
Optical Beam Steering using Optical
Phased Array for LIDAR

MS (Research) Thesis

By

CHITTIPROLU SAI GANESH

Under the supervision of

PROF. MUKESH KUMAR

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY INDORE

JUNE 2024



Optical Beam Steering using Optical
Phased Array for LIDAR

A Thesis

Submitted in partial fulfillment of the
requirements for the award of the degree

of
Master of Science (Research)

by
CHITTIPROLU SAI GANESH

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY INDORE

JUNE 2024





This Thesis is Dedicated
to

Lord Krishna

1



ACKNOWLEDGEMENTS

I am immensely grateful to my MS Research thesis supervisor and mentor, Prof. Mukesh
Kumar, for consistently encouraging and supporting me in both my research and per-
sonal growth. He is not only a good professor, but also a great human being. I will
always remember the conversations I had with him, and look forward to more in the
later part of my life.

My family has played an integral role in supporting my research work throughout
my master’s program. I am deeply grateful for their unwavering guidance, love, and
sacrifices. Their faith in me has not only brought me this far but will continue to drive
me to achieve even greater things. Whatever I am today, how I managed to balance
my personal and professional life while undertaking this research, it’s all because of
my family. They have nurtured and supported me throughout my life, and I am forever
indebted to them.

I deeply appreciate the OptoElectronic Nano Resarch Laboratory (ONRL) research
group, especially Mr. Prem Babu, Ms. Nikita Mohanta, Mr. Santosh Kumar, Mr.
Ashutosh Rajpoot, Mr. Rahul Dev Mishra, Mr. Suresh Pandey ,Ms. Swati Rajput, Mr.
Sudhir Gill and Mr. Suman for their continuous support and guidance.

I want to express my sincere gratitude to my friends Shruti Ghodke, Ankit Patel,
Radhe Shyam, Komal Gupta, Gulrez Khan, and Neeraj Nikhil. Their friendship and
encouragement were invaluable during my time at the institute, and I will always cherish
the memories we made together.

The memories I made here will always be a source of joy and inspiration.This in-
stitute has been more than just a place of learning, it has been a community that has
nurtured my personal and professional development. I am thankful for the friendships
formed, the lessons learned, and the memories created within these walls.

Chittiprolu Sai Ganesh



ABSTRACT

This study presents a comprehensive simulation-based investigation of a 1x16 chan-
nel optical phased array (OPA), highlighting the advantages of utilizing Si-ITO phase
shifters over conventional Si-based devices. Through rigorous FDTD simulations, we
achieved a compact OPA design with dimensions of 0.07 mm x 0.02 mm, demonstrat-
ing remarkable steering capabilities. The Si-ITO phase shifters enabled a wide lateral
steering range of 56°, surpassing the performance of conventional phase shifters that
would require significantly larger apertures to achieve similar results. Additionally, we
achieved a 23° longitudinal steering range through wavelength tuning from 1.5 µm to
1.6 µm, with a divergence angle of 3.5° x 7.5°. The use of Si-ITO as a phase shifter, ow-
ing to its superior electro-optic effect, addresses the inherent limitations of traditional
phase shifters, particularly their larger footprints. The chip-scale dimensions of ITO
play a crucial role in achieving compact phase shifters, essential for high-density on-
chip packaging. This advancement in Si-ITO technology holds significant promise for
the development of compact, efficient, and high-performance OPAs for future on-chip
optical communication systems.
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Chapter 1

Introduction

This chapter provides an introduction to the various topics which are neces-
sary in understanding the work carried out.

1.1 Integrated Photonics

The ever-growing demands for faster data transfer, reduced energy consump-
tion, and increased processing power have highlighted the limitations of tra-
ditional semiconductor electronics. Modern applications, particularly data-
intensive fields like artificial intelligence and machine learning, require real-
time processing of massive datasets, a task that conventional electronics are
struggling to keep pace with, Historically shrinking electronic components
has led to advancements in speed, power efficiency, affordability, and size
reduction. However, this approach is now approaching its inherent limits.
Short-channel effects and fundamental speed and bandwidth constraints are
impeding further progress across various scientific and technological disci-
plines. The expanding gap between processing capabilities and memory band-
width, as evidenced by the modest 5-10 TDP-FLOP/Byte ratio of current
high-performance processors, underscores the critical need for innovative so-
lutions to significantly boost data transfer rates[1].

Electronic interconnects, hindered by latency and losses, pose a substan-
tial obstacle to achieving electronic circuits operating above 10 GHz. Pho-
tonic devices, which utilize light as the information carrier, offer a potential
way forward. Nevertheless, the size and complexity of conventional photonic
components have, until recently, prevented their seamless integration with
electronics on a single chip. The emergence of nanophotonics,a field dedi-
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cated to manipulating light beyond its diffraction limit, has revolutionized this
landscape. Photonic Integrated Circuits (PICs), as illustrated in Figure.1.1 ,
exemplify the successful integration of both passive and active photonic com-
ponents onto a single substrate. Waveguides, acting as conduits for light,
connect these components, enabling the development of compact and robust
photonic devices. This integration not only enhances the performance and
dependability of photonic functions but also significantly reduces the overall
size, weight, and power consumption of these devices[2].

Figure 1.1: A Si photonic integrated circuit depicting the integration of pho-
tonic components with CMOS circuitry [3].

1.2 LIDAR
LiDAR, which stands for Light Detection and Ranging, is a remote sensing
technology that utilizes laser light to measure distances from the sensor to
a target. The basic components of a LiDAR system include a laser, a scan-
ner, and a GPS receiver. The laser emits pulses of light towards the ground,
and the scanner captures the light reflected back from various surfaces. By
calculating the time it takes for the light to return to the sensor, the system
can determine the distance to each point on the ground, creating a detailed
three-dimensional map of the surface.The origins of LiDAR technology can
be traced back to the early 1960s, when it was first developed for meteorolog-
ical studies and atmospheric research. Since then, it has evolved significantly
and found applications in various fields such as geography, forestry, environ-
mental science, archaeology, and urban planning. LiDAR’s ability to pene-
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trate dense vegetation and provide high-resolution data makes it particularly
valuable for mapping and analyzing forested areas, where traditional survey-
ing methods may be less effective.One of the key advantages of LiDAR is its
precision and accuracy. Modern LiDAR systems can generate point clouds
with densities exceeding millions of points per square meter, allowing for
the creation of highly detailed and accurate digital elevation models (DEMs).
These models are essential for applications such as flood risk assessment, ter-
rain analysis, and infrastructure planning. Additionally, LiDAR can operate
effectively both day and night, as it relies on its own emitted light rather than
ambient light conditions.

Figure 1.2: (a) Mechanical Rotating LiDAR, modified from [4] (b) 360° ro-
tating LiDAR on a vehicle, red lines represent the vertical channels.

The integration of LiDAR with other remote sensing technologies, such
as aerial photography and satellite imagery, further enhances its capabili-
ties. This synergy allows for more comprehensive and accurate environmental
monitoring and mapping, providing critical insights for decision-making and
policy development. For example, combining LiDAR data with multispectral
or hyperspectral imagery can improve the identification and classification of
different land cover types, aiding in ecological and land management stud-
ies.Recent advancements in LiDAR technology have also led to the devel-
opment of mobile and terrestrial LiDAR systems, which can be mounted on
vehicles or tripod-mounted scanners for ground-based surveys. These sys-
tems are used for applications such as roadway mapping, construction site
monitoring, and heritage conservation. The portability and flexibility of these
systems enable rapid and detailed data collection in various environments,
from urban landscapes to remote natural areas.Overall, LiDAR represents a
significant leap forward in remote sensing, offering unparalleled accuracy and
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detail in capturing the Earth’s surface. Its versatility and precision continue to
drive its adoption across various sectors, highlighting its importance in mod-
ern geographical and environmental studies.

Figure 1.3: (a) Simplified representation of the spatial coverage by a generic
environmental perception sensor, highlighted by the red volume in the figure.
(b) Example of 3D LiDAR pointcloud, segmented, modified from [5].

1.3 Optical Beam Steering
Beam steering is a critical component in light detection and ranging (LIDAR)
systems, with applications ranging from autonomous vehicles to advanced
imaging devices[6][7]. Traditional mechanical beam steering methods, while
effective, are no longer ideal for meeting the growing demand for compact,
cost-effective, and high-resolution LIDAR systems due to their moving parts
and complex calibration requirements[8][9].

Optical phased arrays (OPAs) have emerged as a promising alternative
to their mechanical counterparts. OPAs offer reliable non-mechanical op-
eration and a compact footprint, making them particularly attractive for in-
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tegration into advanced imaging and scanning devices. In the realm of sili-
con (Si) photonics, various OPA designs have successfully demonstrated two-
dimensional (2D) beam steering using complementary metal-oxide semicon-
ductor (CMOS) processes[10][11].

1.4 Optical Phased Array Based LiDAR
Optical phased arrays (OPAs) are emerging as a promising solid-state technol-
ogy for the development of fully integrated and cost-effective LiDAR sensors
on silicon photonic (SiPho) chips.Inspired by the beam steering principles
used in radio frequency (RF) systems, OPAs leverage phase delay and in-
terference between multiple transmitting antennas to control the direction of
electromagnetic beams.

A typical integrated silicon photonics OPA-LiDAR system comprises sev-
eral key components: a light source, a beam splitter (often an MMI cou-
pler or star coupler), phase shifters (either thermal or electro-optical), and
the transmitting antennas themselves, commonly implemented as gratings or
edge emitters as shown in Figure 1.4 . By introducing specific phase delays to
the signals in the antennas, the emitted beam can be steered precisely towards
a desired direction.

Notably, two-dimensional (2D) beam steering can be achieved with a
simpler one-dimensional (1D) array of grating couplers (GCs). Wavelength
tuning controls the longitudinal steering angle (θ ), while the phase delay
(Φ) between light injections in each GC governs the lateral steering angle
(ϕ)[12][13]. This approach not only simplifies the design and fabrication of
OPA-LiDAR systems but also maintains their beam steering capabilities.Within
the realm of silicon photonics, phase shift manipulation—a key aspect of
beam steering—has primarily been achieved through two distinct methods,
both of which involve modifying the refractive index of the silicon waveg-
uide, thereby altering the velocity of light propagating through it.
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Figure 1.4: Schematic representations of the transmitting components and
the emitted beam angles Φ AND θ in a 1D-OPA (a) and 2D-OPA (b) based
LiDAR; the emitted waves with no phase delay between the emitting elements
(c), and with phase delay (d), causing a rotation of the emitted wavefront
along Φ [14] .

1.4.1 Thermo-optic (TO) effect
In silicon photonics, the refractive index of materials, particularly silicon, is
temperature-dependent. For wavelengths around 1500 nm and temperatures
near 295K, the refractive index of silicon (nSi) changes at a rate of

dnSi/dT = 1.87[∗10−4K−1] (1.1)

This property allows for thermal manipulation of the refractive index and con-
sequently,the phase of light propagating through silicon waveguides. Figure
1.5 (a) shows a common method to increase the temperature of silicon waveg-
uides involves utilizing the heat generated by a metal layer deposited on top of
the upper cladding[15][16]. When a voltage is applied to this metal layer, the
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Joule effect causes it to heat up, thereby increasing the temperature of the un-
derlying silicon waveguide. This temperature change modifies the refractive
index (nSi), introducing a phase delay compared to an unheated waveguide of
the same length. A key advantage of these metal-heater-based phase shifters
is their minimal impact on signal loss. However, they generally operate at
lower speeds compared to other phase shifting technologies.

1.4.2 Electro-optic (EO) effect
Alternatively, the refractive index of silicon (nSi) can be modified through
charge injection, achieved by creating and activating a p-i-n structure across
the cross-section of a rib waveguide. This involves adding p and n dopants to
the lateral sides of the waveguide,as shown in Figure 1.5 (b)[17]. Similar to
the thermo-optic effect, the resulting change in refractive index introduces a
phase delay compared to a non-doped or unactuated waveguide. This charge-
injection method enables high-speed beam steering, with switching speeds in
the nanosecond range. However, the presence of dopants increases waveguide
losses, and the design becomes more intricate. Nevertheless, these electro-
optic (EO) p-i-n phase shifters offer lower power consumption compared to
thermo-optic (TO) phase shifters. While EO phase shifters provide faster
operation than their TO counterparts, they do exhibit variable insertion loss,
which is a trade-off to consider in system design.

Figure 1.5: Schematic representation (not at scale) of the structure cross-
section of (a) a TO phase shifter with Silicon strip waveguide, SiO2 lower
and upper cladding, and heater metal layer (Aluminum or other metals com-
patible with CMOS thin layer deposition); (b) EO phase shifter with Silicon
rib waveguide and doped (p and n) waveguide sides, SiO2 lower cladding;
upper cladding not represented [18].
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1.5 Optical Phased Array parameters
Optical phased arrays (OPAs) consist of an array of antennas or emitting com-
ponents engineered to optimize the emission and steering of near-infrared
(NIR) light. Several design parameters can be adjusted to enhance OPA per-
formance, including maximizing steering range in both axes, improving beam
directionality, suppressing unwanted side lobes, reducing crosstalk between
elements, and increasing emitted power.

1.5.1 Array size (M x N)
The total number of elements within an optical phased array (OPA) is de-
termined by the product of elements along the longitudinal axis (M) and the
lateral axis (N), represented as M x N. This product signifies the total number
of signals combined to achieve beam steering in the far field. A configuration
with either M or N equaling 1 (e.g., 1 x 16) represents a one-dimensional (1D)
array, typically used for beam steering along the lateral direction (φ ).

1.5.2 Element spacing(d)
This represents the distance between two adjacent antenna elements.Combined
with the array size above gives an approximation of the total antenna footprint.

1.5.3 Wavelength (λ )
The central wavelength (λ0) of a grating coupler (GC) is the specific wave-
length for which it is optimized. In some one-dimensional (1D) optical phased
arrays (OPAs), beam steering along the longitudinal direction (θ ) is achieved
by varying the wavelength of the light injected into the antennas within a
range (∆λ ) around this central wavelength. This wavelength tuning mech-
anism enables dynamic control of the beam’s direction in the longitudinal
plane.

1.5.4 Lateral steering range (φmax)
it represents the lateral FoV. It can be calculated using below equation, where
φ is the uniform phase difference between the signals emitted by the GCs.

sinφmax =
λ0 φ

2Πd
(1.2)
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In optical phased arrays (OPAs), as in radio wave OPA theory, the spacing (d)
between adjacent antennas plays a crucial role in preventing the formation of
undesirable grating side lobes, which are lateral emissions that detract from
the main beam. To mitigate these side lobes, the spacing should ideally be
smaller than half the operating wavelength

d <
λ0

2
(1.3)

However, this close proximity between antennas increases design complex-
ity, as it necessitates careful consideration and minimization of crosstalk to
maintain signal integrity.

1.5.5 Lateral beam width (∆φFWHM)
The lateral beam width, representing the angular spread of the beam in the
lateral direction,is a critical factor in optical phased array (OPA) design. A
narrower beam width indicates higher directivity, which is often desirable.
This beam width is influenced by the OPA’s aperture size, determined by the
number of elements (N) and their spacing (d). While increasing the aperture
size generally narrows the beam, it can also lead to a trade-off: if the num-
ber of elements remains constant, the spacing between them increases, po-
tentially reducing the lateral field of view (FOV).Conversely, decreasing the
spacing between elements can introduce crosstalk, leading to power losses
and decreased efficiency. Achieving a highly directional beam is essential for
improving the lateral resolution of the sensor, especially at medium to long
ranges. For instance, an angular resolution of around 0.1° is necessary to dis-
tinguish potential hazards and vulnerable road users, such as pedestrians, at
distances up to 200 meters. To achieve this at a wavelength of 1550 nm, an
aperture size of approximately 1.13 mm is required. One strategy to maintain
a narrow beam while keeping the OPA design compact is to employ arrays
with a non-uniform distribution of grating couplers (GCs). This approach
allows for a wide steering range while suppressing undesirable grating side
lobes, striking a balance between beam quality and device size.

∆φFWHM =
0.886λ0

Ndcosφ
(1.4)

1.5.6 Longitudinal steering range (θmax)
The longitudinal field of view (FOV) in an optical phased array can be ad-
justed by altering the wavelength of light injected into the antennas. The
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resulting emission angle (θ ) can be calculated using the following equation.

sinθmax =
Λneff-λ0

nclad
(1.5)

WhereΛ is the grating period neff is the effective refractive index of the
waveguide at the central wavelength λ0 nclad is the refractive index of the
cladding material surrounding the silicon waveguide core.It’s important to
note that the effective refractive index (neff) is influenced by both temper-
ature and wavelength, which can be leveraged for precise control over the
longitudinal FOV.

1.5.7 Longitudinal beam width (∆θFWHM)
Similar to the lateral beam width, the longitudinal beam width indicates the
angular spread of the beam in the longitudinal direction. If beam steering in
this direction is achieved by combining signals from multiple elements along
the longitudinal axis, the beam width can be calculated by adapting the equa-
tion used for lateral beam width. However, if beam steering is accomplished
through other means, such as wavelength tuning, the beam width will depend
on factors like the grating structure, its length, and the chosen wavelength.

1.6 Current design challenges

1.6.1 Silicon Versus Silicon Nitride
Integrated optical waveguides operating in the near-infrared range can be fab-
ricated using either silicon (Si) or silicon nitride (SiN) cores,both of which
are compatible with standard foundry processes[19][20][21]. Both materials
have been successfully employed in OPA-based LiDAR systems, demonstrat-
ing competitive performance.SiN offers broader wavelength transparency, ex-
tending to shorter wavelengths including 905 nm. This compatibility with
existing 905 nm technology and components simplifies the development of
solid-state LiDARs. Furthermore, SiN waveguides exhibit a higher power
handling capacity compared to their Si counterparts. While foundry-compatible
Si waveguides (typically 220 nm thick) operate linearly with power levels
up to a few hundred milliwatts, SiN waveguides can tolerate higher powers
before nonlinear effects become significant.Conversely, Si-based waveguides
offer advantages in terms of footprint size. They can accommodate smaller
dimensions and tighter bending radii (as small as 5 µm) without incurring
substantial propagation losses. In contrast, SiN waveguides require larger
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bend radii, exceeding 20 µm.Phase-shifting mechanisms also differ between
the two materials. Si waveguides support both electro-optic (EO) and thermo-
optic (TO) effects, while SiN exhibits a TO efficiency approximately one or-
der of magnitude lower than Si. However, recent research has explored cus-
tomizable photonics processes that combine Si and SiN elements to achieve
optimized beam steering, leveraging the strengths of both materials.

1.6.2 Grating Coupler Design
Grating couplers (GCs) are essential components in silicon photonics (SiPho),
serving as the interface between the on-chip waveguide and free-space light
for applications like LiDAR beam generation.Various GC designs exist, aim-
ing to minimize losses and maximize light emission efficiency. Side-modulated
gratings and etched gratings (shallow or deep) are two common waveguide-
based GC designs, characterized by alternating waveguide width or height,
respectively[22]. Alternatively, compact GCs with strong perturbations, such
as fully etched gratings, show promise for efficient light coupling. Moreover,
sub-wavelength gratings (SWGs) and multi-box SWGs offer enhanced perfor-
mance due to low-loss light propagation and increased evanescent fields. By
carefully tuning grating parameters, optimized GCs for LiDAR applications
can be achieved. However, grating structures are susceptible to fabrication
variability, which can impact their performance. Additionally, some designs
may not be compatible with CMOS processes due to the requirement for very
small features. This fabrication variability poses a significant challenge for
SiPho technology, particularly in meeting the stringent reliability and robust-
ness standards of the automotive industry. Addressing these challenges is
crucial for advancing on-chip light steering capabilities.

A key challenge in optimizing grating couplers (GCs) for optical phased
arrays lies in achieving both long antenna lengths for enhanced beam direc-
tionality and uniform emission along the grating. Longer GCs offer a nar-
rower longitudinal beam width (∆θFWHM), improving the beam’s focus and
directionality. However, maintaining a uniform perturbation strength across a
longer GC often results in decaying emission along the grating length, leading
to reduced efficiency and beam quality.Apodized gratings, with strategically
tailored perturbation strength along the propagation direction, have been em-
ployed to address this issue and achieve enhanced, uniform emission. By
optimizing the effective aperture size of the GC, this approach can maximize
both OPA gain and beam width.Additionally, beam uniformity is influenced
by light emitted towards the chip substrate and subsequently reflected back
upwards. To mitigate these reflections and further enhance beam quality, spe-
cialized GC designs incorporating multiple emitting layers or buried reflectors
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have been proposed. These approaches aim to channel the emitted light more
efficiently, improving the overall performance of the OPA system.

To increase the lateral field of view (FOV) in optical phased arrays (OPAs),
reducing grating side lobes is crucial. In radio frequency (RF) systems, uni-
formly spaced antenna arrays with element spacing (d) smaller than half the
operating wavelength,effectively suppress grating side lobes, allowing the
main lobe to sweep the entire FOV. However in integrated photonic devices,
maintaining this spacing while minimizing unwanted coupling between long
parallel waveguides is challenging.Several design approaches can mitigate
side lobes. Non-uniform and or aperiodic arrays have shown promise in side
lobe suppression. However, if element spacing exceeds half the operating
wavelength this approach increases device footprint without increasing the
number of emitting elements.

1.6.3 OPA and Thermal Management
Integrating a light source onto silicon-on-insulator (SOI) chips remains a
formidable challenge in the pursuit of fully integrated silicon photonic (SiPho)
LiDAR systems. While existing solutions show promise, they are not yet ma-
ture enough for widespread commercial adoption, driving ongoing research
to develop a more efficient and cost-effective approach.

Despite this challenge, significant advancements have been made in demon-
strating optical beam steering and on-chip light source integration using vari-
ous technologies. Hybrid III/V silicon technology, InP technology, and rare-
earth-doped glass sources have all been explored, each with its unique ad-
vantages and drawbacks. Early demonstrations of 1D beam steering with
integrated lasers have paved the way for more complex 2D beam steering
systems, utilizing multiple lasers or innovative InP-based photonic integrated
circuits[23][24].

The performance of OPA-LiDAR systems is intrinsically linked to three
critical laser parameters: tunability, spectral linewidth, and emitted power.
Tunability is especially important for 1D grating coupler arrays, where lon-
gitudinal steering (θ ) is controlled by adjusting the laser wavelength. A high
degree of tunability allows for finer control over the beam direction and, con-
sequently, improved resolution. Spectral linewidth, representing the width of
the laser’s spectral density, directly impacts the system’s resolution in both
emission directions, along with the spatial beam widths. Lastly, high emit-
ted laser power, combined with low-loss photonic circuitry, is paramount for
maximizing the LiDAR’s range and detection capabilities.

Emerging approaches, such as the monolithic integration of electronically
steerable silicon photonic OPAs with rare-earth-doped lasers, hold great po-
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tential for achieving the required power budgets for practical OPA-LiDAR
systems. The continuous development of novel materials, fabrication tech-
niques, and integration strategies will be key to overcoming the remaining
challenges and realizing the full potential of integrated SiPho LiDAR tech-
nology.

Recent research has increasingly focused on heterogeneously integrated
tunable laser sources, driven by their potential applications in various fields,
including integrated LiDAR systems.A key method for achieving wavelength
tuning in these laser sources involves the utilization of microring resonators
configured in a Vernier architecture. This approach allows for precise and
dynamic control over the emitted wavelength, which is a critical parameter
for beam steering in LiDAR applications. The integration of tunable lasers
with other photonic components on a single chip promises to further advance
the development of compact, high-performance LiDAR systems for a wide
range of applications.

1.6.4 Integration With Driving Electronics
A major challenge in silicon photonics (SiPho) technology is the integra-
tion of photonic circuitry with driving electronics. This integration can be
achieved through either heterogeneous or monolithic approaches, both of which
have implications for OPA-LiDAR development, where electrical signals are
essential for both driving the system and receiving sensor output.

Monolithic integration, which involves combining electronics and pho-
tonics on a single chip, offers a compact and potentially cost-effective solu-
tion. However, CMOS design rules impose constraints on the photonic circuit
design, ultimately impacting the OPA’s performance. Notably, a scalable ar-
chitecture for SiPho optical beam steering, monolithically integrated on the
same wafer with a 180 nm CMOS driving circuit, has been demonstrated.
Additionally, a compact design featuring both the integrated OPA and beam
steering photonics circuit (2.08 mm2) and its driving electronics (1.7 mm2)
has been realized using SOI and 65-nm CMOS processes, respectively.

In contrast, heterogeneous integration allows for independent optimiza-
tion of CMOS and photonic processes, offering greater design flexibility. A
promising approach for seamless heterogeneous integration involves utiliz-
ing 3D integration platforms. This method enables separate optimization of
the two processes before combining them, for instance, through oxide bond-
ing. The resulting integration offers the potential for enhanced performance
and functionality in OPA-LiDAR systems while maintaining design flexibility
and overcoming some of the limitations of monolithic integration.

The choice between monolithic and heterogeneous integration depends
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on various factors, including performance requirements, cost considerations,
and the specific application domain. Both approaches hold promise for the
future development of compact, high-performance OPA-LiDAR systems, and
continued research in this area will likely lead to further advancements in the
integration of electronics and photonics on a single chip.

1.7 Building an OPA

1.7.1 Grating Coupler
Gratings are periodic structures created on a surface by altering either the
material composition or the surface topography. In silicon-on-insulator (SOI)
photonic chips, gratings are formed by selectively etching or depositing amor-
phous silicon onto the SOI layer.This process induces variations in the re-
fractive index, enabling light manipulation. When the period of these index
variations exceeds the wavelength of light within the grating, diffraction be-
comes the dominant effect. Conversely, if the period is smaller, light prop-
agation resembles that in a uniform medium, an effect that intensifies as the
period shrinks. Grating couplers, as illustrated in Figure 1.6 operate within
the diffraction regime[25].

Figure 1.6: Schematic structure for a 1D grating coupler (GC) with linear
waveguide taper and key parameters: period Λ, fiber tilt angle θ , varying
taper width W and taper angle θ taper [26].
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For a surface grating coupler (GC) with refractive index variations along
a single direction, termed a 1D-GC, light couples into the direction of this
variation. To simplify the analysis of diffraction GC principles, we focus
on 1D-GCs, recognizing that the underlying theory also applies to 2D-GCs
when at least one propagation direction is in the diffraction regime. However,
if both directions of a 2D-GC operate in the diffraction regime, light can prop-
agate bi-directionally, and the principles of 1D-GCs apply to each direction
independently.

Bragg Condition

As illustrated in Fig. 1.7(a),the diffraction behavior of a grating coupler (GC)
can be comprehensively understood through the Bragg condition, also known
as the phase-matching condition. This condition illuminates the relationship
between the wave-vector (k0) of an incident light beam above the chip and
the propagation constant (β ) of the coupled light beam within the waveguide,
which is essential for efficient light coupling. Mathematically, the Bragg con-
dition is represented as:

β = k0 +mG (1.6)

where G symbolizes the grating vector and m signifies the grating diffrac-
tion order. A wave-vector diagram, as depicted in Figure 1.7(b) for fiber-to-
chip coupling, visually elucidates this relationship. A similar analysis can
be applied to the chip-to-fiber coupling scenario. While the Bragg condition
effectively predicts the allowed diffraction order, it does not provide insight
into the energy distribution between orders or the diffraction efficiency. Typ-
ically, coupling efficiency (CE) is determined using numerical methods like
finite-difference time-domain (FDTD) calculations. However, a qualitative
estimate of CE can be obtained by analyzing the major power loss channels,
as illustrated in Figure 1.7(a). For input coupling, as depicted on the left side
of Figure 1.7(a), a portion of the uncoupled power (Psub) is lost to the sub-
strate, despite potential reflections due to constructive interference at the ox-
ide layer. Additional power losses occur due to reflection (Pr) in the opposite
direction of the incident beam, and coupling (Pw2) in the opposite direction
of the waveguide, particularly for perfectly vertical incidence. Consequently,
the final power coupled into the waveguide (Pw) can be expressed as:

Pw = ηCEPin = Pin - Psub - Pr - Pw2 (1.7)

where ηCE represents the coupling efficiency, often expressed as cou-
pling loss in decibels (dB).A similar analysis can be applied to chip-to-fiber
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out-coupling, as shown on the right side of Figure 1.7(a)[27]. Here, CE is usu-
ally described in terms of directionality (Pup/Pw), representing the fraction of
waveguide power diffracted towards the fiber, and modal overlap, referring to
the portion of upward-directed power successfully launched into the fiber.

Pout = ηCEPw = (η)(Pw - Pt - Pr ) (1.8)

Figure 1.7: (a) Loss channels in input and output coupling; (b) wave-vector
diagram for fiber-to-chip coupling; and (c) wave-vector diagram for chip-to-
fiber perfectly vertical coupling [28].

Although the Bragg condition allows for perfectly vertical coupling (θ=0),
a fiber tilt angle is often employed. In the chip-to-fiber case, this is due to
strong backward reflection caused by second-order diffraction, as illustrated
by β r in the wave-vector diagram (Figure 1.7(c))[29][30]. This reflection
significantly diminishes CE for a perfectly vertical GC. Conversely, in the
fiber-to-chip case, grating symmetry leads to bi-directional propagation of
coupled light for diffraction orders m = 1 and m = -1. However, fiber attach-
ment without tilt is preferred in packaging, prompting many studies to focus
on enhancing the performance of perfectly vertical GCs. Efficient coupling

16



is a critical factor in silicon photonics, with grating couplers (GCs) and edge
couplers being the two prevalent coupling schemes.

While GCs offer advantages in terms of flexibility, ease of fabrication and
testing, they fall short in coupling loss, polarization sensitivity, and wave-
length diversity compared to edge couplers.Despite these drawbacks, GCs
find widespread use in various applications beyond simple fiber-to-chip cou-
pling. They are instrumental in enabling coupling between different inte-
grated layers on a chip, as well as between on-chip light sources and waveg-
uides.Furthermore, GCs have been successfully implemented in diverse fields,
including biomedical sensing and LiDAR, demonstrating their versatility and
potential for broader impact.

1.7.2 Phase Shifters
The increasing complexity of photonic integrated circuits (PICs) demands ef-
ficient and high-performance on-chip active components to enable sophisti-
cated functionalities. Among these components, phase shifters stand out as
crucial building blocks in large-scale PICs. These phase shifters are designed
to exclusively modulate the phase of a transmitted wave without altering its
amplitude, while power tuning can be achieved by incorporating them into in-
terferometers. A sufficient number of such building blocks can be utilized to
construct arbitrary linear optical systems, leading to a wide range of applica-
tions.Researchers have successfully demonstrated various applications using
well-integrated phase shifters, including neuromorphic computing systems,
optical phased arrays, LiDAR systems, on-chip spectrometers, and photonic
accelerators.

Phase Shift principle

The phase shift of the optical wave in the waveguide can be obtained by

∆φ =
∆neff 2π ∆ L

λ
(1.9)

Thermo-optic phase shifters are a key component in silicon photonics, altering
the effective refractive index (∆neff) of the optical mode through temperature-
induced changes in the material’s refractive index. This is achieved by inte-
grating on-chip heaters, which allow for precise control over the temperature
and, consequently, the optical phase. Electro-optic phase shifters leverage the
electro-optic effect, where the application of an electric field directly alters
the material’s refractive index, leading to a change in the effective refractive
index (∆neff) of the optical mode. This precise electrical control over the
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refractive index enables rapid and accurate phase modulation in integrated
photonic devices.

Working Principle of Thermo-Optic Phase shifters

Thermo-optic phase shifters operate on the principle of modifying the refrac-
tive index of both the waveguide and cladding materials by passing a current
through an integrated resistive heater. This induced temperature change sub-
sequently alters the effective refractive index of the propagating optical mode,
resulting in a controllable phase shift[31]. The relationship between the phase
change and the temperature change can be mathematically expressed as...

∆φ (∆T ) = (
2π

λ
)(

dn
dT

) (1.10)

where λ is the wavelength, and (dn/dT) neff is the change in the effective
refractive index of the transmission mode versus the change in temperature.
This coefficient is not only affected by the change in the refractive index of sil-
icon, but also the change in the refractive index of the surrounding claddings
(e.g., silicon dioxide, silicon nitride). ∆ T is the change in the temperature
and L is the length of the heating waveguide region. According to Equation
(1.10), the required temperature change to achieve p phase shift is:

∆Tπ = (
2λ

2L
)(

dT
dn

) (1.11)

Thus, one of the FOMs, the power consumption, can be approximately given
by

∆Pπ = ∆Tπ .G (1.12)

where G is the thermal conductance between the heated waveguide and the
heat sink in a unit of W/K.Two other important figures of merit are the propa-
gation loss of the waveguide and the modulation speed. The modulation speed
can be evaluated by a time constant, which is determined by

τ =
H
G

(1.13)

where H is the heat capacity of the heated arm. The gap of finite thermal
conductance between the heat source and the waveguide is not considered in
the above equations. A typical configuration for a thermo-optic phase shifter
is depicted in Figure 1.8(a)[32][33]. Here, the silicon waveguide is embedded
within a cladding layer, and a heater is positioned above the waveguide.To
mitigate optical insertion loss, the vertical spacing between the heater and

18



waveguide must be sufficiently large. Therefore, an upper cladding layer is
commonly deposited, both to isolate the metal heater and provide structural
support for the waveguide. When designing thermo-optic phase shifters, care-
ful consideration must be given to the width of the silicon waveguide, as well
as the thickness and material composition of both the cladding and heater
layers. Building upon the traditional thermo-optic phase shifter design, nu-
merous research efforts have focused on optimizing key performance metrics,
namely power consumption, modulation speed, and insertion loss, as illus-
trated in Figure 1.8[34]. Figure 1.8(b) showcases a strategy for enhancing
power consumption by thermally isolating the silicon waveguide from the
surrounding claddings and substrate through the implementation of a free-
standing waveguide. In contrast, Figure 1.8(c) demonstrates an approach to
improve both power consumption and modulation speed by minimizing the
vertical gap between the heater and the bus waveguide. This design necessi-
tates the use of optically transparent materials, such as 2D materials, to pre-
vent significant propagation loss. Figure 1.8(d)(e) highlights the use of doped
silicon as an alternative heater material, offering a promising balance between
these three critical figures of merit (FOM).

Figure 1.8: Various structures of thermo-optics phase shifters. (a) Traditional
thermo-optics phase shifter, (b) thermo-optics phase shifter with air trench, (c)
thermo-optics phase shifter with 2D material heaters, (d) thermo-optics phase
shifter with doping silicon heater, (e1) bended thermo-optics phase shifter
with doping silicon heater and (e2) its cross-sectional schematic [35].
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Beyond structural considerations, the choice of heater material is crucial
for thermo-optic phase shifter performance. Commonly used heater materials
include metals, which are placed atop the bus waveguide, and doped-silicon
resistors, positioned on either side of the waveguide. Experimental results
from thermo-optic phase shifters fabricated in the IMEC and AMF commer-
cial foundries reveal comparable modulation efficiencies for both metal and
doped-silicon heaters. However, doped-silicon heaters exhibit faster modula-
tion speeds, albeit with a larger footprint. In addition to traditional materials,
optically transparent materials like graphene and ITO are also attractive candi-
dates for heaters, due to their exceptional optical properties and high electrical
resistance.

Working Principle of Electro-Optic Phase shifters

An electro-optic phase shifter is an active photonic device that manipulates
the phase of light by utilizing the electro-optic effect. In this effect, an ap-
plied electric field induces a change in the refractive index of the material
through which the light propagates. By modulating the applied electric field,
the phase of the transmitted light can be precisely controlled, enabling a range
of functionalities such as signal routing, switching, and interferometry in in-
tegrated photonic circuits. Electro-optic phase shifters primarily utilize the
plasma dispersion effect. Silicon optical modulators, as depicted in Figure
1.9, can be categorized into three distinct types based on the electrical ma-
nipulation of free carriers interacting with light within the silicon waveg-
uide: carrier accumulation1.9(a), carrier injection 1.9(b), and carrier deple-
tion1.9(c)[36]. The carrier-accumulation and carrier-depletion types employ
semiconductor-insulator-semiconductor (SIS) and pn junction structures, re-
spectively, making them more suitable for high-speed modulation due to their
majority-carrier-based operation, in contrast to the carrier-injection type, which
relies on a pin junction. While the carrier-accumulation modulator necessi-
tates an oxide barrier, the carrier-depletion type only requires a readily CMOS-
compatible pn junction. Consequently, the carrier-depletion approach has
gained prominence due to its relative ease of fabrication and simplified de-
sign[4][37].
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Figure 1.9: Cross-sections of typical device structures implementing the three
different mechanisms (a) Carrier accumulation, (b) Carrier injection, and (c)
Carrier depletion [38].

The limitations of silicon modulators, as highlighted above, underscore
the importance of exploring heterogeneous integration, leveraging materials
with superior electro-optic properties alongside the established silicon pho-
tonics platform. One such promising material is silicon germanium (SiGe).
Due to the inverse relationship between the change in refractive index and
the effective masses of electrons and holes in the plasma dispersion effect,
lighter conductivity masses lead to greater plasma dispersion. In CMOS tech-
nology, the application of strain to silicon is a well-established technique to
achieve lighter conductivity masses and higher mobilities in transistor chan-
nels, thereby enhancing performance. Tensile and compressive strains are
introduced to silicon for n-channel and p-channel MOS transistors, respec-
tively. Notably, prior research has demonstrated that uniaxial strain applied to
silicon can modify both the plasma dispersion effect and free-carrier absorp-
tion in the far-infrared wavelength range, highlighting the potential of strain
engineering for modulating optical properties.

In this context, strained SiGe has gained recognition as a p-channel ma-
terial in CMOS technology due to its high hole mobility, stemming from the
low effective mass of holes. Consequently, SiGe is expected to exhibit an
enhanced plasma dispersion effect, offering promising avenues for improved
electro-optic modulation in integrated photonic devices.

1.7.3 Splitters
Y-BranchSplitters

The Y-branch waveguide, a fundamental integrated optical component, com-
prises one input and two output waveguides, enabling the confinement, distri-
bution, and propagation of photons within the waveguide structure. A sym-
metrical longitudinal design allows for uniform power splitting, while op-
timization of the basic Y-branch structure, such as employing a multimode
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tapered branch instead of a standard Y-branch, can further enhance perfor-
mance. By segmenting the branch geometry into multiple optimizable width
values, the tapered branch model demonstrates a notable 4 dB improvement
over the conventional model. This enhancement applies across a 1260 nm to
1360 nm wavelength range, with significant gains in both output port band-
width and power uniformity. Moreover, asymmetric branch designs enable
the achievement of arbitrary power output proportions. Furthermore, inte-
grating specific structures with the standard Y-branch waveguide can unlock
additional functionalities, including polarization beam splitting. These versa-
tile properties make the Y-branch waveguide a valuable building block in a
wide array of optical applications.

Figure 1.10: Optimal design of y-branch beam splitter, Structural diagram of
y-branch polarization beam splitter of hybrid plasma waveguide [39] .

Hu’s 2016 hybrid plasmonic Y-branch (HPYB) waveguide design (Figure
1.10) offers a wavelength-insensitive polarization splitter. By incorporating
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Ag strip waveguides on the traditional Y-branch’s side and upper surface, the
HPYB enables excitation of vertical and horizontal hybrid plasmon modes for
input TE and TM modes, respectively. This compact device boasts a wide 285
nm bandwidth and a substantial 210 nm fabrication tolerance.

An alternative approach to polarization beam splitting, proposed in 2017,
leverages a polymer waveguide and a high-birefringence material. The rela-
tive refractive indices of these materials vary with the mode, facilitating the
separation of TE and TM polarizations. In the device illustrated in Figure
1.11, the "Reactive Mesogen (RM)" birefringent material is embedded within
a Y-branch optical waveguide, selectively extracting the TE polarized mode.
The RM’s higher refractive index for TE polarization, compared to the CO-
polymer waveguide, guides TM polarized light along the CO-polymer waveg-
uide while coupling TE polarized light into the RM waveguide via a taper
structure.

Figure 1.11: Schematic diagram of polarization beam splitter inserted with
high birefringence material [40].

1.8 Organization of the Thesis
This section provides an overview of how the thesis is organized. The thesis
consists of four chapters whose contents are as follows:

Chapter 1 This chapter provides an introduction to the various topics
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which are necessary in understanding the need for the thesis work. The chap-
ter also describes the motivation and objective of the thesis work.

Chapter 2 This chapter reviews prior work on optical phased arrays (OPAs)
for beam steering.Research has explored various materials, phase shifting
mechanisms, and antenna configurations, demonstrating both 1D and 2D beam
steering with varying performance metrics.

Chapter 3 This chapter presents the design and simulation of a compact
16-channel optical phased array (OPA) utilizing Si-ITO phase shifters for en-
hanced beam steering. FDTD simulations demonstrate a lateral steering range
of 56° and longitudinal steering of 23° through wavelength tuning. The de-
vice, with a footprint of 0.07 mm x 0.02 mm, highlights the potential of Si-
ITO in realizing compact, high-performance OPAs for LiDAR applications.

Chapter 4 This chapter outlines the thesis and briefly discusses the future
scope of the project.
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Chapter 2

Literature Survey

2.1 Introduction
Optical beam shaping and steering technologies are crucial for diverse ap-
plications. Free-space optical communication relies on these technologies to
transmit secure, high-speed data over long distances. LiDAR systems, used in
remote sensing and emerging technologies like autonomous vehicles, leverage
beam steering for 3D imaging and mapping. Additional applications include
imaging systems, electronic warfare, lithography, and additive manufactur-
ing. Traditional beam steering systems based on opto-mechanical assemblies
are often bulky, expensive, and slow. While advancements like MEMS and
liquid-crystal spatial light modulators offer some miniaturization, their speed
remains a limiting factor.

Photonic integrated circuits (PICs), utilizing optical phased array (OPA)
technology, present a promising path towards compact, high-speed, and po-
tentially high-power beam steering systems. This review explores the cur-
rent state-of-the-art in PIC-based beam steering, focusing on key metrics like
beam width, steering angle, and power scaling.Traditional systems that gen-
erate, shape, and steer narrow optical beams are often large and complex due
to their reliance on mechanical parts. These systems are also costly, relatively
slow, and easily affected by environmental changes. While smaller systems
using micro-mirrors (MEMS) or liquid crystals exist, they are still limited in
speed. Researchers are developing photonic integrated circuits (PICs) using
optical phased array (OPA) technology to create compact, fast, and potentially
powerful beam steering systems.
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2.2 Beam Steering using Tuning in Wavelength
and Phase shift

Beam steering through wavelength tuning is a dynamic process reliant on var-
ious critical parameters within the system. The effective refractive index of
the waveguide, the grating pitch, the refractive index of the cladding, and
the input wavelength collectively influence this mechanism. By adjusting the
wavelength, precise control over beam steering is achieved. The effective re-
fractive index of the waveguide plays a pivotal role in determining the path of
the light, while the grating pitch influences diffraction and dispersion effects.
Additionally, the refractive index of the cladding contributes to the confine-
ment and propagation of the light within the waveguide structure. By carefully
manipulating these factors and employing wavelength tuning, a high level of
control and accuracy in beam steering is attained,Lateral steering in phased
array systems is achieved by systematically introducing a progressive phase
difference across the array elements, facilitated by electro-optic or thermo-
optic phase shifters. This cumulative phase shift induces a corresponding
lateral displacement of the resulting beam. The magnitude and direction of
this beam deflection are directly proportional to the applied phase difference,
enabling precise and dynamic control over the beam’s trajectory.

2.3 Review of OPA
Weihua Guo, et.al-2013 [41]

This work demonstrates a novel approach to two-dimensional optical beam
steering using an indium phosphide (InP) photonic integrated circuit (PIC).
The PIC leverages a 1-D phased array of eight semiconductor optical ampli-
fiers (SOAs) for lateral steering, achieving deflection angles up to ±10° by
precisely controlling the phase shift in each channel.Longitudinal steering is
accomplished by adjusting the emission angle of surface gratings through tun-
ing the wavelength of either an external or an integrated sampled-grating dis-
tributed Bragg reflector (SGDBR) laser, exhibiting an efficiency of 0.14°/nm.
The PIC architecture includes on-chip photodiodes to monitor interference
between adjacent channels, facilitating accurate phase calibration and control
for the SOA array. The system showcases high-speed beam steering exceed-
ing 10 7°/s, made possible by the fast response of both SOAs and the tunable
laser. The integration of an SGDBR laser onto the chip streamlines the system
and enables broader wavelength tuning potential for future development. This
research addresses challenges like grating reflections and side-lobe suppres-
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sion while suggesting solutions such as non-uniform grating spacing and lens
magnification to achieve larger steering angles and improved beam quality,
paving the way for practical implementations in LIDAR and other applica-
tions.

Kwong, et.al-2014 [42]

This work presents a significant advancement in chip-scale optical beam steer-
ing technology.The researchers demonstrate a 16-element optical phased ar-
ray (OPA) integrated onto a silicon-on-insulator (SOI) platform, capable of
two-dimensional (2D) beam steering.The device leverages the SOI platform’s
mature semiconductor fabrication processes, enabling the integration of com-
plex photonic circuitry while maintaining a compact footprint (1 mm x 9 mm).
Beam steering is achieved through a combination of two mechanisms. By
varying the input wavelength from 1480 nm to 1580 nm, the emission angle
of the waveguide gratings is adjusted, achieving longitudinal (θ ) steering up
to 15°.Each waveguide is equipped with an independent metal micro-heater.
By applying varying voltages, the refractive index of the silicon waveguide is
modified through the thermo-optic effect. This introduces phase differences
between array elements, resulting in lateral (φ ) steering up to 20°. A key
innovation lies in the output grating couplers. Traditionally, shallow-etched
gratings have been used to achieve efficient coupling to free space. How-
ever, these require precise etching control. The researchers instead employed
a polycrystalline silicon (polysilicon) overlay with an oxide etch-stop layer.
This simplifies fabrication significantly while still achieving narrow far-field
beam widths (1.2° x 0.5°) crucial for precise beam steering.The OPA demon-
strates 2D steering across a 20° x 15° field of view with a sidelobe level better
than -10 dB. Each thermo-optic phase shifter requires a switching power of
20 mW for a π phase shift. The rise time of the phase shifters is measured to
be 48 µs, corresponding to a modulation bandwidth of 7.3 kHz.

The research addresses the challenges of phase errors due to fabrication
imperfections by implementing a closed-loop feedback control system using a
LabVIEW interface and an IR camera. This allows for real-time optimization
of the applied voltages to each phase shifter, maximizing the power directed
towards the desired steering angle.

J. C. Hulme, et.al-2015 [43]

The research presents the first fully-integrated 2D beam-steering chip on a
hybrid silicon platform.Integrating over 164 components, including lasers,
amplifiers, phase shifters, and grating couplers, the chip demonstrates beam
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steering over a 23° x 3.6° range. Lateral steering is achieved using a 32-
channel optical phased array (OPA) with p-i-n silicon diode phase shifters,
primarily operating in the thermo-optic regime. Longitudinal steering is ac-
complished by tuning the on-chip laser’s wavelength over 34.5 nm, resulting
in steering of 3.6° via surface gratings.Two grating coupler configurations
were investigated: a uniform array with a 4 µm pitch and a Gaussian array
with a varying pitch. The total aperture size, estimated from the emitter array
width, is approximately 128 µm for the uniform array and 168 µm for the
Gaussian array. Although the on-chip photodiode array for feedback faced
fabrication challenges, the chip successfully achieved a 1° x 0.6° beam width
and greater than 70% background suppression, resulting in 138 resolvable
spots.This work represents a significant step towards miniaturized, solid-state
beam steering systems. Potential applications include LIDAR, free-space
communications, and biomedical imaging, where the chip’s compact size,
high resolution, and integrated design could revolutionize current technolo-
gies.

V. Poulton, et.al-2016 [44]

This research presents a significant advancement in the field of optical phased
arrays (OPAs) by demonstrating a record-breaking 50-element device. This
achievement is facilitated by a novel architecture employing grouped cas-
caded phase shifters, enabling precise beam steering with simplified control
mechanisms. Each grating coupler, spaced 2 µm apart, is paired with a ther-
mal phase shifter, contributing to a compact overall footprint of 1200 µm x
200 µm. A key innovation lies in the division of cascaded phase shifters into
three distinct groups. This approach not only compensates for fabrication-
induced phase noise but also allows for finer control over beam steering.
By manipulating individual group voltages, researchers achieved a record-
breaking two-dimensional steering range of 46° (lateral) and 36° (longitu-
dinal) while maintaining a remarkably small spot size of 0.85° x 0.18°.The
OPA utilizes full-etch silicon gratings to ensure uniform emission across a
broad wavelength range of 1454 nm to 1641 nm. Despite the presence of
strong grating lobes due to antenna design imperfections, the array achieves a
commendable 1mW beam power. This power level, combined with the OPA’s
steering capabilities, enables the demonstration of a lens-free free-space data
link operating at 1 Mbps.The implications of this research are far-reaching.
The demonstrated performance metrics position this OPA as a prime candi-
date for applications in LIDAR, free-space optical communications, and high-
resolution imaging. Future refinements to the antenna design, aimed at mit-
igating grating lobes, promise to further enhance the OPA’s capabilities and
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solidify its position as a technological breakthrough in the field of integrated
photonics.

DAVID N , et.al-2016 [45]

This research presents a groundbreaking advancement in optical phased ar-
ray (OPA) technology,demonstrating a two-axis steerable device with un-
precedented steering range and resolution. Traditional OPAs face a trade-
off between wide steering angles and narrow beam divergence (high res-
olution). This work overcomes this limitation by employing non-uniform
emitter spacing, a strategy borrowed from radar phased arrays.The OPA con-
sists of 128 emitters fabricated in a 300 mm CMOS process. Each emitter
is equipped with a thermo-optic phase shifter, enabling precise control of
the emitted light’s phase. By arranging the emitters in a non-uniform pat-
tern, the researchers suppress unwanted grating lobes, which typically restrict
the steering range. This allows for an impressive 80-degree steering in the
phased-array axis, limited only by the measurement setup’s numerical aper-
ture.The device achieves exceptional resolution (over 500 resolvable spots) in
the phased-array axis due to the large number of phase-controlled emitters and
the resulting narrow beam divergence of 0.14 degrees. Additionally, by uti-
lizing a shallow grating etch for the emitters, the OPA achieves a record-low
beam divergence of 0.142 degrees in the wavelength-steered axis. Combining
phase and wavelength steering, the device can address over 60,000 resolv-
able points in two dimensions.The research demonstrates the OPA’s steering
capability across a 100 nm wavelength range (1260 nm to 1360 nm), achiev-
ing a 17-degree steering angle in the wavelength-controlled axis. This broad
wavelength tuning range is particularly promising for integration with on-chip
tunable lasers, further enhancing the OPA’s versatility.

Y INGZHI LI , et.al-2021 [46]

This research introduces two novel 128-channel optical phased arrays (OPAs)
designed for solid-state beam steering in LiDAR applications. The OPAs,
fabricated on a silicon nitride-on-silicon (SiN-on-SOI) platform, utilize either
a fishbone or chain antenna structure. These dual-level waveguide grating an-
tennas are designed to achieve a wide field of view (FOV), high resolution,
and efficient light emission.A key innovation is the use of nonuniform an-
tenna pitch, allowing for a large 4 mm aperture with only 128 waveguides,
reducing system complexity and power consumption. This design also en-
ables wide lateral steering ranges: ±70° for the chain antenna OPA and ±50°
for the fishbone antenna OPA.The OPAs achieve wavelength steering in the
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φ direction by tuning a laser over a 1350-1630 nm range, resulting in a steer-
ing range of approximately 19°. Notably, the fishbone antenna OPA boasts
a very small longitudinal divergence of 0.029°, a significant advancement in
OPA technology.The phase shifters employed are p-n junctions operating at
reverse voltage, offering low power consumption (maximum 1.8 µW) and
high-speed modulation.To demonstrate the OPAs’ potential in real-world ap-
plications, they were integrated into a frequency-modulated continuous-wave
(FMCW) LiDAR system. This system successfully measured distances up
to 100 meters, highlighting the OPAs’ capability for long-range detection
with low nonlinearity thanks to the Si3N4 waveguide. The results confirm
that these OPAs are promising candidates for transceiving optical signals in
LiDAR systems, with potential to revolutionize solid-state beam steering in
various fields.

2.4 Research Objectives
Despite significant progress in beam steering using optical phased arrays (OPAs),
a comprehensive review of existing literature reveals that substantial improve-
ments are still required to achieve a combination of wider steering angles,
smaller divergence angles, and compact aperture sizes and following are the
some research objectives and carried out for the Thesis

• Grating coupler optimization: The study demonstrates the impact of
grating pitch and duty cycle on the far-field radiation patterns of single
grating couplers, identifying optimal parameters for achieving focused
beams with minimal side lobes.

• Scalable OPA design: A scalable design approach for multi-channel
OPAs (2, 4, 8, and 16 channels) by cascading splitters, achieving rela-
tively equal power splitting ratios among channels and improving beam
directivity with increasing channel count.

• Wavelength tuning for longitudinal steering: Longitudinal beam steer-
ing was achieved through wavelength tuning in longitudinal direction,
demonstrating the OPA’s adaptability for dynamic beam control.This
wavelength-dependent steering capability arises from the varying diffrac-
tion angles experienced by different wavelengths at the grating cou-
plers, making it suitable for applications requiring precise beam direc-
tion control, such as LiDAR systems.
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• Si-ITO phase shifters for lateral steering: The utilization of Si-ITO
phase shifters enables precise lateral beam steering , highlights the po-
tential of this material for compact, high-performance OPA designs.

31



Chapter 3

Chip scale Optical Beam Steering

3.1 Introduction
Optical phased arrays (OPAs) facilitate beam steering through precise ma-
nipulation of light. Key components include a coherent light source, a beam
splitter to distribute the light, phase shifters (either thermal or electro-optical)
to modulate individual beams, and grating couplers to emit the combined
beam. Two-dimensional steering is achieved by adjusting both wavelength
and phase: tuning the source wavelength alters the longitudinal angle, while
varying phase delays across grating couplers controls the lateral direction.

3.2 Proposed OPA
The proposed device as shown in Figure 3.1is tailored to support the funda-
mental TE-mode throughout the near-infrared wavelength range. Light enters
through input waveguide and then separates into numerous channels employ-
ing Multi-Mode Interference devices (MMIs). Positioned at the termination
of the MMIs is the Electro-Optic phase shifter. This phase shifter consists
of n-type ITO on p-type Silicon. The characteristics of ITO material are as
follows: DC permittivity of 3.9, a work function of 5.4 eV, a bandgap mea-
suring 3.8 eV, electron mobility of 41 cm2/V s, hole mobility of 9.5 cm2/V s,
refractive index of 1.3 with an imaginary component of 0.036, and an effec-
tive mass of 0.35. the length, width and thickness of ITO are LITO is 10 µm,
WITO is 0.6 µm tITO is 0.15 µm [47][48][49]. The characteristics of p-type
Silicon are as follows DC permittivity 11.9; Work function 4.6 eV; Bandgap
1.1 eV; electron-mobility 62.5 cm2/Vs; refractive index 3.4207. The length,
width and thickness of p-type silicon is LSi is 10 µm WSi is 0.6 µm tSi is 0.15
µm. The device having grating period (Λ) of 0.73 µm, maintaining an equal
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duty ratio. The silicon grating width (WGrating) of 0.6 µm, and the total length
of the grating extends to L Grating 30 µm. The top of grating is array is SiO2
having width and length 0.6 µm and 30 µm. The thickness of SiO2 is 0.5 µm.
The pitch d is set to 0.775 µm which is equal to λ /2 for a wide steering along
longitudinal axis (θ ). The Si-ITO electro-optic phase shifters in Proposed
device operates by harnessing the unique properties of silicon (Si) integrated
with indium tin oxide (ITO) to manipulate the phase of light in response to
an electric field. This innovative device capitalizes on the electro-optic effect
present in ITO, which, when combined with silicon’s compatibility and struc-
tural advantages, offers a compelling solution for optical modulation. Upon
application of an electric field, ITO exhibits change in its refractive index,
inducing a corresponding alteration in the phase of light passing through it.
This collaborative synergy between silicon and ITO allows for precise and
rapid adjustments in the optical phase, providing a platform for agile signal
processing and manipulation within optical systems. The Si-ITO electro-optic
phase shifter stands as a testament to advancements in material engineering,
paving the way for compact, efficient, and adaptable devices crucial for the
evolution of optical communication networks and photonic applications.The
use of Si-ITO in electro-optic phase shifting replacing the conventional Si
phase shifters, directly tackles inherent limitations . Traditional Si-based
phase shifters face challenges with poor electro-optic effects, larger device
footprints, demanding driving voltages, and subpar performance, sparking in-
tensive research to overcome these barriers. Achieving compact modulators
holds paramount importance in advancing on-chip packaging density. dimen-
sions of ITO used for phase shifter is chip scale and helped to refine the beam
steering capabilities. This Si-ITO phase shifter component contributed to the
controlled manipulation of the emitted light, facilitating precise lateral beam
steering (φ ) and the beam’s lateral direction could be dynamically adjusted,
adding an extra layer of adaptability and control to the overall design.
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Figure 3.1: 3D schematic representation of the proposed 16-channel optical
phased array featuring the initial light source and showcasing its mode pro-
file. Top insect shows 1X2 Y-Splitter displaying the mode profiles on its two
output ports. Bottom insect depicts the enlarged view of the selected section
from the 3D schematic representation.

3.3 Design of Grating Coupler
The angle θ shown in Figure 3.2 at which light diffracts from a grating coupler
is determined by several design parameters, including the grating pitch (Λ),
effective index of the grating (neff), incident laser wavelength (λ ), and the
refractive index of the cladding (nclad), as described by the equation

sinθmax =
Λneff-λ0

nclad
(3.1)
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Figure 3.2: Side View of Grating Coupler

3.3.1 Effect of Grating Period

Figure 3.3: FDTD simulations showing the effect of grating pitch (Λ) on
diffraction angle in an optical phased array.Increasing pitch from 0.7 to 0.9
reduces the diffraction angle, concentrating the beam towards the center.

Figure 3.3 impact of grating pitch (Λ) for a grating coupler designed for a 1.55
µm light source. Three distinct grating pitches, corresponding to 0.7, 0.8, and
0.9, were evaluated. Results reveal a clear decrease in diffraction angle with
increasing pitch, consistent with theoretical expectations. Notably, at Λ = 0.7,
the diffraction pattern closely resembles that of a single emitter, suggesting
efficient power coupling. However, when Λ exceeds λ0/2 (as seen in the Λ
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= 0.9 case), grating lobes emerge, significantly impacting the beam’s direc-
tionality and intensity. These findings underscore the critical role of grating
pitch selection in achieving optimal beam steering performance and minimiz-
ing unwanted artifacts in OPA-based LiDAR systems.

3.3.2 Effect of Duty Cycle

Figure 3.4: FDTD Simulation Results of a Single Grating Coupler: Inves-
tigating the Impact of Duty Cycle (d) on Far-Field Radiation Patterns. The
duty cycle is varied across three values (0.4, 0.5, and 0.6) while maintaining
a constant wavelength (λ0 = 1.55 µm) and cladding refractive index (nclad).
Results reveal a narrowing of the main lobe and an increase in side lobe in-
tensity as the duty cycle increases.

The figure 3.4 illustrates the impact of duty cycle on the far-field radiation pat-
terns of a single grating coupler, obtained through FDTD simulations. Three
duty cycles (0.4, 0.5, and 0.6) were examined while keeping the wavelength
(λ0 = 1.55 µm) and cladding refractive index constant. Results reveal a clear
trend: as the duty cycle increases, the main lobe of the radiation pattern be-
comes narrower, indicating increased beam focus. However, this is accompa-
nied by a rise in side lobe intensity. These findings highlight that a duty cycle
near 0.5 strikes an optimal balance between beam focus and minimal side
lobe effects, crucial for applications like LiDAR that demand precise beam
steering.

Figure 3.5 (a) illustrates the YZ view of the grating coupler as simulated
in Mode Solutions. for λ = 1550 nm,cladding refractive index =1.44 ,neff of
GC=2.91, d=0.5 (Calculated from Ansys Model Solutions) Grating Pitch (Λ)
=0.73 µm the diffracted angle θ should be equal to 39° from which is exactly
same as shown in Figure 3.5 (b)
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Figure 3.5: (a) Cross-sectional view of a single grating coupler (GC). (b) Sim-
ulated far-field radiation pattern of the GC, demonstrating the diffracted angle
emitted from the GC (θ = 39°), validating the expected theoretical value.The
well-defined main lobe indicates efficient out-coupling of light into the de-
sired direction.

3.4 2 channel Optical Phased Array

Figure 3.6: (a) 3D schematic view of a 2-channel optical phased array (OPA)
with grating couplers separated by λ /2 (0.775 µm). (b) Optical intensity pro-
file at the splitter output, demonstrating the power splitting between the two
channels. (c) Far-field radiation pattern of the OPA, illustrating the combined
beam intensity and directionality resulting from the interference of the two
grating couplers.

The figure 3.6illustrates the design and performance of a 2-channel optical
phased array (OPA) with grating couplers spaced at λ /2. The 3D schematic
in (a) highlights the layout, while (b) reveals the power distribution at the
splitter output, confirming balanced power delivery to both channels. The far-
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field pattern in (c) demonstrates the constructive interference arising from the
two grating couplers, resulting in a main beam directed at 60° with respect to
the normal.

3.5 4 Channel Optical Phased Array

Figure 3.7: Design and Simulation of a 4-Channel Optical Phased Array
(OPA) (a) 3D schematic illustrating the layout of a 4-channel OPA, featur-
ing a splitter feeding four grating couplers arranged in a linear array. (b)
Simulated optical intensity profile at the splitter output, showcasing power
distribution among the four channels. (c) Far-field radiation pattern of the
4-channel OPA, demonstrating the combined beam resulting from the inter-
ference of light emitted from the four grating couplers.

The figure 3.7encapsulates the design and simulation results of a 4-channel
optical phased array (OPA). The 3D schematic (a) reveals the OPA’s architec-
ture, consisting of a splitter and four grating couplers, each separated by λ /2
(0.775 µm)). The splitter output in (b) confirms a balanced power distribution
across the four channels. The far-field radiation pattern in (c) highlights the
constructive and destructive interference arising from the four grating cou-
plers, leading to a specific beam profile similar in angle to a 2-channel OPA
but with reduced beamwidth, indicative of increased directivity.

38



3.6 8 Channel Optical Phased Array

Figure 3.8: Design and Simulation of an 8-Channel Optical Phased Array
(OPA)(a) 3D schematic illustrating the layout of an 8-channel OPA, featuring
a cascading splitter tree feeding eight grating couplers arranged in a linear
array.(b) Simulated optical intensity profile at the splitter output, showcasing
the power distribution among the eight channels.(c) Far-field radiation pattern
of the 8-channel OPA, demonstrating the combined beam resulting from the
interference of light emitted from the eight grating couplers.

The figure 3.8encapsulates the design and simulation results of an 8-channel
optical phased array (OPA). The 3D schematic (a) reveals the OPA’s architec-
ture, consisting of a cascading splitter tree that distributes the optical power to
eight grating couplers. The splitter output in (b) confirms a relatively balanced
power distribution across the eight channels, with slight variations due to the
inherent nature of the splitter design. The far-field radiation pattern in (c)
highlights the constructive and destructive interference arising from the eight
grating couplers, leading to a specific beam profile with increased directivity
compared to 2-channel and 4-channel OPAs.
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3.7 16 Channel Optical Phased Array

Figure 3.9: Design and Simulation of a 16-Channel Optical Phased Array
(OPA)(a) 3D schematic illustrating the layout of a 16-channel OPA, featuring
a cascading splitter tree feeding sixteen grating couplers arranged in a linear
array.(b) Simulated optical intensity profile at the splitter output, showcasing
the power distribution among the sixteen channels.(c) Far-field radiation pat-
tern of the 16-channel OPA, demonstrating the combined beam resulting from
the interference of light emitted from the sixteen grating couplers.

The figure 3.9 encapsulates the design and simulation results of a 16-channel
optical phased array (OPA). The 3D schematic (a) reveals the OPA’s architec-
ture, consisting of a cascading splitter tree that distributes the optical power
to sixteen grating couplers. The splitter output in (b) indicates a relatively
balanced power distribution across the sixteen channels. The far-field radi-
ation pattern in (c) displays a highly focused and directive beam due to the
constructive interference of light from the numerous grating couplers. This
configuration enables precise beam steering and shaping with enhanced reso-
lution, making it ideal for applications like LiDAR that demand high accuracy
and control over light emission

3.8 Results and Discussion

3.8.1 Lateral beam width of Proposed Design
Achieving high-resolution LIDAR demands minimizing the divergence of the
output beam, a critical factor pivotal for precise sensing. The beam’s diver-
gence is significantly affected by the number of channels employed in the
system, showing a direct relationship between these variables. In this pursuit,
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aperture size plays a crucial role: as the aperture size increases, there’s a si-
multaneous decrease in resolution. This inverse relationship between aperture
size and resolution highlights the careful juggling required in designing LI-
DAR systems, where optimizing channel count while managing aperture di-
mensions becomes paramount. Balancing these elements is key to achieving
optimal performance in LIDAR technology, ensuring both high resolution and
minimized beam divergence crucial for accurate and detailed environmental
mapping.Figure 3.10depicts the far field projections in Lumerical FDTD So-
lutions for the number of channels N = 2, N = 4, N = 8, N = 16. Figure
3.11depicts resolution of light getting better in lateral direction by increasing
the number of channels from 2 to 16. The resolution (∆φFWHM) of light is
improved from 42 ° to 3.5 °

Figure 3.10: Variation in lateral beam width corresponding to the number of
waveguides analyzed using FDTD Solutions
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Figure 3.11: Relationship between beam divergence and the number of chan-
nels, emphasizing the dependency of divergence on the number of channels
for a fixed channel spacing.

3.8.2 Lateral beam width of Proposed Design
The longitudinal beam width, quantifying the angular spread of the emitted
beam along the longitudinal axis, exhibits analogous behavior to its lateral
counterpart. In configurations where longitudinal beam steering is achieved
through the coherent combination of multiple phased array elements, the beam
width can be analytically derived using the same principles that govern the
lateral beam width. However, alternative longitudinal steering mechanisms,
such as wavelength tuning, introduce dependencies on factors such as the
grating coupler design parameters (periodicity, fill factor), the overall grating
length, and the specific operational wavelength. These dependencies necessi-
tate a nuanced approach to beam width calculation and highlight the interplay
between design parameters and operational choices in tailoring the angular
dispersion of the OPA output.
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Figure 3.12: (a)-(b) Far field beam projections illustrating the beam’s charac-
teristics at grating lengths of 10 µm and 30 µm respectively.(c) Variation of
Longitudinal divergence angle (∆θFWHM) with respect to a grating length. As
the length of the grating increases, there is a noticeable enhancement in beam
resolution.

The Far field projection of the beam, depicted in Figure 3.12 (a)-(b) at
grating lengths of 10 µm and 30 µm respectively, illustrates the substantial
impact of varying grating lengths on the beam’s spatial distribution. The
comparison between these two far field projections highlight how altering
the grating length significantly influences the divergence and directionality of
the emitted beam. This data provides crucial insights into optimizing the de-
vice’s performance and beam steering capabilities by manipulating the grating
length within the system. Figure 3.12 depicts the beam’s resolution noticeably
improves from 25 ° to 7.5° along the Longitudinal direction with the increase
in grating length from 10 µm to 30 µm. This extension directly enhances the
precision of beam focusing. A longer grating significantly amplifies the ca-
pability to steer the beamresulting in a more distinct and defined resolution.
This connection emphasizes the precisely controlling the beam’s path along
its length.

3.9 Longitudinal Steering of Proposed Design
The dynamic process of beam steering through wavelength modulation re-
lies on a complex interplay between several key system parameters. Notably,
the effective refractive index of the waveguide, the periodicity of the grating
structure, the refractive index contrast between the waveguide and cladding,
and the incident wavelength collectively govern the steering behavior. Adjust-
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ing the wavelength enables precise control over the direction of the emitted
beam. The effective refractive index of the waveguide dictates the light prop-
agation path, while the grating pitch determines the diffraction angles and
spectral dispersion. Moreover, the refractive index of the cladding influences
the confinement and guiding of light within the waveguide. By carefully tun-
ing these factors and leveraging wavelength modulation, a high degree of pre-
cision and accuracy can be achieved in steering the beam.Figure3.13 depicts
the far field projections of a proposed design aimed at wavelength sweeping
from 1.5 µm to 1.6 µm. These outcomes were obtained through the use of
Lumerical Finite-difference time-domain (FDTD) solvers.

Figure 3.13: Far field projection of proposed device at 1.5 µm and 1.6 µm
respectively. The Longitudinal angle (θ max) at 1.5 µm is 78 ° and at 1.6 µm
is 55 °.

3.9.1 Lateral Steering of Proposed Design
The lateral steering angle (φ ) is controlled by the phase delay (φ ) between
light injections in each grating coupler (GC). Beam steering is achieved by
manipulating the phase shift, which is primarily done by adjusting the refrac-
tive index of the silicon waveguide. This alters the velocity of light propa-
gation within the waveguide and, consequently, the phase delay between ad-
jacent GCs.Electro-optic phase shifters are active photonic components that
utilize the electro-optic effect to modify the phase of transmitted light.This
phenomenon causes an applied electric field to alter the refractive index of the
propagation medium. Precise control over the optical phase shift is achieved
by modulating the applied electric field strength.Silicon-based optical mod-

44



ulators face challenges due to silicon’s inherent limitations in electro-optic
and thermo-optic effects, as well as weak light-matter interaction. These
factors lead to large device footprints, high driving voltages, excessive en-
ergy consumption, and low extinction ratios. Current Si-based modulators
are typically several millimeters in length, hindering compact integration.
These challenges have prompted extensive research efforts aimed at develop-
ing novel approaches to mitigate these drawbacks. Miniaturizing modulators
is a critical factor in enhancing on-chip packaging density and overall system
integration.To overcome these limitations,silicon photonics is emerging as a
promising solution. This approach combines device engineering with mate-
rial engineering. Device engineering focuses on innovative photonic device
designs for enhanced light-matter interaction, while material engineering in-
volves integrating low-cost, tunable materials with silicon.

Indium tin oxide (ITO) has emerged as a compelling material for this
purpose. It exhibits rapid carrier dynamics and substantial carrier accumu-
lation/depletion,resulting in significant bias-dependent absorption changes.
Additionally, ITO’s permittivity (and thus refractive index) undergoes a sig-
nificant shift. Notably, ITO can be electrically configured to approach the
epsilon-near-zero (ENZ) state in the near-infrared region, leading to an abrupt
change in absorption and enabling efficient optical modulation. The Far Field
Projections depicted in Fig.3.14 showcase the distinct performance of two
electro-optic phase shifters within the proposed device. In figure (a), employ-
ing Si as the phase shifter reveals a notable observation: despite the applica-
tion of voltage across the Si phase shifter, no lateral steering is observed. This
absence of lateral steering prompts further examination of Si’s functionality
within the device. Notably, due to the weak electro-optic properties of silicon,
a considerable voltage and substantialdevice footprint are required to induce
a change in refractive index and subsequently alter the phase. Conversely, in
figure (b) presents a significant contrast, featuring Si-ITO as the electro-optic
phase shifter. Here, the application of a mere 1-volt voltage leads to a notice-
able and promising lateral steering effect. This marked difference in behavior
is attributed to Si-ITO’s superior electro-optic effect, enabling rapid changes
in refractive index under bias conditions. The clear distinction in lateral steer-
ing behavior between the two materials Si and Si-ITO highlights the crucial
role of material properties in achieving efficient electro-optic phase shifting
within the device. The Far Field Projections seen in Fig. (c)-(d) highlight
the impressive abilities of the proposed Si-ITO phase shifter device. In this
part of the figure, applying 1 volt selectively to the bottom 8 phase shifters
directs the beam at +28°, while the same voltage applied to the top 8 phase
shifters positions the beam at -28°. This clear difference in beam angles re-
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sults in a substantial 56° range, representing the maximum lateral steering
achieved by this setup. This precise control over beam direction showcases
the adaptability enabled by Si-ITO phase shifters, offering significant poten-
tial for applications requiring precise beam manipulation

Figure 3.14: Far Field Projections illustrating lateral steering behavior: (a)
Device utilizing Si as an electro-optic phase shifter of same dimensions shows
no lateral steering despite applied voltage; (b) Si-ITO as an electro-optic
phase shifter demonstrates effective lateral steering at 1 volt at 15th and 16th
phase shifters, (c)-(d) Far Field Projections of the proposed device employ-
ing Si-ITO phase shifters. In subfigure (c), notable beam steering capabilities
are showcased. Specifically, applying 1 volt to the bottom 8 phase shifters
(1-8) results in a beam angle of +28°, In subfigure (d) the top 8 phase shifters
(9-16), under the same voltage, produce a beam angle of -28°. This distinct
configuration achieves a substantial 56° range, highlighting the precise con-
trol achieved through specific phase shifts within the device.

This extensive range highlights the efficacy and versatility of employing
Si-ITO phase shifters in dynamically controlling the beam direction, empha-
sizing the device’s capacity for agile and precise beam steering functionalities
across a broad angular spectrum. Such findings underscore the considerable
potential for practical applications in optical systems requiring adaptable and
extensive beam manipulation for various functionalities and scenarios.

3.10 Summary
In this study, a 16-channel optical phased array (OPA) was systematically con-
structed, simulated in MODE and FDTD Solutions. The process began with
the design and optimization of a single grating coupler, analyzing the impact
of various design parameters. Subsequently, a 2-channel OPA was realized by
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optimizing a 1x2 splitter. This approach was iteratively expanded, creating 4,
8, and 16-channel OPAs with corresponding 1x4, 1x8, and 1x16 Y splitters.
Far-field simulations were conducted to assess performance, and both lateral
and longitudinal divergence angles were calculated. Wavelength sweeps from
1.5 to 1.6 µm facilitated longitudinal steering, while the implementation of
Si-ITO phase shifters enabled lateral steering capabilities of up to 56°.
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Chapter 4

Conclusion and Future Scope

This study employed a comprehensive simulation-based approach to inves-
tigate the design and optimization of silicon photonics-based optical phased
arrays (OPAs) for beam steering applications, focusing on the optimization of
grating couplers and array configurations. FDTD simulations were employed
to analyze far-field radiation patterns, revealing the influence of grating pitch
and duty cycle on beam characteristics. For single grating couplers, smaller
grating pitches enabled wider steering angles but compromised coupling ef-
ficiency, while larger pitches enhanced efficiency but limited steering range.
The emergence of grating lobes when the pitch exceeded half the wavelength
emphasized the need for careful design considerations. Duty cycle analysis
highlighted a trade-off between main lobe width and side lobe intensity, with
0.5 identified as optimal for focused beam steering.The study then extended
to multi-channel OPAs, demonstrating a scalable design approach from 2 to
16 channels using cascading splitters, with a final device footprint of 0.07 mm
x 0.02 mm. This compact size is a significant advantage compared to previ-
ous work, such as the 1 mm x 9 mm device by Kwong et al. (2014) and the
1200 µm x 200 µm device by Poulton et al. (2016). Results showed that in-
creasing channel count improved beam directivity, reduced beam width, and
facilitated precise beam steering. A maximum lateral steering angle of 56°
was achieved using Si-ITO phase shifters, surpassing the 20° achieved by
Kwong et al. (2014) and comparable to the 46° achieved by Poulton et al.
(2016). Longitudinal steering was realized through wavelength tuning from
1.5 µm to 1.6 µm, yielding steering angles from 55° to 78°. Furthermore,
the effects of grating length on longitudinal beam divergence were explored,
revealing improved resolution with longer gratings.The utilization of Si-ITO
phase shifters in our design offers a significant advantage in terms of device
compactness compared to traditional silicon-based phase shifters, which re-
quire larger footprints to achieve comparable steering performance. The su-
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perior electro-optic properties of Si-ITO enable efficient phase control within
a reduced area, contributing to the overall miniaturization of the OPA sys-
tem.In conclusion, this comprehensive simulation-based study provides a de-
tailed understanding of the impact of design parameters on the performance
of compact, multi-channel OPAs for precise and versatile beam steering in
applications such as LiDAR. By thoroughly exploring the effects of various
parameters and demonstrating a scalable design methodology, our findings
pave the way for the development of high-performance OPAs with improved
miniaturization and steering capabilities.

Optical phased arrays (OPAs) have emerged as a promising technology
for solid-state beam steering, poised to replace traditional mechanical meth-
ods due to their inherent advantages in size, weight, and power consumption.
While OPAs offer numerous advantages for applications like LIDAR, achiev-
ing a wide steering range, high angular resolution, and low power consump-
tion simultaneously remains a central focus of ongoing research.

As research in this domain progresses, it is anticipated that OPAs will
become increasingly sophisticated and versatile, capable of dynamic beam
shaping and steering for a wider array of applications across diverse fields.
These advancements could revolutionize technologies such as autonomous
vehicles, robotics, free-space optical communications, and biomedical imag-
ing in a new era of optical beam steering capabilities.
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