𝑖𝑛

1

𝑇𝑚𝑎𝑥
0 ) 

Contrast Ratio 𝐶𝑅(𝑑𝐵) = 10𝑙𝑜𝑔 (
𝑇𝑚𝑒𝑎𝑛

1

𝑇𝑚𝑒𝑎𝑛
0 ) 

Loss factor 20𝑙𝑜𝑔 (
𝐼𝑂𝑢𝑡𝑝𝑢𝑡

𝐼𝐼𝑛𝑝𝑢𝑡
) 

Group refractive index ngr=neff-λ
dneff

dλ
 

Full width at half maximum FWHM=
λ
2

FngrL
  

Quality factor Q=
f
c

Δf
=
λ0

Δλ
 

Finesse F=
FSR

Δλ
≈
2π

αL
 

Frequency f=ν=
1

T
 

Wave propagation constant kn=
2πneff

λ
 

Effective refractive index neff=n0+n2I=n0+n2
P

Aeff
 

Optical power 𝑃 = A𝑒𝑓𝑓𝐼 

Free spectral range of wavelength 𝐹𝑆𝑅𝜆 = Δλ |−
𝜆2

𝑛𝑔𝑟𝐿
| 

Free spectral range of frequency 𝐹𝑆𝑅𝑓 = Δ𝑓 |
𝑐

𝑛𝑔𝑟𝐿
| 

Propagation time (TH-port) 𝑇𝑇𝐻 =
𝐿𝑛𝑒𝑓𝑓

𝑐
 

Propagation time (DR-port) 𝑇𝐷𝑅 =
(𝐿 +

𝐿
2) 𝑛𝑒𝑓𝑓

𝑐
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