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Abstract

Integrated photonics is a transformative technology for enhancing communication and
computation in Cloud and Fog computing networks. Photonic integrated circuits (PICs) en-
able significant improvements in data-processing speed, energy-efficiency, scalability, and
latency. In Cloud infrastructures, PICs support high-speed optical interconnects, energy-
efficient switching, and compact wavelength division multiplexing (WDM), addressing
growing data demands. Fog computing, with its edge-focused processing and analytics,
benefits from the compactness and low latency of integrated photonics for real-time signal
processing, sensing, and secure data transmission near IoT devices. PICs also facilitate
the low-loss, high-speed modulation, transmission, and detection of RF signals in scalable
Radio-over-Fiber (RoF) links, enabling seamless IoT integration with Cloud and Fog net-
works. This results in centralized processing, reduced latency, and efficient bandwidth
use across distributed infrastructures. Overall, integrating photonic technologies into
RoF, Fog and Cloud computing networks paves the way for ultra-efficient, flexible, and
scalable next-generation network architectures capable of supporting diverse real-time
and high-bandwidth applications. This paper provides a comprehensive review of the
current state and emerging trends in integrated photonics for IoT sensors, RoF, Fog and
Cloud computing systems. It also outlines open research opportunities in photonic devices
and system-level integration, aimed at advancing performance, energy-efficiency, and
scalability in next-generation distributed computing networks.

Keywords: fog networks; cloud networks; silicon integrated photonics

1. Introduction
The rapid expansion of data-intensive applications such as artificial intelligence (AI),

machine learning (ML), and the Internet of Things (IoT) has significantly increased demands
on Cloud and Fog computing infrastructures. Traditional electronic interconnects are
encountering fundamental limitations, including bandwidth bottlenecks, increased latency,
and inefficient energy utilization. Integrated photonics, which involves integrating multiple
photonic components—lasers, modulators, detectors, and waveguides—onto a single chip,
has emerged as a promising approach to overcome these challenges by enabling high-speed,
low-energy optical data transmission [1,2].

In Cloud computing networks, integrated photonics is transforming data center in-
terconnectivity by achieving ultra-high bandwidth and greatly reduced energy consump-
tion. Recent advances in photonic integrated circuits (PICs) demonstrate the potential to
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perform high-speed analog signal processing tasks with higher efficiency than conven-
tional electronic solutions, significantly enhancing data handling capabilities in modern
data centers [1]. Companies such as Intel and Nvidia are actively integrating optical in-
put/output technologies directly onto processors and network switches, pushing intercon-
nect speeds to terabit-per-second scales, which are essential for AI-driven workloads [3,4].

Similarly, Fog computing networks, which extend Cloud functionality toward the
network edge, stand to benefit substantially from integrated photonics. The compact size,
energy-efficiency, and low latency characteristics of PICs make them ideally suited for
deployment in edge devices, where real-time data analysis and rapid decision-making
are crucial. Recent developments have illustrated the viability of photonic processors
for executing complex edge computing tasks, such as real-time digital image convolu-
tion, achieving substantial gains in processing speed and energy-efficiency compared to
traditional electronic processors [5].

The migration of telecommunication companies to photonic integrated CMOS-based
technologies for components utilized in Fog and Cloud computing is driven by critical
advantages such as low power consumption, high integration density, scalability, and cost
efficiency. CMOS technology offers unparalleled miniaturization and energy-efficiency,
which are essential for Fog computing nodes that require processing capabilities at the edge
with minimal power budgets and compact footprints [6]. Additionally, the scalability of
CMOS fabrication processes aligns perfectly with the growing demand for Cloud-based
data centers where high-density integration significantly reduces operational costs and
enhances system reliability [7]. The compatibility of CMOS with advanced semiconductor
processes also ensures continuous performance improvements through technology scaling,
making it the ideal choice for future-proofing the computing infrastructure required for
Fog and Cloud paradigms [8].

PICs have become key enablers in modern Radio-over-Fiber (RoF) systems, offering
compact, energy-efficient, and scalable solutions for high-frequency signal transport over
optical fiber. PIC-based RoF systems integrate essential components such as modulators,
photodetectors, multiplexers, and amplifiers onto a single chip, significantly reducing
footprint, power consumption, and complexity compared to traditional discrete imple-
mentations [9,10]. These integrated platforms support wide bandwidths and low-loss
signal propagation, which are critical for transporting millimeter-wave and 5G signals in
dense IoT environments [10]. In addition, RoF systems enabled by PICs facilitate seamless
interconnection between IoT devices, Fog nodes, and Cloud data centers by centralizing
signal processing functions while ensuring low-latency, high-fidelity transmission [11]. The
work of Castanon et al. [12,13] has demonstrated the feasibility and performance advan-
tages of integrated RoF architectures for broadband access and 5G fronthaul, highlighting
the impact of PICs in next-generation network infrastructures. As silicon photonics and
heterogeneous integration continue to evolve, PIC-enabled RoF systems are poised to play a
central role in the deployment of cost-effective, high-capacity, and flexible access networks.

This review paper presents a comprehensive analysis of the emerging role of PIC
technology in the evolution of next-generation sensing and computing infrastructures.
Specifically, it highlights the transformative potential of PICs in enhancing the performance,
scalability, and energy-efficiency of Internet of Things (IoT) sensor networks, Fog com-
puting architectures, and Cloud-based data-processing systems. By synthesizing recent
advancements in integrated photonics, the review identifies how PIC-based solutions en-
able high-speed, low-latency data transmission and processing at the edge (Fog) and core
(Cloud) layers, while reducing the size, cost, and power consumption of sensor nodes. Fur-
thermore, the paper outlines the current challenges and future research directions required
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to fully integrate PICs into distributed intelligent systems, ultimately contributing to the
realization of faster, smarter, and more sustainable digital infrastructures.

Despite these promising advancements, several challenges persist, such as the need
for standardized fabrication processes, effective integration with existing electronic sys-
tems, and overcoming scalability constraints in manufacturing. Continued research and
industry collaboration are therefore vital for addressing these barriers and fully realizing
the transformative potential of integrated photonics in both Cloud and Fog computing
networks [14,15].

To ensure comprehensive coverage, a systematic literature review was conducted.
following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) methodology as a guiding framework. Relevant studies were identified using
major scientific databases, including IEEE Xplore, ScienceDirect, and Scopus, focusing on
publications from 2012 to 2025. The search strategy employed targeted keywords such
as “integrated photonics”, “Fog computing”, “cloud datacenters”, “photonic integrated
circuits”, “radio over fiber”, and “IoT sensors”. Inclusion criteria were limited to peer-
reviewed journal articles and high-impact conference proceedings directly relevant to
photonic integration in distributed computing environments. Although not all PRISMA
items were strictly applied, the review process adhered to its core principles to ensure
transparency, relevance, and rigor in the selection and synthesis of sources.

The remainder of this paper is structured as follows: Section 2 describes the hierarchical
architecture of IoT, Fog, and Cloud computing. Section 3 presents the role of Radio-over-
Fiber (RoF) in enabling IoT and Fog computing. Section 4 summarizes key Fog computing
application scenarios. Section 5 discusses PIC-enabled IoT sensors. Section 6 reviews high-
speed network technology enablers. Section 7 highlights current industry implementations.
Section 8 outlines future trends and research directions. Section 9 outlines a summary of
benefits and Section 10 discusses the implementation challenges and emerging solutions.
Finally, Section 11 provides the conclusions.

2. Hierarchical IoT, Fog/Cloud Computing Architecture
Figure 1 illustrates the hierarchical architecture of an integrated IoT, RoF, Fog, and

Cloud computing system. This architecture is composed of three distinct yet interdependent
layers, each fulfilling a specific role in the collection, processing, and management of data.
At the base is the IoT layer, which includes a wide array of distributed sensing and actuating
devices operating in diverse environments. These devices are responsible for real-time
data acquisition and control, and serve as the interface between the physical and digital
worlds. Above this, the Fog layer acts as an intermediate processing stage located near
the edge of the network. It comprises gateways, routers, and localized servers that enable
low-latency processing, temporary storage, and timely service delivery. Finally, the Cloud
layer represents the centralized data-processing infrastructure, consisting of powerful data
centers capable of performing intensive analytics, long-term storage, and resource scaling
on demand. Radio-over-Fiber (RoF) technology plays a critical role in this architecture by
enabling the transparent, low-latency transmission of high-frequency wireless signals over
optical fiber, effectively bridging IoT endpoints with Fog nodes and Cloud infrastructure
when needed. By using RoF links, wireless access points and distributed sensors can be
interconnected with centralized processing resources while preserving high bandwidth
and real-time responsiveness. Together, these layers—interconnected through RoF—form a
cohesive and efficient architecture for supporting intelligent, distributed applications in
next-generation digital ecosystems.

Table 1 compares Fog and Cloud computing across several key system requirements,
highlighting their complementary roles in distributed computing infrastructures. Fog
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computing prioritizes ultra-low-latency, energy-efficiency, and real-time responsiveness at
the network edge—features critical for time-sensitive applications such as industrial au-
tomation, autonomous systems, and IoT deployments. In contrast, Cloud computing excels
in centralized scalability, high-capacity data-processing, and long-term storage, making
it ideal for tasks such as big data analytics and machine learning training. The table also
illustrates how communication requirements differ: Fog architectures rely more on wireless
and geographically distributed links, whereas Cloud infrastructures are built on high-
throughput fiber optic interconnections within and between data centers. Together, these
paradigms enable a hierarchical computing model that balances proximity, performance,
and scalability.

Figure 1. Hierarchical Fog/Cloud computing architecture.

Table 1. Comparison of Fog and Cloud computing across key requirements.

Requirement Fog Computing Cloud Computing

Speed Moderate to high, with a focus on real-time
or near-real-time processing at the edge.

Very high, optimized for large-scale centralized
processing and analytics.

Energy-Efficiency Critical due to power-constrained
edge environments.

Higher energy tolerance due to centralized
infrastructure and advanced cooling.

Latency Very low latency (within a few milliseconds)
is required for real-time applications.

Higher latency is acceptable (10–100 ms) for
non-time-sensitive workloads.

Scalability Distributed and modular; must scale across
multiple geographic locations.

Centralized scalability via vertical
(compute/storage) and horizontal (more
nodes) expansion.

Wireless Communication Highly dependent, especially for
mobile/IoT applications.

Less dependent; typically wired, high-speed
links within data centers.

Fiber Optic Communication Used to connect Fog nodes to the Cloud or
among themselves.

Fundamental for long-distance, high-capacity
data center interconnects.

Capacity Moderate, supports localized
data-processing and short-term storage.

Very high, designed for massive data
aggregation, analytics, and long-term storage.

3. Radio-over-Fiber (RoF) for IoT and Fog Computing
Radio-over-Fiber (RoF), shown in Figure 2, is a technology that enables the trans-

mission of radio frequency (RF) signals over optical fiber links, combining the low-loss,
high-bandwidth characteristics of fiber optics with the flexibility and ubiquity of wireless
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communication [9,10,16]. Unlike traditional coaxial cables or free-space transmission, RoF
allows RF signals to be centrally generated, modulated, and distributed over long distances
with minimal signal degradation. This capability makes RoF particularly attractive for
emerging applications in IoT and Fog computing architectures.

In IoT systems, RoF provides an efficient backhaul and fronthaul infrastructure for
dense deployments of wireless sensors and devices. It supports low-latency data trans-
port from distributed IoT nodes—such as sensors, meters, and cameras—to Fog gate-
ways and Cloud processing units, enabling real-time monitoring and control [12,16]. RoF
also facilitates the aggregation of RF signals from heterogeneous low-power protocols
(e.g., Bluetooth, LoRa, WiFi, 5G, and emerging 6G) and carries them via high-capacity
optical fibers to centralized processing centers [13]. Moreover, RoF supports scalable de-
ployment models such as centralized radio access networks, which reduce infrastructure
complexity and maintenance overhead in smart city and industrial IoT environments [11].
Its ability to transport millimeter-wave and 5G signals over fiber with minimal loss further
strengthens its relevance for next-generation wireless systems. For example, Moon et al. [17]
proposed a hybrid RoF transport system to support heterogeneous indoor mobile networks,
including 5G and 6G. Their approach enables the seamless integration of multiple wireless
technologies over a unified optical infrastructure. NEC researchers also demonstrated
a 1-bit outphasing modulation RoF system that delivers high bandwidth efficiency and
complies with 3GPP standards, offering a cost-effective solution for indoor 5G/6G de-
ployments [18]. These developments highlight RoF’s strong potential for unifying diverse
wireless signals on a shared optical platform.

For Fog computing, which brings data storage, processing, and decision-making closer
to the network edge, RoF offers several advantages. It enables high-speed, low-latency
connections between edge devices and Fog nodes through fiber links, supporting real-time
analytics and local actuation. The use of remote radio heads and centralized signal process-
ing reduces the power and processing burden at edge nodes, making the architecture more
energy-efficient and suitable for constrained environments [10]. Additionally, RoF allows
for the dynamic allocation of wireless resources and centralized control of modulation and
frequency schemes, enhancing the flexibility of Fog-based networks [19].

An illustrative example is a smart factory equipped with thousands of wireless sensors
measuring variables such as temperature and vibration. Instead of embedding local pro-
cessing in each sensor, lightweight RF-capable transceivers transmit signals to distributed
access points. These RF signals are then carried over optical fiber using Radio-over-Fiber
(RoF) links to a centralized fog node. This intermediate node performs real-time analytics
on the incoming data and forwards summarized insights to the cloud for long-term storage
or machine learning model updates [20].

Another illustrative example is a smart city environment equipped with thousands
of distributed wireless sensors monitoring environmental conditions such as air quality,
traffic flow, noise levels, energy consumption, and public safety parameters. Instead of
relying on local processing at each sensor node—which would significantly increase power
consumption and system complexity—lightweight transceivers transmit RF signals to
strategically placed access points. These RF signals are then carried over optical fiber
using RoF links to geographically distributed Fog nodes located in traffic management
centers, utility hubs, or public safety stations. The Fog nodes perform real-time analytics
to support immediate decision-making, such as dynamic traffic light control, air quality
alerts, or emergency response coordination. Processed data and long-term trends are
subsequently forwarded to Cloud servers for historical analysis, city-wide optimization,
and predictive modeling. This RoF-enabled architecture ensures high-bandwidth, low-



Appl. Sci. 2025, 15, 7494 6 of 33

latency communication across the smart city while maintaining centralized control and
scalability [21].

Figure 2. RoF network in urban areas. RoF can be used for vehicular, mobile, and broadband wireless
computer communications, and the network infrastructure can be used for fiber transport to the
building and the home services.

Overall, the integration of RoF with photonic technologies provides a scalable and
energy-efficient foundation for future distributed computing networks, enabling seam-
less communication between IoT devices, Fog nodes, and Cloud infrastructures. Table 2
outlines key research opportunities for enhancing RoF systems through the integration
of PICs [22,23]. It highlights how PICs can address specific figures of merit across cost,
performance, scalability, and reliability in various RoF configurations.

Figure 3 presents a schematic of the experimental setup for generating multi-channel
28 GHz millimeter-wave signals using a silicon photonic integrated circuit. The system
employs two tunable laser sources (TLSs) with orthogonal polarization states, which are
aligned using a polarization controller (PC) and separated by a polarization beam-splitter
(PBS). Each optical carrier is modulated independently by a Mach–Zehnder modulator
(MZM) before being combined on-chip by a polarization beam combiner (PBC) imple-
mented in silicon photonics. The polarization multiplexed signal is then converted into
an electrical millimeter-wave output via a photodetector (PD). This configuration enables
the compact and efficient integration of polarization control and high-frequency signal
generation on a single chip [24].

Figure 3. Schematic diagram of the experimental setup for multi-channel 28 GHz millimeter-wave
signal generation on a silicon photonic chip. The system includes two tunable laser sources (TLSs), a
polarization controller (PC), a polarization beam-splitter (PBS), and silicon photonic integrated circuit
components such as a 2 × 2 multimode interference (MMI) coupler, Mach–Zehnder modulators
(MZMs), and an on-chip polarization beam combiner (PBC). A photodetector (PD) is used to convert
the optical signal into an electrical millimeter-wave output. Figure taken from [24].
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Table 2. Research opportunities for RoF systems with PIC integration. CS stands for Central Station,
ODN for Optical Distribution Network, and BS for Base Station.

Figure of Merit RoF System CS / ODN / BS
Considerations PIC Research Opportunities

Cost and Simplicity
Low-cost mm-wave
generation and
simplified architectures

Use of multiple light sources
and integrated components

Explore cost-optimized integrated
designs; PICs reduce footprint and
simplify maintenance by combining
functions on-chip.

mm-wave Frequency
and Bandwidth

Photonic-based
mm-wave generation

Integrated CW lasers;
cascading limitations

Develop broadband, compact sources;
PICs support efficient mm-wave
generation with reduced loss and
improved integration.

Spectral Purity and
Frequency Accuracy

Low-phase-noise LO
and frequency
stabilization

Narrow linewidth lasers,
interleaving techniques

Enhance spectral purity and tone
correlation; PICs improve stability via
laser and filter integration.

Transmission Integrity Robust modulation
and coding

ODN nonlinearities and
amplification effects

Optimize transmission quality under
distortion; PICs support low-noise
integration of key signal
processing blocks.

RF Output Power and
Signal Strength

High-efficiency
downlink delivery

Remote generation,
mm-wave photodiodes

Improve output power and efficiency;
PICs enable high-performance
photodiode integration.

Scalability Tunable and flexible
downlink techniques

Configurable RN and
multi-wavelength sources

Design adaptable, scalable networks;
PICs offer compact WDM and fast
wavelength tuning.

Power Consumption Energy-efficient
transmission schemes

Amplification and BS power
optimization

Reduce system-level power use; PICs
lower interconnect loss and support
compact, low-power designs.

Reliability and Availability
Self-healing and
monitorable
architectures

Minimize failure points;
integrate restoration
features

Design robust systems; PICs integrate
monitoring and switching to improve
fault tolerance.

Figures of Merit (QoS) End-to-end system
performance control

Bandwidth and spectral
integrity

Ensure consistent service quality; PICs
allow fine control over optical signal
paths and conditions.

4. Photonic Implementations in Fog Computing Domains
Integrated photonics has begun to shape the deployment of Fog computing across

various domains where real-time processing, energy-efficiency, and scalability are essen-
tial. This section reorganizes key application areas by domain to emphasize real-world
deployment contexts and highlight how photonic technologies enable these systems.

4.1. Smart Cities and Urban Infrastructure

Smart cities face numerous challenges, such as traffic congestion, public safety, energy
management, sanitation, and internet connectivity [21–23]. Fog computing addresses
these by enabling localized processing and storage near end devices, reducing reliance on
centralized Cloud infrastructure. Key applications include smart parking, smart hospitals,
smart healthcare systems, smart transportation, optimized highway usage, smart buildings,
and software-defined factories. While cellular networks provide city-wide coverage, their
limited capacity often falls short of supporting advanced city services. Integrating Fog
computing with Bluetooth, LoRa, WiFi, 5G, and 6G technologies enables a scalable and
responsive smart city infrastructure to be developed by offloading workloads to nearby
Fog nodes and optimizing bandwidth utilization. Integrated photonic links further support
high-speed, low-latency data transfer across urban sensor networks.
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Example: Photonic-enabled high-speed fiber backhaul is increasingly being adopted
for Roadside Units (RSUs) in intelligent transportation and urban IoT deployments to
ensure low-latency and reliable communications over metropolitan-scale networks [25].
Meanwhile, Microsoft’s Project Silica explores durable, volumetric photonic storage using
femtosecond laser-writing in quartz glass—promising archival data densities of several
terabytes in DVD-sized volumes with lifespans measured in millennia [26].

4.2. Transportation and Autonomous Systems

Autonomous vehicles, such as smart cars, generate terabytes of data daily from LIDAR,
GPS, and cameras. Relying solely on Cloud computing is insufficient for processing this
data in real time. Fog computing provides the necessary local processing, storage, and
decision-making capabilities at the network edge, enabling faster response times, which are
critical for autonomous transportation [6,22,23]. These architecture requirements extend
beyond cars to include ships, trains, trucks, buses, and drones. Integrated photonics
provides compact, high-bandwidth interconnects between sensors, control units, and Fog
nodes, facilitating real-time analytics.

Example: Silicon photonic interconnects are being tested in vehicular gateways for the low-
latency fusion of multi-sensor data. PIC-enabled RoF links support V2X communication [10].

4.3. Security and Video Surveillance

The global deployment of high-resolution surveillance and security cameras generates
massive amounts of data—up to terabytes per camera per day. Traditional Cloud-based
models struggle to scale effectively due to bandwidth limitations and network transport
costs, particularly with 1080p and 4K video streams. Real-time security decisions often
must be made locally, requiring edge-level processing. Fog computing addresses these
challenges by enabling on-site data analysis, reducing latency, and offloading bandwidth-
intensive tasks from the Cloud [21–23]. Applications include smart cities, transportation
hubs, retail, and industrial environments. These systems demand secure, dynamic, and low-
latency processing for tasks like facial recognition, anomaly detection, and access control.
Machine vision accelerators and secure firmware updates are essential for maintaining
operational integrity. Photonic signal processors can accelerate edge inference tasks within
surveillance networks.

Example: Edge AI modules integrating photonic accelerators are under development
for smart airports and railway stations, where bandwidth and response time are critical [27].

4.4. Smart Buildings and Industrial IoT (IIoT)

Smart buildings utilize thousands of sensors to monitor parameters such as tempera-
ture, humidity, occupancy, air quality, and security. These sensors generate telemetry data,
which is locally processed to enable real-time responses via actuators—for example, acti-
vating fire-suppression systems or initiating lockdowns during security breaches. Because
many responses are time-sensitive, Fog computing is essential for localized processing
and control. The Fog architecture can be applied hierarchically within buildings, allowing
each floor, wing, or room to operate its own Fog node. These nodes perform functions
such as emergency response, climate control, security, and providing localized compute
and storage services for residents. Operational data can be aggregated and forwarded
to the Cloud for large-scale analytics and machine learning model training. The trained
models are then pushed back to the Fog layer for real-time execution, enabling intelligent,
responsive, and resilient building environments [21–23].

Example: Amazon’s Greengrass and Siemens Industrial Edge integrate photonic
interfaces for data-intensive tasks in smart factories. Heterogeneous PICs are also being
tested for predictive maintenance in IIoT environments [28].



Appl. Sci. 2025, 15, 7494 9 of 33

5. PIC-Enabled IoT Sensors
PICs are revolutionizing the IoT by enabling miniaturized, high-performance, and

energy-efficient sensing platforms to be implemented across a wide range of applica-
tions. Table 3 summarizes the current implementations of PIC-based sensors for vari-
ous IoT domains—including smart cities, healthcare, transportation, surveillance, and
logistics—and outlines emerging research opportunities [22,29]. These opportunities high-
light the potential for advanced sensing capabilities, such as multi-parameter monitoring,
real-time environmental detection, and photonic-enhanced security features in future
distributed systems.

To fully realize their potential in IoT ecosystems, Photonic Integrated Circuit (PIC)
sensors must incorporate seamless communication capabilities with mainstream wireless
technologies such as Bluetooth, LoRa, WiFi, 5G, and emerging 6G networks. These commu-
nication standards are essential for enabling low-power, long-range, and high-speed data
exchange across heterogeneous environments, ranging from wearable health monitors to
smart city infrastructure and industrial automation [22,23]. By integrating optical sensing
with embedded wireless modules, PIC-based sensors can function as autonomous edge
nodes capable of real-time data acquisition, processing, and transmission. This hybridiza-
tion not only reduces latency and energy consumption but also ensures compatibility
with existing IoT architectures and the next-generation, ultra-reliable, low-latency com-
munication demands expected in 6G networks. Therefore, embedding multi-protocol
wireless interfaces directly within PIC sensor platforms is a critical step toward build-
ing scalable, distributed, and intelligent photonic sensing networks for next-generation
cyber-physical systems.

Table 3 presents a brief overview of IoT PIC sensors. The development of IoT-oriented
PIC sensors is expected to expand rapidly due to the growing demand for compact, energy-
efficient, and high-speed sensing solutions across diverse application domains. In health-
care, PIC-based biosensors enable real-time diagnostics and non-invasive monitoring at
the point of care. In industrial IoT, rugged and high-precision photonic sensors provide
accurate measurements of pressure, strain, and temperature in harsh environments. Smart
cities benefit from PIC-enabled sensors for traffic monitoring, air quality analysis, and
intelligent infrastructure control. Additionally, PICs play a key role in emerging areas
such as environmental monitoring, agriculture, and secure infrastructure. A particularly
high-impact domain is the automotive industry, where autonomous vehicles rely on an
array of PIC-based IoT sensors—including LIDAR, gyroscopes, and high-speed optical com-
munication modules—for perception, localization, and navigation. These vehicles generate
massive volumes of real-time data that must be processed locally by Fog computing nodes
for immediate decision-making, while also being transmitted to Cloud infrastructures for
large-scale learning, analytics, and long-term coordination [21,23]. As the performance
and manufacturability of photonic chips improve, their adoption in next-generation IoT
networks will continue to accelerate, driving innovation across critical sectors through
seamless Fog–Cloud integration.

Table 3. IoT PIC sensors and research opportunities.

Application PIC Sensor PIC Research Opportunities

Smart Cities

PhotonFirst Integrated Sensors for strain and
temperature monitoring [30] PIC-based environmental pollution

monitoring networks; real-time air
quality and particulate matter detection;
high-density PIC arrays for urban gas
leak detection

Integrated Ammonia Senso
for environmental gas monitoring [31]

Ultra-Sensitive Refractive Index Gas Sensor [29]
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Table 3. Cont.

Application PIC Sensor PIC Research Opportunities

Healthcare and Hospitals

SurfiX Diagnostics’ Photonic Biosensors for
medical diagnostics [32]

PIC-based continuous blood monitoring;
wearable diagnostics; on-chip
hormone/glucose detection; multi-virus
diagnostics in handhelds

PHOSFOS—Flexible Photonic Skins for
biomedical sensing [33]

Optimization of Silicon Nitride Platform for
virus detection [34,35]

SiN digital Fourier transform spectrometer for a
non-invasive glucose monitor [36]

Smart Transportation

INPHOMIR Optical Gyroscope and Lidar
Sensors [37] PIC radar for autonomous vehicles;

real-time traffic flow and vibration
monitoringLow-power Electro-Optic Comb Spectrometer

for acceleration sensing [38]

Video Surveillance and Security

High-speed back-illuminated CMOS sensor for
photon-counting X-ray imaging [39] PIC-based hyperspectral cameras;

integrated surveillance sensors across
visible, IR, and X-ray; edge-AI optimized
photonic security networks

Visible-light silicon nitride-on-silicon waveguide
photodetectors [23]

Ge-on-Si CMOS NIR image sensor with
microhole pixels [40]

Smart Home, Building, and Industry
MantiSpectra’s Near-IR Sensor for material
identification [41]

On-chip VOC detectors for indoor air
quality; integrated fire and anomaly
detectionAmazec Photonics Fiber Temperature Sensor [42]

Manufacturing

PhotonFirst Integrated Sensors for pressure and
strain [30] Real-time defect detection in production

lines; integrated chemical sensors in
smart materialsPHOSFOS–Flexible Photonic Skins for structural

monitoring [33]

Logistics

Nanostructured PIC-based temperature indicator
for cold-chain logistics tracking [43]

Photonic temperature and humidity
sensing for cold-chain tracking;
integrated PIC accelerometers for shock
and vibration monitoring; gas/VOC
leakage sensors in containers;
multi-sensor PIC tags for smart logistics
and supply chain transparency

Tri-axial photonic accelerometer on silicon
chip [44]

Mid-IR silicon nitride Volatile Organic
Compounds sensor [45]

Energy

PhotonFirst Sensors for structural/thermal
monitoring [30]

High-temperature PICs for oil/gas
sensing; radiation-resistant sensors for
nuclear facilitiesAmazec Photonics Fiber Temperature Sensor [42]

6. Key Enablers of High-Speed Networks Technology
Advancements in PICs are being driven by several foundational technology areas

that are critical to the evolution of high-performance computing and communication
systems [22,23]. These include the integration of CMOS photonics with electronic control
circuits for compact, low-power architectures; high-speed optical interconnects to meet
growing bandwidth demands; and energy-efficient designs to support sustainable opera-
tion. Key enablers such as compactness and scalability, optical switching and routing, and
wavelength division multiplexing (WDM) are essential for realizing dense, flexible net-
works. Furthermore, coherent optics offers enhanced spectral efficiency and transmission
reach, while emerging domains such as quantum and advanced computing are leveraging
PICs for ultra-fast, secure, and parallel processing capabilities.
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6.1. Compactness and Scalability

PICs also enhance compactness and scalability, offering key advantages for Fog
and Cloud infrastructures. Traditional transceivers with discrete lasers, modulators,
and photodetectors require substantial space and complicate deployment in dense
environments [46]. PICs, by integrating all optical components on a single chip, dramati-
cally reduce footprint and simplify assembly. This enables higher transmission densities
and supports real-time analytics at the edge [47]. In addition, PICs support extensive wave-
length division multiplexing (WDM), allowing infrastructures to scale optical bandwidth
efficiently and meet growing data demands [48].

6.2. Energy Performance Trends in Photonic Integration

To address the need for a more systematic presentation of performance metrics, we
include two figures summarizing the technological evolution of photonic integrated circuits
(PICs). Figure 4 shows the evolution of integration densities (measured in number of
components per PIC) across different platforms, including monolithic InP, monolithic
silicon, and heterogeneous InP/Si or GaAs/Si systems. This timeline highlights the rapid
growth in integration scale, particularly in silicon-based platforms, which have reached
over 40,000 components per chip. Also, projections indicate that the integration density
of heterogeneous InP/Si systems—featuring on-chip lasers and optical amplifiers—is
expected to rise significantly in the near future.

Figure 4. Historical evolution of the number of components per PIC for InP, Si, and heterogeneous
platforms. Figure taken from [49,50].

Figure 5 [50], compares the energy-efficiency (in pJ/bit) of various PIC platforms over
time, including both academic and commercial implementations. It provides a benchmark
for evaluating power consumption trends and highlights the progress toward sub-picojoule
efficiencies—an essential enabler for sustainable Fog and IoT photonic computing. PIC
platforms offer a pathway to significantly more power-efficient and cost-effective systems
for the future scaling of optically enabled technologies. Together, these figures illustrate the
trajectory of performance improvements and help contextualize the architectures discussed
in Section 4 in terms of practical scalability, energy profile, and technological maturity.

Several definitions used in Figure 5 are presented as follows: QSFP (Quad Small Form-
factor Pluggable) is a compact, hot-pluggable transceiver used in data communication
applications. It supports four lanes of data in each direction (quad = 4) and is typically used
in 40 G and 100 G Ethernet. PSM4 (Parallel Single Mode 4-lane) is an optical link standard
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for 100 G Ethernet that uses four parallel single-mode fibers in each direction. Each lane
operates at 25 Gbps, totaling 100 Gbps. CWDM4 (Coarse Wavelength Division Multiplexing
4-lane) is a standard for 100 G Ethernet that multiplexes four wavelengths—rather than
fibers—onto a single pair of single-mode fibers, with each wavelength carrying 25 Gbps.
QSFP-DD (Quad Small Form-factor Pluggable Double Density) is an evolution of the QSFP
form factor. The “DD” denotes double density, offering eight electrical lanes instead of
four, and supports 200 G and 400 G data rates. DR4 (100 G/400G Direct Reach 4-lane) is
a standard optical interface used primarily in 400 G Ethernet. It employs four lanes of
100 G PAM4 (4-level Pulse Amplitude Modulation) signaling over parallel single-mode
fiber. CPO (Co-Packaged Optics) refers to the integration of optical components (e.g.,
lasers, modulators) directly onto the same substrate or package as electronic switch or
Application-Specific Integrated Circuit (ASIC) chips.

reduced (>10! lower) and can scale up to 300-mm diameter wafer
process using standard CMOS facilities.14 For a Si PIC, Si also provides
low loss waveguides interconnecting various photonic elements com-
pleting certain functions, including lasers, modulators, photodetectors,
and other passive devices [arrayed-waveguide gratings (AWGs),
Mach–Zehnder interferometers (MZIs), phase tuners, etc.]. The num-
ber of devices on a single Si PIC keeps increasing thanks to the high
device yield and the application driven requirements for large scale
PICs in areas including high-speed transceivers, LIDAR, optical com-
puting, and quantum photonics (Fig. 5). With ever-increasing number
of channels, low optical loss and/or amplification are necessary to facil-
itate the optical signal quality in a large-scale PIC. Silicon photonics
provides a low loss platform with an order of magnitude lower loss
than InP platforms and forms the backbone for recent progress in
optical transceivers, LIDARs, etc. With on-chip lasers and amplifiers,
the PIC capacity can be increased dramatically without being limited
by the high device and coupling loss. Figure 5 summarizes the evolu-
tion of the number of photonic devices integrated on a single wave-
guide for platforms including monolithic InP, monolithic Si, and
heterogeneous InP/Si or GaAs/Si. The expectation is that the integra-
tion level of heterogeneous integrated InP/Si platform, with on-chip
laser and amplifier gain, will increase dramatically in the coming
years.

C. Photonic interconnect co-packaging roadmap
Over the last 20 years, the interconnect of core communications

ASICs (application-specific integrated circuits) with optical transmis-
sion links have become increasingly disaggregated. The vast majority
of optical ports are deployed as independent optical sub-systems phys-
ically plugged into a front panel of a host system. These front panel
pluggable optical links have provided great benefit to the optical indus-
try and have successfully been deployed in mass volume. Figure 6
shows the progress over the past three years and projections for the
next three years.

However, as the density and speed of optical links have increased
manyfold, the paradigm of front panel pluggables has shown to have

some drawbacks. Specifically, the power and cost have not scaled as
effectively as core digital logic within the ASICs. An increasing portion
of both the power and cost of the system are dedicated to the intercon-
nect channel between the ASICs and the optics. The electrical inter-
connect of the ASIC off its own package, through a printed circuit
board (PCB), and through a connector on the pluggable module has
resulted in a power hungry and costly electrical link. At higher data
rates, these links often require advanced PAM-4 signaling as well as
full re-timing inside the optical modules. In current state-of-the-art
systems, about 50% of the power in an optical module goes to this re-
timing function. This can represent more than 25% of the power con-
sumption of the overall system. Eliminating this unneeded power and
associated cost of the high loss electrical links between the ASICs, and
the optical sub-system provides a pathway to much more power-
efficient and cost-efficient system for future scaling of optically enabled
systems.

Although the elimination of the high loss electrical channels pro-
vides significant benefits to the overall system, there are many chal-
lenges in accomplishing a new paradigm of packaging optics directly
with ASICs. Packaging multiple ASICs from heterogeneous process
nodes in a single package and on a single substrate has been success-
fully deployed by the semiconductor industry in volume, utilizing low
power and cost-efficient chip to chip interconnects. Optical links pre-
sent a number of unique challenges to accomplishing this same feat.
First, the physical area and volume of optical components have tradi-
tionally been much larger than could fit within a semiconductor pack-
age. Pluggable modules occupy an order of magnitude more volume
in the system compared to the size of the ASICs with which they com-
municate. As subsequent discussion will show, the advent of high-
density silicon photonics for optical communications solves this first
problem. Second, the overall system reliability of co-packaged optics
must meet the same standards as expected of the core semiconductor
ASIC. Optical components and front panel pluggable systems gener-
ally have a much higher failure rate than semiconductors in the field.

The pluggability of the optical modules allows for field service-
ability of these modules when they fail without the need to replace the
entire system. Integrated silicon photonics is a way to address the dis-
crete, more failure prone nature of traditional optical modules. Fully

FIG. 5. The number of photonic components integrated on a single waveguide over
time for three photonic integration platforms: InP substrate with integrated lasers, Si
substrate without integrated lasers, and Si substrate with integrated lasers.

FIG. 6. The evolution of PIC bandwidth, power efficiency, and total power consumption.
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Figure 5. Energy-per-bit performance (pJ/bit) (red bars), total power-efficiency (blue bars), and
PIC bandwidth (yellow bars) of photonic interconnects over time of PIC technologies. Figure taken
from [50].

PIC technology significantly reduces power consumption per transmitted bit compared
to traditional discrete optical transceivers by integrating key photonic elements—lasers, modu-
lators, and detectors—onto a single chip. This consolidation minimizes losses from external
connections, fiber couplings, and alignment errors [46]. Integrated architectures also re-
duce parasitic capacitances and shorten interconnect distances, lowering drive voltages
and energy usage per bit [51]. Advanced techniques like monolithic laser integration and
hybrid assembly further enhance thermal management, cutting the overhead from tem-
perature control systems [52]. These innovations position PICs as a highly energy-efficient
solution for data center interconnects, Cloud computing, and other high-performance
networking environments.

6.3. Integrating CMOS Photonics with Electronic Control Circuits

Integrating CMOS photonics with electronic control circuits is pivotal for achieving
compact, high-speed, and efficient optical systems. Flip-chip bonding is one prominent
technique that enables direct electrical and thermal interfacing between electronic inte-
grated circuits and photonic components fabricated using CMOS-compatible processes.
This method facilitates the alignment and electrical connection of photonic and electronic
chips through micro-bumps, significantly reducing parasitic capacitances and inductances,
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and thus enhancing bandwidth and energy-efficiency [53]. Additionally, flip-chip inte-
gration supports higher-density interconnects and improves signal integrity compared
to wire-bonding methods, enabling the scalable manufacturing of photonic–electronic
modules suitable for Fog computing and high-performance data center applications [54].
Alternative approaches, such as monolithic integration, 3D stacking, and through-silicon
vias (TSVs), are also gaining traction due to their potential to further minimize footprint,
enhance system performance, and simplify assembly processes [49].

A significant research opportunity lies in the heterogeneous integration of CMOS-
compatible chips with other semiconductor platforms, such as silicon nitride (SiN), indium
phosphide (InP), lithium niobate (LiNbO3), and III-V materials. While CMOS technology
offers scalability, low-cost manufacturing, and mature electronics integration, it lacks the
optical performance needed for certain photonic functions, such as on-chip lasing and
aplification. Materials like InP support active photonic devices (e.g., lasers and amplifiers),
SiN provides ultra-low-loss passive waveguides ideal for dense wavelength division multi-
plexing (DWDM), and LiNbO3 enables high-speed, low-power electro-optic modulation.
Research is needed to develop scalable packaging, bonding, and co-fabrication techniques
that allow for seamless optical and electrical interfacing between these heterogeneous
platforms. Co-integration strategies could enable the development of a new class of hybrid
photonic–electronic systems for Fog computing, data centers, and quantum communica-
tion, combining the best properties of each material to overcome the current limitations in
monolithic PIC designs.

6.4. High-Speed Optical Interconnects

Recent developments in silicon photonics-based high-speed optical interconnects by
industry leaders such as Intel, Cisco, IBM, and NVIDIA are significantly advancing Fog
and Cloud computing by addressing bandwidth, latency, and energy-efficiency challenges.
Intel’s Optical Compute Interconnect (OCI) chiplet enables direct ultra-high-bandwidth
data transfer within computing modules, which is essential for Fog environments requiring
fast edge processing [3]. Cisco’s 1.6 Tbps OSFP-XD transceivers support efficient, high-
speed interconnects in dense Cloud data centers, reducing power usage while boosting
scalability for rapidly growing AI and data workloads [55]. IBM’s co-packaged optics
(CPO) with polymer waveguides and NVIDIA’s Quantum-X800 InfiniBand switch, which
leverages silicon photonics, both enhance throughput and reduce latency for AI-driven, hy-
brid Cloud–Fog platforms [56,57]. Together, these technologies highlight the foundational
role of optical interconnects in shaping next-generation distributed computing systems.

Figure 6 illustrates the full assembly of a co-packaged optical switch system, high-
lighting sixteen transceiver modules closely co-packaged with a central switch application-
specific integrated circuit (ASIC). This compact arrangement significantly enhances band-
width density, reduces electrical link lengths, and minimizes power consumption, which
are essential for addressing escalating demands in data center environments. By directly in-
tegrating optical transceivers and electronics into a unified assembly, this CPO architecture
mitigates traditional interconnection bottlenecks and enables a scalable, energy-efficient
interconnect solution suitable for future high-capacity switch deployments [58].

The rising demands of Fog and Cloud infrastructures necessitate fast, low-latency, and
energy-efficient data links—needs well met by PIC technologies. Broadcom’s 51.2 Tbps
CPO switch, with eight integrated optical engines, boosts bandwidth density while reduc-
ing energy use [59]. Marvell’s 1.6 Tbps silicon photonics engine, demonstrated at OFC
2025, integrates drivers and amplifiers for compact, low-power interconnects in AI net-
works [60]. Infinera’s multi-functional PICs, MACOM’s L-PIC platform, and Lightmatter’s
Passage M1000 superchip further reduce power and cost while supporting high-speed
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workloads [61–63]. Additionally, Ranovus’ Odin platform and DustPhotonics’ Tamar200
module offer monolithic, multi-terabit PIC solutions for next-generation hyperscale de-
ployments [64,65]. Collectively, these innovations emphasize the strategic importance of
photonic interconnects in scaling Cloud and Fog computing architectures.
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8.4  Concluding remarks

As CPO will proliferate in the future 100 Tb/s era due to the 
imminent bandwidth bottleneck at data center, integration of 
front-end receivers with back-end processing electronics will 
become inevitable. This requires the technology for receiver 
design to shift from analog optimized SiGe to digital opti-
mized CMOS, which will bring tremendous challenges. 
Possible design techniques to overcome problems regard-
ing noise, bandwidth and linearity have been introduced 
here. As these techniques are combined with the instinct 
advantage of low power and low cost, monolithic CMOS 
electronics will fully unleash its power in the era of CPO.
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9  2.5D and 3D advanced packaging 
for co-packaged optics (CPO)9

9.1  Status

As data center traffic grows at an unprecedented rate driven 
by advances in Artificial Intelligence (AI) and Machine 
Learning (ML), network infrastructure must expand capac-
ity while maintaining its total power consumption and foot-
print. Ethernet switches and optical devices also demand 
more bandwidth each year, with higher bandwidth density 
and energy efficiency [1–3].

From 2010 to 2020, the bandwidth capacity of commer-
cial switch integrated circuit (IC) increased by 40 times, 
from 0.64 to 25.6 Tb/s, while the process node of switch IC 
decreased from 40 to 7 nm, as depicted in Fig. 16.

If the transmission bandwidth of the switch IC per rack 
unit (RU) reaches above 25.6 Tbps, a RU needs 32 or more 
800 Gbps face-plate-pluggable optical modules. However, 
the 800 Gbps pluggable optical modules with the current 
same form factor are challenging in terms of the required 
densities of electrical/optical connector, power consump-
tion, and so on.

Therefore, co-packaged optics (CPO) is regarded by many 
companies and experts as a key technology to achieve higher 
speed, wider bandwidth, and greater throughput [5, 6]. It 
can minimize the power of the electrical links to or from the 
optics and substantially increase the total escape bandwidth 
of the chip packages by offering an extra dimension for wir-
ing additional chip pins. In March of 2021, OIF launched 
the 3.2 T co-packaged module project and developed a 3.2 T 
co-packaged optical module draft, defining Ethernet oriented 
switching applications. The mechanical layout of the CPO 
assembly is shown in Fig. 17 [7].

CPO solutions have been emerging in recent years. A 
collaboration between IBM and II-VI corporated to develop 
a chip-scale co-packaged optics module that can be directly 
attached to the top of an organic first-level package. They 
achieved energy efficiency of < 4 pJ/bit (16 channels) and 
the data rate is 56 Gb/s NRZ [8].

Ranovus and IBM launched 51.2 Tb/s optical modules 
based on CPO technology. They developed fiber V-groove 

Fig. 16  Bandwidth growth of Switch and ASIC in the last decade [4]

Fig. 17  Full assembly of co-packaged switch, showing sixteen trans-
ceiver modules
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Figure 6. Full assembly of co-packaged optical switch, showing sixteen transceiver modules arranged
around the central switch ASIC for enhanced bandwidth density and energy-efficiency. Figure taken
from [58].

6.5. Optical Switching and Routing

PIC technology presents a transformative approach to data routing, signal processing,
and traffic management in both Fog and Cloud computing environments. Unlike traditional
optical communication systems, which rely heavily on intermediate optical-to-electrical
(O/E) and electrical-to-optical (E/O) conversions for routing and processing, PIC-based
architectures enable the direct manipulation of optical signals on-chip. In conventional
systems, incoming optical data must be photodetected and converted into the electrical
domain for processing and retransmission, a sequence that introduces significant latency,
increases energy consumption, and constrains scalability in high-speed and distributed
computing scenarios [66].

PICs overcome these limitations by integrating essential optical components—such
as switches, multiplexers, modulators, and wavelength-selective routers—into a compact,
chip-scale platform. This integration enables all-optical routing and switching at the speed
of light, eliminating the need for electronic conversions and allowing for faster, more energy-
efficient data transport [67]. These capabilities are especially critical for Fog computing,
where real-time responsiveness is essential to support mission-critical applications such
as autonomous vehicles, smart grids, and industrial automation. In hyperscale Cloud
data centers, the ability to handle vast amounts of data with lower latency and energy
per operation is equally vital for improving user experience and maintaining high service
levels under peak demand [68].

Beyond latency reduction, PICs offer substantial improvements in system scalability
and energy-efficiency. By minimizing the number of active electronic components and
interconnects, PIC-enabled architectures reduce thermal loads and simplify cooling infras-
tructure, contributing to lower operational costs. Furthermore, the integration of photonic
interconnects allows for shorter data paths and higher aggregate throughput, directly
benefiting computer-intensive tasks like AI inference, big data analytics, and real-time
video processing [69,70].
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Another significant advantage of PICs is their capacity to support dynamic and adap-
tive traffic management. Traditional optical networks often rely on static, manually config-
ured paths and electronic control planes, which struggle to respond to fluctuating work-
loads in distributed computing environments. PICs enable reconfigurability through the
integration of tunable filters, variable optical attenuators, and high-speed optical switches,
allowing for network resources to be allocated in real-time based on current bandwidth
demands, latency requirements, or fault conditions [71]. This level of agility is indispens-
able for emerging edge-centric applications and for enhancing the Quality of Service (QoS)
in Cloud infrastructures. By introducing programmability and reconfigurability at the
photonic level, PICs lay the foundation for scalable, future-proof network architectures [72].

6.6. Wavelength Division Multiplexing (WDM)

PICs with WDM functionalities are essential building blocks for enabling high-
throughput and energy-efficient optical communication in Fog and Cloud computing
environments. Unlike discrete optical systems, WDM PICs integrate components such
as modulators, multiplexers, and photodetectors on a single chip, reducing footprint, la-
tency, and power consumption. This subsection highlights several key implementations
of WDM transmitters and receivers using silicon photonics. These examples demonstrate
how PIC-based WDM architectures are well-suited to the bandwidth, latency, and inte-
gration demands of next-generation Fog and Cloud networks. Traditional WDM systems
based on discrete components struggle with scalability and integration density. Recent
advances have produced ultra-compact, broadband, multi-dimensional multiplexed PICs
that significantly increase data throughput while minimizing footprint [73]. These innova-
tions support the real-time processing and high-speed transmission of large data volumes.
Their integration also reduces system complexity and power consumption, supporting the
energy-efficiency goals of modern data centers [74]. As Fog computing brings processing
closer to the edge and Cloud systems scale globally, PIC-based multiplexing becomes
essential for seamless, high-capacity optical communication.

Figure 7 illustrates two key demonstrations of silicon photonic WDM-integrated cir-
cuits. In part (A), a 40-channel WDM receiver PIC is shown, which integrates a silicon
nitride arrayed waveguide grating (AWG) with germanium photodetectors. The device
achieves flattened passbands and supports single-channel operation at data rates up to
40 Gb/s, as shown in the eye diagram inset. In part (B), a compact 10 × 25 Gb/s DWDM
transmitter is presented, which integrates single-drive push–pull Mach—Zehnder mod-
ulators and a silicon nitride AWG on a 5 × 8 mm2 chip. Each channel exhibits a clear
eye-opening at 25 Gb/s after wavelength multiplexing, demonstrating the viability of
dense WDM transmission using silicon PICs [75].

Another key device that can be used for long-haul, Fog and Cloud optical networks
is the Mach–Zehender modulator (MZM). Figure 8 depicts a schematic view of a single-
drive MZM designed in silicon-on-insulator (SOI) technology with a 250 nm active silicon
layer. This modulator uses transversal electric (TE) mode grating couplers to couple
light between single-mode optical fibers and the integrated waveguides, followed by
linear tapers for mode adaptation. Multimode interference (MMI) couplers symmetrically
split and recombine optical signals across two interferometric branches. The modulation
functionality is realized through carrier-depletion effects in one branch, induced by the
doping and reverse biasing of silicon waveguides connected via metal vias to an RF
coplanar transmission line. The other branch includes a delay line to ensure appropriate
phase shifts for effective modulation. This configuration provides a compact, CMOS-
compatible platform, enabling efficient optical modulation suitable for high-speed optical
communication systems [76].
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4.3  Coherent receivers

Optical coherent receivers, which convert the amplitude, 
phase, and polarization of an optical field signal into the 
electrical domain, include a number of optical compo-
nents, such as polarization splitters, 90° optical hybrids 
and photo detectors. These components are ideally imple-
mented on PICs with the advantages of accurate optical 
path control, compact size, and low packaging cost. The 
fundamental concept for coherent detection is to measure 
the product of electrical fields from a modulated signal 
and a continuous-wave (CW) local oscillator (LO). Mixing 
the signal and LO using a 2 × 2 coupler can do this, for 
example. To suppress dc components, balanced detec-
tion is usually employed at the two outputs. With such 
2 × 2 coupler, however, only one quadrature information 
of the signal can be measured. Equivalently, the complex 
amplitude, which consists of both magnitude and phase, 
of an electrical filed cannot be extracted by a single 
photo-current measurement. In order to achieve complex 

Figure 7 WDM transmitter and receiver. (A) Schematic layout of a 
silicon PIC to detector 40-channel WDM signal. The inset shows an 
optical eye diagram at 40 Gb/s. (B) Schematic layout for a silicon 
PIC to generate 10-channel DWDM signal. The inset shows optical 
eye diagrams of all ten channels at 25 Gb/s modulation.

amplitude, one can use optical 90° hybrids, which mix 
the signal and LO with four outputs, for which 0°, 90°, 
180°, and 270° phase shifts between the signal and LO are 
introduced. For a dual-polarization signal, a polarization-
diversified scheme is required. A generic circuit diagram 
of such coherent receiver is shown in Figure 8A. Two PBSs 
are used to split the signal and LO into TE and TM com-
ponents. The TE (or TM) components of signal and LO 
are mixed with a 90° optical hybrid, balance-detected by 
four photo detectors and amplified by two TIAs, which 
produce both in-phase and quadrature information of the 
signal. Such coherent receivers have been realized in dis-
crete component formats, hybrid planar lightwave circuits 
with photo detectors [59–61], InP PICs [62–64], and silicon 
PICs [21, 22]. Except silicon PICs, polarization diversity or 
dual-polarization coherent receivers are realized by the 
use of micro-optical free-space polarization rotators and 
beam splitters.

In Ref. [21, 22], two types of dual-polarization coherent 
receivers were demonstrated based on silicon PICs from 
Bell Labs. Doerr et  al. demonstrated a grating-assisted 

Figure 8 Coherent receiver. (A) Generic circuit diagram to detect 
dual-polarization optical coherent signals. (B) Optical picture of a 
silicon-PIC coherent receiver using 2-D gratings as the couplers. 
The inset shows the schematic view of a 2-D grating [21]. (C) Optical 
picture of a silicon-PIC coherent receiver using on-chip polarization 
rotators (PR) and polarization beam splitters (PBS) [22].

Figure 7. WDM transmitter and receiver demonstrations based on silicon photonic integrated circuits.
(A) Layout of a silicon PIC with integrated arrayed waveguide grating (AWG) and photodetectors
for a 40-channel WDM receiver. The inset shows a 40 Gb/s optical eye diagram. (B) Layout of a
DWDM transmitter PIC integrating 10 × 25 Gb/s modulators with an AWG. The inset displays the
eye diagrams of all ten output channels. Figure taken from [75].

Figure 8. Schematic representation of the designed Mach–Zehnder modulator in silicon-on-insulator
(SOI) technology, adapted from [76]. The modulator includes transversal electric (TE) mode grating
couplers, linear tapers, multimode interference (MMI) couplers, and doped waveguide sections
for modulation using the carrier depletion effect. The 3D view (right) shows the structural layout,
highlighting the doping and metal layers. Red indicates p+-doped silicon, orange is p-doped
silicon, yellow is n-doped silicon, dark yellow is n+-doped silicon, gray regions correspond to metal
electrodes, and light blue represents the buried oxide (BOX) layer.

One device that can act as a filter and as a modulator is the microring. Figure 9
illustrates the detailed structure and operational principles of the two-segment Z-shape
junction silicon micro-ring modulators (MRMs) [77]. Panel (a) presents the layout of the five-
channel dense-wavelength division multiplexing (DWDM) array, highlighting variations
in the ring radius to facilitate evenly spaced resonance wavelengths. Panel (b) details the
Z-shape doping profile, showing its specific arrangement within the silicon waveguide,
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which is strategically designed to optimize the overlap between carrier depletion regions
and the optical mode. Panels (c) and (d) display simulations of the transverse electric (TE)
mode and electric field distribution within the waveguide, respectively, demonstrating
effective modulation under reverse-bias conditions. Finally, panel (e) provides a finite-
difference time-domain (FDTD) simulation depicting the coupling region of the microring
modulator to a bus waveguide for monitoring.

Figure 9. Device design of the silicon micro-ring modulators (MRMs) with two-segment Z-shape
junctions, taken from [77]. (a) Schematic diagram of the 5five-channel dense-wavelength division
multiplexing (DWDM) MRMs array. (b) Cross-sectional diagram illustrating the Z-shape doping
profile within the waveguide. (c) Simulated transverse electric (TE) optical mode profile. (d) Electric
field distribution at a reverse bias voltage of −3 V. (e) Finite-difference time-domain (FDTD) simulated
optical field distribution within the coupling region of the microring modulator to a bus waveguide
for monitoring. Light blue corresponds to low field intensity, while cyan, green, yellow, and red
represent progressively higher field intensities, with red indicating the strongest electric field regions.

Figure 10 presents a schematic illustration of a micro-ring resonator (MRR)-based
transceiver array employed in co-packaged optics (CPO). The depicted transceiver in-
tegrates drivers, micro-ring modulators (MRMs), and receivers with an MRR-based de-
multiplexer (DEMUX) and thermal tuning mechanisms. This architecture addresses key
performance constraints such as bandwidth, energy-efficiency, and compactness, that are
essential for future data center optical interconnects. Hybrid and monolithic integration
methods have demonstrated data rates of up to 112 Gb/s per channel, achieving high
energy-efficiency despite the challenges posed by parasitic capacitances and integration
complexities. Thermal tuning is critical to stabilize resonant wavelengths against variations
induced by manufacturing processes and operating conditions [58].

6.7. Coherent Optics

PIC technology plays a critical role in enabling ultra-high spectral efficiency, long-
distance transmission, and scalable optical capacity for next-generation Fog and Cloud
computing infrastructures. By integrating advanced modulation formats such as QAM and
coherent on-chip detection, PICs allow for compact, low-loss, and high-bit-rate transmis-
sion systems that maximize spectral usage [78]. These functions are difficult to achieve with
discrete components due to alignment challenges and signal degradation. Additionally,
PICs support ultra-dense wavelength division multiplexing (UDWDM) and polarization
multiplexing within a single platform, enhancing throughput without increasing fiber
infrastructure [79]. Their ability to reduce insertion losses and incorporate on-chip amplifi-
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cation extends transmission reach and lowers the need for regeneration, which is essential
for high-capacity Cloud backbones and low-latency Fog deployments.
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6  Microring-based transmitter array 
for co-packaged optics6

6.1  Status

Microring (MRR)-based transceiver array (Fig. 14) is a 
promising solution to meeting the stringent bandwidth 
and power consumption requirements of future data cent-
ers due to their small size, high energy efficiency, and 
WDM-compatibility.

The high-bandwidth, low-power MRR-based transceiver 
array has already been demonstrated in hybrid integration 
[105] and monolithic integration platforms [106, 107]. In 
hybrid integration, the connection between the photonic chip 
and the electronic chip results in parasitics that limit the 
bandwidth and power consumption, such as the parasitic 
inductance (250 − 500 pH) and parasitic capacitance (~ 100 
fF) caused by wire-bonding [108], as well as the parasitic 
capacitance (~ 30 fF) caused by micro-bump/copper pil-
lar connection. However, 3D integration of electronic and 
photonic wafers performs with very low inter-connection 
parasitics capacitance (~ 3 fF) by through-oxide vias (TOVs) 
[109]. Monolithic integration reduces the parasitics of the 
wiring, improving the performance and increasing manu-
facturing costs. At the transmitting end, the data rate of a 
single micro-ring modulator (MRM) has reached 200 Gb/s 
[110]. At the receiving end, the data rate of a microring pho-
todetector (MRPD) has reached 112 Gb/s [111]. However, 
laser integration compatible with mass-producible silicon 
technology is still an outstanding challenge [112].

Despite the integration challenges, the microring-based 
transceiver array has made rapid progress in recent years. 
Using hybrid integration, the single MRM-based transmitter 
has reached a data rate up to 112 Gb/s with 6-pJ/bit energy effi-
ciency [113]. The MRM-based transmitter array has achieved 
a data rate up to 4 × 112 Gb/s with 5.8-pJ/bit energy efficiency 
[114]. Using monolithic integration, the single MRM-based 
transmitter has a data rate of 100 Gb/s with 0.7-pJ/bit energy 
efficiency [106]. The MRM-based transmitter array has shown 
a data rate up to 16 × 5 Gb/s with ~ 0.8-pJ/bit energy efficiency. 
In all these works, to stabilize the resonant wavelength of the 
MRM, closed-loop thermal tuning is required to compensate 
for the process variations, thermal fluctuations, and input laser 
wavelength/power variations [115, 116]. Using hybrid integra-
tion, a receiver based on CMOS technology has reached a data 
rate of 100 Gb/s with − 11.1 dBm sensitivity and 3.9 pJ/bit [117]. 

Using monolithic integration, the split-MRR resonant photo-
detector has a data rate of 12 Gb/s with 0.58 pJ/bit energy effi-
ciency based on CMOS technology [118], and a 56 Gb/s opti-
cal receiver with 3.66 pJ/bit energy efficiency is implemented 
based on BiCMOS technology [119]. Closed-loop thermal tun-
ing for MRR-filter is also necessary for wavelength locking of 
MRR-based receivers. In error-free transmission (bit error rate 
(BER) < 1e − 12), MRR-based transceiver array has reached 
4 × 50 Gb/s in hybrid integration method [1] and 8 × 16 Gb/s 
with 4.96 pJ/bit energy efficiency in monolithic integration 
method [3].

6.2  Current and future challenges

Several technological challenges remain to be tackled to fur-
ther improve the performance and robustness of the MRR-
based transceiver array. We outline these challenges below:

1. Wavelength locking. Due to the resonant wavelength 
characteristics, the performance of MRRs is susceptible to 
fabrication variations, thermal fluctuations, and input laser 
wavelength/power variations. If these non-ideal factors are 
not compensated, the work condition of MRR will not be 
stable, which will significantly degrade the modulation and 
DEMUX performance. Therefore, it is necessary to stabi-
lize the resonant wavelength of the MRR in a variety of 
different environments. The closed-loop feedback control 
loop [113, 115, 116, 120–126] is often used to lock the reso-
nant wavelength of the MRR, MRPD, and MRM. However, 
there is almost no work that can simultaneously compensate 
for fabrication variations, thermal fluctuations, input laser 
wavelength/power variations, and random data patterns.

Fig. 14  The diagram of MRR-based transceiver consisting of drivers, 
MRMs, receivers, MRR DEMUX, and thermal tuners
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Figure 10. The diagram of microring resonator (MRR)-based transceiver consisting of drivers,
microring modulators (MRMs), receivers, MRR demultiplexer (DEMUX), and thermal tuners. Figure
taken from [58].

Moreover, PICs are ideally suited for the high-speed interconnection of geographically
distributed data centers—a growing requirement for edge analytics, content delivery,
and global-scale computing. Unlike traditional interconnects based on discrete optical
elements, PIC-based transceivers integrate coherent optics, modulators, multiplexers, and
FEC, supporting long-haul links over hundreds to thousands of kilometers with low power
consumption and minimal signal degradation [80,81]. These integrated transceivers also
support software-defined networking (SDN), enabling dynamic bandwidth allocation and
real-time traffic management across optical backbones [74]. Together, these features make
PICs foundational to building energy-efficient, scalable, and globally interconnected Fog
and Cloud computing systems.

Figure 11 presents a four-channel PIC coherent transmitter module demonstrating
advanced hybrid integration techniques at both the chip and package levels [82]. Panel (a)
provides an overview of the multi-chip module comprising InP-based HCSEL laser sources,
silicon–organic hybrid (SOH) IQ modulators, and single-mode fibers interconnected by
photonic wire bonds (PWBs). Panel (b) details the structure of the SOH Mach-Zehnder
modulators, emphasizing the precise deposition of electro-optic material within silicon
slot waveguides for efficient modulation. Panel (c) outlines the experimental setup used
for coherent transmission experiments, involving modulation via an arbitrary-waveform
generator, propagation through 75 km of fibre, and subsequent coherent detection. Finally,
panel (d) shows representative constellation diagrams along with measured bit error
ratios at high symbol rates, underscoring the feasibility of achieving reliable high-speed
communication with this hybrid integration approach.
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integration with PWBs is combined with hybrid on-chip
integration of electro-optic modulators that combine SiP
nanowire waveguides with highly efficient electro-optic
materials. This so-called silicon-organic hybrid (SOH)29

approach allows overcoming the intrinsic lack of second-
order optical nonlinearities in the inversion-symmetric
diamond crystal lattice of silicon. SOH devices offer
voltage-length products UπL of less than30 0.5V mm—
more than an order of magnitude below that of conven-
tional depletion-type devices31—and have been shown to
support line rates27 of 100 Gbit/s for a simple OOK
modulation format and symbol rates of up to 100 GBd for
16-state quadrature amplitude modulation31 (16QAM) at
fJ/bit energy consumption32.
An illustration of the Tx module is shown in Fig. 4a.

The module consists of a SiP chip that comprises four
SOH IQ modulators along with the associated optical
coupling interfaces and RF contact pads. These mod-
ulators are again optically fed by an array of InP-based

HCSEL light sources that are placed adjacent to the SiP
chip on the same submount. At the output, the SOH
modulators are connected to an array of four single-mode
fibres for transmission over 75 km. As in the first
demonstration, the emission frequencies of the HCSEL
are spaced by 100 GHz, and instead of using four separate
SMFs, hybrid co-integration with an arrayed-waveguide
grating could extend the functionality of the module to
dense WDM transmission through a single SMF.
The IQ modulators are built from pairs of nested SOH

MZMs. A top view and a schematic cross section of one
MZM are illustrated in Fig. 4b. Each MZM comprises two
SOH phase modulators that are driven in push-pull mode
by a single coplanar transmission line in a ground-signal-
ground (GSG) configuration. The phase modulators
consist of slot waveguides clad with an organic electro-
optic (EO) material; see the cross section in the inset of
Fig. 4b. The slot-waveguide configuration leads to a
strong overlap of the fundamental optical quasi-TE mode
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Fig. 4 Four-channel coherent transmitter module combining hybrid integration concepts on the chip and package levels. a Artist’s
impression of the multi-chip-module (MCM) consisting of four InP-based HCSEL light sources, an array of four silicon-organic hybrid (SOH)
modulators, and four transmission fibres, all connected by photonic wire bonds (PWBs). The overall footprint of the complete Tx module amounts to
4 × 1.5 mm2. b Top view and cross section of an SOH Mach-Zehnder modulator (MZM). The organic electro-optic (EO) material (red contour) is micro-
dispensed after fabrication of the PWB. The MZM consists of two slot-waveguide (WG) phase modulators, driven in push-pull mode by a single
coplanar transmission line in ground-signal-ground (GSG) configuration. Within the slot-waveguide phase shifters, the dominant electrical
component of the optical quasi-TE mode exhibits a strong overlap with the electrical RF-mode field, resulting in a high modulation efficiency32.
c Experimental setup. Each HCSEL feeds an IQ modulator. Electric drive signals for the modulators are provided by an arbitrary-waveform generator
(AWG). The optical signal is then amplified, sent through 75 km of standard SMF, and detected by a coherent receiver. A real-time oscilloscope
captures the signal for subsequent offline processing; see the Methods section for details. d Constellation diagrams and associated measured bit error
ratios (BERs) for signalling with 16QAM at symbol rates of 28 GBd and 56 GBd. The performance of Channel 1 was impaired by lower launch power
such that only QPSK transmission could be used. All BER values stay below the threshold for hard-decision forward-error correction FEC with 7%
coding overhead. The aggregate module line rate amounts to 784 Gbit/s
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Figure 11. Four-channel coherent transmitter module combining hybrid integration concepts at
the chip and package levels, taken from [82]. (a) Schematic of the multi-chip module consisting of
four InP-based HCSELs, silicon–organic hybrid (SOH) modulators, and output single-mode fibres
interconnected by photonic wire bonds. (b) Top view and schematic cross-section of a single SOH
MZM, highlighting the electro-optic material deposition. (c) Experimental setup for coherent trans-
mission, showing the AWG-based modulation, transmission over 75 km fibre, and coherent detection.
(d) Constellation diagrams and measured bit error ratios (BERs) for channels operating at symbol
rates of 28 GBd and 56 GBd, demonstrating BER values below the forward-error correction threshold.

6.8. Quantum and Advanced Computing

PIC technology plays a foundational role in emerging paradigms such as quantum
computing, quantum communication, and neuromorphic computing—each poised to
reshape Fog and Cloud architectures. PICs are well-suited to quantum photonic systems
due to their low-loss, phase-stable, and scalable optical paths, enabling the integration of
sources, beam-splitters, phase shifters, and detectors on a single chip for quantum logic
and entanglement distribution [83]. In quantum communication, PICs support secure,
high-speed links between Fog nodes and Cloud cores via quantum key distribution (QKD),
enhancing data security across distributed systems [84]. Neuromorphic computing, which
mimics brain-like parallel processing, also benefits from photonic implementations that
enable ultra-fast, energy-efficient edge AI and sensory fusion in Fog environments [67].
These innovations empower distributed infrastructures to handle complex tasks—such as
encryption, inference, and real-time learning—locally, while reserving heavier computation
for the Cloud. As a result, PICs provide the hardware foundation for scalable, cognitive,
and secure Fog–Cloud ecosystems.

Companies like PsiQuantum and Intel are advancing integrated photonic chips for
quantum computing, with major implications for distributed architectures. PsiQuantum
leverages photonic circuits and existing semiconductor manufacturing to develop scalable,
fault-tolerant quantum computers aimed at deployment in global data centers [85]. Intel is
developing silicon-based spin-qubit processors with integrated photonic components for
high-fidelity qubit control and readout, supporting compact quantum modules suitable
for Fog and Cloud environments [86]. Collectively, these efforts highlight how integrated
photonics can enable seamless, high-performance quantum computing across distributed
computing networks.

Table 4 provides an overview of key PIC technologies relevant to Fog and Cloud com-
puting. It highlights the current state of the art and outlines emerging research opportunities
across integration, interconnects, energy-efficiency, and advanced computing paradigms.
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Table 4. Summary of PIC research topics.

Topic State of the Art PIC Research Opportunities

Integration of photonics components
Flip-chip bonding and monolithic integration
techniques enable dense photonic–electronic modules
for Fog/Cloud applications [49,53,54].

Develop scalable co-packaging and bonding
techniques for heterogeneous material
integration.

Electronic integration TSVs, 3D stacking, and CMOS compatibility enable
high-speed interfacing with low parasitics [49,53].

Manufacturing of 1 nm transistors and moving
into the 0.1 nm region. Optimize co-design
strategies for reducing interface loss and
enhancing signal integrity.

Laser transmitter MACOM’s L-PIC platform and Ranovus’ Odin
integrate lasers on PICs for AI/data center use [62,64].

Enhance monolithic laser integration for
reliable, low-threshold, and tunable light
sources.

Semiconductor optical amplifiers InP-based integration and hybrid platforms extend
amplification capabilities [61].

Improve hybrid integration methods to enable
low-noise, high-gain on-chip amplification.

High-Speed Optical Interconnects
Intel OCI, Cisco OSFP-XD, IBM CPO, NVIDIA
Quantum-X800, and Marvell light engine demonstrate
high-speed photonic links [3,55–57,60].

Reduce energy consumption and latency while
improving bandwidth density at rack and chip
scales.

Energy-Efficiency Integrated architectures reduce parasitic loss and
enable low energy per bit [46,51,52].

Develop energy-aware PIC design tools and
materials with lower thermal and electrical
losses.

Compactness and Scalability PICs integrate optical functions in compact chips,
reducing footprint and improving scalability [46–48].

Advance high-density PIC layouts and
integration methods for future ultra-compact
modules.

Optical Switching and Routing
All-optical switching and routing eliminate O/E
conversion, reduce latency, and increase
agility [66–68,71,72].

Implement programmable optical networks
with tunable components for dynamic traffic
management.

Wavelength Division Multiplexing Integrated WDM multiplexers/demultiplexers support
dense, efficient transmission [73,74].

Increase WDM channel count and reduce
crosstalk through improved filtering and
thermal tuning.

Coherent Optics PICs support QAM, coherent detection, and UDWDM
for long-range, high-capacity links [74,78–81].

Advance DSP and integration of polarization
and phase management for coherent systems.

Quantum and Advanced Computing
PICs integrate quantum sources, modulators, and
detectors for scalable quantum and neuromorphic
computing [67,83–86].

Co-design photonic platforms with quantum
hardware for scalable Fog–Cloud quantum
integration.

7. Industry Implementations
Major technology companies are increasingly adopting PIC technology to meet the

performance, scalability, and energy-efficiency demands of Fog and Cloud computing
infrastructures. Intel and Cisco have emerged as industry leaders in deploying silicon
photonic transceivers. Intel’s optical I/O chiplet integrates lasers, modulators, and pho-
todetectors on a single silicon photonics platform, enabling up to 4 Tbps of low-latency,
high-bandwidth communication between CPUs, accelerators, and memory nodes—which
is essential for hyperscale Cloud environments [3]. Cisco, in partnership with Accelink, has
introduced 1.6 Tbps OSFP-XD silicon photonic transceivers based on dense wavelength di-
vision multiplexing (DWDM), which significantly increase fiber capacity while maintaining
compact, energy-efficient form factors [55]. These solutions are particularly valuable for
AI-driven data center operations and latency-sensitive Fog computing scenarios. Intel is
also pursuing co-packaged optics (CPO) to eliminate traditional electrical I/O bottlenecks,
integrating PICs directly into switch ASICs to reduce energy per bit and improve signal
integrity compared to short-reach high-density connections. Cisco’s roadmap includes
the expanded adoption of coherent PICs within metro and long-haul transport platforms,
leveraging integrated DSPs and tunable lasers to increase link adaptability and spectral
utilization [87].

Nokia and Fujitsu are also contributing to the commercialization of PIC technologies.
Nokia’s latest optical transport innovations include 800G coherent pluggable optics and
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multi-haul WDM systems integrated into advanced line systems [88], as well as deploy-
ment with partners like CoreWeave to support an AI-optimized Cloud infrastructure [89].
These platforms are designed to deliver high-capacity, energy-efficient, and latency-aware
connectivity across hyperscale data centers and distributed Fog nodes. In parallel, research
by Meng et al. has demonstrated the use of integrated photonic digital-to-analog converters
(DACs) for on-chip high-speed optical signal generation, addressing electronic bottlenecks
and improving throughput, latency, and spectral efficiency in wide-area Fog–Cloud net-
works [90]. Nokia is further investing in programmable photonics for software-defined
optical networks and has presented silicon photonic switches capable of rapid reconfigura-
tion [91]. Fujitsu, on the other hand, is focusing on integrated RoF platforms using PICs to
simplify front-haul deployment in dense urban environments, a key asset for edge-based
5G/6G architectures [92].

Programmable photonic circuits can be viewed as optical analogues of electronic Field-
Programmable Gate Arrays (FPGAs), enabling dynamic reconfiguration and multifunctional-
ity for photonic applications [93]. Unlike traditional fixed photonic integrated circuits, these
systems can adapt their functionality post-fabrication, enabling multiple operations such as
signal routing, modulation, and filtering on a single chip. This programmability drastically
reduces development time, lowers manufacturing costs, and enhances scalability, making
them especially advantageous in applications requiring flexible analog processing such as
telecommunications, data centers, quantum information systems, and artificial intelligence.
Furthermore, programmable photonic circuits incorporate self-configuration capabilities, miti-
gating the effects of fabrication imperfections and environmental variations through intelligent
control algorithms [93]. Figure 12 illustrates the integrated photonic hardware and associated
electronic control architecture used in multipurpose programmable photonic circuits. Panel
(a) highlights the growing complexity of state-of-the-art photonic integration, characterized by
the increasing number of integrated phase shifters. Panel (b) depicts the general architecture
of a field-programmable photonic gate array (FPPGA), featuring a programmable waveg-
uide mesh core surrounded by specialized high-performance building blocks and optical
input/output ports. Panel (c) provides a detailed view of the FPPGA core, implemented with
a longitudinally parallel hexagonal waveguide mesh interconnection topology. The electronic
control subsystem, shown in panel (d), includes essential elements such as a driving subsys-
tem for configuring the waveguide mesh, an optical monitoring subsystem for feedback, and
software algorithms for auto-routing and self-configuration. Lastly, panel (e) conceptually
represents the comprehensive scattering matrix that characterizes the input–output relation-
ships across both spatial and spectral domains within the FPPGA core, enabling detailed
system-level programming and optimization.

Meta (formerly Facebook) and Microsoft are advancing integrated photonics to over-
come the limitations of traditional pluggable optical modules in data center interconnects
(DCIs). Meta promotes the co-packaging of optics with switch electronics to reduce power
consumption by 20% and improve scalability via automated manufacturing processes
compatible with CMOS technology [94]. Complementing this, energy-proportional data
center architectures co-designed at the system and photonic levels allow for optical paths
to be activated dynamically based on traffic needs—achieving up to 60% energy savings
in optical transceivers while sustaining performance [95]. These strategies align well with
the dynamic and variable workloads inherent in Fog computing. Microsoft has also col-
laborated with optical foundries to develop silicon photonics-based multi-wavelength
transceivers and is exploring neuromorphic photonic processors for future acceleration
workloads in edge-cloud environments [96]. Additionally, both companies contribute to
open-source hardware initiatives for photonic–electronic co-packaged modules to promote
industry-wide standardization and supply chain diversity [97].
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Integrated photonics is evolving from discrete components to
complete application-specific photonic integrated circuits
(ASPICs) with ever increasing complexity1–3. Although

ASPICs have been successfully used to demonstrate many
applications, only in a few fields like transceivers and data centers,
the fabrication volumes are high enough to compensate for the
nonrecurring overhead costs4,5. Current time-to-market and
time-for-development of photonic integrated circuit (PIC)-based
systems is limited by post-fabrication custom processes and by
large development periods that range from 12 to 24 months per
design-fab-packaging-test iteration6. As in electronics, incorpor-
ating programmability and reconfigurability into PICs at an
increasing pace will enable cost-effective and mass producible,
almost-instant development times, negligible up-front non-
recurring engineering costs and upgradable components aided by
software programming7–9.

Developing large-scale programmable integrated photonic
(PIP) circuits is catalysing considerable research efforts as they
are expected to find applications in a myriad of fields, where the
flexibility brought by reconfigurability is a unique asset. PIP cir-
cuits enable broadband analog processing, which is of particular
interest in two scenarios with the considerable impact expected in
the short/midterm. The first includes applications where analog
processing is required per se, like artificial intelligence, deep
learning, and quantum information systems. The second includes
applications, such as 5/6 G telecommunications, switching, data
center interconnections, hardware acceleration, and sensors,
where photonic analog processing can team up with high-speed
digital electronic systems to overcome expected limitations aris-
ing from the demise of Moore’s law.

The processing power of programmable photonic waveguide
meshes scales up dramatically with the number of Tunable Basic
Units (TBUs) integrating phase actuators in interferometric cells. As
shown in Fig. 1a, current state-of-the-art ranges from a few tens to a
few hundreds of TBUs per chip10–18. However, medium/large-scale
complexity PIPs will require many hundreds or even thousands of
TBUs, and feasibility will only be possible if soft operations
controlling the minimal use of physical resources, optimum
circuit placement and configuration, dynamic adaptationm and

self-healing are incorporated. This demands the ability to handle,
monitor, and control hundreds or thousands of different variables.
Computational optimization methods address the management and
control of complex systems19–21. Tailoring and adapting these to
PIPs can overcome many of their scalability limits. Furthermore,
they provide information for compensating nonideal behavior of
the components thereby relaxing the need for ideal operation
conditions22.

Here, we develop two multipurpose methods for the self-
configuration and optimization of large-scale fault-tolerant PIPs.
The first requires data gathered from a periodic, automated pre-
characterization routine to configure optical interconnections,
delay lines, and optical circuits. The second is based on compu-
tational optimization routines that obtain iteratively, without
prior pre-characterization, the optimum driving configurations to
achieve a targeted functionality. We provide both statistical
simulations and experimental verifications to demonstrate, for the
first time to the best of our knowledge, the achievement of the
targeted circuit configurations, the mitigation of fabrication yield
distributed parasitic errors (nonuniform loss and optical cross-
talk), and of the dynamic crosstalk arising from thermal and
electrical effects through self-configuration. Successful parallel
configuration of independent multitasking operations is also
demonstrated. Finally, we discuss the impact of the work and
comment on the future of this research.

Results
Circuit programming based on global algorithms and presets.
To illustrate the proposed multipurpose self-configuration
algorithms, we consider the core of a field programmable pho-
tonic gate array (FPPGA)23, as an example of programmable
circuit. The FPPGA main architecture shown in Fig. 1b includes
the core, several high-performance blocks (HPBs) and optical
input/output ports. This configuration enables the synthesis and
programming of PICs. The optical core shown in Fig. 1c, is
implemented by means of a waveguide mesh. The specific case
shown in Fig. 1c is a longitudinally parallel, flat general-purpose
hexagonal waveguide mesh22, although other configurations can
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Figure 12. Photonic integrated hardware and control architecture of multipurpose programmable
photonic circuits, taken from [93]. (a) Number of integrated phase shifters in recent waveguide
mesh circuits. (b) Labeled field-programmable photonic gate array (FPPGA) architecture, includ-
ing a waveguide mesh core and high-performance building blocks. (c) FPPGA core employing a
longitudinally parallel hexagonal waveguide mesh interconnection topology. (d) Electronic control
subsystem, signals, and software procedures to control the programmable photonic integrated circuit.
(e) Data array representing the full scattering matrix of the FPPGA core, encompassing input and
output spatial ports and optical spectral dimensions.

Amazon Web Services (AWS) is also actively investing in integrated photonics. In
collaboration with STMicroelectronics, AWS developed a photonics chip designed to boost
internal bandwidth and reduce power consumption in AI data centers [98]. By replacing
conventional electrical data transmission with light-based interconnects in transceivers,
AWS targets lower latency and energy use at massive scale. The chip is expected to enter
deployment later this year, with production based in STMicroelectronics’ Crolles, France
facility. This marks a significant milestone in moving toward more sustainable and high-
performance distributed computing infrastructure. AWS is also funding research into
hybrid InP/Si photonic integration to extend performance into longer reach links [99], and
evaluating photonic tensor cores for low-latency inference tasks within their serverless com-
pute platforms [67]. These initiatives reflect a broader strategy to maintain infrastructure
leadership amid rapidly growing AI/ML workloads.

The global photonic ecosystem is rapidly evolving thanks to a vibrant startup land-
scape and strategic initiatives by regional governments. Startups such as Ayar Labs,
Lightmatter, Rockley Photonics, and Optalysys are leveraging programmable photonics,
optical interconnects, and neuromorphic architectures to create domain-specific acceler-
ators and compact sensor platforms [91,100,101]. These firms bridge the gap between
research and industrial deployment by using open-access design platforms and collabora-
tive prototyping models. Supporting this transition, open-foundry initiatives like IMEC’s
Europractice, AIM Photonics in the US, JePPIX in Europe, and Ligentec for SiN-based
platforms provide cost-effective access to fabrication through multi-project wafer (MPW)
runs [91,102]. Additionally, public–private consortia such as the European Union’s PIXAPP
and PhotonHub Europe [103] and U.S. government programs under DARPA’s LUMOS
and iFAB [104] are accelerating the commercialization pipeline by standardizing packaging,
offering design kits, and expanding photonic design education. Together, these efforts are
democratizing PIC development and supporting its broader adoption in Fog, Cloud, and
edge computing infrastructures.

Despite rapid progress, the widespread industrial deployment of photonic integrated
circuits still faces key bottlenecks across multiple dimensions. Thermal sensitivity remains a
major challenge, especially for silicon and III-V platforms, where temperature fluctuations
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induce refractive index changes that degrade performance and stability [105]. Packag-
ing and fiber–chip coupling also represent significant hurdles: grating couplers, edge
couplers, and photonic wire bonding introduce insertion losses that affect system-level
efficiency [106]. Manufacturing variability, particularly lithographic and etching errors
during wafer fabrication, leads to component mismatch and yield loss, although recent
advances in inverse design and digital calibration offer partial remedies [107]. Testing is
another bottleneck, as high-throughput wafer-level characterization tools for photonics
are still underdeveloped compared to electronic ICs [108]. These challenges highlight the
need for co-optimization across materials, fabrication, packaging, and electronic–photonic
co-design to unlock the full potential of PICs in large-scale distributed systems.

Figure 13 illustrates the concept and implementation of hybrid multi-chip modules
(MCMs) enabled by 3D nano-printing of photonic wire bonds (PWBs) [82]. Panel (a) shows
a conceptual eight-channel transmitter module where PWBs, depicted in red, efficiently
interconnect photonic integrated circuits (PICs) fabricated on different material platforms,
such as InP lasers and silicon photonic modulators. Panels (b) and (c) provide detailed views
of the laser-to-chip and fibre-to-chip interfaces, respectively, highlighting how PWBs adapt
their geometry to match mode-field profiles for low-loss coupling, thereby eliminating the
need for high-precision active alignment.

assemblies, e.g., when light sources are mounted on top of
thick substrates with low thermal conductivity.
The MCM illustrated in Fig. 1a crucially relies on effi-

cient connections of the SiP chip to both the InP light
source and the output transmission fibre, which are
shown in more detail in Fig. 1b, c. The light sources are
realized as horizontal cavity surface emitting lasers
(HCSELs), which comprise an InGaAsP-based dis-
tributed-feedback cavity in the substrate plane and an
etched 45°-mirror that redirects the light towards the
substrate normal20. Both ends of the PWB feature mode-
field converters for low-loss coupling to the connected
devices, Fig. 1b. On the laser side, the PWB cross section
is increased to match the larger mode-field diameter
(3.5 µm) of the HCSEL17. A similar structure is used at the
fibre-chip interface, shown in Fig. 1c. Coupling to the SiP
chip is accomplished by a double-taper structure that

consists of a SiP nanowire embedded in a polymer
waveguide; see the Methods section and ref. 17 for details.
For low-loss coupling to the SMF, the PWB is tapered to a
14 × 14 µm2 cross section to match the mode field dia-
meter to that of the fibre. The PWBs shown in Fig. 1c
were designed to compensate for a lateral offset of 25 µm
between the axes of the optical fibres and the corre-
sponding SiP waveguides. Note that the density of pho-
tonic wire bonds along the circumference of the chip can
be greatly increased by abandoning the industry-standard
pitches of 250 µm that were used for the lasers and the
fibres in our experiments. As shown in the following
section, PWBs can be realized with pitches of 25 µm, and
this could be reduced even further to 10 µm, allowing for
100 PWBs per millimetre of chip edge. When combined
with micro-lenses, PWBs can also be used for optical out-
of-plane connections to the chip surface21.
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Fig. 1 Concept and implementation of hybrid multi-chip modules (MCMs) by 3D nano-printing of photonic wire bonds (PWBs).
a Illustration of an eight-channel transmitter, realized as a hybrid MCM comprising 3D-printed PWBs shown in red. PWBs allow efficiently connections
between photonic integrated circuits (PICs) that are realized on different integration platforms, thereby combining the complementary strengths of
the underlying material system. The illustrated transmitter combines efficient InP lasers with electro-optic modulators on a silicon photonic chip. The
modulator array is electrically driven via an RF fan-in and connected to an array of single-mode fibres. b Interface between an InP laser chip and the
silicon photonic transmitter chip. The light source is realized as a horizontal cavity surface emitting laser (HCSEL), consisting of a waveguide-based
optical cavity in the substrate plane and an etched 45° mirror that redirects the light towards the substrate-normal direction17. c Fibre-to-chip
interface. For efficient coupling to the large mode-field of the SMF, the PWBs are designed to have a larger cross section towards the fibre facet. The
3D freeform trajectory of the PWBs is adapted to the exact position of the corresponding interfaces and thereby replaces high-precision active
alignment of the chips
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Figure 13. Concept and implementation of hybrid multi-chip modules (MCMs) through the 3D
nano-printing of photonic wire bonds (PWBs), taken from [82]. (a) Illustration of an eight-channel
transmitter, realized as a hybrid MCM comprising 3D-printed PWBs, shown in red. The PWBs
efficiently connect photonic integrated circuits (PICs) realized on different integration platforms.
(b) Interface between an InP laser chip and the silicon photonic transmitter chip, employing a hori-
zontal cavity surface-emitting laser (HCSEL). (c) Fibre-to-chip interface, illustrating PWBs designed
to match the larger mode-field diameter of single-mode fibres (SMFs).

National strategies in both the United States and Europe are accelerating the inte-
gration of photonic and electronic technologies to strengthen digital infrastructure and
semiconductor independence. In the U.S., the CHIPS and Science Act and DARPA’s
LUMOS program support the development of CMOS-compatible PICs through funding,
foundry access, and laser integration research [104,109]. Meanwhile, Europe is advancing
through Horizon Europe and PhotonHub initiatives, promoting open-access innovation,
photonic–electronic co-design, and high-yield manufacturing via coordinated industry–
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academic consortia such as EPIC [103]. These efforts highlight a global push toward the
development of scalable, power-efficient PIC ecosystems for data-intensive and latency-
sensitive applications.

To address these industrial bottlenecks, leading companies and research consortia
are implementing a variety of strategies. For thermal sensitivity, thermal stabilization
techniques such as micro-ring trimming, athermal design using cladding engineering,
and feedback-controlled heaters have been deployed in commercial silicon photonics plat-
forms [105]. For packaging and coupling challenges, advanced approaches like photonic
wire bonding, self-aligning connectorized packaging, and 3D-printed optical interfaces are
being developed to reduce insertion loss and improve alignment tolerance [110]. To combat
manufacturing variability, foundries now increasingly use inverse design frameworks—the
automated shape optimization of photonic devices with tolerance analysis—and apply dig-
ital tuning during the runtime using on-chip heaters or phase shifters [111]. On the testing
side, AI-driven wafer inspection tools and integrated test photonics (e.g., built-in monitors
and loopbacks) are enabling scalable, real-time diagnostics [112]. Co-design strategies
that align photonic and electronic components from the system architecture level are also
gaining traction to simultaneously improve yield and performance. These efforts indicate a
clear industrial pivot toward holistic PIC design workflows that integrate photonic layout,
thermal control, testing hooks, and packaging early in the development cycle, accelerating
the path toward reliable, high-volume deployment in distributed computing networks.

Table 5 summarizes the main advantages of integrated photonics in Fog–Cloud computing.

Table 5. Key benefits and performance metrics of integrated photonics in Fog and Cloud computing.

Aspect PIC Benefit Ref. PIC Research Opportunities

Speed
Ultra-fast data rates >800 Gbps per channel
enable faster interconnects between compute
elements in Cloud fabrics.

[3]
Next-gen optical I/O and photonic
chiplets for AI and edge computing
acceleration

Energy Efficiency
Energy usage as low as <1 pJ/bit reduces
cooling and operational costs in large-scale
data centers.

[113]
Photonic–electronic co-design and
ultra-low-power modulation for
Fog devices

Latency
Sub-nanosecond switching using integrated
optics minimizes processing delay for real-time
Fog applications.

[114]
Hybrid photonic systems for
near-instantaneous edge
decision-making

Scalability
High bandwidth density >1 Tbps/mm using
CMOS-compatible photonics supports
chiplet-based architectures.

[113]
Co-packaged optics and modular
PIC platforms for distributed
Cloud–Fog scaling

Capacity
WDM technologies achieve up to 15.3 bps/Hz
spectral efficiency for multi-terabit
transmission.

[115]
Dense integration of
wavelength-selective components
and photonic memory

Flexibility
Reconfigurable optical paths and SDN
compatibility allow for dynamic adaptation to
workload changes.

[74]
Software-defined photonic routing
and dynamic reconfiguration
architectures

Reach
Supports coherent transmission over distances
up to 3000 km, suitable for
Cloud interconnects.

[116]
Long-haul photonic integration,
tunable lasers, and
quantum-secured links

Wireless Communication
PIC-enabled RF-photonic interfaces can
support mmWave and 5G/6G
edge connectivity.

[67]
Integrated RF-optical transceivers
and photonic beamforming for
wireless Fog networks

Optical Fiber Communication
PICs enhance WDM and coherent optics,
enabling multi-terabit, long-distance
fiber transmission.

[116]
Advanced modulation schemes and
programmable PICs for elastic
optical networks
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8. Future Trends
A key trend in PIC technology is the rise of co-packaged optics (CPO), which integrates

optical transceivers directly onto processor or switch packages. This eliminates the need
for traditional pluggable modules, greatly reducing electrical interconnect length, latency,
power consumption, and physical footprint while boosting bandwidth density [74]. In
Cloud computing, CPO supports ultra-scalable, high-throughput networks ideal for AI, ML,
and real-time analytics. For Fog computing, CPO enables compact, low-latency systems
by tightly coupling compute and communication functions [3]. Companies such as Intel,
Broadcom, and NVIDIA are advancing CPO platforms to overcome performance and
efficiency bottlenecks in distributed infrastructures. As such, CPO is a key enabler of the
bandwidth- and energy-efficient architectures needed across Cloud cores and Fog nodes.

PICs are also emerging as powerful hardware accelerators for machine learning, offer-
ing advantages in speed, energy-efficiency, and parallelism. Unlike electronic processors,
PICs perform matrix-vector multiplications—the core of neural networks—using light,
enabling ultrafast, low-power computation [67]. Optical neural networks (ONNs) imple-
mented on silicon photonic chips can execute inference and training tasks with far less
energy than GPUs, making them ideal for real-time, low-power AI at the edge. In Cloud
environments, PICs support scalable AI acceleration for large deep learning models, en-
hancing throughput and reducing cost per operation [117]. As AI workloads continue to
grow, PIC-based processors offer a transformative leap in performance for both centralized
and edge computing.

PICs are also foundational to optical computing and neuromorphic photonics, which
use light rather than electrons for computation. In optical computing, PICs bypass electronic
bottlenecks—such as RC delays and heat dissipation—to enable ultrafast, energy-efficient
operations that are ideal for matrix operations and real-time analytics [68]. Neuromorphic
photonics leverages nonlinear optics, phase modulation, and feedback to emulate brain-
like spiking neural networks [67]. At the edge, this enables fast, low-power sensory and
AI processing for autonomous systems and smart infrastructure. In the Cloud, these
processors support scalable training and analytics for massive datasets. Together, these
advances position PIC-based optical computing as a cornerstone of future distributed
Fog–Cloud systems.

Another transformative trend in photonic integration is the development of pro-
grammable photonic circuits (PPCs), which provide reconfigurable light pathways using
tunable elements such as thermo-optic or electro-optic phase-shifters. PPCs support ap-
plications ranging from quantum computing to AI inference and offer adaptability akin
to field-programmable gate arrays (FPGAs) in electronics [91]. These architectures enable
the dynamic reconfiguration of signal routing, filtering, and logic at the photonic level,
which is crucial for versatile, scalable Fog and Cloud platforms. Beyond academic labs,
programmable photonics are being adopted by startups like Lightelligence and Lightmat-
ter, and are finding utility in heterogeneous data-processing environments that require
low-latency signal-steering and AI pipeline acceleration. Their inclusion in next-generation
optical processors opens the door to flexible, software-defined photonic computing systems.

In parallel, advances in photonic quantum information-processing and neuromor-
phic design paradigms are positioning PICs at the frontier of next-generation computing.
Leveraging the quantum properties of photons—such as superposition and entangle-
ment—quantum photonic chips allow for ultra-secure communication and massively
parallel computing schemes [118,119]. These advances could enable photonic architectures
that go beyond von Neumann models, targeting problems in optimization, cryptography,
and real-time pattern recognition. When deployed in hybrid Fog–Cloud systems, photonic
quantum processors and neuromorphic modules could support edge intelligence with un-
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precedented speed, energy-efficiency, and data security. These capabilities are particularly
relevant to autonomous systems, environmental sensing, and real-time AI-enabled services,
suggesting a profound role for PICs in shaping future distributed computing landscapes.

Integrating optical neural networks into real-time, edge-deployable systems remains
an open area, with several efforts focusing on simulating optical neural networks for deep
learning workloads in edge computing environments [120]. Advances in photonic pack-
aging and co-design with electronics are critical—as demonstrated by NTT’s Photonics–
Electronics Convergence (PEC) roadmap, which places integrated transmitters and re-
ceivers progressively closer to CPU/ASIC chips, moving toward the use of die-to-die
optical interconnects by 2032 [121]. Furthermore, hybrid architectures combining classical,
neuromorphic, and quantum photonics require unified design frameworks: recent research
into hybrid quantum–classical photonic neural networks outlines pathways to enhance
computational capacity without expanding network size [122]. Addressing these gaps
is essential for transitioning from isolated PIC modules to holistic, intelligent photonic
computing platforms that bridge the edge-to-cloud continuum.

9. Summary of Benefits
Integrated photonics offers a transformative set of advantages for both Fog and Cloud

networks, enabling next-generation distributed computing architectures. In Fog com-
puting, PICs provide ultra-low-latency, compact form factors, and energy-efficient data-
processing—ideal for real-time applications at the network edge, such as in autonomous
vehicles, industrial IoT, and smart infrastructure. In Cloud data centers, integrated pho-
tonics supports ultra-high bandwidth, scalable interconnects, and CPO, reducing power
consumption and enabling denser compute fabrics for AI and data-intensive workloads.
Across both layers, PICs facilitate dynamic traffic management, increased spectral efficiency,
and extended transmission distances through wavelength division multiplexing (WDM)
and coherent optics. Furthermore, their compatibility with optical computing, neuromor-
phic photonics, and quantum technologies positions integrated photonics as a foundational
technology for secure, high-performance, and future-proof Fog–Cloud ecosystems.

10. Implementation Challenges and Emerging Solutions
The adoption of photonic integrated circuits (PICs) in distributed computing envi-

ronments such as Cloud, Fog, and IoT infrastructures brings numerous implementation
challenges that go beyond mere component integration. These include systemic, manufac-
turing, and deployment-specific barriers. In what follows, we discuss the most significant
challenges and emerging solutions, integrating recent insights from the silicon photonics
roadmap literature [49].

One critical challenge lies at the system level, where thermal sensitivity and thermal
crosstalk threaten the performance and stability of dense PICs. Due to the compact integra-
tion of active and passive optical elements, even minor thermal fluctuations can cause phase
drift, wavelength shifts, and performance degradation in modulators and resonators. Re-
cent works emphasize that thermal crosstalk—where heat generated by one element affects
neighboring components—is becoming a limiting factor in high-density layouts [49,123].
Emerging solutions include the use of thermal-aware placement and routing algorithms,
thermally isolating materials, and the development of athermal resonator designs. Addi-
tionally, self-adjusting circuits with real-time feedback control are being investigated to
ensure operational stability is maintained under variable thermal conditions.

Another challenge is the lack of scalable and cost-effective packaging and optical
coupling techniques. Traditional methods such as fiber arrays or active alignment remain
expensive and difficult to automate. As the number of input/output ports in PICs increases,
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so does the difficulty of ensuring low-loss and high-reliability connections. To address this,
approaches such as photonic wire bonding, polymer waveguides, and grating couplers
have been introduced. These techniques offer more tolerance of alignment errors and
are compatible with automated assembly [49]. Photonic wire bonding provides a flexible,
high-throughput solution for connecting chips of different technologies or geometries.

Manufacturability represents a third major barrier. Variability in fabrication processes
leads to nonuniform performance across dies and wafers. This is especially problematic in
resonance-based devices, where nanometer-scale deviations can cause substantial wave-
length shifts. Strategies such as inverse design, digital calibration, and self-configuration
are gaining traction as solutions. Inverse design leverages optimization algorithms to create
structures that are less sensitive to fabrication errors. Meanwhile, digital calibration tech-
niques—some assisted by machine learning—allow circuits to auto-tune after packaging to
compensate for imperfections [49,124].

An increasingly important challenge, highlighted by Bogaerts et al. [49], is the com-
plexity of PIC design and the lack of standardized design methodologies. Unlike digital
electronics, where designers rely on reusable IP blocks and mature CAD tools, photonic de-
sign still lacks widespread abstraction layers and standard cell libraries. This increases the
design burden and lengthens development cycles. Initiatives to develop more comprehen-
sive photonic design kits (PDKs), along with machine learning-based design automation
tools, are showing promise. Such tools aim to democratize photonic design and reduce
entry barriers for system-level engineers.

Testing and debugging PICs is another under-addressed issue. While electronics can
be tested at the wafer scale using electrical probes, optical I/O requires specialized and
often manual alignment setups. Built-in self-test (BIST) strategies, on-chip monitors, and
reconfigurable test structures are proposed as solutions to improve scalability and reduce
test costs. Automated wafer-scale optical testing is also a focus of current R&D, particularly
for high-volume applications [49].

A structural challenge that hinders PIC innovation—especially in academia and star-
tups—is limited access to foundry services. Unlike electronics, where multi-project wafer
(MPW) services are standardized and frequent, silicon photonics faces long fabrication
delays, infrequent access, and limited support for novel designs. Most MPW programs
prioritize high-volume industrial clients, restricting research prototyping and increasing
both cost and risk. Initiatives like AIM Photonics (USA), JePPIX (EU), and EUROPRAC-
TICE aim to broaden access via standardized PDKs and subsidized MPW runs. However,
PDK limitations and pipeline rigidity persist. Greater foundry support and open-access,
modular design flows are needed to make the photonic ecosystem as agile and scalable as
its electronic counterpart, especially for Cloud, Fog, and IoT applications [49].

Finally, deployment-specific constraints—especially in Fog and Edge environ-
ments—impose tight requirements on size, energy, and environmental resilience. While
Cloud data centers can accommodate large-scale cooling systems and redundant de-
signs, Fog nodes must be compact, power-efficient, and ruggedized for varied operat-
ing conditions [10]. This necessitates modular packaging solutions, thermally adaptive
components, and PIC architectures that can gracefully degrade or self-reconfigure un-
der stress. These features are critical to enable robust operation in mobile, outdoor, or
constrained environments.

In summary, while PICs hold immense promise for high-speed, low-energy, and
scalable communication and computation, their widespread deployment depends on over-
coming multi-layered challenges. The integration of design automation, manufacturing
innovation, thermal control strategies, and self-tuning mechanisms will be crucial in transi-
tioning PICs from research labs to large-scale deployment in Cloud and Fog infrastructures.
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11. Conclusions
PIC technology represents a foundational advancement for the evolution of Fog and

Cloud computing infrastructures. By enabling ultra-fast, energy-efficient, and compact
optical communication and processing capabilities, PICs address the core challenges of scal-
ability, latency, and bandwidth in distributed systems. In Cloud data centers, PICs power
high-throughput optical interconnects, co-packaged optics, and advanced AI acceleration
platforms, all while dramatically reducing power consumption and improving spectral
efficiency. At the Fog layer, where compact, low-power, and real-time responsiveness are
essential, PICs support optical computing, neuromorphic photonics, and edge AI work-
loads with unmatched latency performance and integration density. Industry leaders such
as Intel, Cisco, Microsoft, Meta, Amazon, Nokia, and Fujitsu are already implementing
PIC-based solutions, highlighting the critical role of photonics in next-generation networks.
Whether through quantum communication, dynamic traffic routing, or long-haul data
center interconnects, PICs serve as the physical layer enablers of secure, intelligent, and
responsive computing ecosystems. As the demands of decentralized and AI-driven in-
frastructures increase, integrated photonics will be essential for building future-proof,
high-performance Fog and Cloud architectures.
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