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Abstract

Optical interconnects are the promising solution to the drawbacks of electrical inter-
connects in integrated circuits (ICs). The demand for higher packaging density in ICs
along with large bandwidth and high speed signal processing requirements can be satisfied
by microring resonators (MRRs), which can act as modulator/switch and signal process-
ing unit in optical interconnects. This thesis mainly focus on the design and optimization
studies of MRRs based optical switches/modulators and optical logic gates with electroab-
sorption (EA) and carrier injection (CI) as the modulation mechanisms. EA and CI mod-
ulation mechanisms varies the absorption and refractive index of the light guiding region
in the MRR configurations with respect to the applied bias and results in optical switch-
ing by shifting the resonant wavelength. The proposed group III-V semiconductor MRR
switches/modulators are highly compatible for integration with other optoelectronic de-
vices.

Optical switches in optoelectronic ICs demands for small footprinted devices which
can provide with high contrast ratio (CR) and low insertion loss (IL) at low drive fields
in optical window regime. We propose an approach to optimize the performance of res-
onant wavelength switching in quantum confined stark effect (QCSE) based double ring
resonator. The waveguides of MRR are configured as p-i-n diode structure. Multiple In-
GaAsP/InP quantum wells (QWs) incorporated in the intrinsic region of MRR structure
varies absorption in accordance with applied field and introduces switching. Our analysis
on the proposed EA MRR portrays the dependency of switching performance characteris-
tics over ring resonator coupling coefficients, applied field and operating wavelength quite
apart from QW parameters. Performance analysis on conventional QW based EA mod-
ulator points out that the wider QWs attains higher absorption change with applied field
and leads to better ON-OFF ratio at the output. However, the results in this thesis reveals
that the QCSE based MRR optical switches can achieve higher CR for narrow wells by
optimizing ring resonator parameters and operating wavelength.

The implementation of directed logic gates using EA and CI based p-i-n diodes em-
bedded in the waveguiding regions of optical MRR is proposed and analysed. The optical
logic gates are realized by representing the operands as the applied bias on the rings while
the operation results of logic gates appears as in the form of light intensities at the output
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ports of MRR. The light guiding core region of EA based MRR logic gate configuration
is composed of InGaAsP/InP QWs and the cladding is made of InP. However, the intrin-
sic region in CI based MRR gate configurations are made of bulk GaAs with AlGaAs as
the p and n type barriers to obtain refractive index variation due to bandfilling, bandgap
shrinkage and free carrier absorption effects. The proposed configurations are optimized
(in terms of coupling coefficient, operating wavelength and applied field) to achieve bet-
ter performance in logic operations such as AND, OR, NAND, XOR, XNOR, Fredkin and
inhibitor gates. EA modulation mechanism fails to implement OR and NOR gates on a par-
allel MRR configuration due to significant Q-factor reduction as the absorption increases
with applied field is also investigated and the same configuration successfully realizes OR
and NOR gate based on CI mechanism. A novel triple ring resonator configuration is pro-
posed which can simultaneously realize optical OR and AND or NAND and NOR gates
at the output ports. We propose CI based off axis MRR configuration to realize inhibitor
logic gates and the dependency of output port intensities on the coupling coefficients and
wavelength is optimized for performance enhancement.

We also analyze the dynamic behaviour of GaAs based p-i-n diode configured sin-
gle MRR modulator with bias assisted CI as modulation mechanism. The output of the
proposed MRR depends on the time dependent nature of injected carriers and resulting re-
fractive index variations relative to the external applied voltages on the ring. Modulation
characteristics depends on the electrical performance of p-i-n structure used in MRR to im-
plement the bias. Transient response of p-i-n during turn ON and turn OFF is considered to
analyze the overall performance of MRR modulator for high bit rate operations. We demon-
strate numerically that the bit rate is limited by the time dependent behaviour of injecting
carriers into intrinsic region through which light propagates. A deviation from expected
output spectrum is observed when certain non-resonant wavelengths passes through this
proposed modulator configuration and exhibits resonant characteristics during the switch-
ing transient period. Our analysis can provide a guide for suitable selection of operating
wavelength by considering limitations imposed by carrier dynamics on modulator with
wavelength division multiplexed signal as the input to the bus waveguide. We also depicts
the dependency of applied field and coupling factors over rise time, fall time transients and
memory effect of ring resonator over transmitted bits.
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Chapter 1

Introduction

Interconnects serve as the connecting elements between different components in integrated
circuits. Device integration and interconnection strategy in a system determines the quality
of service. Most of the existing interconnects are in electrical domain and are fabricated
using the materials like Cu, Ag, Poly Si etc. Electrical interconnects fail to keep pace
with device level developements in the chips because of the problems like failing to satisfy
high bandwidth requirement, speed limitation, need for clock resynchronization, losses at
high frequencies, electromagnetic interference, cross talk, power dissipation, skin effect,
electromigration etc. As per Moore’s law, advances undergoing in ICs to reduce the di-
mensions along with cost effective and faster performance. Greater integration complicates
the interconnection networks further and cause reduced interconnection capacity [2]. This
bottleneck scenario compel to focus on the performance of interconnection medium rather
than the devices at either ends. Even International Technology Roadmap of semiconductors
(ITRS) announced that the electrical interconnects as the major hindrance in the path of IC
performance in semiconductor industry [3]. The quote ’It is like making cheaper, faster
car but you can’t go any faster on the roads’ by David Miller, clearly suits to the current
status of electrical interconnect in chip architecture [4]. The disadvantages of metal based
electrical interconnect are clearly depicted in Figure 1.1 which shows the variation in figure
of merits of interconnects with respect to scaling [1]. ILD and IMD represents interlayer
dielectric and intermetal dielectric [5].

One of the trend going on to overcome this interconnect performance crisis is to change
the physical means of interconnections by replacing electrical interconnects with optical
interconnects [6, 7, 8, 9]. Photonic technology system can overcome the challenges faced
by Moore’s law well beyond the time when the device dimension scaling becomes im-
practical. The demand for high bandwidth for high performance computing systems can
be met by optical interconnects [10]. Optical interconnects offers advantages like high
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(a) (b)

Modulator Detector

Figure 1.1: (a) Performance analysis plots of metal based electrical interconnnects with
respect to aspect ratio [1]. (b) Schematic representation of On chip electrical and optical
interconnect [?].

bandwidth, large data carrying capacity, high speed performance, real time configurability,
low latencies, reduced power consumption, low loss at high frequencies, fault tolerance,
no electromagnetic interference, absence of skin effect and electromigration effect etc.
Resynchronization is not required for clock signal distribution because of low latencies
and arrival time is reliable and predictable in optical interconnects. These characteristics
of optical interconnects support dense packaging density in ICs and performance enhance-
ment. Implementing wavelength division multiplexing (WDM) functionality on the optical
devices of optical interconnects results in bandwidth density improvement [11]. Parallel
computational efficiency is another major attracting feature of optical interconnects which
increase the aggregate computing power of the systems.

The layout architecture of on-chip optical interconnect is shown in Figure 1.2, which
carry out light generation, modulation, manipulation, amplification and detection [1]. Data
is transferred from one logic module of the processor to the other through optical means.
The electrical signal from the logic module will act as the driving input signal for the optical
modulator/switch [12]. Optical modulator modulates the incoming laser signal according
to drive signal by altering the properties like intensity, phase etc. An optical switch selec-
tively switches the spatial or angular location based on drive signal. The optical output from
modulator/switch is propagated through the waveguide or free space and routed towards the
detector. The detected signal is amplified and reaches at the other logic module. The criti-
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Figure 1.2: Block diagram of optical interconnect on chip architecture

cal issue facing by optical interconnect is the monolithic integration possibility with silicon
VLSI chips. Nowadays, significant advanced fabrication technologies are available to grow
GaAs substrate (for photonic components) over Si substrate [13, 14]. Optical interconnects
can be leveraged to boost across the ranges of scales from global telecommunication in-
dustries to buses and clock distribution in high performance computing systems by proper
selection of optical components in its layout architecture.

The distance×bandwidth/power of optical interconnect is around 25 times higher than
electrical interconnect when the optical component used operates at 20Gb/s and is around
3.7 times higher than electrical interconnect when the optical components used operates
at 10Gb/s [?]. Introducing wavelength division multiplexing (WDM) technology to the
optical interconnect architecture can significantly improve the bandwidth of the system
[?]. Figure 1.3 compares the bandwidth density of electrical interconnect with optical
interconnect with and without WDM technology at different technology nodes. In the
figure, the optical interconnect with WDM is initially having one channel in the waveguide
at 90nm technology node, which is increased at the rate of four channels at each later
technology nodes [?]. For interchip distances less than one meter, optical interconnect can
accommodate THz bandwidth while only GHz bandwidth regime is attained by electrical
interconnect [?]. The bandwidth of optical interconnect is not affected by increase in optical
data path length due to insignificant attenuation unlike electrical interconnect in which
increase in propagation path length results in reduced bandwidth.
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Figure 1.3: Bandwidth density of electrical and optical interconnect (with and without
WDM technique) in different technology nodes [?].

1.1 Motivation

Optical modulator/switch plays a critical role in optical interconnect architecture (refer
Figure 1.2). Optical modulators are classified based on their structures, modulation mech-
anisms, materials used and so on. Electro optic, electro absorption (EA), thermo optic,
acousto optic, magneto optic etc are examples of the modulation mechanisms used in op-
tical switching techniques. The optical modulator configurations are Mach-Zehnder inter-
ferometers (MZI), directional coupler waveguides, liquid crystals, cavities, plasmonics etc.
The major materials used for the fabrication of optic switches are III-V semiconductors,
lithium niobate (LiNbO3), Si, Nitrobenzene etc. The major challenge of the conventional
modulators like Mach-Zehnder modulator, directional coupler type modulator, EA ON-
OFF modulators for using in chip architecture are their bulky nature (around few mm),
inadequate sensitivity and low performance efficiency. Microring resonator (MRR) is at-
tracting growing interest to act as a modulator and signal processing unit due to resonant
nature, very small footprint, high speed operation, narrow band filtering effect, versatility,
high Q factor, higher sensitivity and compactness. Another interesting benefits of MRR
to be used as optical modulator in optoelectronic integrated circuits (OEIC) are low ca-
pacitance, low driving voltage and can be even configured as WDM filters to attain higher
bandwidth operation [15, 16, 17]. Cascaded MRR modulators can enable independent
wavelength modulation in WDM interconnection systems due to its wavelength dependent
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resonant nature. The ring resonator modulators can modulate light at specific wavelengths
(the resonant wavelengths of the ring resonators) and allow all other wavelengths to by-
pass through the modulators without been affected. As MRR can work simultaneously as
a modulator and a switch, conventional electronic switches are not required which causes
network traffic and increased overall system cost due to optical-electrical-optical conver-
sions of incoming optical signal. All these unique features of MRR configured modulators
along with light confining structure suits perfectly to integrate in optical interconnect archi-
tecture. Light confined resonating structure are capable of enhancing the effect of refractive
index change. In contrast to single pass devices like MZM, the resonant wavelength light
travels multiple round trip through the ring resonator and interacts with the carriers repeat-
edly leading to low input drive power consumption because of lower carrier concentration
requirement to obtain higher refractive index change. The technological progress achieved
in electronic-photonic integration using MRRs spotlighted the optical interconnects as an
appealing alternative to electrical interconnects.

MRR modulators can be classified based on order of rings and bus waveguides, in-
corporated modulation mechanism and plane of geometry arrangements. The modulator
made up of materials like Si, LiNbO3 are not compatible for integration with photonic
components (like source, detectors, optical amplifiers etc which are mainly made up of
III-V semiconductors). Despite to a large research effort has been invested for Si based
optical source [18, 19], developing a promising performance along with process simplicity
is seriously lagged behind that of III-V optical sources and also the modulation efficiency
of Si modulators is inappreciable. Group III-V semiconductor based MRR modulators are
highly recommended for monolithic integration feasibility in OEIC. Among the different
modulation schemes applied on MRR, Quantum confined stark effect (QCSE) and carrier
injection (CI) modulation mechanisms based MRR modulators has the potential to work ef-
ficiently using group III-V semiconductors in hybrid integrated systems. QCSE based ring
resonator modulators have the potential for high frequency operation, higher sensitivity,
low power consumption, compact size and facile resonance tunability. Major benefits of CI
based MRR are polarization independent operation, large refractive index change, higher
modulation depth, ability to work in low attenuation window using abundantly available
fabrication matured III-V compounds, absence of limitation in operating wavelength se-
lection. The p-i-n configured EA and CI MRR modulator can achieve light confinement
feature and high speed operation, where the launched optical signal will be propagated
through the intrinsic region. Design optimizations of MRR parameters, operating wave-
length, applied bias are required to achieve performance enhancement in EA and CI MRR
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based modulators.

Logic gates are the building blocks in signal processing unit. EA and CI MRRs config-
ured logic gates are significant in ICs with operands in electrical domain and operational
output obtained in optical domain. Realization and optimization of these types of logic
gates are required for successful implementation in ICs. Time dependent carrier dynam-
ics studies help to understand the chirping and switching transients in CI MRR modulator
rather than steady state analysis.

1.2 Objectives

The goals of this research are classified into three domains. Firstly, to focus on the paramet-
rical optimization of QCSE based double ring MRR optical switches to attain high contrast
ratio (CR) and low insertion loss (IL) at the output ports. The considered optimizing pa-
rameters are the coupling coefficient between ring-bus waveguides, ring radius, operating
wavelength and QW properties like width and composition.

The second aspect is to design and optimize the performance of EA and CI based MRR
configured logic gates. The realized logic gates using EA based mechanism include Buffer,
NOT, Fredkin, AND, NAND, XOR and XNOR gates. While along with all the mentioned
gates, OR and NOR gates are additionally realized using CI mechanism based MRR con-
figurations. A novel MRR configuration to simultaneously realize OR and AND gates by
EA mechanism, OR and AND/NAND and NOR gates by CI mechanism is also designed
and optimized. The failure of OR and NOR gate realization in parallel MRR configuration
is studied. Off axis MRR configuration is designed to realize inhibitor gates (NOT+OR and
NOT+AND) with CI as the modulation mechanism.

The third objective is the transient performance analysis on a CI modulation based sin-
gle MRR optical switch in a WDM system. Mathematical modelling and designing in time
domain is conducted to study the rise and fall time transient behaviour and corresponding
chirping effects in the modulator.

1.3 Thesis outline

Chapter 1 of this thesis describes the motivation and objectives of the research. An
overview of the role of MRR in optical interconnects is discussed. A review about the
theory, principle of operation, performance parameters, applications and types of MRR is
presented in Chapter 2. Design and optimization studies of EA based double ring res-
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onator optical switches is discussed in Chapter 3. We discuss the incorporation of QCSE
into MRR operation and corresponding influence at the output port intensities. Chapter 4
and Chapter 5 deals with importance of hybrid electro-optical logic gates for signal pro-
cessing in ICs. We design and optimize EA and CI modulation mechanism based MRR
configured logic gates. The failure of OR and NOR gate realization using parallel EA dou-
ble ring configuration is discussed and a novel configuration to realize OR and AND gate
simultaneously using EA and CI based MRRs is introduced. The transient performance
analysis of CI single MRR modulator in WDM system is mathematically modelled and
analysed in Chapter 6 for proper selection of WDM input wavelengths without resulting
chirping at the modulated outputs. Chapter 7 summarizes the accomplishments of this
research and is followed by references.
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Chapter 2

Microring resonators: features and func-
tionalities

2.1 Introduction

In this chapter, the operational principle along with the features and functionalities of mi-
croring resonator is discussed. Microring resonators (MRRs) used in optical interconnect
architecture have the potential to satisfy the demand for high performance computing and
processing paradigm in integrated circuits. Analytical method based on node and loop field
equations in MRR configurations are performed for investigating the operation, transfer
functions and corresponding spectral response of the MRR switches/modulators.

2.2 Principle of operation of MRR

The idea of light transmission through ring resonator and its analysis was first proposed by
Marcatili from Bell labs in 1969 [20]. Earlier to this invention, Rayleigh developed theo-
ries about whispering gallery waves in early 1900s which laid the foundation for invention
and exploration of optical ring resonator structures. Optical resonators are optical cavities
which are capable to exhibit discrete frequency resonances along with versatile and com-
pact nature. An optical resonator mainly consists of closed shaped waveguides which can
loop back on itself and are closely coupled to straight bus waveguides. The bus waveg-
uides introduce and extracts lights in resonator through coupling mechanism. The closed
shaped optical waveguide can be of ring, racetrack, disk and sphere shapes. Resonance
occurs when the whole number of propagating wavelength equals to the optical path length
of the resonator. This leads to the phenomenon of supporting only a set of frequencies of
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light to propagate through the resonating structure. A resonator is defined as a closed vol-
ume which ideally have zero loss and highly reflecting surface, generates standing waves at
particular frequencies. The optical resonator can act as a photon reservoir. The optical res-
onator can have any closed shapes like ring, disk, or sphere. A microring resonator (MRR)
has a ring shaped resonator with the device dimensions in the range of micrometer. The bus
waveguides in the MRR provides access to the resonating ring structure and helps to sup-
ply or extract energy from the ring resonator waveguide. The launched optical signal at the
input port of MRR gets propagated through the waveguides by TIR phenomenon. When
the optical signal reaches at the coupling region (where the bus waveguide and closed loop
waveguide of MRR are in close proximity), the optical signal undergoes evanescent cou-
pling and a part of the optical signal from the bus waveguide gets coupled to the closed
loop waveguide. The multiple circulation of the coupled optical signal occurring in the
closed loop waveguide can lead to interference with the existing coupled optical signal in
the loop. If MRR satisfies resonant condition (ring circumference is an integer multiple of
launched signal wavelength), the interfering optical signal will be in same phase and results
in constructive interference at closed loop waveguide.

The working principle behind the optical resonators are total internal reflection (TIR),
evanscent coupling or frustated TIR and interferences. The launched optical signal at the
input port of MRR gets propagated through the waveguides by TIR phenomenon. When
the optical signal reaches at the coupling region (where the bus waveguide and closed loop
waveguide of MRR are in close proximity), the optical signal undergoes evanescent cou-
pling and a part of the optical signal from the bus waveguide gets coupled to the closed loop
waveguide. The multiple circulation of the coupled optical signal occurring in the closed
loop waveguide can lead to interference with the existing coupled optical signal in the loop.
If MRR satisfies resonant condition, the interfering optical signal will be in same phase and
results in constructive interference at closed loop waveguide. The basic structure of an op-
tical waveguide consists of core and cladding regions. The light propagates through the
high refractive indexed core while low refractive indexed cladding provides the necessary
optical confinement. The light propagation through the core region of optical waveguide
occurs when the incident light satisfies TIR conditions. Snell’s law in ray optics gives the
degree of refraction undergone by light at the boundary between two media by relating the
angle of incidence and angle of refraction. When light propagates from a denser to rarer
medium (core (n1) to cladding(n2)) with angle of incidence (θi) greater than critical angle
(θc), the light reflects back to denser medium and results in TIR phenomenon. Figure 2.1
shows the TIR in an optical waveguide resulting in light guidance through the core region
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Figure 2.1: Light propagation through a waveguide based on TIR with n1 and n2 as the
refractive index of core and cladding (n1 > n2).

where the angle of reflection is denoted as (θr). The acceptance angle (θa) determines the
range of angles by which light enters into the waveguide from the surrounding media (re-
fractive index as n0) to undergo TIR inside the core. Critical angle and acceptance angle
can be expressed as

θc = sin−1(n2/n1) (2.1)

θa = sin−1
�

(n2
1 − n2

2)/n0 (2.2)

It is observed that under ordinary conditions, evanescent waves transmits zero net energy at
the interface of two media (medium 1 and medium 2). But the evanescent waves behaves
differently when a third medium (medium 3) with a refractive index greater than medium
2 is placed in close proximity to the boundary of medium 1 and medium 2. The evanescent
waves transmits energy to the medium 3 through medium 2 and the phenomenon is termed
as evanscent coupling. It is similar to quantum tunnelling effect. Evanescent coupling
occurs in optical resonators resulting in light coupling between closed loop waveguide-bus
waveguide (medium 1 and medium 3) and in between closed loop waveguides (medium
1 and medium 3) with the intermediate medium (medium 2) as the material filled in the
gap between the waveguides. Constructive interference occurs in closed loop waveguide
of optical resonators during on resonance condition while destructive interference occurs
during off resonance.

For the present thesis work, we are considering only ring structured optical resonators
as they deals with single mode while disk resonators supports multimode propagation. The
ring shaped optical resonators with typical device dimensions of µm range is named as
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Figure 2.2: Schematic representation of a SRR.

MRRs. Straight forward fabrication processes is possible for optical MRRs because of the
absence of mirrors, gratings etc like other types of conventional resonators. Figure 2.2
depicts the schematic diagram of a single ring resonator (SRR) which consists of a ring
waveguide closely coupled to two straight bus waveguides. This type of configuration is
also known as add-drop SRR filter. The ring waveguide act as a re-entrant waveguide. At
resonance, the optical signal launched at the input port of the bus waveguide undergoes
constructive interference at the ring waveguide. The resonance condition in a MRR is ex-
pressed as mλR = 2πRneff , where m is an integer, R is the radius of ring, neff is effective
refractive index of ring and λR is the resonant wavelength. α, τ , κ and φ represents absorp-
tion, transmission coefficient, coupling coefficient between ring and bus waveguide, phase
change as propagating through the ring, respectively [21]. The launched input wavelength
λ = λR appears at drop port (D port) while any non-resonant wavelength (λ �= λR) ap-
pears at throughput port (T-port). Add port is used to launch additional signal into the ring
resonator.

2.2.1 Types of geometrical MRR configurations

Different geometrical configurations are possible in MRRs based on the number of rings
and bus waveguides present. The basic configurations of MRRs are shown in Figure 2.3.
All pass MRRs are singly coupled MRR with a single ring waveguide coupled to a bus
waveguide. All pass ring resonators are capable for introducing delay to the launched
optical signal at the input port by temporarily storing in the resonating structure and are
sent out through the T port. Add-drop MRR configuration can extract out the resonant
wavelength through another port (D-port) by placing a second bus waveguide adjacent to
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Figure 2.3: Geometrical configurations of MRRs (a) All pass MRR (b) Series coupled
double ring resonator (c) Parallel coupled double ring resonator (d) Double ring Off axis
MRRs

the ring structure as shown in Figure 2.2. The propagation of resonant signal through the
D port is in backward direction while the launched signal at input port and non-resonant
signal collected at T port propagates in forward direction. Higher order MRRs represents
multiple rings arranged in series or parallel configurations. Series coupled double ring
resonator (DRR) configuration provides higher degree of designing freedom, maximize
the isolation between T port and D port outputs, the input and the output optical signals
propagates in the same direction. Degree of designing freedom in MRR configurations
depends in the order of rings present in the respective configurations. Coupling between
the rings occurs in parallel coupled MRR configuration if the gap between the rings is
small. Compact sized filters and modulators can be designed using off resonance MRR
configuration, which provides extra resonant notches due to inner off axis ring [22].

The output spectral response of MRR can be clearly understood by relating the output
intensity to the incident intensity by deriving transfer functions. Analytical method based
on solving node and loop equations in MRR configurations are utilized for obtaining re-
spective transmission to the T port and D port in the add-drop MRR configuration shown
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in Figure 2.4. τ and κ represents the fraction of launched optical signal passes towards
T port and the fraction get couples to the ring structure respectively. EI ,ET ,EA and ED

corresponds to the field amplitude at input port, T port, add port and D port respectively.
E1,E2,E3 and E4 are the fields at 4 different points in ring waveguide. The field expressions
can be expressed as

T­port

D­port Add port

Input port

EI ET

ED EA

E1

E2E3

E4

[τ, ]

[τ, ]

Figure 2.4: Top view perspective of SRR with two bus waveguides with the electric fields
at each points represented.

ET = τEI + iκE4 (2.3)

E1 = τE4 + iκEI (2.4)

The phase change and loss (α) experienced by optical signal when passing through the ring
waveguide is considered for the field expression at E2 and E4.

E2 = exp

�
iωLneff

2c
− αL

4

�
E1 (2.5)

E4 = exp

�
iωLneff

2c
− αL

4

�
E3 (2.6)

The constant c represents the speed of light in vacuum while ω is the angular frequency.
The ring circumference is denoted as L, where L = 2πR. Assume that no additional field is
applied at add port (EA=0), hence the fields at ED and E3 are

ED = iκE2 (2.7)
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E3 = τE2 (2.8)

The coupling between the waveguides are assumed to be lossless for the add-drop filter
configuration (i.e., τ 2 + κ2 = 1). By algebraic manipulations of these field expressions
(Eq.2.3-2.8) yields the T port and D port output field power in terms of launched input field
power. The output normalized power at T port (PT ) and D port (PD) will be

PT =

����
ET

EI

����
2

=

�����
τ − τ exp(

iωLneff

c
− αL

2
)

1− τ 2 exp(
iωLneff

c
− αL

2
)

�����

2

(2.9)

PD =

����
ED

EI

����
2

=

�����
κ2 exp(

iωLneff

2c
− αL

4
)

1− τ 2 exp(
iωLneff

c
− αL

2
)

�����

2

(2.10)

The output transmission power spectrum of T port and D port for a ring radius of 5µm is
shown in Figure 2.5 with neff=3.67. At resonant wavelength λR=1558.06nm, T port power
diminishes while the D port power is higher. The filtering action of MRR can be realized
from the spectrum behaviour in Figure 2.5. At critical coupling condition, all the optical
signal get coupled to the ring and results in zero power transmission through the T port.
Resonance condition in MRR is defined as the condition where the path length propagated
by the optical signal through the closed loop waveguide is equal to the integer multiple
of the optical signal wavelength propagating through the closed loop waveguide. At this
condition, it is observed that the optical signal propagating through the closed loop waveg-
uide and the coupled optical signal to the closed loop waveguide from the bus waveguide
of MRR remains is same phase, thus constructivly interfering in the closed loop waveg-
uide. The MRR achieves higher enhancement factor at critical coupling condition, results
in maximum intensity building up in the closed loop while minimum intensity (theoreti-
cally zero intensity) is observed at the T port. The critical coupling condition is calculated
by equating the derivative of T port intensity to zero with respect to coupling coefficient.
The critical coupling condition in add-drop MRR configuration (Figure 2.4) with equal
coupling between the ring and two bus waveguides is exp

�
iωLneff

c
− αL

2

�
=1.

Another geometrical classification of MRRs is based on the coupling of ring to the
bus waveguide. Two types of coupling schemes are available: lateral and vertical coupling
schemes. Each coupling schemes has certain advantages and disadvantages. The schematic
diagram of lateral and vertical coupling schemes are depicted in Figure 2.6 (a) and (b) re-
spectively using FreeCAD software. In lateral coupling, both the ring and bus waveguides
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Figure 2.5: Output power spectrum at T port and D port of SRR with R = 5µm and λR =
1558.06nm.

are fabricated in the same plane. A single lithographic step process is adequate for the
fabrication of ring and bus waveguides. The horizontal gap between the ring and the bus
waveguide controls the coupling efficiency. High precision e-beam lithography and etch-
ing is required to achieve the specified gap between the waveguides. The failure to attain

(a) Lateral coupling (b) Vertical coupling

Figure 2.6: Coupling based MRR configurations (a) Lateral coupling scheme (b) Vertical
coupling scheme.

individual waveguide optimization from the design and fabrication perspective is another
drawback of lateral coupling configuration as these waveguides are fabricated on a single
plane. On the other hand, vertical coupling provides flexibility for individual waveguide
optimization as the ring and bus waveguides are fabricated in different planes. The possi-
bility for denser integration is higher in vertical coupling and high precision in achieving
specified gap by controlled deposition method rather than etching process. The difficulty in
aligning the layers and achieve tapering are the major challenges faced in vertical coupling
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scheme.

2.2.2 Optical Coupling coefficient of MRR

The transfer functions expressed in earlier section (Eq. 2.9 and 2.10) clearly shows that
careful controlling of the coupling coefficients in MRRs can result in performance en-
hancement of respective filter, switch and modulator applications along with achieving the
required specifications. The interstitial mode suppression and controlling resonance split-
ting in cascaded MRR configuration can be achieved by proper optimization of coupling
parameters. The coupling efficiency of a MRR can be increased by increasing the coupling
length.

The coupling coefficient (κ) between the waveguides in MRR depends on multiple
parameters like the gap between the waveguides, refractive index of waveguides and sur-
rounding medium, operating wavelength, width of waveguides and radius of ring waveg-
uides. Most of the simulation softwares like OptiFDTD, Rsoft FDTD etc. defines mainly
the gap between the waveguides rather than defining the coupling coefficients. Hence the
relation between the gap and the coupling coefficient is needed to be determined to simulate
the structures in these softwares. A method to realize this dependency is through coupled
mode theory[23, 24].

The multiparameter dependent coupling coefficient between bus-ring and ring-ring waveg-
uides can be expressed as [23]:

0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.2

0.4

0.6

0.8

1.0

k

Gap(mm)

 Ring-ring

 Bus-ring

Figure 2.7: Relation between coupling coefficient vs. coupling gap of ring-ring waveg-
uides and bus-ring waveguides in SRR for a radius of 1.7µm.
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κ =
ω�0 cos(kx2w2)(n

2
1 − n2

0)

2
√
P1P2(k2

x1 + α2
2)

×
�

πR

α2

exp(α2(w2 − 2s0))

×(α2 cos(kx1w1) sinh(α2w1) + kx1 sin(kx1w1) cosh(α2w1))

(2.11)

The width of the waveguides are represented as w1 and w2, n0 and n1 represents the
refractive index of surrounding medium and waveguide respectively, the center to center
gap between the waveguides are denoted as 2s0. R1 and R2 are the radius of rings for ring-
ring waveguide coupling coefficient calculation while R1 is taken as infinity and R2 as the
ring radius for the bus-ring waveguides.

R = Effective radius of curvature=
R1R2

R1 +R2

Pi = Mode power=
βi

2ωµ0

(wi +
1

αi

)

αi = Decay constant in cladding=
�

β2 − n2
0k

2

k = free space wave vector=
2π

λ

kxi = Propagation constant in core=
�

n2
i k

2 − β2

By using these equations, the coupling coefficient between two planar optical waveg-
uides with dissimilar refractive indices, arbitrary widths and separation can be calculated.
The Figure 2.7 depicts the dependency of ring-ring and bus-ring waveguide coupling co-
efficient on the gap between the waveguides for the waveguide widths as 0.2µm, radius of
rings as 1.7µm, refractive index of the waveguides as 3.48 and the operational wavelength
as 1.55µm. It is observed that the coupling factor between bus-ring waveguide is higher
than ring-ring waveguides for a fixed gap because of larger coupling length achieved in
bus-ring waveguide.

2.3 Performance parameters

The performance parameters discussed in this section includes major spectral and switching
characteristics of MRRs. The spectral parameters include free spectral range (FSR), full
width half maximum (FWHM), Finesse (F), quality factor (Q-factor), out of band rejection
(OBR), shape factor. The switching parameters include contrast ratio (CR), insertion loss
(IL), cross talk, polarization dependent loss (PDL), rise and fall time transients.

FSR is the figure of merit of a ring resonator, which represents the distance between
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Figure 2.8: Transmission spectrum of MRR with FSR marked in the plot.

consecutive resonant peaks. One of the critical design requirement in filters and sensors is
to attain higher FSR. The expression for calculating FSR is given by

FSR =
λ2

neffL
(2.12)

From Eq.2.12, it is observed that the FSR is inversely proportional to the ring size.
Hence, small footprinted rings are suitable for applications with large FSR requirements.
Figure 2.8 shows the FSR in transmission spectrum of SRR. FWHM is used to define
3dB bandwidth of ring resonator. It can be calculated as the wavelength range between
the points where the signal amplitude reduces to half its maximum value. FWHM of an
add-drop MRR configuration can be expressed as

FWHM =
λ2

πneffL

1− aτ√
aτ

(2.13)

Here a is the round trip loss in the ring. The ability of the ring resonator to travel round trips
before losing the energy is expressed in terms of Finesse (F). Finesse can be calculated as
the ratio of FSR to FWHM. For an ideal lossless ring resonator, the finesse value is infinity.
The finesse for a lossy resonator is

F =
FSR

FWHM
=

π
√
aτ

1− aτ
(2.14)

The sharpness of the resonance is measured by Q-factor. Q-factor is calculated as the ratio
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of energy stored in the resonator to the energy lost during one cycle.

Qfactor =
πneffL

λ

√
aτ

1− aτ
(2.15)

OBR represents the filtering ability to reject the signals present out of the desired frequency
band. In MRR configuration, OBR is defined as the difference between the maximum
signal intensities (Imax) and minimum signal intensities (Imax) in the drop port,

OBR = Imax
drop − Imin

drop (2.16)

Shape factor represents the selectivity of the filter. It is measured as the ratio of -3dB band-
width to -10dB bandwidth. As the shape factor approaches unity, the passband spectrum
will be more of rectangular shape.

Shapefactor =
−3dB bandwidth

−10dB bandwidth
(2.17)

Insertion loss of a ring resonator represents the signal power loss added into the system due
to the insertion of the ring resonator. Insertion loss should be minimum for better system
performance. In ring resonator, it is measured as the difference between the optical signal
power launched at the input port and the power collected at output ports (T port and D
port). It depends on the absorption characteristics of the ring and bus waveguides. Even
the operating wavelength contribute to the variation in insertion loss.

IL = PI − (PT + PD) (2.18)

Contrast ratio or contrast difference is defined as the power variation occurs during ON and
OFF condition of the switch. For a ring resonator switch, both T port and D port outputs
can act as switching output. The difference between the optical signal power at the output
ports during ON condition and OFF condition represents the CR of MRRs. CR should be
maximum for high efficiency switches.

CR = PT (ON) − PT (OFF ) (2.19)

Crosstalk determines the output power due to unwanted signal present in the input port. It
is measured as the ratio between the power at the output port due to unwanted signal to the
power due to desired signal. It should be minimum for high efficiency switches.
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Rise time and fall time transients in switches represent the switching time to reach steady
state response during turn ON and OFF conditions. It should be minimum to avoid inter-
symbol interference effect and to meet high switching rate requirements.

2.4 Vernier effect

It is observed from Eq.2.12 that the ring resonator with smaller radius are required to obtain
large FSR for filtering and sensing applications. But the bending losses increase as the ring
radius decrease, thus limiting the performance of the ring resonator. Under these multiple
constraints, vernier effect is an alternative scheme to achieve large FSR without reducing
the ring radius. Vernier MRR configurations consists of series MRRs with different ring

τ, 

Input port T port

D portAdd port τ, 

τ, 

R1

R2

E11

E12E13

E14

E21

E22E23

E24

EI ET

ED

Figure 2.9: Schematic diagram of DRR employing the vernier effect.

radii. Also the sensitivity of the vernier MRR is higher than SRRs [25, 26]. Figure 2.9 is
showing a vernier DRR configuration with L1 and L2 as the circumferences of the rings
with radii R1 and R2 respectively. The resultant FSR of the vernier MRR will be the least
common multiple of individual rings and can be expressed as

FSR = N.FSRring1 = M.FSRring2 (2.20)

FSRring1 and FSRring2 represents the FSR of the individual rings in vernier DRR configu-
ration. Here, M and N should be co-prime numbers.

The normalized transfer function at T port and D port of vernier DRR configuration
(Figure 2.9)) is derived by solving the field expressions (Eq.2.21-2.32) at different points
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in bus and ring waveguides.

E11 = τE14 + iκEI (2.21)

ET = τEI + iκE14 (2.22)

E12 = exp

�
iωL1n1

2c
− α1L1

4

�
E11 (2.23)

E13 = iκE21 + τE12 (2.24)

E14 = exp

�
iωL1n1

2c
− α1L1

4

�
E13 (2.25)

E24 = τE21 + iκE12 (2.26)

E23 = exp

�
iωL2n2

2c
− α2L2

4

�
E24 (2.27)

E22 = τE23 (2.28)

E21 = exp

�
iωL2n2

2c
− α2L2

4

�
E22 (2.29)

ED = iκE23 (2.30)

Let us assign that

C1 = exp

�
iωL1n1

c
− α1L1

2

�

C2 = exp

�
iωL2n2

c
− α2L2

2

�

The refractive indices of the rings are assumed to be n1, n2 and the absorption in the re-
spective rings as α1 and α2. By applying substitution method on the field expressions
mentioned, the output optical power at T port (PT ) and D port (PD) is obtained in terms of
the optical power launched at input port. ET and ED can be expressed in terms of EI to
obtain T port power PT (|ET |2) and D port power PD (|ED|2) respectively. Eq.2.22 gives
ET in terms of EI and E14. E14 is substituted using Eq.2.25, where E13 is substituted from
Eq.2.24. E21 can expressed in terms of E12 by substituting E22 in Eq.2.29 using Eq.2.28,
Eq.2.27, and Eq.2.26. Also E12 can be expressed in terms of E14 and EI using Eq.2.23
and Eq.2.21. Finally we obtain E14 in terms of EI which can be substituted in Eq.2.22 to
yield the field expression ET and corresponding T port power. Similarly, ED is expressed
in term of E23 in Eq.2.30. E23 in Eq.2.30 can be substituted using Eq.2.27 where E24 is
expressed in terms of E21 and E12 from Eq. 2.26. E21 andE12 is already solved in terms of
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EI . Substituting these expressions in Eq.2.30 yield the D port power.

PT =

����
τ(1− C1 + C1C2 − τ 2C2)

1− τ 2(C1 + C2 − C1C2)

����
2

(2.31)

PD =

����
(iκ)3

√
C1

√
C2

1− τ 2(C1 + C2 − C1C2)

����
2

(2.32)

Comparison between the power spectrums at T port and D port of SRR and vernier DRR is
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Figure 2.10: Power spectral responses of vernier DRR (radius=5µm and 2µm) and SRR
(radius=2µm) configurations. FSR1 =50nm and FSR2=100nm, FSR1 and FSR2 denotes
FSR of SRR and vernier DRR respectively.

shown in Figure 2.10. In this figure, FSR1 and FSR2 denotes FSR of SRR and vernier DRR
respectively and the ring radius of SRR is taken as R=2µm and ring radii of vernier DRR
as R1=2µm, R1=5µm. The FSR1 and FSR2 obtained are 50nm and 100nm respectively.

2.5 Applications of MRR

MRRs are highly suitable for different applications which are widely spread out in different
areas. The contributions of MRR in the fields of sensing, filtering, modulation, switching,
routing and logic gates etc are significant. So many technological and configurational ad-
vancements are undergoing to improve the performance of MRR in on-chip applications.
MRR based thermal sensors [27], pressure sensors [28], biosensors [29] and chemical sen-
sors [30] are well known for operating with higher sensitivity, reliability, integrability and
miniaturization. Figure 2.11(a) shows a MRR based sensor with a continuous input signal
launched at the input port. The launched signal is assumed to be resonant to the MRR
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when the analyte (target) to be detected is not passed into the structure. The ring struc-
ture is provided with respective receptors to attach the analyte when it is allowed to pass
through the MRR sensor. After passing the analyte through the sensor device, the analyte
get attached to the receptor and leads to refractive index change of MRR. The change in
refractive index leads to intensity variation of output optical signal collected at T port due
to resonant wavelength shift. Hence the presence of the analyte can be detected based on
the T port output intensity variation. Similarly, the temperature and pressure sensor also

(a) MRR Sensor

Input

(b) Switching and routing

Light in

Delayed light

A B C D E


2

4

8

(c) Delay line circuit

67

Electronic 
signals

Photonic 
signals

MRR arrayMulti wavelength 
source

(d) WDM signal modulation

Figure 2.11: Different MRR applications (a) MRR based chemical/bio sensor [?] (b) MRR
array based switching and routing configuration [?] (c) Optical delay line circuits based on
cascaded parallel MRRs (d) WDM modulator based on MRR arrays

leads to refractive index variation in the MRR and results in intensity change. Moreover,
multiple circulation of light inside the MRR enhances the interaction with targets and helps
the detection of smallest quantity of the analyte. It is able to achieve a detection limits on
the order of 10−7 RIU.

The filtering action of MRR can be analysed from Figure 2.5, which depicts the be-
haviour of the output spectrum of SRR. It is observed that the resonant signal is filtered
out from the T port and appears at D port, results in notch filtering effect. Switching and
routing of optical signal using MRR have attracted great attention in the signal process-
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ing field. Figure 2.11(b) shows a type of MRR based switching configuration. The signal
launched at the input can be collected through different channels (CH1-CHN+1) depending
on the resonant nature of MRRs present in the configuration. The resonant condition can
be altered by applying bias on the rings. The configuration designed in Figure 2.11(b) gives
output through main channel when all the MRRs are at off resonant condition (bias applied
on all the MRRs).

Another interesting application of MRRs are assigning optical transmission delays [31].
Figure 2.11(c) depicts a MRR based delay line configuration in which the launched input
signal can be converted into its delayed version and collected through D port with delays
ranging from 0-15τ . The output signal experiences zero delay if the cascaded MRR A is at
resonant condition while all other cascaded MRRs (B,C,D,E) are at off resonance. When
MRR E satisfies resonant condition and all other MRRs at off resonant condition leads the
input signal to undergo a delay of 15τ . The features of microring resonator is highly com-
patible to implement as modulators/switches in on-chip communications. Figure 2.11(d)
shows a WDM signal modulator based on MRR arrays. Wavelengths launched through the
multiwavelength source gets coupled to the rings and those wavelengths satisfying the res-
onant condition gets circulated through the respective rings. The applied electrical signal
on each ring results in resonant wavelength shift, thus the circulating optical signal in the
respective ring undergoes modulation. The T port of the MRR array collects the modulated
optical WDM signals from each MRRs.

The contribution of MRRs in the medical field for screening and detection is highly
appreciable. Optical thermography using MRR configuration is an efficient non contact
method for temperature detection, especially during COVID 19 scenario. Point of care
diagnosis of viruses including corona virus using MRRs is a fast developing interesting
field.

2.6 MRR modulation mechanisms

As mentioned from Eq.2.9 and Eq.2.10, that the spectral response at T port and D port of
MRR strongly depends on the refractive index of microring, absorption in microring and
coupling strengths between waveguides of microring. The optical modulation can be imple-
mented into MRR by varying any of these three parameters. The modulation mechanisms
based on varying refractive index with respect to applied bias is known as electrorefraction.
Electroabsorption is the modulation mechanisms in which the absorption property of the
material is varied with respect to applied electric field. Coupling modulation is achieved
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by varying the coupling coefficients in MRR with respect to applied bias. Even though
coupling modulation provides high Q resonant nature, the need for microelectromechani-
cal systems increases fabricational complexities.
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Figure 2.12: Output port spectrum of SRR configuration by varying refractive index.

This thesis have considered the optimization and designing of MRR modulators based on
varying refractive index and absorption in the ring structures using electrical bias. The
variation in refractive index and absorption results in switching of optical signal between T
port and D ports of MRR. Most of the MRR filters are passive in nature, whose responses
are fixed and there is no provisions for tuning the spectral response further once it has
been fabricated. Electrorefractive and electroabsorptive MRR modulators requires active
materials like III-V semiconductors which are capable to change its refractive index and
absorption in response to applied bias to provide enhanced functionalities to the modulator.

In this thesis, active III-V materials like GaAs, InGaAsP are considered which have
the ability to change refractive index and absorption with respect to small bias applied on
the rings and can also operate efficiently in lowest attenuation and dispersion windows
in optical communication. Figure 2.12 plots the output spectrum at T port and D port
with respect to refractive index change in a SRR with two bus waveguides. The resonant
wavelength shifts as the refractive index varies from n to n+Δn by applying bias on the ring
structure and accordingly optical signal switching occurs between T port and D port. The
resonant wavelength can be red shifted or blue shifted according to increase or decrease
in refractive index. Carrier injection based electrorefractive modulation mechanism injects
carriers into the ring structure and results in refractive index variation.

Figure 2.13 plots the response at the T-port output spectrum of SRR for the absorp-
tion changes α1,α2,α3 (α1 < α2 < α3). The intensity of T port output increases as the
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Figure 2.13: T port spectrum of SRR configuration by varying absorption (α1,α2,α3) in
ring.

absorption in the ring resonator increases. Quantum confined stark effect is an efficient
electroabsorption modulation mechanism which can change the absorption of QWs incor-
porated in the rings and results in signal switching between the output ports of MRR.

2.7 Conclusions

In this chapter, a brief overview of microring resonators along with its performance pa-
rameters and applications were discussed. The transfer functions of single ring resonator
and vernier double ring resonator are derived. Also studied the switching of optical sig-
nal between T port and D port due to change in refractive index and absorption in the
ring resonator. III-V semiconductor material based MRRs can realize carrier injective and
electroabsorptive MRR modulator/switches by varying refractive index and absorption re-
spectively according to applied bias.
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Chapter 4

Design and optimization of electroabsorp-
tive MRR logic gates

4.1 Introduction

Logic gates are the cornerstone of high-speed signal processing units. A new paradigm
introduced by Hardy and Shamir [48] has combined the benefits of optics and electronics
to achieve directed logic functionality. The convenience of control and high-speed opera-
tion can be achieved simultaneously in electro-optic logic circuits by using the electron for
signal control and the photon for signal operation [49]. Optical operations performed on
each switching elements in the network to realize Boolean logic functions are independent
to each other, thus leading to very low latency, which is in contrast to electronic logic cir-
cuits where the gate delays get accumulated in the processing time. Optical directed logic
gates open up new horizon for computational parallelism at the speed of light, and also
provides higher packaging density in integrated circuit platforms. Microring resonators
(MRRs) have widely been used to implement different combinational and sequential op-
tic logic functionality due to their unique properties, such as, small footprint, flexibility
in tuning resonant wavelength and narrow band filtering. The resonant condition in the
ring resonator can be altered by different mechanisms, such as, bias assisted carrier injec-
tion, thermo optic effect, electro optic effect and electro absorption (EA), thus enabling
applications such as optical switching, optical modulator, optical logic gates and sensing.

Many researchers have investigated carrier-injection (CI) based electro-optic logic cir-
cuits in MRRs [50], along with improved thermal stability of the MRRs by integrating
microheaters on the chip architecture [51]. Also, appreciable results have been obtained
by implementing all-optical MRR logic gates and utilizing the non-linearity of the electro-
optic materials leading to optical switching [52]. In this thesis, we propose various logic
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gate configurations based on the quantum confined stark effect (QCSE) [53] in p-i-n diode
embedded MRRs. The quantum wells are incorporated in the i-region of the p-i-n diode,
which also acts as the light guide. Absorption changes associated with the QCSE in quan-
tum wells lead to a change in the refractive index, thus resulting in switching of states.

We show that those optical logic gates in which the states can be switched through
the EA effect can only be realized through proper optimization of the ring and quantum
well (QW) parameters along with proper selection of the operating wavelength and applied
field. The proposed configurations result in directed logic gates, which simultaneously
yield a logic operation and its complement at different ports of MRR. In this chapter, we
discusses the modelling of optical switching in p-i-n heterostructure MRR incorporated
with EA QWs, and presents the design structures to analyze AND, NAND, XOR, XNOR
and Fredkin gate. The reason behind the failure of realizing OR and NOR gates by a
parallel EA MRRs configuration is analysed. A novel triple ring MRR configuration for
simultaneously realizing OR as well as AND gates at the output ports through the EA
mechanism is presented.

4.2 Realization of electroabsorptive ring resonator based
optical gates

The major advantages provided by electroabsorptive QW-based MRRs over other optical
switching configurations are the low drive power requirements, high speed of operation,
better sensitivity, very small active volume, higher absorption change contributed by exci-
tons and the resonance tunability attained by independently varying quantum well material
composition and well width. The normalized field expressions at the T port and D port
of the logic gate MRR configurations are expressed in terms of the fields at input port
and add port, absorption, phase and coupling coefficients of MRR. With the applied field,
the EA QW-based MRRs act as optical switch, whereby the absorption parameter of the
QWs placed in the light propagation path of the ring structure is varied. The change in
absorption leads to a change in the refractive index, through Kramers-Kronig (KK) relation
(refer Eq.3.4), and results in a shift in the resonant wavelength. Note that, the shift in the
absorption edge of a QW with an applied field is termed as QCSE. The entire logic gate
configurations are grown over an InP substrate with electrodes deposited over the rings (p
electrodes) and beneath the substrate (n electrodes). The operating wavelength has to be se-
lected close to the bandedge wavelength, however, this should be greater than the bandedge
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wavelength of the QW, in order to obtain a considerable absorption change due to QCSE.
The well/barrier materials are chosen as InyGa1−yAsxP1−x/InP so that the operating wave-
length is within the low attenuation window used in optical communications. By properly
choosing the material composition (x, y), InGaAsP can be lattice matched with InP, and the
effective index of QW is expressed as

�
nw(x,y)Lw+nbLb

Lw+Lb
, where nw is the refractive index

of well material (InyGa1−yAsxP1−x), which depends on the material composition, nb is the
barrier (InP) refractive index, and Lw, Lb is the QW and the barrier width, respectively [44].
We assume a lossless coupling between the waveguides and ring for all the designed logic
gate configurations (i.e., τ 2 + κ2 = 1). The launched beam is assumed to be TE polarized,
and we further assume that no polarization conversions takes place as the beam propagates
through the straight waveguides/rings. The excitonic absorption in QW as a function of
applied field and operating wavelength, α(F ,λ) can be expressed as [40].

α(F,λ) = 104
� 75Γ0

LwΓh

◦
A
�
× f × exp

�
− ln2

�Eex(F )− hc/λ

Γh

�2�
+ αB (4.1)

The excitonic energy varies with the applied field and the excitonic peak wavelength gets
red shifted at higher fields. Excitonic energy (Eex) is expressed as Eg+Ee+Ehh−Eb. Here,
Ee, Ehh are the electron and heavy hole particle energies, respectively, and Eg represents
the bulk bandgap of InyGa1−yAsxP1−x. Most of the transitions occurs between the ground
state level of the electrons and heavy holes, and hence only the fundamental transition is
used in calculating the QCSE spectrum. The field dependence of excitonic binding energy
(Eb) seems to be negligible compared to field dependent particle energies, and hence, it
is neglected in our calculations. Γ0 represents the half width half maximum (HWHM)
linewidth of the exciton at zero field. The broadening of excitonic linewidth occurs with
increasing the well width and the applied field. The modified excitonic HWHM linewidth
(Γh) at a fixed field and a well width is expressed as Γh = Γ0 + (B/L2

w) + ζF [40]. The
overlap integral (f ) which represents the overlap between electron and hole wavefunction
also reduces with the applied field.

4.2.1 Fredkin gate using single MRR

The controlled SWAP (C-SWAP) gate also known as the Fredkin gate is a reversible gate
that swaps the inputs when the control signal is high. This gate can be realized using p-i-
n heterostructure EA QW based single MRRs (Figure. 4.1(a) and (b)). The field applied
on the p-i-n embedded ring acts as the control signal. The input optical signals (Input1,
Input2) are launched at the input port and add port, respectively, while the corresponding
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outputs of the operations are collected through the D port and T port, respectively. Here
the operands and operational outputs are in the optical domain, whereas the control signal
is in the electrical domain. We assume that the wavelength of the launched input signals at
the input port and add port satisfies the resonant condition when no field is applied onto the
ring. With an applied electric field, the absorption of the ring changes, resulting in a con-
comitant change in the refractive index, thus leading to an out-of-resonance condition. The

Figure 4.1: (a) Schematic diagram of a single MRR. (b) Perspective view of Fredkin gate
with EA InyGa1−yAsxP1−x/InP QW based single MRR.

control signal (which represents the applied electric field) is logical 0 with no applied field
and represents a logical 1 with an applied electric field. The presence and absence of the
launched input signal at the input ports are represented as logic 1 and logic 0, respectively.
The working of the proposed Fredkin gate can be explained by the following four cases:
Case 1: (Input1=0, Input2=0): When both input port and add port are logic 0, the output
intensities at the T port and the D port remain low (logic 0 output), irrespective of the ap-
plied field on the ring (i.e., Whether the control input is logic 0 or logic 1).
Case 2: (Input1=0, Input2=1): When the input port is at logic 0, the add port is at logic 1
and the control signal is at logic 0 (resonance condition satisfied), then the output intensity
at the T port (Output2) will be high (logic 1) and the intensity at the D port (Output1) will
be low (logic 0). When the control signal is at logic 1 condition (out-of-resonance condi-
tion), then the D port (Output1) transmits a high intensity beam (logic 1) while the intensity
at the T port (Output2) appears low (logic 0).
Case 3: (Input1=1, Input2=0): When the input port is at logic 1, the add port is at logic 0
and the control signal is at logic 0 condition (resonance condition satisfied), then the output
intensity at the T port (Output2) will be low (logic 0) and the intensity at the D port (Out-
put1) will be high (logic 1). When the control signal is at logic 1 (non-resonant condition
satisfied), then the T port (Output2) transmits a high intensity beam (logic 1) while the
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intensity at the D port (Output1) appears low (logic 0).
Case 4: (Input1=1, Input2=1): When both the input port and the add port are at logic 1, the
output intensities at the T port and the D port appears to be high (logic 1) irrespective of the
applied field (control signal). The beam propagates towards the T port and the D port at res-
onance and out-of-resonance conditions due to the inputs applied at the input and add ports.

The Fredkin configuration can be used to realize a buffer gate, a NOT gate, a two-input
AND and a two-input OR gates with appropriately setting both (for Buffer and NOT) or one
of the inputs (Input1 and Input2)[54, 55]. The major drawback of the proposed EA MRR
based Fredkin configuration is that the control signal is in the electrical domain, which
complicates the performance as a universal gate, in which the control signal is used as one
of the operand (as in the case of the two-input AND and OR gates based on the Fredkin
configuration, the operands are not in a single domain).

4.2.2 AND and NAND gate using parallel DRR

The electrical-optical and optical-electrical conversion adversely affects the overall perfor-
mance of Fredkin configuration based AND gates. A parallel configuration of MRRs with
EA QW-incorporated double rings can be realized as two-input AND and NAND gates with
all the logical operands in the electrical domain and the logical gate operational outputs in
the optical domain (Figure. 4.2). The distance between the rings are adjusted in such a

Figure 4.2: (a) Parallel DRR for realizing AND NAND gate. (b) Perspective view of AND
NAND gate based on EA QW embedded on parallel MRR.

way that the coupling between the individual rings is negligible. The signal launched at the
input port is a continuous signal that satisfies the resonant condition at zero applied field
on the rings of the double ring resonator (DRR). The field applied separately on each rings
act as the two operands and the beam intensities collected at T port and D port gives logical
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AND and NAND gate outputs respectively. The inputs are taken as logic 1 with a non-zero
field applied (Input1=1/Input2=1 for F �= 0 applied on Ring1/Ring2) and as logic 0 with
no field applied on the rings. Zero-field applied on any one of the rings results in resonant
condition at the ring and leads the light beam launched at the input port to appear at D port.
While non-zero field applied on both rings results in out of resonance condition and the
light beam launched at the input port to appear at T port [56].

The parallel MRR configuration can act as logical NOR gate and OR gate at the T
port and the D port, respectively, in which the states are changed by thermo-optic effect
as reported in [56]. Using the same parallel EA DRR configuration (Figure. 4.2), and by
launching a continuous signal whose wavelength satisfies the resonance condition at an
applied field, the device can act as an OR gate and a NOR gate at the D port and the T
port, respectively. With an applied electric field to the ring(s), an index change is induced
in such a way that the launched signal is now at resonance in the ring, which enables the
signal to couple into the ring and appear at the D port. However, a concomitant absorption
change is invariably present in the ring, which causes attenuation of the resonant signal,
leading to a poor contrast ratio between the 1 and 0 signals, and making the realization of
OR/NOR gates impractical.

4.2.3 XOR, XNOR gates using ring resonators and U-bent waveguides

XOR and XNOR logic gates can be implemented using two cascaded EA QW incorporated
MRRs (Ring1 and Ring2) and two U-bent waveguides (Figure. 4.3). The wavelength of the
continuous optical signal launched at input port of the MRR architecture act as resonant
wavelength for zero-field applied on the p-i-n heterostructure rings. The fields applied on
the rings are selected as the operands and the output intensities collected at the T port and
the D port of Ring2 as the XOR and XNOR logic outputs. The D port output of Ring1
is supplied to the input port of Ring2 using a short U bent waveguide, also the T port of
Ring1’s output enters as the add port input for Ring2 through a long U bent waveguide.
The lengths of U-bent waveguides are suitably selected to attain a total phase shift of 2π,
when the beam propagates through these waveguides. The operation of this proposed XOR
XNOR logic gate architecture is described as identical field condition applied on the rings
(both in either resonant or non resonant) results in a high-intensity output signal (logic
1) at the D port of Ring2 (XNOR output) and low-intensity output signal (logic 0) at the
T port of Ring2 (XOR) while non-identical field condition leads to high-intensity output
signal at the T port of Ring2 and low-intensity output signal at the D port of Ring2 [50].

49



Figure 4.3: (a) Cascaded double ring MRR configuration with U-bend waveguides for
realizing XOR and XNOR gate. (b) Perspective view of XOR XNOR gate based on EA
QW based MRR.

Three-input XOR and XNOR gates can be realized by cascading the outputs of two input
XOR and XNOR gates (Figure. 4.3) into the Fredkin gate (MRR3) configuration, shown in
Figure. 4.1, with the third input being the field applied onto MRR3.

4.2.4 OR and AND gates using triple MRRs

We have already discussed the difficulty in realizing an OR gate using the EA mechanism
in a parallel DRR configuration (Section 2.2). In this section, a novel triple-MRR configu-
ration, shown in Figure. 4.4, is proposed for simultaneously realizing OR as well as AND
gates. A resonant signal is continuously launched at the input port of Ring1 and the add
port of Ring2. Here the logic operands are the electric fields applied onto Ring1 and Ring2
(Input1 and Input2), and the logic outputs are obtained as the light intensities at the T port
and the D port of Ring3. If the field applied onto Ring1 and Ring3 is the same, then the
T port of Ring3 gives an OR output and the D port gives an AND output. Similarly, if the
field applied onto Ring2 and Ring3 is the same, then the T port of Ring3 provides an AND
output and the D port of Ring3 gives an OR output. Ring3 here acts as a Fredkin gate with
the T port output of Ring1 fed as an input into the input port of Ring3 and the add port of
Ring3 fed with the D port output of Ring2. The operation of the device as a logic gate is
discussed below. Here, the applied field on Ring3 is the same as that on Ring1.
Case 1: (Input1=0, Input2=0): A zero field applied on Ring1 and Ring2 results in resonant
condition at Ring1 and Ring2, therefore, the intensities at the T port and the D port of
Ring3 will be low (logic 0) as there is no optical input to Ring3.
Case 2: (Input1=0, Input2=1): A non-zero electric field applied on Ring2 (i.e., MRR2 be-
comes out of resonance, thus bypassing Ring2) yields high intensity at the drop port of
Ring2. The drop port of Ring2 is connected to the add port of Ring3, and thus the optical
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Figure 4.4: (a) Parallel triple ring MRR configuration for OR and AND gate realization.
(b) Perspective view of OR AND gate based on EA MRR.

signal launched at the add port of Ring2 couples into Ring3 (Ring3 is at resonance as no
field is applied onto it) and appears at the T port of Ring3, resulting in a high intensity
signal (logic 1) at the T port and a low intensity signal (logic 0) at the D port of Ring3. The
T port of Ring3 now acts as an OR gate, and the D port of Ring3 acts as an AND gate.
Case 3: (Input1=1, Input2=0): A non-zero electric field applied on Ring1 causes the
launched signal at input port to bypass Ring1 and Ring3, and appear at the T port of Ring3.
With no field applied on Ring2 the resonant signal routed to the add port of Ring2 appears
at the T port of Ring2. As a result, no signal appears at the D port of Ring3.
Case 4: (Input1=1, Input2=1): A non-zero electric field applied on Ring1 and Ring2 results
in out-of-resonance conditions in MRR1 and MRR2, and hence, the zero field resonant sig-
nals routed to the input port of Ring1 and the add port of Ring2 bypass Ring1, 2 and 3, and
appear at the T port and the D port of Ring3.

4.3 Results and discussions

4.3.1 Fredkin gate outputs

The configuration and operation principle of the Fredkin gate based on the EA mechanism
are discussed in Section 4.2.1. The logical inputs for the gates are determined by the inten-
sity of the launched continuous resonant wavelength beam at the input port and the add port.
The signal wavelength launched at the input port and the add port is taken as 1515.27nm,
which satisfies the resonant condition for a ring radius of 5µm. InyGa1−yAsxP1−x with
x=0.1 and y as (16.6+15.6x)/(31.2+x) [40] is the material for QW with InP being the bar-
rier, and these QWs constitute the intrinsic region of the p-i-n diode, and also acts as the
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light core. The chosen material composition ensures perfect lattice matching between the
two materials. The width of QW is taken as 75Å and the barrier width as 70Å (enough
to decouple between the wells so that the particle wavefunctions of the adjacent wells do
not interact). For c (control signal, i.e., the applied electric field to the QW) �= 0, the input
wavelength experiences absorption and the corresponding refractive index change leads to
out-of-resonance condition in the MRR. According to Figure. 4.5, the absorption change
and refractive index change in a 75Å wide QW for an applied electric field of 70 kV/cm
are 219.64cm−1 and 0.0029, respectively. For an applied field of 100 kV/cm, the absorp-
tion and index changes are 667.88cm−1 and 0.0043 respectively at 1515.27nm, and the
corresponding port intensities are listed as truth table in Table 4.1.
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Figure 4.5: (a) Absorption spectrum in a 75Å wide QW at applied fields 0 kV/cm, 30
kV/cm, 70 kV/cm and 100 kV/cm, (b) Refractive index change at the different fields in
75Å QW.

Table 4.1: Truth table for Fredkin gate at F=70, 100 kV/cm and κ=0.5, 0.6. The value in
the square brackets represent the optical power at the respective ports.

Input1 Input2 Control κ=0.5, (c=1,F=70 kV/cm) κ=0.6, (c=1,F=100 kV/cm)
(c) Output1 Output2 Output1 Output2

0 0 0 0 [0] 0 [0] 0 [0] 0 [0]
0 0 1 0 [0] 0 [0] 0 [0] 0 [0]
0 1 0 0 [0.049] 1 [0.600] 0 [0.023] 1 [0.707]
0 1 1 1 [0.560] 0 [0.060] 1 [0.595] 0 [0.016]
1 0 0 1 [0.600] 0 [0.049] 1 [0.707] 0 [0.023]
1 0 1 0 [0.060] 1 [0.560] 0 [0.016] 1 [0.595]
1 1 0 1 [0.650] 1 [0.650] 1 [0.731] 1 [0.731]
1 1 1 1 [0.620] 1 [0.620] 1 [0.612] 1 [0.612]

It is obvious from Figure. 4.6 that the output intensities at the D port (output1) and

52



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
li
z
e
d

 o
u

tp
u

t

k

 T port (c=0)

 D port (c=0)

 T port (c=1)

 D port (c=1)

(a)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o
rm

a
li
ze

d
 o

u
tp

u
t

k

 T port (c=0)

 D port (c=0)

 T port (c=1)

 D port (c=1)

(b)

� �� �� �� �� ���
���

���

���

���

���

���

���

���

�
�
��

�
��
��

�
��
�
��
�
�

�������������

���������������������������
���������������������������
���������������������������
���������������������������
���������������������������
���������������������������

���

�

�

���� ���� ���� ���� ����
���

���

���

���

���

���

�
�
��

�
��
��

�
��
�
��
�
�

����

�������������
�������������
�������������
�������������

���

Figure 4.6: Normalized output power at all ports of the EA MRR based Fredkin gate versus
(a) the coupling coefficient between ring and bus waveguide, with Input1=0, Input2=1 with
c=1 as 70 kV/cm, λR=1515.27nm, (b) coupling coefficient between ring and bus waveg-
uide, with Input1=1, Input2=1 with c=1 as 70 kV/cm, λR=1515.27nm, (c) as a function
of applied field at different (Input1,Input2) combinations. (d) wavelength, with Input1=0,
Input2=1 with c=1 as 70 kV/cm and κ=0.5 (Dotted line shows λR=1515.27nm).

the T port (output2) are highly dependent on the operating wavelength, the applied field
and the coupling coefficients (between bus and ring waveguide). These parameters have
to be optimally selected for the proposed MRR configuration to operate as a Fredkin gate.
Note that the control signal in this case is in the electrical domain. As a large contrast
between the 1 and 0 states is desired, a higher applied electric field is beneficial as illustrated
in Figure. 4.6(c), which shows the normalized output power versus the applied field for
a Fredkin gate configuration, for different input scenarios. For an applied field of 100
kV/cm, the optimum coupling coefficient is around 0.6, which ensures that a large contrast
ratio is maintained between the T and D ports when the control signal is either ON (c=1,
F=100 kV/cm) or OFF (c=0, F=0 kV/cm). The output intensity dependency on coupling
coefficient for (Input1=1, Input2=0) is same as (Input1=0, Input2=1) with the output ports
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Figure 4.7: Rsoft Fredkin outputs with Input1 at input port, Input2 at add port, Output1
(green line) at D port and Output2 (blue line) at T port. (a) control=0, Input1=1,Input2=0
(b) control=0, Input1=0,Input2=1, (c)control=0, Input1=1,Input2=1 (d) control=1, In-
put1=0,Input2=1 (e) control=1, Input1=1,Input2=0 (f) control=1, Input1=1,Input2=1.

The proposed Fredkin configuration can also act as a buffer gate, a NOT gate, an AND
gate and an OR gate, by suitably selecting the input signals, as shown in Table 4.1. For
example, according to Table 4.1, when Input2 is at logic 0 and Input1 is at logic 1, the output
at T port (output2) follows control signal, while the output at the D port is the inverted
version of control signal. With Input1 as logic 0, Input2 and control can be considered as
the inputs for an AND gate, Output1 (D port) will act as the output of the AND gate.
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(d) Output of T port in dB.
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(e) Output of D port in dB.

Figure 4.8: Timing waveforms of EA MRR fredkin gateat F=70KV/cm and κ=0.5 (a)
Input1 at input port (011110) (b) Input2 at add port (110011) (c) control signal on ring
(000111) (d) Output2 (dB) at T port (110110) (e) Output1 (dB) at D port (011011).

The same configuration with Input1 as logic 1 would result in an OR gate whose output
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is obtained from the T port (Output2). The designed EA MRR Fredkin configuration is
validated by simulating in Rsoft software and the corresponding results are illustrated in
Figure 4.7. The results in Rsoft supports the working of SRR as Fredkin gate. The outputs
(output1, output2) during input1=0 and input2=0 remains zero irrespective of the state of
control signal. The timing waveforms of the EA MRR fredkin gate with bit period=5ns is
shown in Figure 4.8. An envelope detector is required to be placed at the T port and D port
for level estimation. The threshold level of the envelope detector is selected as 0.4 times of
input amplitude.

4.3.2 Parallel MRR based AND and NAND gate outputs

The outputs of the AND and NAND gates based on EA MRR architecture (Figure. 4.2)
are discussed in this section. The fields applied on the two rings of the parallel MRR act
as the operands. The T port and the D port act as the AND output and the NAND output,
respectively. The resonant wavelength is selected as 1515.27nm (resonant to the MRR at
F=0 kV/cm).

Table 4.2: Truth table for the AND (T port) and NAND (D port) gates at F=100 kV/cm
with κ=0.35 and κ=0.55. The value in the square brackets represent the optical power at
the respective ports.

Input1 (Ring1) Input2 (Ring2) κ=0.35 κ=0.55
T port D port T port D port

0 (0 kV/cm) 0 (0 kV/cm) 0 [0.057] 1 [0.574] 0 [0.010] 1 [0.796]
0 (0 kV/cm) 1 (100 kV/cm) 0 [0.135] 1 [0.382] 0 [0.026] 1 [0.664]
1 (100 kV/cm) 0 (0 kV/cm) 0 [0.135] 1 [0.336] 0 [0.026] 1 [0.468]
1 (100 kV/cm) 1 (100 kV/cm) 1 [0.735] 0 [0.069] 1 [0.439] 0 [0.032]

The dependency of output intensity (AND and NAND gate outputs) on the operating
wavelength, coupling and applied field is shown in Figure. 4.9. It is seen that the MRR
can operate as an AND gate and a NAND gate only at the resonance wavelength (at 0
kV/cm), which is around 1515.27nm. For an AND gate, the contrast ratio (CR) is defined
as the intensity difference between the high and low state in the gate (CR1, CR2 and CR3
are the intensity differences between the outputs for (Input1, Input2)=(1, 1) and (Input1,
Input2)=(0, 0), (Input1, Input2)=(1, 1) and (Input1, Input2)=(0, 1), (Input1, Input2)=(1, 1)
and (Input1, Input2)=(1, 0), respectively). It is observed that for the AND gate, a coupling
coefficient of κ=0.3 yields a large CR between the outputs, when the input field is 70 kV/cm
(refer Figure 4.10), while κ=0.35 yields a large CR between the outputs, when the input
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Figure 4.9: Wavelength and coupling coefficient dependency of a parallel EA MRR based
AND/NAND gate. (a) Normalized T port power as a function of wavelength at various
operands (field applied on rings) and κ=0.35. (Dotted line shows λ = 1518.61nm which
is resonant at F=100 kV/cm), (b) Normalized D port power as a function of wavelength at
various operands and κ=0.35, (c) CR at T port as a function of coupling coefficient with
applied field as 100 kV/cm, λR = 1515.27nm, (d) CR at D port as a function of coupling
coefficient with applied field as 100 kV/cm, λR = 1515.27nm.

field is 100 kV/cm (refer Figure 4.9). For the NAND gate, a coupling coefficient of κ=0.5
yields a large CR between the outputs, when the input field is 70 kV/cm, while κ=0.55
yields a large CR between the outputs, when the input field is 100 kV/cm. It is observed
that a trade off between the κ and applied field occurs to obtain high CR. and The truth
table which depicts the power at the output ports for the AND and NAND gates at F=100
kV/cm are shown in Table 4.2, for κ=0.35 and κ=0.55.

We also investigated the option of implementing NOR and OR gates using parallel
MRR (Figure. 4.2) with the EA mechanism for switching the states. For the parallel MRR,
the applied voltage changes the refractive index of the ring in such a way that the resonant
condition is satisfied for the input optical signal. With an applied field of 100 kV/cm to the
rings, the change in the refractive index (Δn) is 0.0045, corresponding to a wavelength of
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Figure 4.10: Coupling coefficient dependency of a parallel EA MRR based AND/NAND
gate. (a) CR at T port as a function of coupling coefficient with applied field as 70 kV/cm,
λR = 1515.27nm, (b) CR at D port as a function of coupling coefficient with applied field
as 70 kV/cm, λR = 1515.27nm.

1518.61nm. At this wavelength, the configuration can act as NOR/OR gate.
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Figure 4.11: Rsoft parallel MRR AND/NAND outputs with Input1, Input2 as field ap-
plied on Ring1 and Ring2, AND output (blue line) at T port and NAND port (green line)
at D port. (a) Input1=0,Input2=0 (b) Input1=0,Input2=1, (c) Input1=1,Input2=0 (d) In-
put1=1,Input2=1.
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(c) Output of T port in dB.
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(d) Output of D port in dB.
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(e) Output of T port (AND gate).
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(f) Output of D port (NAND gate).

Figure 4.12: Timing waveforms at F=100KV/cm and κ=0.35 (a) Input1 (010110) (b) In-
put2 (110011) (c) AND output (dB) at T port (d) NAND output (dB) at D port (e) AND
output (010010) at T port (f) NAND output (101101) at T port.

According to Figure. 4.9(a) and (b), at 1518.61nm, the parallel MRR configuration fails
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to act as NOR/OR gate due to a low CR between the states. A low CR is due to the fact
that the signal satisfies the resonance condition and gets coupled to the MRR only with
an applied electric field, where, at this condition, the absorption coefficient of the MRR
becomes high (499.721cm−1). The signal in the MRR therefore gets attenuated and the
MRR now acts as a lossy resonator with a low quality (Q) factor.

The Rsoft outputs of EA parallel MRR AND/NAND gates at different cases is depicted
in Figure 4.11 which supports the analysis made with the proposed configuration in Figure
4.2. The timing waveforms of EA parallel MRR AND/NAND is shown in Figure 4.12 with
bit period of 5ns and threshold level is taken as 0.4 times the input amplitude.

4.3.3 XOR and XNOR gate outputs based on DRR and U-bent waveg-
uides

Section 4.2.3 had explained the working mechanism of the XOR and XNOR gates imple-
mented using DRR and U-bent waveguides, which use the EA mechanism for switching
between states. The operands are the electric fields applied onto the rings and the XOR and
XNOR outputs are collected at the T port and the D port of Ring2, respectively (refer to
Figure. 4.3).

Table 4.3: Truth table for XOR and XNOR gate at F=100 kV/cm and κ=0.6. The value in
the square brackets represent the optical power at the respective ports.

Input1 (Ring1) Input2 (Ring2) XOR (T port) XNOR (D port)
0 (0 kV/cm) 0 (0 kV/cm) 0 [0.067] 1 [0.534]
0 (0 kV/cm) 1 (100 kV/cm) 1 [0.445] 0 [0.050]
1 (100 kV/cm) 0 (0 kV/cm) 1 [0.445] 0 [0.050]
1 (100 kV/cm) 1 (100 kV/cm) 0 [0.039] 1 [0.370]

The launched signal at the input port has a wavelength of 1515.27nm (resonant to the
MRR at zero applied field). The length of long U-bent and short U-bent waveguides are
selected as 6πR and 2πR, respectively, in order to ensure zero phase difference for the
signal before and after entering the U-bent waveguide. The CR variation at the output ports
of Ring2 versus the coupling coefficient is shown in Figure. 4.13 (a) and (b), respectively.
Note that for κ=0.6, high CR is obtained for all states for both XOR and XNOR logic gates
at λR=1515.27nm.

The power variations at the output T and D ports of Ring2 for different control signals
(different applied electric fields) are shown in Figure. 4.13(c) and (d), respectively. The
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Figure 4.13: Coupling and wavelength dependency of the EA MRR and U-bent
waveguides-based XOR and XNOR gates at F=100 kV/cm. The dotted straight line
indicates λR=1515.27nm. (a) CR at T port of Ring2 versus the coupling coeffi-
cient at λR=1515.27nm, (b) CR at D port of Ring2 versus the coupling coefficient at
λR=1515.27nm, (c) Normalized T port power of Ring2 versus wavelength at various
operands (fields applied on the rings) and κ=0.6., (d) Normalized D port power of Ring2
versus wavelength at various operands and κ=0.6.

output contrast ratios CR1-4 of the XOR gate shown in Figure. 4.13(a) are the intensity
difference between the outputs of logical inputs (0,1) and (0,0), (0,1) and (1,1), (1,0) and
(0,0), (1,0) and (1,1), respectively. Note that, the output of the XOR gate is taken from the
T port of Ring2. The contrast ratios CR1-4 for the XNOR gate plotted in Figure. 4.13(b)
are defined the intensity difference between the outputs of logical inputs (0,0) and (0,1),
(0,0) and (1,0), (1,1) and (0,1), (1,1) and (1,0), respectively. The truth table for the XOR
and XNOR gates for a coupling coefficient of 0.6 is depicted in Table 4.3. EA MRR can
act as triple input XOR and XNOR gates by feeding the outputs of two input EA MRR
XOR/XNOR gates into a fredkin gate based on EA SRR and the field on the fredkin ring as
the third input. The truth table of EA MRR based triple input XOR and XNOR is depicted
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in Table 4.4 with F=100KV/cm and κ=0.55, input port and add port of Fredkin is fed with
output of 2 input XOR and XNOR respectively. Optical amplifiers placing at the output
stage of two input XOR/XNOR gate (before feeding into Fredkin gate) in EA MRR triple
input XOR XNOR gate helps to improve the CR.

Table 4.4: Truth table for triple input XOR and XNOR gate at F=100KV/cm and κ=0.55
and λ=1515.27nm

Input1 Input2 Input3 XOR XNOR
0 (0 KV/cm) 0 (0 KV/cm) 0 (0 KV/cm) 0 (0.138) 1 (0.380)
0 (0 KV/cm) 0 (0 KV/cm) 1 (100 KV/cm) 1 (0.350) 0 (0.099)
0 (0 KV/cm) 1 (100 KV/cm) 0 (0 KV/cm) 1 (0.350) 0 (0.099)
0 (0 KV/cm) 1 (100 KV/cm) 1 (100 KV/cm) 0 (0.069) 1 (0.325)
1 (100 KV/cm) 0 (0 KV/cm) 0 (0 KV/cm) 1 (0.349) 0 (0.099)
1 (100 KV/cm) 0 (0 KV/cm) 1 (100 KV/cm) 0 (0.069) 1 (0.325)
1 (100 KV/cm) 1 (100 KV/cm) 0 (0 KV/cm) 0 (0.069) 1 (0.325)
1 (100 KV/cm) 1 (100 KV/cm) 1 (100 KV/cm) 1 (0.307) 0 (0.046)

4.3.4 Triple-MRR based OR and AND gate outputs

As discussed in Section 4.2.4, an OR gate along with an AND gate can be simultaneously
realized in a triple ring MRR that uses the EA mechanism for state switching. The input
optical signal of 1515.27nm launched at the input port of Ring1 and add port of Ring2
satisfies the resonance condition with no field applied onto the rings.

Table 4.5: Truth table for AND (T port) and OR (D port) gate based on triple MRR. The
value in the square brackets represent the optical power at the respective ports.

Input1 (Ring1) Input2 (Ring2) Input1 on ring3 Input2 on ring3
T port D port T port D port

0 (0 kV/cm) 0 (0 kV/cm ) 0 [0.043] 0 [0.043] 0 [0.043] 0 [0.043]
0 (0 kV/cm) 1 (100 kV/cm) 1 [0.414] 0 [0.092] 0 [0.058] 1 [0.586]
1 (100 kV/cm) 0 (0 kV/cm ) 1 [0.586] 0 [0.058] 0 [0.092] 1 [0.414]
1 (100 kV/cm) 1 (100 kV/cm) 1 [0.590] 1 [0.590] 1 [0.590] 1 [0.590]

The CR variations at the output T and D ports of Ring3 (T port for OR and D port
for AND with the field applied onto Ring3 being the same as that applied onto Ring1)
versus the coupling coefficient are shown in Figure. 4.14(a) and (b), respectively. The
output contrast ratios CR1-3 of the OR gate shown in Figure. 4.14(a) are the intensity
difference between the outputs of logical inputs (1,1) and (0,0), (1,1) and (0,1), and (1,1)
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Figure 4.14: Wavelength and coupling dependency of triple EA MRR based OR and AND
gates with Ring3 fed with Input1. (a) CR at the T port of Ring3 versus the coupling coeffi-
cient for an applied field of 100 kV/cm and λR=1515.27nm, (b) CR at the D port of Ring3
versus the coupling coefficient for an applied field of 100 kV/cm and λR=1515.27nm, (c)
Normalized T port power of Ring3 versus wavelength for various operands (field applied
on rings), with κ=0.45, (d) Normalized D port power of Ring3 versus wavelength for vari-
ous operands, with κ=0.45. (Dotted vertical line shows λR=1515.27nm).

and (1,0), respectively. The contrast ratios for the AND gate (shown in Figure. 4.14(b)) are
defined in Section 3.2. For κ=0.45, high CRs are obtained for all the states, for both the
OR and AND logic gates, and thus the optimum coupling coefficient between the ring and
waveguide is selected as 0.45. The power variation at the output T and D ports of Ring3
for different control signals (different applied electric field) is shown in Figure. 4.14 (c)
and (d), respectively. Table 4.5 provides the output intensities for the proposed OR and
AND gates are based on MRR configurations with the field applied onto Ring 3 being the
same as the one applied onto Ring 1 and Ring2, with operating wavelength as 1515.27nm
and κ=0.45. The same MRR configuration can be used to realize NAND/NOR gates at
the output ports by launching a wavelength which satisfies resonant condition at non-zero
field applied on the rings. But the poor Q factor due to absorption effect leads to the failure
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of realizing NAND/NOR gates using EA triple MRR configuration. In reference [53], OR
and AND logic gates are realized using parallel double ring MRR. This configuration could
only realize the logic gate at different resonant condition of the rings. The zero bias applied
on the ring when satisfies the resonant condition in the MRRs of the configuration leads
to OR gate realization while non-zero bias applied on the ring when satisfies the resonant
condition in the MRRs leads to AND gate realization. The proposed triple parallel MRR
configuration using electroabsorption modulation can successfully realize OR and AND
gates simultaneously at the T port and D port when the MRR satisfies resonant condition
at zero field applied on the rings

4.4 Conclusion

In this chapter, we proposed and simulated the performances of logic gates based on EA
based MRRs employing QWs in the intrinsic region of p-i-n heterostructure diodes as the
light guiding media. Simulation results have shown that the absorption in the QWs can
be varied through external applied fields, which change the state of the logic gates. Using
MRRs, we succeeded in implementing Fredkin logic gate; a universal gate suitable for
reversible computing, whereby the states are changed through the EA mechanism. When
realizing two input AND gate using MRR based Fredkin gate, one of the input is in the
optical domain while the other is in the electrical domain. It is always advantageous for
a Fredkin gate to have both the input signals in the same domain. To accomplish this, we
have proposed a parallel EA double ring resonator in which AND as well as NAND outputs
can be simultaneously obtained at the output T port and the D port, respectively.

While implementing OR and NOR gates using parallel MRRs in conjunction with the
EA mechanism, we also found that the reduction in the Q factor of the rings at an applied
field, due to higher absorption, leads to a poor contrast ratio between the various output
states, making the realization of OR and NOR gates impractical. A novel triple ring config-
uration has also been proposed, for the first time, which can simultaneously realize AND
and OR gates through the EA mechanism. Implementation of XOR and XNOR gates using
two EA MRRs along with U-bent waveguides was verified. Most importantly, our simu-
lation results have also revealed that all the proposed logic gates can only be realized by
optimizing the coupling coefficient, operating wavelength and applied field. The EA MRR
optical logic gates have the potential to achieve faster switching and integrate higher de-
vice density. The hybrid architecture of the proposed EA MRR logic gates, with the control
signal being in the electrical domain and controlled signal in the optical domain, takes ad-
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vantage of the key attributes of both domains, making them advantageous for their use in
futuristic photonic integrated circuts and optical signal processing.
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Chapter 5

Design and optimization of bias assisted
carrier injective MRR logic gates

5.1 Introduction

Optical logic gates are the key elements needed to realize high speed optical signal pro-
cessing systems and optical computing. Hardy and Shamir [48] introduced a new plat-
form in signal processing, which simultaneously enables high speed operation and control
convenience. The high-speed and control benefits of optics and electronics can be collec-
tively used to develop electro-optics-based logic circuits whereby electrons and photons are
used for signal control/switching and signal operation, respectively [49]. Optical directed
logic gates open up computational parallelism, thus lead to higher packaging density in
integrated circuits (ICs). Performing optical operations independently on each switching
element in a network enables boolean logic functions to be realized with reduced latency
and over-all processing time. Optical logic gates based on III-V semiconductors are highly
recommended for monolithic integration with other III-V devices (e.g., lasers, photodetec-
tors, amplifiers, etc.) in chip platform. To enable control/switching in logic gates, several
switching mechanisms such as electro-optic (EO) effect [50, 57], electro-absorption (EA)
effect [58] and thermo-optic (TO) effect [51] can be used. However, each of these mech-
anisms has its own drawbacks. The EO effect is relatively weak in III-V semiconductors,
and hence, the length of an EO device must be long enough in order to attain a large change
in optical output with a practical applied bias voltage, which makes it incompatible for chip
integration. EA based logic gates are polarization sensitive and the wavelength operation
of these devices should be chosen near the bandgap of the material as EA effect is strongest
only for those wavelengths that are near the bandedge wavelength. Group III-V semi-
conductor materials with bandgap close to lowest attenuation and dispersion wavelength
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window (around 1300nm and 1550nm, respectively) are Indium-based ternary and quater-
nary materials, such as InAlAs/InGaAs and InGaAsP/InP. The major drawbacks of these
materials are their scarcity and immature processing technologies. The TO based logic
gates faces thermal mismatch issues along with poor stability and reliability. An alternative
switching mechanism that works well with III-V semiconductor materials is carrier injec-
tion (CI)[59]. The major attractive features of CI mechanism are polarization independent
nature, operational simplicity, high contrast ratio and freedom to operate over a wavelength
band far away from the bandgap. Through a bias-assisted CI mechanism, varying the bias
voltage applied to the III-V semiconductor material changes its refractive index through
bandfilling (BF), bandgap shrinkage (BGS) and free carrier absorption (FCA) effects. The
limitation faced by CI modulation-based devices implemented using Mach Zehnder Inter-
ferometer and directional coupler structures in ICs is their bulky nature [35, 60]. However,
a solution that overcome this limitation is to use microring resonator (MRR) structures
[21].
In this chapter, we are introducing a novel bias assisted CI based p-i-n diode embedded
parallel triple MRR configuration to simultaneously realize OR and AND gates at the out-
put ports (T port and D ports) during resonant wavelength (resonant at zero bias) launched
at the input ports. The bias on the rings act as the operands while the operational results
are collected at the respective output ports. The performance of the proposed configura-
tion is optimized using the applied bias on MRRs, intrinsic region width, relaxation time
of carriers and coupling coefficient between ring and bus waveguides. Launching a wave-
length which satisfies resonant condition at non-zero bias, at the input ports of this proposed
configuration can lead to the simultaneous realization of NOR and NAND gates at the re-
spective output ports. We already discussed in Chapter 4 about the failure of EA parallel
DRR configuration to work as NOR and OR gate due to low Q factor. The same proposed
parallel DRR configuration can work as AND and NAND gate or NOR and OR gate by
implementing CI modulation mechanism. The results corresponding to the operation of
CI based parallel DRR is also discussed in this chapter. All the MRR logic gate config-
urations discussed in Chapter 4 can operate successfully by incorporating CI modulation
mechanism instead of EA modulation.
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5.2 Modeling of carrier injective parallel triple ring res-
onators based optical gates

The perspective view of the proposed logic gate configuration is shown in Figure 5.1. The
structure consists of three identical parallel rings of identical radii, R, seperated by a suffi-
cient minimum gap that the cross coupling between the individual rings is negligible. The
entire logic gate structure is grown on a GaAs substrate. The device is comprised of p-i-n
diodes having GaAs intrinsic (i) regions, which act as light carrying media (core regions),
and surrounding p-AlGaAs and n-AlGaAs regions, which have lower refractive indices
than the intrinsic region and act as claddings that confine the optical signal to the intrinsic
regions (cores). Injection of carriers into i-GaAs is enabled by depositing p and n electrodes
on the top of the rings and beneath the GaAs substrate. Since the bandgap wavelength of
the GaAs material is typically far less than the low attenuation and dispersion wavelengths,
efficient operation can be attained at these long wavelengths. The material exhibits appre-
ciable refractive index change with a small applied bias voltage. Unlike silicon-based logic
gate devices, GaAs-based devices enable monolithic integration with other semiconductor
optoelectronic devices. The injection of carriers in a forward-biased ring resonator struc-
ture induces a refractive index change that shifts the resonant wavelength, thus routing a
portion of optical signal launched into the input port to the T and D ports of the subsequent
MRRs. The resulting intensity variation at the T port and D port of MRR3 (refer to Figure
5.1) leads to the realization of OR/AND and NAND/NOR gates. The principle of opera-

p-AlGaAs
i-GaAs

n-AlGaAsn-electrode
GaAs
substrate

Input port

Applied bias
(Input1)

AND/NOR
Output port

-+

-
+

Applied bias
(Input2)

p-electrode

OR/NAND
Output port

Add port

(b)

MRR1

MRR3

MRR2

Figure 5.1: (a) Parallel triple ring MRR configuration for OR/AND and NOR/NAND gate
realization. (b) Perspective view of MRRS for realizing OR/AND and NOR/NAND gate
based on CI. The T port of MRR3 acts as an OR gate and the D port as an AND gate at
zero bias for the resonant signal. The T port of MRR3 acts as a NAND gate and D port as
a NOR gate at a non-zero bias (the bias applied on MRR3 is same as MRR1).

tion and realization of OR and AND or NAND and NOR gates using carrier injective p-i-n
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embedded parallel triple ring resonators are discussed below:

5.2.1 Principle of operation of carrier injective p-i-n diode embedded
MRRs

Applying through the electrodes, forward biases to the p-i-n structured MRRs results in
electron and hole injection into the intrinsic regions. The change in refractive index in
the i-GaAs is attributed to the change in absorption associated with BF (Burstein-Moss
phenomenon, i.e. bandgap of a semiconductor material increases as the absorption edge is
shifted to higher energies due to conduction band state population.), BGS and FCA (plasma
effect) due to the injected carriers [34]. Note that, BF and BGS are interband absorption
effects while FCA is intraband absorption effect. In the following calculations of switching
characteristics, the band shapes are assumed to be parabolic. By injecting carriers, photons
of energies slightly greater than the nominal bandgap energy (Eg) experience lower ab-
sorption because the electrons and holes fill the conduction and valance band, thus leading
to the BF effect. The BGS effect happens when the injected carrier concentration density
exceeds the critical carrier concentration density (material parameter dependent). This ef-
fect lowers the conduction band edge and increase the valance band edge, thus shrinking
of the bandgap energy , which increases the absorption for photon of energies less than
the nominal bandgap energy. Note that, while calculating the BF effect, the change in the
band gap due to BGS must also be included and typically the contributions of the BF and
BGS effects can be combined together in the calculations [44]. The critical carrier density
estimation (χcr) and bandgap energy reduction (ΔEg(χ)) is modeled according to [34, 61].
The resulting change in absorption (Δα(χ, E)BF+BGS) due to the combined BF and BGS
effects is expressed as a function of carrier density (χ) in i-GaAs and photon energy (E) as
[44]:

Δα(χ, E)BF+BGS =
Chh

E
((fv(Eah))− (fc(Ebh)))

�
E − (Eg −ΔEg(χ))

+
Clh

E
((fv(Eal))− (fc(Ebl)))

�
E − (Eg −ΔEg(χ))− (

Chh

E

�
E − Eg +

Clh

E

�
E − Eg)

(5.1)
Here, Eah and Ebh denotes the state of energy levels in valance band and conduction band
by considering heavy holes, while Eal and Ebl denotes the state of energy levels in valance
band and conduction band by considering light holes respectively. The Fermi-Dirac prob-
ability distribution function in these respective states are represented by fv and fc. The
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constants (Chh and Clh) are obtained from [34] by correcting with a multplicative term
√
�

and units as cm−1eV. The change in absorption is accompanied by a change in refractive
index (ΔnBF+BGS) and it can be calculated by applying Kramers-Kronig integration to
Eq.(1) and substituting the appropriate Cauchy principal value. The maximum change in
refractive index due to BF and BGS occurs near the bandgap region and become negligible
for photon energies much less than the bandgap energy.

FCA is due to the absorption of photons by free carriers (electrons and holes) and
the intraband transition of free carriers occuring from one energy state to a higher energy
state. FCA-based refractive index change (ΔnFCA) dominates at lower photon energies or
higher operating wavelengths, since ΔnFCA is proportional to the square of the operating
wavelength. ΔnFCA, which depends on the injected electron and hole densities (χe,p),
refractive index (n) and propagating wavelength through the core i-GaAs region, is given
as

ΔnFCA = − e2λ2

8π2c2�0n

�
χe

me

+
χp

mp

�
(5.2)

where e, c, �0, me and mp are the electronic charge, velocity of light in free space,
free space permittivity and effective masses of electron and holes, respectively. The total
change in refractive index (Δntotal) is the sum of the ΔnBF+BGS and ΔnFCA.

5.2.2 Realization of triple parallel MRRs based optical logic gates

Incorporating the CI modulation mechanism into the proposed triple parallel MRRs config-
uration leads to realization of different logic gates. The launched resonant photon energy of
the signal at the input port of MRR1 and add port of MRR2 in the proposed configuration
is selected to be far less than bandgap energy of the intrinsic region in the rings. Three
identical rings are used in the proposed configuration shown in Figure 5.1, where L is the
circumference of each of the rings. The input power of the launched light signal is denoted
as PI and the normalized output power levels at the T port of MRR1 (ring1) and D port of
MRR2 (ring2) are represented as PT1 and PD2 respectively. MRR3 acts as a Fredkin gate
with the T port output of Ring1 fed as an input into the input port of Ring3 and the add port
of Ring3 fed with the D port output of Ring2 [55]. The normalized power levels at T1 and
D2 ports are given by

PT1,D2 =

������
τ +

(iκ)2τ exp
�

i2πLn1,2

λ
− αL

�

1− τ 2 exp
�

i2πLn1,2

λ
− αL

�

������

2

(5.3)
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while PT3 and PD3 are the normalized powers at T port and D port of MRR3 (ring3) and
are given by

PT3 =

�����τ +
(iκ)2τ exp

�
i2πLn3

λ
− αL

�

1− τ 2 exp
�
i2πLn3

λ
− αL

�
�����

2

× PT1 +

�����
(ik)2 exp

�
iπLn3

λ
− αL/2

�

1− τ 2 exp
�
i2πLn3

λ
− αL

�
�����

2

× PD2

(5.4a)

PD3 =

�����τ +
(iκ)2τ exp

�
i2πLn3

λ
− αL

�

1− τ 2 exp
�
i2πLn3

λ
− αL

�
�����

2

× PD2 +

�����
(ik)2 exp

�
iπLn3

λ
− αL/2

�

1− τ 2 exp
�
i2πLn3

λ
− αL

�
�����

2

× PT1

(5.4b)

The refractive indices of the rings (n1 for Ring1, n2 for Ring2, n3 for Ring3) is neff at
zero applied, and changes to neff -Δntotal at an applied bias. Note that the add port of Ring1
must be isolated from the input port of Ring2 as shown in Figure 5.1 to restrict the entry
of any optical signal through the add port of Ring1, which can result in nonfunctioning
of the gates. The bias voltage applied to Ring1 and Ring2 is considered as the operands,
and the logic output is collected as light intensities at the T port and the D port of Ring3.
An optical signal which is resonant either at zero bias or at an applied bias is continuously
launched through the input port of Ring1 and the add port of Ring2, depending whether
an OR/AND or a NAND/NOR function is needed. The bias applied to Ring3 controls the
ports through which OR/AND and NAND/NOR functions are obtained. If the bias applied
to Ring3 is same as that applied to Ring1, then, depending on whether the launched optical
signal is resonant at zero bias or non-zero bias, an OR or a NAND gate is realized at the T
port of Ring3, while the D port of Ring3 realizes the AND or NOR gate, respectively. If
the bias applied on Ring3 is same as that applied to Ring2, then an OR or a NAND gate is
realized at the D port of Ring3, while the T port of Ring3 realizes an AND or a NOR gate,
respectively.

The operation of the device as a logic gate is subsequently described. Here, we consid-
ered that the applied bias on Ring3 is the same as that on Ring1. Also consider that λ = λ0R

is the wavelength which satisfies resonance condition with zero bias being applied to the
rings, while λ = λ1R satisfies the resonance condition when the rings are biased with a
non-zero voltage.
Case 1: (Input1=0, Input2=0, λ = λ0R): A zero bias applied to Ring1 and Ring2 results
in resonance conditions at Ring1, Ring2 and Ring3 for optical signals of wavelength λ0R

launched into the input port of MRR1 and the add port of MRR2. This scenario results in
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low optical intensities (logic 0) at the T port and the D port of Ring3, as no input optical
signals enter into the ports of Ring3.
(Input1=0, Input2=0, λ = λ1R): A zero bias applied to Ring1 and Ring2 results in non-
resonance conditions at Ring1, Ring2 and Ring3 for optical signal of wavelength λ1R

launched into the input port of MRR1 and the add port of MRR2. This scenario results
in high optical intensities (logic 1) at the T port and the D port of Ring3.
Case 2: (Input1=0, Input2=1, λ = λ0R): When the optical signals of wavelength λ0R are
launched at the input port of Ring1 and the add port of Ring2, a non-zero bias applied to
Ring2 (i.e., MRR2 becomes out of resonance, thus bypassing Ring2) yields a high-intensity
optical signal at the drop port of Ring2. The drop port of Ring2 is connected to the add
port of Ring3, and thus, the optical signal launched into the add port of Ring2 couples into
Ring3 (Ring3 is at resonance as no bias is applied onto it) and appears at the T port of
Ring3, resulting in a high-intensity optical signal (logic 1) at the T port and a low-intensity
optical signal (logic 0) at the D port of Ring3 (as the T port intensity of MRR1 is low).
(Input1=0, Input2=1, λ = λ1R): When optical signals of wavelength λ1R launched at the
input port of Ring1 and the add port of Ring2, a non-zero bias applied on Ring2 (i.e., MRR2
becomes resonant, thus couples to Ring2) yields a high-intensity optical signal at the T port
of Ring2. A zero bias applied to Ring1 makes MRR1 out of resonance, yielding a high-
intensity optical signal at the T port of MRR1. Since the T port of MRR1 is connected to
the input port of Ring3, as Ring3 is driven with the same bias as Ring1, MRR3 becomes
out of resonance, and this results in a high-intensity optical signal (logic 1) at the T port of
MRR3 and a low-intensity optical signal (logic 0) at the D port of MRR3.
Case 3: (Input1=1, Input2=0, λ = λ0R): A non-zero bias applied to Ring1 (i.e., MRR1
becomes out of resonant, thus bypasses Ring1) yields a high-intensity optical signal at the
T port of Ring1. Since the T port of Ring1 is connected to the input port of Ring3, the
optical signal launched into the input port of Ring1 bypasses Ring3 (Ring3 is out of reso-
nance, as a non zero bias is applied onto it) and appears at the T port of Ring3, resulting
in a high-intensity optical signal (logic 1) at the T port and a low-intensity optical signal
(logic 0) at the D port of Ring3 (since the optical signal intensity at the D port of MRR2 is
low and at the T port is high).
(Input1=1, Input2=0, λ = λ1R): A non-zero bias applied to Ring1, at which MRR1 be-
comes resonant, yields a high-intensity optical signal at the D port of Ring1. A zero bias
applied to Ring2 drives MRR2 out of resonance and thus, a high-intensity optical signal
appears at the D port of MRR2 and the intensity of optical signal at T port of MRR2 be-
comes low. As the D port of MRR2 is connected to the add port of Ring3, when both Ring3
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and Ring1 share the same bias, MRR3 is driven into resonance, yielding a high-intensity
optical signal (logic 1) at the T port and a low-intensity signal (logic 0) at the D port of
MRR3.
Case 4: (Input1=1, Input2=1, λ = λ0R): A non-zero bias applied to both Ring1 and Ring2
results in non-resonance conditions for MRR1 and MRR2, and hence, zero bias resonant-
wavelength signals launched at the input port of Ring1 and the add port of Ring2 bypass
Rings 1, 2 and 3, yielding high-intensity optical signal (logic 1) at both the T port and the
D port of Ring3.
(Input1=1, Input2=1, λ = λ1R): A non-zero bias applied to both Ring1 and Ring2 drive
them into resonance, and hence, non-zero bias resonant-wavelength signals launched to the
input port of MRR1 and the add port of MRR2 couple into Rings 1 and 2, and appear at the
D port of MRR1 and the T port of MRR2, resulting in low-intensity optical signals (logic
0) at both the T port and the D port of MRR3.
The above-described operations of the proposed triple parallel MRR based logic gate con-
figuration demonstrate its ability to realize OR and AND gate at T port and D port for a zero
bias resonant wavelength λ0R or NAND and NOR gate at T port and D port for a non-zero
bias resonant wavelength λ1R, respectively.

5.2.3 Realization of carrier injective parallel DRR based logic gates

The parallel DRR configuration to realize AND and NAND gates simultaneously at the
T port and D port are discussed in Figure 4.2 of Chapter 4. EA modulation mechanism
fails to simultaneously realize OR and NOR gates on the same proposed configuration due
to low Q factor and high absorption during an applied bias condition (operand as logic
1) on the rings (Ring1 and Ring2), resulting in low CR for OR and NOR gate outputs.
Implemeting CI mechanism to change the refractive index of rings in response to applied
bias has succeeded to simultaneously realize AND and NAND or NOR and OR gates at the
output ports depending up on the nature of launched wavelength at the input port. If the
launched wavelength satisifes resonant condition at zero bias (operand as logic 0) leads to
AND gate output at T port and NAND gate output at D port. If the launched wavelength
satisfies resonant condition at non-zero bias (operand as logic 1), then T port yields NOR
gate output while D port yields OR gate output respectively. The normalized output power
at T port and D port of a parallel DRR is expressed as

PT =
���τ 2C̄ +

�
φ1C̄τjκΓ+ φ2jκτ(α + βΓ)

���
2

(5.5a)
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PD =
���(jκ)2

�
φ1 + jκτ C̄

�
φ2α + (jκτφ1 + τ C̄jκ

�
φ2β)Γ

���
2

(5.5b)

Here,

φ1 = exp

�
j2πLn1

λ
− αL

�

φ2 = exp

�
j2πLn2

λ
− αL

�

α =
jκτ C̄

1− τ 2φ2

β =
C̄
√
φ1(jκ)

2

1− τ 2φ1

Γ =
τjκ

√
φ1 +

√
φ2C̄(jκ)2α

1− τ 2φ1 −
√
φ2C̄(jκ)2β

C̄ represents the attenuation experienced by the optical signal when it passes through the
straight waveguides which connects the DRR. Using appropriate optical amplifiers in the
bus waveguides helps to reduce the C̄ effect on the output intensity. The refractive indicies
of Ring1 and Ring2 (refer Figure 4.2) is represented as n1 and n2, which depends on the
applied bias over the rings. The refractive indicies remains as neff at an applied bias
of 0V on the ring while an applied non-zero bias results in a refractive index value of
n1,2 = neff −Δn.

5.2.4 Realization of carrier injective off axis MRR based logic gate

Off axis MRR is an attractive MRR configuration with non-concentric rings. The inner
off axis rings has the potential to generate extra resonant notches in the output spectrum
due to extra phase matching condition occuring between inner and outer rings. In our
analysis we are considering the configuration with a single inner off axis ring and and outer
ring based MRR. The configuration contributes smaller device size compared to parallel
and series MRR configurations, thus leads to better footprint management in interconnect
architecture.

τ1 and κ1 represents the transmission and coupling coefficient between the bus waveg-
uide and outer ring while τ2 and κ2 represents the transmission and coupling coefficient
between the non-concentric inner and outer rings as shown in Figure 5.2. The coupling be-
tween the rings will be less than the coupling between bus-ring waveguide due to reduced
coupling region between ring-ring waveguides. C1 and C2 represents the phase change in
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C1 C2

Figure 5.2: Off axis MRR configuration with a single inner and outer ring.

outer ring and inner ring respectively while propagation of light through it. The normal-
ized transfer functions of the proposed off axis MRR configuration to obtain the normalized
output port intensities at T port (PT ) and D port (PD) are expressed as:

PT =
���τ1 + jκ1M1

���
2

(5.7a)

PD =
���M2 +M3

���
2

(5.7b)

Here,
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L1 and L2 represents the circumference of outer and inner rings while n1 and n2 represents
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the applied voltage dependent refractive index of inner and outer ring. Here, L1=2πR1 and
L2=2πR1 where R1 and R2 are the radius of outer ring and off axis ring. It is observed that
the off axis MRR configuration act as inhibitor logic gate when the radius of outer ring is
selected as double of inner ring. An inhibitor logic gate is a universal logic gate which are
mainly popular in enzymic activity in biochemical reactions. In an inhibitor logic gate, the
presence of one input inhibits or inactivates the other input. Inhibitor logic gate are mainly
of four forms, two types of NOT+AND inhibitor gate and two types of NOT+OR inhibitor
gate as shown in Figure 5.3 with a and b represents the operands to the gates.

Figure 5.3: Types of inhibitor gates.

The off axis MRR configuration can successfully realize NOT+AND and NOT+OR
inhibitor logic gatse (Figure 5.3(a) and (d)) and the truth table of the respective inhibitor
gates are shown in Table 5.1. The presence of one input inactivates the action of other
input. The operation of the device as a logic gate is described below. Here, we considered
that the zero bias applied on the rings leads to resonant condition while an applied bias on
the rings leads to non-resonant condition. Input1 and input2 represent the bias applied on
outer ring and off axis ring respectively. The launched wavelength which satisfies resonant
condition in the MRRs is λR.
Case 1: (Input1=0, Input2=0, λ = λR): A zero bias applied to outer ring and off axis ring
results in resonance conditions at the MRRs for optical signals of wavelength λR launched
into the input port. This scenario results in high optical intensities (logic 1) at the T port
and low intensities (logic 0) at D port.
Case 2: (Input1=0, Input2=1, λ = λR): A zero bias applied to outer ring and a non-zero
bias is applied to off axis ring results in resonance conditions at the outer ring while non-
resonant condition at off axis ring for optical signals of wavelength λR launched into the
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input port. This scenario results in low optical intensities (logic 0) at the T port and high
intensities at the D port.
Case 3: (Input1=1, Input2=0, λ = λR): A zero bias applied to off axis ring and a non-
zero bias is applied to outer ring results in resonance conditions at the off axis ring while
non-resonant condition at outer ring for optical signals of wavelength λR launched into the
input port. This scenario results in low optical intensities (logic 0) at the D port and high
intensities (logic 1) at T port.
Case 4: (Input1=1, Input2=1, λ = λR): A non-zero bias is applied to outer ring and off
axis ring results in resonance conditions at the off axis ring while non-resonant condition at
outer ring for optical signals of wavelength λR launched into the input port. This scenario
results in low optical intensities (logic 0) at the D port and high intensities (logic 1) at T
port.
The output intensities at D port and T port of off axis MRR configurations at different
bias conditions act as the output of inhibitor gates (NOT+AND (āb) and NOT+OR (a+ b̄)
respectively) with applied bias as operands. The truth table of inhibitor gates is shown in
Table 5.1.

Table 5.1: Truth table for NOT+AND inhibitor gate (āb) and NOT+OR inhibitor gate
(a+ b̄).

Input1 (a) Input2 (b) NOT+AND (āb) NOT+OR (a+ b̄)

0 0 0 1

0 1 1 0

1 0 0 1

1 1 0 1

5.3 Results and Discussions

Based on the principle of the proposed triple parallel MRR configuration for operation as
OR/AND and NAND/NOR logic gates, shown in Figure 4.2 and as discussed in the previ-
ous section, the logical outputs are collected at the T port and D port of MRR3, while the
input continuous-wave resonant (at zero or non-zero bias) wavelength signals are launched
at input port of MRR1 and add port of MRR2. The average carrier density injected into
the i-GaAs region during forward biasing is calculated by solving the electron and hole
transport equations [?]. The induced carrier density leads to resonant wavelength shift (due
to a change in the refractive index), which results in changes in the intensities of the optical
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signals at the output ports. The light intensity change at the D and T port is decided by
the change in the refractive index which in turn depends on the applied bias and therefore
on injected carrier density in the intrinsic region of the p-i-n diode. The available carrier
density is also decided by the carrier life time and the active volume availabe for the car-
riers to recombine. A smaller life time leads to smaller carrier concentration as the rate
at which carriers recombine would be fast. Similarly, a larger active volume would also
result in smaller carrier concentration as the carrier recombination would be large [?]. The
coupling coefficient variation affects the output port intensities [?] in the proposed MRR
logic gate configurations and the optimum coupling coefficient to attain maximum CRs at
output ports depends upon the refractive index change in the rings resulting from the ap-
plied bias. The optimization of the proposed logic gate configuration is therefore achieved
by optimizing the width (w) of the i-GaAs region, the applied bias, the lifetime of carriers
in the i-GaAs region and the coupling coefficients of the ring-bus waveguides for maxi-
mizing contrast ratio and optical field confinement in the light carrying core region of the
proposed logic-gate configuration. As confinement increases, the cladding losses decreases
and leads to appearance of higher fraction of intensities at the output ports. Thus helps to
achieve better contrast ratio between the output port intensities representing the logic 0 and
logic 1 conditions in MRR logic gate.
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Figure 5.4: Dependency of average concentration and confinement factor on applied bias,
intrinsic width and lifetime in i-GaAs.

The absorption and refractive index change are estimated by considering the contribu-
tion of the BF, BGS and FCA effects (Eq. (5.1) and (5.2)) as described in section 5.2.1.
Increasing the width of the i-GaAs region enables better optical signal confinement, how-
ever, the average carrier concentration injected into the core region during forward biasing
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gets reduced, due to the increase in electron-hole recombination rate. Note that, increas-
ing the applied bias increases the average concentration in the core region, however, also
increases the current and therefore the power dissipation. A larger bias also results in re-
duced optical signal confinement in the intrinsic GaAs region, since the refractive index
difference between i-GaAs core and AlGaAs cladding reduces. All these effects constrains
the range of the applied bias to 1.4V-3.0V and intrinsic region width of 0.4-0.5µm.

The microrings in the proposed configuration are assumed to be identical of radius
5µm. The launched resonant wavelength at zero bias is selected to be 1559.7nm, a wave-
length that falls in the window where the fiber attenuation is minimal. The dependency of
na on the width of the intrinsic region, the carrier lifetime and the applied bias is depicted in
Figure 5.4, and the corresponding Δn and Δα is calculated by referring Eqs (1) and (2). It
is obvious from Figure 5.4 that the average carrier concentration increases with increasing
both the bias voltage and the carrier lifetime, whereas increasing the width of intrinsic re-
gion reduces the carrier concentration. An increase in lifetime results in higher na (leading
to higher refractive index change) with respect to increase in voltage, however, this may not
be always favorable for attaining higher CR at the output ports, because a higher refractive
index change could now cause the signal to be resonant at both zero and non-zero biased
condition. In addition, the optical confinement increases when the intrinsic region width
increases, however, it decreases with increasing the applied bias. This is because, at higher
bias, a larger average carrier density is present in the core region, which greatly reduces
the refractive index of the core, thereby reducing the refractive index difference between
the core and the cladding, and thereby reducing the optical mode confinement. Figure 4
shows ΔαBF+BGS and Δntotal versus wavelength for an intrinsic region width of 0.4µm
and τ =300ps and different bias voltages applied to the ring configuration. The change
in absorption and refractive index increases with increasing the applied bias voltage. FCA
typically contributes to the change in refractive index at higher wavelengths. As shown in
Figure 5.5(b), at 1559.7nm, a refractive index change of 0.0266 is attained when the bias
changes from 1.4V to 3.0V.

5.3.1 CI based triple parallel MRR logic gate outputs

The modified output intensities at the MRR output ports can be obtained by substituting
Δn in the transfer functions of proposed triple parallel MRR logic gate configuration (Eq.
4). The bias voltage applied to Ring3 is assumed to be the same bias applied on Ring1.
Figure 5.6(a) and Figure 5.6(b) show the normalized output optical intensity at the T port
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Figure 5.5: (a)BF and BGS effect based absorption change spectrum for a w=0.4µm and
τ=300ps at different applied bias. (b) Total refractive index change (ΔnBF+BGS+FCA) as
a function of wavelength for a w=0.4µm and τ=300ps at different applied bias.

and D port of MRR3, versus wavelength at different bias voltages applied to MRRs 1
and 2, when the proposed configuration is operated as an OR/NAND gate and AND/NOR
gate, respectively. As shown in Figure 5.6(a), for λ=1559.7nm and κ=0.55, a high output
optical signal intensity (logic 1) is obtained at the T port of MRR3, when either Ring1
or Ring2 are biased, leading to OR gate realization. For λ=1549.6nm and κ=0.55, a low
output optical signal intensity (logic 0) is obtained at the T port of MRR3, only when both
Ring1 and Ring2 are biased at 2.6V, leading to NAND gate realization. Referring to Figure
5.6(b), for λ=1559.7nm and κ=0.55, the D port of MRR3 collects a high-intensity optical
signal only when both rings are biased, thus realizing an AND gate. For λ=1549.6nm and
κ=0.55, the D port of MRR3 collects a high-intensity optical signal only when both the
rings are not biased at 2.6V, thus realizing a NOR gate. The truth table for the proposed
carrier injection based OR/AND triple MRR logic gate configuration is depicted in Table
5.2 which demonstrates the OR and AND logic operations. The threshold value is chosen
as 0.3 times the input light intensity. Hence, if output intensity is above 0.3 times the input
intensity it will be considered as logic 1, otherwise it is considered as logic 0.

CR is defined as the intensity difference between the high and low states in the gate.
Therefore, CR1, CR2 and CR3 for the OR gate are the intensity difference between the
outputs for (Input1, Input2)=(1, 1) and (Input1, Input2)=(0, 0), (Input1, Input2)=(1, 1) and
(Input1, Input2)=(0, 1), (Input1, Input2)=(1, 1) and (Input1, Input2)=(1, 0), respectively.
Note that the coupling coefficient between the ring and bus waveguides needs to be opti-
mized in order to obtain a high CR for given intrinsic region width, applied bias voltage
and relaxation time. Figures 5.7(a-d) show the normalized output optical intensities at the
T port (OR gate) of MRR3 versus the coupling coefficient for different CR values and for a
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Figure 5.6: (a) Normalized T port intensity spectrum with OR gate realized at 1559.7nm
(vertical pink dashed line) and NAND gate realized at 1549.6nm (vertical blue dot dashed
line). (b) Normalized D port intensity spectrum with AND gate realized at 1559.7nm (ver-
tical pink dashed line) and NOR gate realized at 1549.6nm (vertical blue dot dashed line).
Logic 1 operand is represented as 2.6V on the p-i-n structured MRR while 0V represents
logic 0 operand condition.

launched wavelength of 1559.7nm, τ=300ps, w=0.4µm for different logic 1 bias conditions
of V=1.4V, 1.8V, 2.2V and 2.6V, respectively.

Table 5.2: Truth table for OR and AND gate at applied bias as 0V and 2.6V and κ=0.55,
λ=1559.7nm, w=0.4µm and τ=300ps. The value in the square brackets represent the optical
power at the respective ports.

Input1 (Ring1) Input2 (Ring2) OR (T port) AND (D port)

0 (0 V) 0 (0 V) 0 [0.0025] 0 [0.0025]

0 (0 V) 1 (2.6 V) 1 [0.8631] 0 [0.0052]

1 (2.6 V) 0 (0 V) 1 [0.9292] 0 [0.0339]

1 (2.6 V) 1 (2.6 V) 1 [0.9603] 1 [0.9603]

As shown in Figure 5.7, the optimum coupling coefficient required to maximize the
CRs for the OR gate at the T port depends on the applied bias voltage (representing logic
1 condition). The maximum CR attained for the OR gate is at an applied bias voltage of
2.6V when κ=0.586. Figures 5.8(a-d) show the normalized output optical signal intensities
at the D port (AND gate) of MRR3 versus coupling coefficient for different CR values and
for a launched wavelength of 1559.7nm, τ=300ps, w=0.4µm, for different logic 1 bias con-
ditions of V=1.4V, 1.8V, 2.2V and 2.6V, respectively. As shown in Figure 5.8, the optimum
coupling coefficient required to maximize the CRs for the AND gate at the D port depends
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Figure 5.7: T port CR dependency on coupling coefficient of triple CI MRR based OR
gate with Ring3 fed with Input1 with an applied bias of (a) 1.4V (b) 1.8V (c) 2.2V (d) 2.6V
as input logic 1 condition and operating wavelength λR=1559.7nm

on the applied bias voltage (representing logic 1 condition). For an applied bias voltage
of 2.6V when κ=0.431, a maximum CR is attained for AND gate for an intrisic width of
0.4µm and operating wavelength as λR=1559.7nm. The maximum CRs (CR1, CR2 and
CR3) attained at an applied bias of 1.4V is less compared to the maximum CRs obtained
at an applied bias of 2.6V with the optimized coupling coefficient values. Typically, the
optimum κ for maximizing the CR depends on applied bias voltage, intrinsic region width
and carrier recombination lifetime. It is noteworthy that the CR attained at the optimum
coupling coefficient increases with the applied bias voltage. From figures 5.7 and 5.8, it
is interesting to note that for the designed logic OR and AND gate configurations, the tol-
erance of the output intensity to the variation in κ increases as the applied bias increases.
The intensity-versus-κ curves at higher bias volatges has almost a constant value, enabling
the selection of a single optimum coupling coefficient (instead of two different optimum
coupling coefficients) for both the OR and AND gate. The "flat-top" nature of intensity-
versus-κ during higher applied bias results from the large change in the refractive index
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due to which the wavelength that would have been resonant with the ring under applied
bias shifts far away from the wavelength that was resonant to the ring with no applied bias.
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Figure 5.8: D port CR dependency on coupling coefficient for triple CI MRR based AND
gate with Ring3 fed with Input1 with an applied bias of (a) 1.4V (b) 1.8V (c) 2.2V (d) 2.6V
as logic 1 condition and operating wavelength λR=1559.7nm

Imperfections that occur during the fabrication of MRR can cause deviations in the gap
between ring and bus waveguides, resulting in significant difference in κ value obtained
and κ value designed. This, however, will not be a major issue in the proposed MRR
OR/AND logic gate configuration when operated at higher bias due to an almost constant
appreciable CRs attained over a wider range of κ values. Also, the flat-topped intensity-
versus-κ curves at higher bias voltages facilitate to design the MRRs at relatively smaller κ
values instead of higher κ values, as higher κ values demand for smaller gap between ring
and bus waveguides with advanced device fabrication process. This considerably relaxes
the fabrication complexity. However, the fabrication tolerance admissible at higher bias
will be at the expense of higher power dissipation, which should be minimized for logic
gates. We have proposed a novel triple parallel MRR configuration for realizing OR and
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AND gate or NAND and NOR gate at the output ports. In [57], the authors have reported
XOR/XNOR and AND gate which are realized using Mach-Zehnder interferometer, which
is bulky in nature and hence not suitable for large scale integration. In [56], the authors
have reported AND/NAND and OR/NOR logic gates realized using MRR, however the
switching is enabled using thermo-optic effect. This switching mechanism faces poor sta-
bility and reliability. Our proposed device on the other hand relies on carrier injection based
switching mechanism which requires only a low operating voltage and making it more reli-
able, thermally stable and consumes only lesser footprint. Furthermore, the proposed triple
parallel configuration provides better functionality as non-conjugate gates (OR and AND
or NAND and NOR gates) are obtained simultaneously in the MRR output ports instead of
obtaining conjugate gates (like AND and NAND gates, OR and NOR gates) simultaneously
at the output ports as in conventional configurations introduced in the literature. CI based
triple parallel MRR logic gate realizes NAND and NOR gate at the output port, which is
not possible to realize in electroabsorption based triple parallel MRR due to higher absorp-
tion effect as the operating wavelength is needed to be selected near bandgap edge of the
core material.

Table 5.3: Truth table for NAND and NOR gate at applied bias as 0V and 2.6V, κ=0.55 for
NAND gate and κ=0.44 for NOR gate, λ=1549.6nm, w=0.4µm and τ=300ps. The value in
the square brackets represent the optical power at the respective ports.

Input1 (Ring1) Input2 (Ring2) NAND (T port) NOR (D port)

0 (0 V) 0 (0 V) 1 [0.9573] 1 [0.9825]

0 (0 V) 1 (2.6 V) 1 [0.9237] 0 [0.0217]

1 (2.6 V) 0 (0 V) 1 [0.8631] 0 [0.0168]

1 (2.6 V) 1 (2.6 V) 0 [0.0032] 0 [0.0078]

The same triple parallel MRR logic gate configuration with CI modulation mechanism
can also work as NAND and NOR gates using the T port and D port of MRR3, when the
launched wavelength satisfies resonance condition at an applied bias voltage for the MRRs.
Each MRR satisfies the resonance condition at an operating wavelength, λ= 1549.6nm,
with an applied bias of 2.6V, leading to the realization of NAND and NOR gates using
the T port and D port (refer Figure 5.6(a) and (b)). Note that, a change in absorption of
the rings through electroabsorption mechanism can also result in a change in the refrac-
tive index of the rings and can be used to realize logic gates using MRR configurations.
However, in realization of logic gates using electroabsorption [58], it was observed that
the electroabsorption-based modulation mechanism fails to realize NAND/NOR gates us-
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Figure 5.9: Rsoft parallel triple MRR OR and AND outputs with Input1, Input2 as field
applied on Ring1 and Ring2, OR output (green line) at T port and AND port blue line)
at D port. (a) Input1=0,Input2=0 (b) Input1=0,Input2=1, (c) Input1=1,Input2=0 (d) In-
put1=1,Input2=1.

ing triple parallel MRR configuration. This is because, at an applied bias, absorption of
the rings increase due to the reduction of the Q factor during the propagation of resonant
wavelength through the rings when a non-zero bias voltage is applied to the rings. On the
other hand, usage of CI mechanism in triple parallel MRR configuration successfully over-
comes this drawback and helps in realizing both OR and AND or NAND and NOR logic
gates at the output ports, thus making the proposed device more versatile. The coupling de-
pendency to yield maximum CR in NAND/NOR gate is similar to the calculated optimum
κ for the OR/AND gate configuration. The truth table for the NAND/NOR gate for the
launched wavelength λ= 1549.6nm and at their optimized coupling condition is shown in
Table 2 for an applied bias voltage of 2.6V (logic 1 operand condition), and demonstrates
the NAND and NOR logic operations.

The proposed triple parallel MRR configuration (refer Figure 5.1) to realize OR and
AND gates can be modified by avoiding the two bus waveguides, through which the input
wavelengths are not launched (refer Figure 5.10). But comparing to the earlier proposed
configuration with four bus waveguides, the CR attained between the logic high and low
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Figure 5.10: Modified triple parallel MRR logic gate (OR/NOR/AND/NAND) configura-
tion with two bus waveguides.
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Figure 5.11: CR dependency on coupling coefficient for modified triple CI MRR based
OR and AND gate with Ring3 fed with Input1 with an applied bias of 2.6V on rings as
logic 1 operand at 1549.6nm (a) at T port (b) at D port.

states of the OR gate in the modified structure is less (with the bias applied on Ring3 is
same as Ring1). The Figure 5.11 depicts the CR of OR and AND gate outputs obtained for
the modified CI triple parallel MRR configuration with λ=1559.7nm at an applied bias of
0V and 2.4V for representing logic 0 and logic 1 operands. The CRs (CR1,CR2 and CR3)
for OR and AND gates at T port and D port are mentioned earlier.

Tolerance level for κ in Figure 5.11 is less compared to Figure 5.7(c) and Figure 5.7(d).
The absence of drop ports and add ports in the configuration limits further signal processing
of the launched wavelengths at resonant condition and addition of signals into the config-
uration. The advantage of the modified MRR logic gate configuration is that the optimum
coupling required to attain high CR is small compared to the earlier configuration, which
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helps in fabrication by increasing the gap between ring and bus waveguide.

5.3.2 Parallel CI DRR logic gate outputs

As discussed in section 5.2.3, parallel DRR configurations can act as AND and NAND
or NOR and OR logic gates by CI modulation mechanism. The truth table for AND and

Table 5.4: Truth table for AND and NAND gate at applied bias as 0V and 2.6V and κ=0.5,
λ=1559.7nm, w=0.4µm and τ=300ps. The value in the square brackets represent the optical
power at the respective ports.

Input1 (Ring1) Input2 (Ring2) AND (T port) NAND (D port)
0 (0 V) 0 (0 V) 0 [0.0011] 1 [0.9314]
0 (0 V) 1 (2.6 V) 0 [0.0041] 1 [0.8717]
1 (2.6 V) 0 (0 V) 0 [0.0041] 1 [0.8717]
1 (2.6 V) 1 (2.6 V) 1 [0.9415] 0 [0.0797]

NAND gates at T port and D port at λ=1559.7nm, κ=0.5, w=0.4µm and τ=300ps is de-
picted in Table 5.4. At an operating wavelength λ=1549.6nm (satisfies resonant condition
at applied bias of 2.6V), the T port and D ports of the MRR configuration act as NOR
and OR gates respectively. The corresponding truth table is shown in Table 5.5 at κ=0.5,
w=0.4µm and τ=300ps. Figure 5.12 (a) and (b) represents the output spectral response of
CI based parallel DRR at T port and D port respectively at an applied bias of 2.6V on p-i-n
heterostructured MRR for representing logic 1 operand.

Table 5.5: Truth table for NOR and OR gate at applied bias as 0V and 2.6V and κ=0.5,
λ=1549.6nm, w=0.4µm and τ=300ps. The value in the square brackets represent the optical
power at the respective ports.

Input1 (Ring1) Input2 (Ring2) NOR (T port) OR (D port)
0 (0 V) 0 (0 V) 1 [0.9139] 0 [0.0802]
0 (0 V) 1 (2.6 V) 0 [0.0057] 0 [0.8693]
1 (2.6 V) 0 (0 V) 0 [0.0057] 0 [0.8693]
1 (2.6 V) 1 (2.6 V) 0 [0.0015] 1 [0.9310]

5.3.3 CI based off axis MRR inhibitor gate outputs

The wavelength dependency of output intensities at T port and D port of off axis MRR
configuration is shown in Figure 5.13. It is observed that at zero bias resonant wavelength
(1559.7nm), the configuration act as inhibitor gates at T port and D port. The T port output
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Figure 5.12: (a) Normalized T port intensity spectrum with AND gate realized at
1559.7nm (vertical pink dashed line) and NOR gate realized at 1549.6nm (vertical blue
dot dashed line). (b) Normalized D port intensity spectrum with NAND gate realized at
1559.7nm (vertical pink dashed line) and OR gate realized at 1549.6nm (vertical blue dot
dashed line). Logic 1 operand is represented as 2.6V on the p-i-n structured MRR while
0V represents logic 0 operand condition.

intensity yields low intensities only at zero bias applied on outer ring and non-zero bias
applied on off axis ring. The Figure 5.13 is plotted at ring-bus coupling (κ1) as 0.6 and
ring-ring coupling as (κ2) as 0.45. Due to smaller interaction length between ring-ring
waveguides, the coupling between ring-ring waveguides at a particular gap is less than the
coupling between ring-slab waveguides.
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Figure 5.13: (a) Normalized T port intensity spectrum at 1559.7nm inhibitor logic gate-
NOT+OR with applied bias as 2.6V. (b) Normalized D port intensity spectrum at 1559.7nm
(inhibitor logic gate-NOT+AND) with applied bias as 2.6V (logic 1).

The radius of the rings are selected in such a way that both the MRRs satisfy resonant
condition at zero bias. The radii are R1=5µm and R2=2.5µm. The output port intensities
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also depends on the coupling between ring-ring and ring-bus waveguides. Proper optimiza-
tion of coupling coefficient will only leads to the realization of inhibitor gates at the output
ports of the proposed off axis configuration.
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(b) κ1=0.5
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(c) κ1=0.7
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Figure 5.14: Normalized T port intensity for an operating wavelength 1559.7nm at differ-
ent coupling values at main ring (κ1) and off axis ring (κ2) for ring1 radius as 5µm and
ring2 radius as 2.5µm.

The dependency of coupling coefficents on the normalized output port intensities at an op-
erating wavelength 1559.7nm is shown in Figure 5.14 and Figure 5.15 respectively. As
there are two set of coupling coefficients (coupling between ring-bus waveguides (κ1)) and
coupling between ring-ring waveguides (κ1)), we need to optimize both the coupling val-
ues to attain maximum contrast ratio in the inhibitor gate output. The coupling dependency
graphs in Figure 5.14 and Figure 5.15 are plotted by keeping κ1 fixed in each plot and
κ2 is varied. From the optimization procedure, it is observed that maximum contrast ra-
tio obtained at T port to realize NOT+AND inhibitorlogic gate is at κ1=0.65 and κ2=0.4
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while maximum contrast ratio obtained at D port to realize NOT+OR inhibitor logic gate
is at κ1=0.6 and κ2=0.45. The truth table for NOT+AND and NOT+OR inhibitor gate ob-
tained at T port and D port of off axis MRR configuration are shown in Table 5.6 with
corresponding intensities at optimized coupling values.
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(b) κ1=0.5
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(c) κ1=0.7
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Figure 5.15: Normalized T port intensity for an operating wavelength 1559.7nm at differ-
ent coupling values at outer ring (κ1) and off axis ring (κ2) for ring1 radius as 5µm and
ring2 radius as 2.5µm.
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Table 5.6: Truth table for the NOT+OR (T port) and NOT+AND (D port) gates at an ap-
plied bias of 2.6V with κ1 and κ2 as the coupling values between outer ring-bus waveguides
and off axis ring-outer ring respectively. The value in the square brackets represent the op-
tical power at the respective ports.

Input1 (outer ring) Input2 (inner ring) κ1=0.65,κ2=0.4 κ1=0.6,κ2=0.45
T port D port T port D port

0 (0V) 0 (0V) 1 [0.5347] 0 [0.0015] 1 [0.6545] 0 [0.0001]

0 (0V) 1 (2.6V) 0 [0.0515] 1 [0.6509] 0 [0.0925] 1 [0.5765]

1 (2.6V) 0 (0V) 1 [0.6166] 0 [0.0013] 1 [0.6265] 0 [0.0001]

1 (2.6V) 1 (2.6V) 1 [0.8961] 0 [0.0712] 1 [0.9239] 0 [0.0482]

The proposed triple parallel MRR configuration using carrier injection modulation can
successfully realize OR and AND gates simultaneously at the T port and D port when the
MRR satisfies resonant condition at zero field applied on the rings. It can also successfully
realize NOR and NAND gates simultaneously at the D port and T port when the MRR
satisfies resonant condition at non-zero field applied on the rings. This proposed config-
uration realize AND and OR gates simultaneously, instead of complementary logic gates
(providing inverted and non-inverted logic output) attaining at the T port and D port which
is highly useful in interconnect architecture demanding smaller footprint and high density
packaging.

Designing the logic gates using MRR helps to design with smaller footprint compared
to logic gates designed using Mach Zehnder Interferometer [57]. The ring size can be
limited to 10µm scale while a MZI with acceptable ON OFF intensity contrast requires a
size on cm range ( 104µm) [57].

In reference[?], six MRRs layout is used to design OR and NOR gate based on non-
linear effect. The proposed parallel double ring MRR based on carrier injection modulation
requires only two MRRs for realizing OR and NOR gates. Also the proposed triple parallel
MRRs based on carrier injection modulation mechanism only uses 3 MRRs to realize OR
gate and NOR gate.

5.4 Conclusion

A novel logic gate configuration based on the use of triple parallel MRRs in conjunction
with carrier injection is proposed. Results shows that by using the bias voltage applied
to MRRs as the operands and the output intensities at the T port and D port as the logic
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gate outputs, the proposed logic gate configuration simultaneously realize OR and AND
gate or NAND and NOR gate operations depending on the wavelength of the optical signal
launched into the input port and add port of the logic gate configuration. The dependency
of the contrast ratio of the logic gate outputs on the applied bias voltage, relaxation time, in-
trinsic region thickness and coupling coefficient between the ring and bus waveguide have
been simulated, and the results have shown that, by increasing the bias voltage, a higher
fabrication tolerance (high contrast ratio obtained over a wider value range of coupling
coefficient) is achieved. The fabrication tolerance attained at higher applied bias enables
the selection of a single optimum coupling coefficient (instead of two different optimum
coupling coefficients) to simultaneously realize both the OR and AND gates or NAND and
NOR gates. The failure in realization of NOR and OR gates based on parallel DRR config-
uration using EA modulation mechanism is resolved by using CI based MRRs in parallel
DRR configuration. The inhibitor logic gates (NOT+AND and NOT+OR) can be success-
fully realized using off axis MRR configuration, which provides extra resonant notches
along with smaller foot print. The off axis MRR configuration is optimized using the cou-
pling between outer ring waveguide-off axis ring waveguide and outer ring waveguide-bus
waveguide for better contrast ratio between the logic 0 and logic 1 intensities at the output
ports inorder to realize inhibitor gates.
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Chapter 7

Conclusions

Optical modulators are important functional block of optical interconnects in optoelec-
tronic integrated circuits (OEICs). The bulkiness of conventional optical modulators is the
major hindrance in the path of optical interconnects to attain high performance switches
and signal processing units like optical logic gates. Microring resonators (MRRs) are the
emerging solution to the performance crisis of optical interconnects by providing unique
features like resonant nature, small footprint, narrow band filtering, high Q factor, compact-
ness etc. MRRs are classified based on geometrical configurations and opted modulation
mechanism for switching.
Modelling, performance analysis and optimization of MRR based optical modulators/switches
and optical logic gates configurations is proposed and studied in this thesis. Electrical bias
assisted change in absorption and refractive index experienced at the intrinsic layer of ring
structure leads to the modulation in MRR. Electroabsorption and carrier injection modula-
tion mechanisms are incorporated in the proposed p-i-n structured MRR modulators/logic
gates to switch the light intensities between the output ports of MRR. A brief review about
the theory, working principle and performance parameters of MRR along with its differ-
ent applications are discussed. The studies in the thesis comprises of three domains. The
first domain includes the optimization of electroabsorptive double ring MRR modulators
to attain high contrast ratio and low insertion loss at low applied field. The realization and
optimization of electroabsorption (EA) and carrier injection (CI) based MRR logic gates is
another domain of studies. The transient performance analysis in carrier injection modula-
tion based single ring MRR switch is also investigated.
The transfer functions of single ring add drop and double ring MRR configurations are de-
rived and concluded that the refractive index, absorption in the ring, transmission and cou-
pling coefficients between the waveguides are the output port intensity determining factors
in MRR. The inverse dependency of coupling coefficients and gap between waveguides are

113



analysed using couple mode theory. The advantage of vernier configuration to increase free
spectral range without increasing bending loss in the ring is studied by deriving the transfer
functions.
The performance of quantum confined stark effect based EA double ring MRR is opti-
mized to obtain high contrast ratio and low insertion loss at low applied field, with the
design optimizing parameters as quantum well (QW) width, QW material composition, ra-
dius of the ring, coupling between ring and bus waveguides, operating wavelength. The
QWs incorporated in MRR experience change in absorption with respect to applied bias
and the respective absorption is calculated by solving schrodinger wavefunction equation.
The change in absorption leads to change in refractive index, which is calculated by apply-
ing Kramers kronig relation on the absorption change in QWs. The p-i-n structured MRRs
are designed with i-InGaAsP acting as the core region for the launched light signal propa-
gation and the light signal is confined in core region using the claddings made up of n-type
and p-type InP. The spectral analysis performed at the output ports of MRR depicted the in-
tensity variation at T port and D port according to applied field on the rings of the proposed
double ring resonator (DRR). The studies revealed that even narrow QWs offers higher
contrast ratio when incorporated in MRRs and optimized using operating wavelength and
QW incorporated MRR parameters. It is observed that each QW DRR with fixed radius
attains maximum contrast ratio (CR) at particular coupling coefficient. As the operating
wavelength approaches the resonant wavelength of MRR configuration, the CR increases
but the fabrication tolerance decreases.
Electro optic logic gates utilizes the benefits of both optics and electronics to simultane-
ously attain high speed operation and signal controlling convenience. Computational par-
allelism, high packaging densities and absence of gate delays leads to high performance
directed MRR optical logic gates. Different optic logic gates such as buffer, NOT, Fredkin,
AND, NAND, OR, XOR and XNOR gates are designed and realized using EA based MRR
configurations. The realized hybrid architectured logic gates yields the ouptut of logic oper-
ation as the light intensities at the T port and D port of MRR while the operands of the logic
operation is the applied field on the rings. The field applied on the rings varies absorption
and associated refractive index change leads to the switching of output logic level. A novel
EA triple ring MRR configuration is designed and realized to simultaneously yield OR and
AND gates at the output ports. It is found that all the logic gates are realized under proper
optimization of the configurations using operating wavelength, coupling coefficients and
applied fields on the rings. The simulation results using RSoft FDTD supported the pro-
posed configurations to operate as the respective logic gates. The failure of OR and NOR
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gate realization using EA parallel DRR is also analysed and found that the reduction of Q
factor due to higher absorption at applied field leads to poor contrast ratio in the output
ports.
CI based MRR logic gates attains more popularity due to polarization independency and the
selection of operational wavelength is not limited to region near bandgap of the core mate-
rial as in the case of EA based MRR logic gates. The contribution of bandfilling, bandgap
shrinkage and free carrier absorption towards the refractive index change is studied and
the respective spectral analysis is performed at the output ports in proposed MRR config-
urations with core as i-GaAs. The simulation results revealed the dependency of average
carrier concentration on applied bias and width of intrinsic region in p-i-n structured MRR
configuration. A novel triple parallel CI based MRR configuration is proposed and simul-
taneously realized OR and AND/ NAND and NOR gates at output ports depending on the
resonant nature of launched wavelengths at input and add ports during zero and non-zero
bias conditions (operands) on the rings. CI based parallel double ring MRR also succeeded
to simultaneously realize AND and NAND/ NOR and OR gates at the output ports with
applied bias on the rings acting as the operands. The behaviour of contrast ratios in the
proposed logic gates are studied with respect to applied bias, width of intrinsic region and
coupling between ring and bus waveguides. An off axis MRR configuration is proposed to
realize the inhibitor logic gates (NOT+AND and NOT+OR) at the T port and D port. The
configuration is properly optimized using the coupling between outer ring waveguide-off
axis ring waveguide and outer ring waveguide-bus waveguide to obtain maximum contrast
ratio at the logic gate outputs.
Carrier dynamics analysis conducted in CI based single ring MRR modulator by mathe-
matical modelling revealed the frequency chirping and bit rate limitations for a launched
WDM input at input port. Instantaneous response of the resonator along with the memory
effect of earlier outputs are considered for deriving the time dependent transfer function at
T port of MRR. Time domain response of i-GaAs MRR shows that certain non-resonant
wavelengths present in WDM inputs can behave as resonant signal due to transient response
of p-i-n heterostructure incorporated in the MRR for applying the bias. Proper selection of
wavelengths for WDM inputs according to the nature of the ring helps to obtain chirp free
outputs at the output port of MRR. The dependency of transmitted output on coupling co-
efficient and reverse current density is also studied for determining the switching transients
of output along with memory effects.
EA and CI based MRR modulators are attractive choice to design high performance optical
switches and logic gates in OEICs. The proposed configurations varies the output intensi-

115



ties by bias assisted absorption and refractive index change. The configurations success-
fully combines the benefits of resonant nature of MRR along with the EA and CI switching
mechanisms.

Future scope

• Optimize the performance of EAM MRR optical switch with higher order of quantum
wells in intrinsic region and higher order rings.

• Applying fields on the rings of MRR for EA and CI modulation mechanism based
MRR optical switch and optical logic gates can result in slight variation in coupling
coefficients between ring and us waveguides. Studies on stabilizing the coupling
coefficients by applying field on bus waveguides of MRR.

• Designing and optimizing the performance of sequential logic gates using EA and CI
based MRRs.

• Study the frequency chirping response of non-resonant wavelengths in EAM based
MRR and to select the wavelengths effectively in WDM network containing MRR
modulator.

• Study on the realization of the off axis MRR configuration based logic gates (various
radius combinations of inner and outer rings).
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