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ABSTRACT

Photonic Integrated Circuits (PICs) represent a groundbreaking advancement in the field
of photonics, akin to the role of electronic integrated circuits in electronics. By integrating
multiple photonic functions into a single chip, PICs offer significant advantages in terms
of size, power consumption, and performance for various applications. These circuits
utilize light to perform operations traditionally handled by electronic circuits, enabling
ultra-fast data processing and communication with minimal energy loss. The primary
components of PICs include waveguides, modulators, detectors, and lasers, which
are fabricated using materials like silicon, indium phosphide, and silicon nitride. The
integration of these components on a single substrate facilitates complex optical signal
processing, including multiplexing, demultiplexing, and switching. PICs are pivotal in
advancing technologies such as high-speed optical communication, quantum computing,
and biomedical sensing. Their ability to process large amounts of data at the speed of
light is crucial for meeting the growing demands of data centers, telecommunications,
and sensor networks. Ongoing research focuses on improving the scalability, efficiency,
and integration density of PICs, as well as developing new materials and fabrication
techniques. As a result, PICs are poised to revolutionize numerous industries by enabling
faster, more efficient, and highly integrated photonic solutions.
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INTRODUCTION:

Photonic integrated circuits (PICs) are revolutionary
microchips that harness the power of photons, or light
particles, instead of electrons to process and transmit
data.["? These groundbreaking devices leverage photonic
components like waveguides, lasers, and modulators
to facilitate ultra-fast and energy-efficient data
transfer, making them ideal for applications in quantum
computing, telecommunications, and LIDAR systems.?

PICs offer numerous advantages over traditional elec-
tronic circuits, including higher bandwidth, faster pro-
cessing speeds, and improved reliability due to minimal
heat generation and energy loss.!"! Moreover, their com-
patibility with existing semiconductor manufacturing
processes allows for cost-effective, high-volume produc-
tion, further driving their adoption across diverse indus-
tries from healthcare to aerospace.!"! As we explore the
key concepts and applications of photonic integrated cir-
cuits, their potential to reshape our technological land-
scape becomes increasingly evident.
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PHOTONIC INTEGRATED CIRCUIT

A photonic integrated circuit (PIC), also known as an
integrated optical circuit, is a microchip that contains
two or more photonic componen ts forming a functional
circuit.?4 Unlike electronic integrated circuits that
utilize electrons, PICs leverage photons (particles
of light) to detect, generate, transport, and process
information signals imposed on optical wavelengths,
typically in the visible spectrum or near-infrared range
(850-1650 nm)P! as in Fig. 1.
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The fundamental distinction between PICs and electronic
chips lies in the nature of their components and the
medium through which signals propagate. In electronic
chips, electron flux passes through electrical components
such as resistors, inductors, transistors, and capacitors.®
Conversely, in photonic chips, photons travel through
optical components like waveguides (equivalent to
resistors or electrical wires), lasers (equivalent to
transistors), polarizers, and phase shifters.?

One of the most commercially utilized material
platforms for PICs is indium phosphide (InP), which
allows for the integration of various optically active and
passive functions on the same chip.!! This integration
enables the development of compact, efficient, and
high-performance photonic circuits for a wide range of
applications.

Photonic integrated circuits (PICs) operate by harnessing
photons (particles of light) to transmit, process, and
distribute information signals./’® At the core of a PIC
lies a laser source that injects light to drive the various
photonic components, akin to how a switch injects
electricity to power electronic components.’”? Within
the PIC, photons propagate through optical components
such as waveguides, lasers, polarizers, and phase
shifters, rather than electrons flowing through electrical
components like resistors and transistors.[”8!

The fundamental advantage of PICs over traditional
electronic circuits stems from their ability to overcome
limitationsassociated withelectronics, suchasintegration
challenges and heat generation.””! By leveraging light
instead of electricity, integrated photonic technology
provides a solution to these constraints, aligning with
the “more than Moore” concept aimed at increasing
data transmission capacity and speed.l' PICs offer
several key benefits, including miniaturization, higher
operational speeds, minimal thermal effects, large-scale
integration capabilities, and compatibility with existing
semiconductor manufacturing processes, enabling high-
yield, high-volume production at lower costs.!'""3]

As global data consumption continues to surge and the
demand for faster networks intensifies, the world faces
the pressing need to find sustainable solutions to address
energy crises and climate change.l'"Simultaneously,
innovative applications like Light Detection and Ranging
(LiDAR) in autonomous vehicles are emerging, necessitating
the ability to keep pace with technological advancements.
51 While electronic microchip technology alone cannot
sustainably meet the expanding requirements of 5G
data networks, data centers, autonomous driving, and
efficient food production, the heterogeneous integration
of electrical devices with integrated photonics offers a
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more energy-efficient approach to increase data network
speed and capacity while reducing costs and catering to
diverse industry needs.

APPLICATIONS AND INDUSTRIES FOR PICs

Photonic integrated circuits (PICs) are revolutionizing a
wide array of industries, thanks to their compact size, low
cost, high efficiency, and minimal power consumption.
These cutting-edge devices are extensively deployed
in automotive, medical, and communication systems,
driving innovation across diverse sectors.

A. Automotive Industry

PICs play a crucial role in enhancing automotive safety
and efficiency. They are utilized in advanced driver-
assistance systems (ADAS), enabling features like night
vision cameras, LiDAR (Light Detection and Ranging)
sensors for object detection, and high-speed data
transmission for vehicle-to-vehicle communication."
The integration of PICs in these applications contributes
to improved road safety and paves the way for
autonomous driving technologiesas in Fig. 2.

B. Medical and Biomedical Applications

The medical and biomedical industries have embraced
PICs for their potential in diagnostic and imaging
applications. PICs are employed in label-free,
multiplexed biosensors, enabling real-time monitoring
and analysis of biological samples with high sensitivity
and accuracy.[*  Additionally, PICs facilitate
advancements in biomedical imaging techniques, such
as optical coherence tomography (OCT), providing high-
resolution, non-invasive imaging capabilities for early
disease detection and treatment monitoring.

C. Telecommunications and Data Centers

The telecommunications and data center industries rely
heavily on PICs to meet the ever-increasing demand
for high-speed data transmission and processing. PICs
are integrated into optical transceivers, enabling
dense wavelength-division multiplexing (DWDM) and
facilitating the development of next-generation 5G
and beyond 5G (B5G) wireless communication systems.
Furthermore, PICs are instrumental in signal processing
systems for traditional telecom, datacom, and satcom
sectors, driving the evolution of high-performance signal
processing capabilities.

D. Sensing and Instrumentation

PICs have found applications in various sensing and
instrumentation domains, including environmental
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Fig. 2: Photonic Packaging

monitoring, industrial process control, and scientific
research. Their ability to integrate lasers, modulators,
detectors, and waveguides into a single chip enables the
development of compact and efficient sensing devices.
PICs are utilized in areas such as gas sensing, chemical
analysis, and spectroscopic instrumentation, offering
improved performance, reduced size, and lower power
consumption compared to traditional optoelectronic
systems.

As the demand for high-speed, energy-efficient, and
compact optical solutions continues to grow, the
applications and industries leveraging PICs are poised to
expand even further. Ongoing research and development
efforts in the field of integrated photonics will play a
pivotal role in shaping the future of electronics and
enabling groundbreaking innovations across multiple
sectors.['31]

The significance of developing photonic integrated
circuits (PICs) has become increasingly evident as the
world grapples with the challenges of escalating data
consumption, the need for faster networks, and the
pursuit of sustainable solutions to address energy crises
and climate change. With electronic integrated circuits
approaching the limits of their integration capacity,
PICs have emerged as a promising technology poised
to revolutionize various industries, including data
communications, autonomous driving, aerospace, and
aeronautics.

SIGNIFICANCE OF DEVELOPING PICs NOW

As global data consumption rises and the demand for
faster networks continues to grow, the world needs to find

more sustainable solutions to address the energy crisis
and mitigate climate change. Simultaneously, innovative
applications for sensor technology, such as LiDAR (Light
Detection and Ranging) in autonomous driving vehicles,
are rapidly entering the market, necessitating the ability
to keep pace with technological advancements.

The expansion of 5G data networks, data centers,
autonomous driving vehicles, and more efficient food
production cannot be sustainably met by electronic
microchip technology alone. However, the heterogeneous
integration of electrical devices with integrated
photonics provides a more energy-efficient approach to
increase the speed and capacity of data networks while
reducing costs and catering to an increasingly diverse
range of needs across various industries. "]

By harnessing the power of photons instead of electrons,
PICs offer several advantages over traditional electronic
circuits, including:

1. Higher bandwidth and faster processing

speeds

2. Improved reliability due to minimal heat
generation and energy loss

3. Compatibility with existing semiconductor
manufacturing  processes, enabling  cost-

effective, high-volume production

As the world transitions towards a new technological
era, PICs have the potential to become the preferred
technology for a wide range of applications, including:

o« Data communications (inter- and intra-

datacenter communications)
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o LiDAR solutions for autonomous driving
« Sensing for aerospace and aeronautics
« Untold future applications in emerging fields

The development of PICs is not only a technological
imperative but also a crucial step towards addressing
global challenges and unlocking new possibilities across
multiple sectors. By leveraging the advantages of
integrated photonics, we can pave the way for a more
sustainable, efficient, and innovative future [21].

5. PROCESS FOR DESIGNING AND MODELING A PIC

The process of designing and modeling a photonic
integrated circuit (PIC) is a crucial step in ensuring
its successful development and manufacturing. It
involves translating an initial application concept into a
functioning photonics chip that can be fabricated. The
typical PIC design process can be summarized in the
following steps:

1. Concept and Specifications: The first step
involves defining the purpose and specifications
of the PIC. This involves collaborating with the
customer to understand their requirements and
the various conditions and situations in which the
chip will be used. The application concept is then
translated into a concrete set of specifications
that will guide the design team in developing the
internal components of the chip.

2. Design Function: Based on the defined
specifications, the design team develops a
schematic circuit diagram that captures the
intended function of the PIC. This diagram is
divided into several functional blocks, including
lasers, modulators, detectors, and other
components that manipulate light in specific
ways. Some of these blocks may already exist,

i-region width I¥;

(e) (f)

while others may need to be developed from
scratchas in Fig. 3.

3. Design Simulation: Since manufacturing a
chip is a costly and time-consuming process,
accurate prediction of the chip’s behavior after
fabrication is essential. The functional blocks
are assembled, and their behavior is simulated
using various physical models and simulation
tools. The design team often employs multiple
simulation approaches to reduce the risk of
failure after manufacturing.

4. Design Layout: The functional chip schematic
is then translated into a proper design layout
that can be manufactured. This layout consists
of layers, component positions, and geometric
shapes that represent the actual manufacturing
steps. Software tools are used to translate the
functions into geometric patterns, with human
input required for the most complex placement
and geometry decisions.

5. Check Design Rules: Every chip fabrication
facility has its own set of manufacturing rules.
At this stage, the design team verifies that the
layout complies with these rules.

6. Verify Design Function: As a final check, the
design team ensures that the layout performs as
intended in the original circuit schematic. The
layout process may introduce new component
placements and parasitic effects that were
not considered initially, potentially requiring
revisiting previous functional or layout schematic
steps.

In addition to this general process, various software tools
and modeling techniques are employed to facilitate
efficient PIC design and simulation. For instance,
Synopsys OptSim provides tools for circuit-level photonic

Optical splitter Phase shifters Output waveguide

(8)

Fig. 3: Photonic Integrated Circuits for an Optical Phased Array
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simulations, including features like primitive models
for bidirectional multiport optical devices, support for
analytical equation-based S-matrix files, and model
upgrades for active components like electro-absorption
modulators (EAMs), photodetectors, and optical signal
operators.

Furthermore, Synopsys OptSim supports mixed-domain
electro-optic (EO) co-simulation, enabling the simulation
of foundry process design kit (PDK)-based PICs with both
electrical and photonic circuit hierarchies in the same
schematic. This feature allows for the co-simulation of
photonic circuits using Synopsys OptSim and electrical
circuits using Synopsys PrimeSim SPICE/HSPICE in a
single simulation runas in Fig. 4.

By following a structured design and modeling process,
and leveraging advanced simulation tools, PIC developers
can increase the chances of successful chip fabrication
and ensure that the final product meets the desired
specifications and performance targets.?223

EXAMPLE WORKFLOW FOR DESIGNING A PIC

The process of designing a photonic integrated circuit
(PIC) involves translating an initial application concept
into a functioning chip that can be manufactured. A
typical workflow for designing a PIC can be summarized
as follows:
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1. Install the Foundry’s Process Design Kit (PDK):
The first step is to install the foundry’s process
design kit (PDK) for the Synopsys tools that will
be used in the design process.

2. Create Schematic Design: Using a tool like
OptoCompiler, the design team creates a
schematic design that captures the intended
function of the PIC. This schematic is divided
into several functional blocks, including lasers,
modulators, detectors, and other components
that manipulate light in specific ways.

3. Simulate and Optimize Circuit: The circuit is
simulated and optimized for optical performance
using a tool like OptSim. This step allows the
design team to accurately predict the chip’s
behavior after manufacturing and reduce the
risk of failure.

4. Design Custom Devices: If the standard PDK
components from the foundry do not meet the
design requirements, the team can use Photonic
Device Compiler to design custom devices.
These custom devices can be integrated with the
foundry PDK components.

5. Translate Schematic to Layout: The schematic
design is translated into a layout using the
Schematic Driven Layout (SDL) capabilities of

et S S S

Chip Coincidence

counting

Fig. 4: Large-scale silicon quantum photonics implementing arbitrary two-qubit processing
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10.

11.

12. 12,

. Adjust Layout:

. Iterate Design:

OptoCompiler. This layout consists of layers,
component positions, and geometric shapes
representing the actual manufacturing steps.

The layout is adjusted in
OptoDesigner based on footprint requirements,
and the wa veguide and electrical routing is
finalized.

. Back-annotate Layout Changes: Any changes

made to the layout are back-annotated, and
the corresponding changes are confirmed in the
schematic design.

. Re-simulate Circuit: The circuit is re-simulated

in OptSim Circuit to evaluate the impact of the
layout changes.

If necessary, the schematic
and/or layout design is adjusted based on the
simulation results.

Run Design Rule Check (DRC): A design rule check
(DRC) is performed on the layout implementation
using IC Validator from the OptoCompiler
cockpit to ensure compliance with the foundry’s
manufacturing rules.

Run Layout vs. Schematic (LVS) Check: A layout
versus schematic (LVS) check is conducted on
the final layout, and the netlist of the schematic
design is compared with IC Validator.

Submit to Foundry: The final mask
layout, along with the DRC and LVS reports, is
submitted to the foundry for manufacturingas in
Fig. 5.
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Fig. 5: Recent progress in quantum photonic chips

This workflow ensures that the PIC design process is
thorough, iterative, and compliant with the foundry’s
manufacturing requirements, increasing the chances

¢ I

of successful chip fabrication and meeting the desired
specifications and performance targets [24]-[25].

Synopsys provides a comprehensive suite of solutions for
the design and simulation of photonic integrated circuits
(PICs), enabling efficient and accurate modeling of these
complex systems[21]-[26]

SYNOPSYS SOLUTIONS FOR PIC DESIGN

1.

. Schematic-Driven

. Design

Synopsys OptoCompiler:OptoCompiler is the
industry’s first unified electronic and photonic
design platform, facilitating fast and flexible
PIC design. It integrates seamlessly with other
Synopsys tools, providing a cohesive environment
for PIC development.

. Synopsys OptSim: This tool offers comprehensive

simulations of PICs and optical communication
systems. OptSim is an ideal, technology-agnostic
simulator for modelingoptical systems and PICs
that operate with coupling and feedback of
different optical and electrical signal paths.

. Soft Photonic Device Tools: Synopsys provides

the industry’s widest portfolio of simulators for
passive and active nanoscale devices through its
RSoft Photonic Device Tools. These tools enable
accurate modeling and simulation of various
photonic components and devicesas in Fig. 6.

E-O Co-Design: Synopsys
OptoCompiler offers schematic-driven electro-
optic (E-O) co-design using OptSim and the
PrimeSim family of photonic and electrical
circuit simulators. This feature allows for the co-
simulation of photonic circuits using OptSim and
electrical circuits using PrimeSim SPICE/HSPICE
in a single simulation run.

Hierarchy and Bidirectional Signal
Flow:OptSim supports the simulation of design
hierarchies and bidirectional signal flow for
both optical (single- and multi-wavelength) and
electrical signals. It enables co-simulation with
PrimeSim Continuum, which includes PrimeSim
HSPICE and PrimeSim SPICE, facilitating the
simulation of electronics in the PIC using
industry-leading electrical circuit simulators.

. Modeling Capabilities:OptSim offers advanced

modeling capabilities, including multipath
interference (MPI), reflections, and resonances
from network and PIC elements. [30] It supports
measurement- and datafile-driven modeling of
active and passive, photonic, and electronic
components and circuits, as well as PDK-driven
PIC design with foundry and custom PDKs.
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7. System-Level Simulation: In addition to
supporting PIC design models, OptSim provides a
rich library of single- and multimode fiber-optic
system design models, allowing for testing a PIC
at the system level. It includes measurement
and plotting tools such as optical and electrical
scopes, signal, spectrum and eye diagram
analyzers, Q-factor and BER estimators, and
power meters.

8. Integration and  Co-Simulation:OptSim  is
integrated with Synopsys PrimeWave Design
Environment for both electrical and photonic
netlists, enabling the setup of testbenches,
specification of simulation engines and
parameters, and performing scans and analyses.
It supports PDKs from leading foundries and co-
simulation with MATLAB and other external tools.

9. Evaluation and Optimization:OptSim results and
waveforms (logical, electrical, and optical) can
be viewed via the PrimeWave Design Environment
in both the PrimeWave and OptSim Viewer. [30]
This allows for evaluating the impact of post-
layout routing parasitics and crosstalk on the

Spectral intensity (dBm)

Si substrate

SiN ULL
so,  1um

functional behavior of the circuit, as well as
providing a unified platform to evaluate and
optimize the impact of PIC performance on the
overall system.

10. Synopsys’ comprehensive solutions for PIC design
and simulation enable designers to efficiently
model, simulate, and optimize these complex
systems, leveraging advanced features and
capabilities tailored for the unique challenges of
integrated photonics. 229

CONCLUSION

The emergence of photonic integrated circuits (PICs)
signifies a transformative shift in the realm of data
processing and communication technologies. By
harnessing the power of photons, these groundbreaking
devices offer unparalleled advantages, including higher
bandwidth, faster processing speeds, and improved
energy efficiency. As the world grapples with the
demands of escalating data consumption and the need for
sustainable solutions, PICs present a promising avenue
for addressing these challenges across diverse industries.
While the development of PICs is still in its relatively
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nascent stages, the potential applications and impact of
this technology are far-reaching. From revolutionizing
telecommunications and data centers to enabling
advancements in autonomous driving, biomedical
imaging, and environmental sensing, PICs are poised to
reshape the technological landscape. As research and
innovation in this field continue, we can anticipate the
emergence of even more novel applications, propelling
us towards a future defined by unprecedented speed,
efficiency, and sustainability.
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