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Executive Summary

The present report is a continuation of the public report D8.5 “First exploitation and dissemination report and
updated DMP” (released in June 2024 — M20 of the project). This report (D8.6) primarily focuses on the
applicability and techno-economic analysis of the SPRINTER technology, with an emphasis on the targeted
module prototypes utilizing the underlying SRPINTER technology on component level.

The report is dived into the following main chapters:

+ Application Scenarios ( ): Explores the implementation of SPRINTER technology in two primary
areas: robotics motion accuracy and visual inspection for quality assurance. The first application outlines
the current and proposed solutions, focusing on end-effector pose detection, geometric calibration, and
high precision conftrol. The second application scenario, visual inspection for quality assurance, highlights
defect detection and wood quality sorting as key processes improved by SPRINTER technology. Proposed
solutions aim fo enhance efficiency, reliability, and precision in these areas. The applications are part of
a broader strategy to meet Industry 4.0's rigorous requirements for data fransmission and operational
reliability.

* Module Cost Analysis ( ): Provides an overview and detailed breakdown of the costs and power
consumption associated with various commercial and SPRINTER modules. The chapter begins with a brief
comparison of available commercial modules similar to the SPRINTER modules, highlighting their low
volume pricing and power. Then a comprehensive analysis of a first estimation of the current production
cost and power consumption specific to each SPRINTER module, Theses first estimations will be refined in
upcoming WP8 SPRINTER deliverables.

+ Commercialization ( ): Summarises the markets trends as observed at prestigious international
Conferences in the field of optical communication networks and, the main events for understanding the
evolving world of optical technologies, in additions to the market analysis in deliverable D8.5. To
commercialize the SPRINTER modules, additional validation, market analysis, and strategic agreements
with module suppliers are needed and a generic process for this is presented.

The report provides a comprehensive analysis of the SPRINTER technology, its potential applications, and the
first estimates of associated costs and power. It serves as a valuable resource for understanding the progress
and pofential of the SPRINTER project. It is important to note that none of the SPRINTER partners are aiming af
commercially launch of assembled modules as such, the aim is on sub-component level.

Keywords: SPRINTER technology, technoeconomic analysis, starf-up cost analysis, robotics motion accuracy,
visual inspection for quality assurance, market frends, opfical fransceivers, optical communication technologies.
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1 Infroduction

The SPRINTER project -a 3/2year Innovation Action (IA) funded by the European Commission through Horizon
Europe program- is a cutting-edge initiative focused on advancing opfical communication technologies. It
brings together a consortium of leading industry players, academic institutions, and research organizations to
colloborate on driving innovation in this critical field. By addressing key challenges and exploring new
opportunities, the project focuses on enhancing the performance and efficiency of communication systems.
These efforts span from innovations at the component level to the development of fully assembled modules,
showcasing the project’s impact across the entire value chain.

The report is structured to provide a comprehensive overview of the SPRINTER technology, its potential
applications, and its techno-economic viability. The first chapter infroduced two selected applications scenarios
and explores the underlying technical aspects--covering principles, simulations, experimental proof-of-concept
results, and the current validation status in both research laboratories and industrially relevant environments.

Subsequent sections delve info the economic perspectives, evaluating the technology at the module level. A
comparative analysis is presented between currently available commercial modules and the SPRINTER modules
in their present state. Additionally, the report summarizes current market frends and includes a techno-economic
assessment based on a generic development roadmap typically followed by commercial module suppliers. This
outlines the key phases required to bring new technology from concept to market towards the
commercialization of the SPRINTER innovations.

Throughout the document, references to SPRINTER modules refer to the description provided below. For more
detailed information on the different SPRINTER modules refer fo the public deliverable D2.1.

Module-1: PSM-4 200Gbps Optical Transceivers

Module-1 prototypes operates with four parallel single-mode lanes at 50 Gb/s each, totalling 200 Gb/s using
OOK-NRZ modulation for energy efficiency. SiGe BICMQOS circuits are used for high-bandwidth electronics,
minimizing losses and maximizing energy efficiency through co-design methodology.

e Module-1a operates in the O-band wavelength regime and uses InP electro-absorption modulated lasers
and photodiode arrays for 50 Gb/s per lane at 1310 nm. For distances up to 2 km.

e Module-1b uses GaAs VCSELs and InP-PD arrays for 50 Gb/s per lane at 1060 nm. For distances up to 500 m.

Module-2: Ulira-fast Tunable 10 Gb/s Optical Transceivers

Module-2 prototypes are ECL-based transceivers designed for ulfra-narrow linewidth, low power consumption,
providing fast (10us wavelength—-tfo-wavelength switching) and wide tuning in the C-band with high output
optical power up to 20 mW.

e  Module-2a uses LNOI platform MZM for low power consumption (Vpi) and lower opfical losses.
e Module-2b uses mature InP platform MZM.

Both modules support 10 Gb/s OOK-NRZ traffic and feature 10 Gb/s Burst-Mode Receiver for offset
compensation and automatic gain confrol.

Module-3: SDM-ROADM

Module-3 prototype is a 32x32 Space-Division Multiplexing active Reconfigurable Optical Add-Drop Multiplexer,
SDM-ROADM, operating in the O-band. Utilizes 3D PolyBoard multicore fiber interposers and based on a non-
blocking Benes architecture active optical switch. Module-3 supports polarization-independent operation with
low power consumption and cost.

Module-4: Hybrid FSO/mmWave optical Transceivers

Module-4 consists essentially of a family of novel wireless hybrid mmWave/FSO transceivers relying on hybrid
photonic integration. It combines photonics-enabled FSO and mmWave systems for high-reliability Point-to-Point
10 Gb/s links leveraging these two fechnologies depending on the atmospheric conditions. The FSO acts as a
fiber extender for zero latency connectivity to remote nodes and the mmWave system will be able to serve
multiple nodes with ultra-fast wavelength switching and tunable OBFN for beam steering.
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2 Application Scenarios

In the modern production industry, several use cases with significant commercial interest in SPRINTER technology
have been identified. For more detailed information, reference is made to deliverable D2.1. Among these use
cases, the focus is on two key applications, identified with commercial interest of the industrial partner FILL, and
a proof-of-concept (PoC) has been conducted within the project. These applications exploit the advantages
of fiber opfic fransmission, including enhanced reliability, high bandwidth, low latency, and robust security.

The first application involves robot motion accuracy, connected to the Use Case 1.a ‘Digital Twin’, which serves
as a highly suitable use case for SPRINTER tfechnology (for details see D2.1). It addresses all essential Industry 4.0
requirements for data transmission and operational reliability. Similarly, another key application is visual
inspection for quality assurance, linked to the Use Case 2.c ‘Speed-up qudlity inspection’. This use case
leverages SPRINTER's capabilities to meet the stringent demands of modern quality assurance processes.

The implementation details and the potential of these two applications will be further elaborated in the following
paragraphs.

2.1 Application Scenario 1 - Robotics Motion Accuracy

The accuracy of robotic motion plays a critical role in modern manufacturing, particularly in the post-processing
of complex hybrid components for the automotive and aerospace industries. Applications such as sawing,
driling, and grinding demand high precision, and these fields are well-represented by the industry partner FILL,
with advanced products like the Accubot for drilling aerospace components and the Grind Performer for post-
processing cast and forged automotive parts.
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Figure 2-1: Influences on Positional Accuracy of IR and Methods to Increase

However, as manufacturing tolerances continue fo tighten due to ongoing product optimization, the demands
on manufacturing accuracy have increased. Conventional industrial robots are finding it increasingly
challenging to meet these heightened requirements. Standard industrial robots currently achieve positional
accuracies of approximately 1 mm, as illustrated in Figure 2-1. By integrating additional joint encoders as a
measuring system, this accuracy can be improved to around 0.3 mm.

To overcome these challenges, advanced technologies, such as stereovision, are being adopted fo enhance
robotic accuracy. Stereovision enables the optimization of robot kinematics through complex models and
motion tracking, delivering even higher positional accuracy. SPRINTER technology is instrumental in this setup.

Within SPRINTER project, three different products leveraging stereovision have been developed to enhance
robot positioning accuracy.

D8.6 — Applicability and techno-economic analysis of SPRINTER technology_v1.0 Page 8|35


https://horizon-de-sprinter.eu/wp-content/uploads/2024/05/SPRINTER-D2.1_Definition-of-application-scenarios-system-requirements-and-specifications-at-the-network-module-and-component-level.pdf
https://horizon-de-sprinter.eu/wp-content/uploads/2024/05/SPRINTER-D2.1_Definition-of-application-scenarios-system-requirements-and-specifications-at-the-network-module-and-component-level.pdf

=
(54

Project [101070581] — [SPRINTER]

These products are structured into three distinct packages, each building upon the previous one to offer
progressively higher levels of accuracy:

1.

Basic Package: This package utilizes the pose detection (see §2.1.1) by using several infrared-reflective
markers attached to a tool to measure the position and orientation of one or multiple bodies in the
world frame.

Advanced Package 1: Building on the Basic Package, this solution improves the accuracy of an
industrial robot by utilizing robot calibration (see §2.1.2). Multiple measurements of the robot’s end-
effector pose in various configurations are collected, allowing for the development of an optimized
kinematic model. This refined model enhances the overall precision of the robot.

Advanced Package 2: This package further enhances accuracy by implementing a high-precision
robot control (see §2.1.3), which builds on a specialized control concept. Using real-time measurement
data from the pose detection system, the calibrated robot’'s position is continuously adjusted,
significantly improving motion precision.

Each package represents a step forward in robotic accuracy, with the highest level enabling real-time
corrections for superior performance. More details on these implementations are provided in the following
subsections.

2.1.1 End-effector pose detection

One key aspect of achieving high precision is end-effector pose detection. This involves attaching a marker with
infrared reflectors to the robot's end-effector. The setup consists of four cameras equipped with infrared filters to
monitor the working area. Each camera features an onboard processor that identifies the regions where
reflectors are expected to be located, transmitting sub-frames to an external computing unit.

The external computing unit processes the sub-images to determine the reflectors' positions in world coordinates,
enabling the calculation of the end-effector's pose. This data is utilized for three primary purposes:

1.
2.

Geometric Calibration (§2.1.2)
High-Precision Control (§2.1.3)

3. Measuring Precise Tool or Workpiece Posifions

X:100,¥:120, 7:317

Figure 2-2: Marker-Detection.
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2.1.2 Geometric Calibration

In geometric calibration, precisionis crucial for determining the pose with high accuracy. Image data, captured
at very high resolution is used, results in large amounts of data, but the speed of data fransmission is less critical

as the end-effector pose doesn't require real-time calculation.

In this process, the image data is used to calculate geometric parameters of the robot using algorithms on the
external computing unit. These parameters are then integrated into the robot controller, significantly improving

positional accuracy to approximately 0.5 mm, as shown in Figure 2-1).

13496 + pl34x l45x + pl45x l55x + plssx

£ it?ﬁ"
M—"__V/’Adﬁ

l3a, + D1y,
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liz, + Puys,

lo1, + 11,

Figure 2-3: Geometric Calibration.

2.1.3 High-Precision Control

High-precision control, on the other hand, requires low-latency and high-speed image data fransmission. The
latency and reliability of data transmission are critical, as they directly influence the control loop's cycle time. To
ensure effective real-time processing, sensor data must be transmitted faster than the cycle fime.

In this setup, SPRINTER technology facilitates the rapid fransmission of camera data to the external control server.
The external unit calculates the current end-effector pose based on the image data and derives a control value
using a control law. This value is then sent back to the robot controller, which adjusts motor control to guide the
robot o its corrected target position.

The objective of this high-precision control process is to achieve positional accuracy within the range of 0.2 mm,
as depicted in Figure 2-1. The accuracy ultimately depends on two factors:

e The precision of end-effector pose determination.

e The transmission cycle time between the sensor, external control unit, and robot controller.
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ZIEcunlr

Figure 2-4: High-Precision Control

2.1.4 Robotics Motion Accuracy | Benchmarking Existing Solutions

In the market today, several solutions exist to enhance the accuracy of robotic motion in manufacturing. One
common approach is the use of specialized machining centers designed for specific tasks. These machines
achieve significantly higher accuracy compared to industrial robots due to their rigid structures and dedicated
configurations. However, they are considerably more expensive and less flexible. Depending on the application,
using such machines may be justified, but in many cases, the cost and lack of adaptability make industrial robots
a more atfractive alternative.

To improve the accuracy of industrial robots while maintaining their cost-effectiveness and flexibility, a common
way is robot calibration. Therefor different solutions exist on the market. Each system offers distinct advantages
and disadvantages:

o Three-Cable System: This system attaches three cables to the robot’s end-effector, connecting them to
tensioning mechanisms placed at fixed positions within the workspace. The cables are kept under
uniform tension, and high-resolution length measurement devices determine the end-effector's position
based on the cable lengths.

o Advantages: Cost-effective, relatively simple implementation.

o Disadvantages: Severely restricted movement freedom, complex and inflexible setup, high collision-
avoidance effort, and limited accuracy (~0.1 mm).

e Measuring Arms: These are serial kinematic structures similar to industrial robots but without actuators.
Instead, they are equipped with high-precision angle measurement systems. By being rigidly attached
to the robot’s end-effector, they enable accurate pose determination.

o Advantages: High accuracy (~0.02 mm), cost-effective.

o Disadvantages: Significantly limits the robot’'s movement freedom, requires extensive collision
avoidance measures, and does not allow direct pose acquisition.
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e External Encoders: High-precision external encoders replace the robot's internal angle measurement
sensors, improving the accuracy of pose detection. This method functions similarly to measuring arms
but integrates directly with the industrial robot.

o Advantages: Improved accuracy (~0.03 mm) without restricting robot movement, directintfegration
into the robot system.

o Disadvantages: Complex and costly installation, indirect pose measurement via joint angles.

o Laser Tracker: A laser tracker combines angular measurement with interferometric laser distance
measurement to determine the 3D position of reflectors attached to the robot. However, the reflectors
must always remain correctly oriented toward the tracker.

o Advantages: Non-confact measurement, high flexibility, and precision (~0.03 mm).

o Disadvantages: Very expensive, limited applicability depending on robot configurations, as
reflectors must always be properly aligned.

Each of these solutions addresses specific challenges in robotic motion accuracy, but they also infroduce trade-
offs in cost, complexity, and operational flexibility.

In the case of industrial partner FILL, the current solufion involves a state-of-the-art motion-capturing system.
These systems precompute tracker poses directly on the camera processor, fransmitting only the precomputed
fracker poses without streaming actual camera frames. Every camera in the production line is connected via
an Ethernet daisy chain connection to the next camera (violet line in Figure 2-5).

While this approach reduces data fransmission demands, it also infroduces several limitations. The system's
fracking accuracy does not meet the stringent requirements of modern manufacturing applications, and the
precomputed frames lack adaptability for other use cases, such as safety improvements, where full-frame data
is essential for enhanced situational awareness and analysis. Additionally, the system is dependent on
proprietary hardware and software from Qualisys, making it difficult to implement custom modifications. While
this dependency ensures a well-developed and robust system with reduced complexity, its primary applications
lie in medical and film industries rather than industrial environments, limiting its suitability for manufacturing use.
The cost for one of these complete motion capturing systems lies usually in the range of 50.000 — 150.000 £.

robot controller

camera5

%"«_ﬂ, »
;
N »

~
-
camera 2 . 4 Internal ;
' connection
| Ethernet —
camera 1 robot + detection tool

Ethernet - UDP (250 Hz)

IPC

Figure 2-5: Current Solution with Motion-Capturing System.
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In addition to motion-capturing systems, the already mentioned laser trackers are also frequently used for this
type of application by FILL. However, these systems come with significant limitations. The reflectors must always
be correctly oriented towards the fracker, which imposes a major constraint. Furthermore, laser trackers can
only measure positions, without the capability to further analyze data like camera-based systems. The markers
used in laser fracking are also more delicate and expensive compared to the retro-reflective markers used in
motion-capturing systems. Nevertheless, laser tfrackers are highly precise, robust, and well-developed, making
them a reliable opfion for applications where absolute accuracy is required. The cost for a complete laser
tracking system typically ranges around 25.000 — 50.000 €.

Internal
~ | connection
I

@
laser tracker

robot + detection tool
robot controller

Ethernet - UDP (250 Hz)

IPC

Figure 2-6: Current Solution with Laser Tracker

2.1.5 Advancing Robotic Precision: SPRINTER Solution

As discussed in section 2.1.4, the current motion-capturing system used by the industrial partner FILL relies on
precomputed fracker poses transmitted from the camera processors. While this approach minimizes data
fransmission, it presents limitations in ferms of accuracy and adaptability for other applications, such as safety
improvements. To overcome these challenges, a new solution utilizing SPRINTER technology has been
developed.

In this upgraded system, all camera frames are transmitted to an external control unit, where tracker poses are
computed from the full-frame data. This architecture not only improves accuracy but also enables the reuse of
frame data for other critical applications, including safety enhancements and broader process opfimization.

The proposed solution is based on fwo implementation concepts: (i) The first one is using several of these systems
in one or more production lines communicating with one or multiple external control servers which are located
in a central server room away from the production halls; (ii) the second concept is a direct connection from one
of these systems including several devices (e.g. cameras) to the central IPC of the specific production line.
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2.1.5.1 Direct Connection

The first setup (illustrated in Figure 2-7) demonstrates the application of SPRINTER technology, where multiple end
devices (in this case, high-speed, high-resolution cameras) are connected via SPRINTER technology to a
computing unit for real-time data processing.

robot + detection tool
camera 1 robot controller

Module 2 .
, camera 4

I ______ .:- = = == == | Module4 —(@
[ | can'1era3
| | - Gra
I | = = = =[] Mecuwes |— @ !
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I | @. "' :
I | Module 2 v
| I
|
|

Module 4 Module 2
=
NxN J Module 2 I_l Ethernet - UDP
- (250 Hz)
Module 4 cAWG _I

server/ IPC

Figure 2-7: Example of Direct Connection.

In this configuration, image data is streamed at a rate below 10 Gbit/s. The data is fransmitted through SPRINTER
Module-2 over a fiber-optic connection (marked in red in Figure 2-7) to a cyclic Arrayed Waveguide Grating
(CAWG). For cameras that cannot be directly connected due to process constraints or wiring limitations, a
wireless connection (marked in red dashed in Figure 2-7) is established via SPRINTER Module-4, also transmitting
to the cAWG.

The cAWG ensures efficient data routing by directing fraffic to the appropriate receiver module based on the
fransmitter module’s wavelength. This mechanism ensures that each data stream reaches the correct
computing unit. The receiver modules are linked via Nvidia CONNECTX-6 DX network cards to an external
computing unit, which can be anindustrial server, or an industrial PC (IPC) designed to handle real-time control,
image processing, and network management.

The server or IPC communicates with the ABB IRC5 robot controller over Ethernet using a UDP protocol, reading
joint angles every 4 milliseconds and sending movement commands accordingly. The ABB IRB 1200 industrial
robot is used in this setup.

The robot, ifs controller, and the external control unit are mounted on a movable base plate, allowing flexibility
in the setup's location. The cameras, mounted on tripods, and the entire setup occupy an approximate space
of 6 x 6 meters.
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2.1.5.2 Industrial Network

The second setup (illustrated in Figure 2-8) demonstrates the application of SPRINTER technology within a 100
Gb/s (4x25 Gb/s) fiber-optic TSN backbone ring, designed according to the SPRINTER architecture. This setup
enables multiple systems fo communicate with one or more servers located in a centralized server room. Each
system comprises several high-speed, high-resolution cameras, all integrated via SPRINTER technology.

In this configuration, image data from four (4) cameras per system is streamed at a data rate below 10 Gb/s.
Each camera is individually connected to SPRINTER Modules-2 or Modules-4, which facilitate data transmission
to the TSN-NICs of the servers. Addressing of the receiver modules is managed via a cyclic Arrayed Waveguide
Grating (CAWG), ensuring efficient routing of data streams. Additionally, the servers are connected via SPRINTER
Module-1 to the TSN backbone, enabling seamless data exchange across the network.

Furthermore, SPRINTER Module-1 and Module-3 (SDM ROADM Module) establish connections to a server,
supporting the streaming and uploading of non-real-fime post-processing data while maintaining system
efficiency.
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Figure 2-8: Example of Industrial Network.

Similar to the Direct Connection setup, the robot and its controller are mounted on a movable base plate for
flexible deployment. The cameras are positioned on tripods, and the entire setup requires an operational space
of approximately é x 6 meters.

2.1.6 Key Advantages of the proposed SPRINTER Solution

The integration of SPRINTER technology in the current application delivers several key benefits, addressing the
limitations of the existing motion-capturing system while enhancing performance and expanding application
possibilities. These benefits include:

4 Higher Accuracy with High-Resolution Cameras: The inclusion of high-resolution cameras in the SPRINTER
technology significantly improves fracking accuracy, exceeding the performance of the current motion-
capturing system.
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4 Utilization of Image Data for Safety and Maintenance Applications: Unlike the existing system, the new
solution allows image data to be utilized for safety and maintenance applications. This expanded capability
enhances the overall value and ufility of the captured frames.

¢ Cost-Effectiveness Compared to High-End Motion Capturing Systems: The implementation of SPRINTER
technology proves to be more cost-effective than relying on the current high-end motion-capturing system.
This cost efficiency does not compromise on performance, making it a compelling choice for this use case.
The costs of the components of the system are 30.000€. Additionally, due to the high energy efficiency of
the Sprinter Modules, the energy consumption of transmitting the entire camera frame is not significantly
higher compared to fransmitting only the precalculated marker positions as in the previous setup. As a result,
the operating costs remain comparable.

¢ Increased Flexibility and Scalability: The new system is not dependent on proprietary camera systems (such
as those from Qualisys) and can be freely scaled and adapted to different applications. This open
implementation enables better algorithm development and greater customization.

¢ Wireless Data Transmission: The ability to transmit data wirelessly using Module-4 allows for more flexible
camera placement, reducing physical constraints and making the system more adaptable to different
industrial environments. In some cases, cameras could even be mounted on moving components, further
enhancing the system’s versafility.

4 Higher Efficiency: SPRINTER technology significantly enhances efficiency by reducing power consumption.
The SPRINTER modules consume very little power, eliminating the need for copper cables and reducing
overall cabling requirements due to high throughput. This results in a more streamlined and energy-efficient
system, contributing to lower operational costs and simplified infrastructure.

In summary, the adoption of SPRINTER technology represents a significant advancement. It resolves accuracy
challenges, expands the usability of captured frames for safety and maintenance applications, and delivers a
cost-effective, flexible solution for modern manufacturing environments.

2.2 Application Scenario 2 - Visual Inspection for Quality Assurance

In modern wood manufacturing, ensuring product quality while maintaining high-speed production rates is a
critical challenge. Wood is a naturally inhomogeneous material, requiring sophisticated detection and
processing fechniques to identify, classify, and repair defects effectively. The need for 100% inspection has
grown significantly due to increasing quality standards and the demand for automated, highly efficient
production processes.

To address this need, high-speed scanning systems are employed, using state-of-the-art camera technologies
and machine learning algorithms for position detection, type recognition, completeness checks, and quality
control. These advanced detection systems enable manufacturers to process different wood qualities with
minimal human intervention, reducing waste and improving overall production efficiency.
However, existing solutions have limitations in terms of latency, scalability, and adaptability. The infroduction of
SPRINTER technology aims at revolutionising this process by enhancing data transmission, reducing processing
times, and improving system flexibility.
Within the project, the wood defect detection and processing is dedicated into three products. These products
are building upon the previous one to provide progressively higher levels of automation and efficiency:

1. Basic Package - High-Speed Defect Detection (§2.2.1)

This package focuses on detecting wood defects using high-speed scanning systems equipped with
advanced camera technologies and machine learning algorithms.
2. Advanced Package 1 - Automated Sorting (§2.2.2)

Building on the Basic Package, this solution infegrates automated sorting mechanisms that classify wood
components based on defect detection results. The system uses real-time data to sort materials into
predefined quality categories, optimizing production efficiency and minimizing waste. By combining
fast data transmission with precise classification, this package enables seamless material flow in high-
speed wood manufacturing lines.
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3. Advanced Package 2 - Intelligent Repair Mechanism (§2.2.3)

This package represents the most advanced stage of automation, incorporating automated defect
repair systems. Leveraging real-time defect detection and sorting data, this system identfifies repairable
wood components and applies corrective actions, such as filling cracks, reinforcing weak areas, or
cutting out defective sections. By integrating SPRINTER technology, the repair mechanism ensures low-
latency data processing, making it possible to execute repairs immediately after defect detection
without disrupting production flow.

Each of these solufions builds upon the previous one, progressively improving accuracy, efficiency, and
automation in modern wood manufacturing. The implementation of SPRINTER technology across these
packages significantly enhances data transmission, reduces processing times, and increases overall system
flexibility, making it a game-changer for high-speed production environments.

2.2.1 Defect Detection

Effective defect detectionis the foundation of automated wood quality
control. Modern high-speed line cameras scan the surface of wooden
boards, capturing RGB (colour) and grayscale (mono) images af
extremely high resolutions.

The captured image data is analysed by advanced object detection
algorithms, which detect surface inconsistencies, cracks, knots,
discoloration, and other defects and distinguish between acceptable
natural variations and quality issues that require sorting or repair. As
result the algorithms returns the precise location of the error on the
wood board, the type of error and its size or shape.

Figure 2-9: Error Detection

This defect information serves as the basis for three primary purposes:
1. Sorting different Wood Qualities (§2.2.2)
2. Repairing Defects in Wood (§2.2.3)
3. 100% quality inspection

2.2.2 Sorting different Wood Qualities

Once defects are identified, wooden boards are categorized into quality labels A, B, or C based on the severity
and type of detected imperfections. The scanning process need to ensuring rapid classification within the
available processing window. To maintain high throughput, the system must analyse and label boards in real
time while they move along the production line.

The sorting algorithm involves a real-time decision-making algorithm, which determine whether a board should
be rejected, repaired, or used for a specific product category.

category A

category B

Figure 2-10: Wood sorting production line
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2.2.3 Repairing Defects in Wood

For boards with minor defects, automated repair mechanisms are employed to correct surface imperfections.
This may include:

e Filling cracks and knots with resin or filler material.
e Sanding or timming rough areas to improve surface quality.

e Replacing damaged sections in engineered wood products.

To ensure seamless integration info the production line, the path planning for defect correction must be
executed with low latency. The correction mechanism must quickly adapt to detected defects, minimizing
material loss and maximizing yield.

2.2.4 Wood Inspection | Benchmarking Current Systems

In the current wood inspection setup, high-speed line cameras such as the Linea HS are utilized to detect quality
deviations in wooden boards. These cameras operate at a resolution of 4K, with three cameras positioned for
optimal coverage—one below and two above the wooden board. Each camera is connected via copper
cables and RJ-45 transmission to an industrial PC (IPC) (marked in violet in Figure 2-11), where the image
processing is performed. However, the current setup presents several limitations. The 4K resolution and limited
camera positioning reduce the accuracy and efficiency of defect detection, leaving room for improvement in
identifying fine details and edge defects. The reliance on copper cables for data transmission poses additional
challenges. Since each camera generates a large amount of data, each must be directly connected to the
IPC, as aggregation of data streams is not feasible. While the existing system supports real-fime processing,
further enhancements are needed to reduce cycle times, optimize transport and loading efficiency, and
increase overall throughput. These constraints highlight the need for a more advanced inspection system that
improves image quality, reduces wiring complexity, and enhances processing efficiency—challenges that can
be addressed with the intfegration of SPRINTER technology.

linescanner 2 linescanner 3

linescanner1

IPC

Figure 2-11: Current Solution for Wood Detection

2.2.5 Advancing Wood inspection systems: SPRINTER Solution

The integration of SPRINTER technology aims at significantly enhancing wood qudality inspection by upgrading
the existing system with higher resolution cameras and improved data handling capabilities. The primary
advancements include increasing the camera resolution from 4K to 8K and expanding the number of cameras
from three to six. The new configuration consists of two cameras positioned below, two above, and two on the
sides (left and right), ensuring full coverage of all surfaces and edges of the wooden boards. This setfup not only
improves defect detection accuracy but also enables a more detailed analysis of wood quality. Additionally,
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cameras positioned close to each other can have their data aggregated, reducing the number of direct
connections to the computing unit.

In this optimized configuration, the data from the line cameras is streamed at a rate below 10 Gbit/s. Cameras
with lower data rates have their output aggregated via dedicated switches before tfransmission. The data is
then fransmitted through module 2 over a fiber-optic connection (marked in red in Figure 2-12) to a cyclic
Arrayed Waveguide Grating (CAWG). For line-scanners that cannot be directly connected due to process
constraints or wiring limitations, a wireless connection (marked in red dashed in Figure 2-12) is established via
module 4, also fransmitting to the cAWG.

The cAWG facilitates efficient data routing by directing traffic to the appropriate receiver module based on the
wavelength of the fransmitting module. This ensures that each data stream reaches the correct computing unit
with minimal latency. The receiver modules are linked via Nvidia CONNECTX-6 DX network cards to an external
computing unit, which can be an industrial server, or an industrial PC (IPC) designed to handle real-fime control,
image processing, and network management. Furthermore, the entire system can be seamlessly integrated into
an industrial network similar to the approach described in Section 2.1.5.2, enabling centralized data processing
and enhanced scalability for large-scale manufacturing environments.
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Figure 2-12: Wood Detection System
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2.2.6 Key Advantages of the proposed SPRINTER Solution

The integration of SPRINTER technology into the wood inspection and quality assurance process provides several
key advantages:

¢ Higher Accuracy with High-Resolution Cameras: The increased resolution allows for finer defect detection,
improving quality control and reducing false positives or missed defects. The enhanced coverage with
addifional cameras ensures all wood surfaces, including edges, are thoroughly inspected.

¢ Increased Flexibility and Scalability: SPRINTER technology is hardware-agnostic, allowing for integration with
various camera brands and algorithms, supporting future upgrades and optimizations.

¢ Optimized Cycle Time and Increased Throughput: With real-fime processing capabilities and high-speed
data transmission, the new system reduces cycle times, allowing for faster defect detection and
classification. This improvement leads to a significant increase in throughput while maintaining high
inspection accuracy.

¢ Wireless Transmission for Optimized Camera Placement: The use of the FSO/mmWave opfical fransceiver
(SPRINTER Module-4) allows for wireless camera connections, eliminating wiring constraints and enabling
cameras to be mounted on moving components.

¢ Higher Efficiency with Reduced Cabling and Power Consumption: By utilizing fiber-optic communication
instead of copper cables, the new system reduces the amount of physical wiring needed, leading to lower
power consumption and a more organized setup. Wireless connectivity further reduces infrastructure
requirements, enhancing flexibility in system design.

¢ Seamless Integration info Industrial Networks: The system can be integrated into an industrial TSN backbone,
similar to the approach in section 2.1.5.2, enabling centralized processing and data management. This
integration allows for improved scalability and easy adaptation fo future technological advancements.

In summary, the adoption of SPRINTER technology in wood quadlity inspection significantly enhances accuracy,
increases flexibility, and optimizes efficiency. The improved defect detection capabilities, combined with high-
speed dafa aggregation and transmission, enable a more reliable and scalable solution for modern wood
processing industries.

2.3 Other Applications of SPRINTER Technology

In addition to the selected SPRINTER application scenarios, a few other applications are briefly described in the
following subsections and showcases the versafility of SPRINTER Technology.

Module-1q, -1b: Energy-efficient 200 Gb/s optical fransceiver for short interconnects

SPRINTER's solution for high-speed and low-power optical interconnects can also be exploited in Datacentres.
By increasing the number of channels, i.e. of lasers (VCSELs and EMLs) and photodetectors, and/or reaching 100
Gbps per channel using modulation formats such as PAM-4, high-speed optical inferconnects for 3.2 Tops and
beyond can be achieved using the SPRINTER photonic building blocks and the hybrid integration and
packaging processes.

Module-2: Ulira-fast tunable 10 Gb/s optical fransceivers

The usage of an ulfra-fast tunable laser for low latency and reliable data fransmission can by applied for various
other all-optical switching network and data tfransmission applications in industrial environment. The integration
of different types of modulators in this module opens applications with specific advanced higher bandwidth
frequency and data requirements.

Module-3: Reconfigurable add-drop multiplexer for SDM networks

The market for Optical Circuit Switches (OCSs) and Optical Transceivers (OTRx) is forecasted to experience
robust growth over the next five years, driven by the increasing demand for high-speed data transmission. The
shift fowards software-defined networking serves as a catalyst, as SDN facilitates the decoupling of the control
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plane from the data plane and therefore enables flexible resource allocation and routing. According to
LightCounting, sales of OCS hardware for datacentres are projected to grow at a 32% compound annual
growth rate (CAGR) from 2023 to 2028'. Moreover, the advent of 5G technology is also transforming the OCS
sector and the demand for power-efficient OTRx. With its promise of ultra-reliable and low-latency
communication, 5G networks require low energy consumption OTRx with high throughput, and sophisticated
optical switching capabilities to handle the immense data volumes produced by interconnected devices. OCSs
are well-suited to meet the high bandwidth, and minimal delay demands of 5G, positioning them as crucial
elements in the evolving telecommunications infrastructure. The unique attributes of OCSs make them
indispensable for supporting the advanced requirements of next generation 5G networks, ensuring efficient
data management and fransmission in this new era of connectivity. The telecommunications sector dominated
the OCS market in 2023 exceeding $800 million, followed by the datacentre and enterprise network applications
with over $200 million and $100 million respectively! -2,

Module-4: Hybrid FSO/mmWave node for point-to-point communication links
The usage of FSO/mmWave nodes facilitates the deployment of cameras and other devices measuring
accurate time-based information to be delivered reliably to cenfralized image processing. The possibility of
instaling cameras and other sensors in different position while
connecting them through the mmWave node to processing entity will
increase the accuracy of quality confrol. Such a hybrid FSO/mmWave
system would be able to either aggregate the capacity of the FSO and
the mmWave links, effectively doubling its capacity, or send traffic over
the FSO link in case of rain, when the mmWave link may underperform,
or over the mmWave link in cases of low visibility (e.g. fog), when the FSO
may then, underperform, combining thus, the best of both technologies.

Adding devices which are fully synchronized to deliver fimestamped information with
high accuracy will provide more complete data set that can be used for monitor and
detect malfunction processes with low quality. The usage of SDN controllable devices
will increase the flexibility to distribute device and operate them from centralized
confroller to change the configuration depending on the devices that require higher
priority for the measurements.

Combination of SPRINTER modules
RAN Fronthaul is shifting from proprietary TDM interfaces towards open interfaces based on ethernet fransport
underlay. The combination of Module-1b and Module-1a + Module-3 are used to sefup and verify such RAN
Fronthaul scenario together with COTS HW with TSN capability.

This scenario will be System Tested in Genoa utilizing Ericsson Radio and Baseband units interconnected by mean
of a server equipped with TSN capable NICs and Module-1b for Use Case 1 (Figure 2-) and Module-1a + Module-
3 for Use Case 2 (Figure 2-), where opftical path protection is added.

1 “Demand for Al hardware boosts sales of InfiniBand switches in 2023-2024, but more growth is expected for Ethernet and Optical switches in
the next 5 years”, in LightTrends Newsletter, LightCounting, October 2023. hitps://www . lightcounting.com/newsletter/en/october-2023-
ethernet-infiniband-and-optical-switches-for-cloud-datacenters-211

2 “Optical Circuit Switches (OCS) Market”, PW Consulting, 5th September 2024. https://omarketresearch.com/it/optical-circuit-switches-ocs
market/
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3 Module Cost Analysis

This section offers a comparative overview of commercially available modules, focusing on their cost and power
consumption. The second part presents a preliminary analysis of the cumrrent production costs and power
consumption for each SPRINTER module prototype, with the cost breakdown detailed per optical and electrical
units, materials, and assembly costs. This analysis aims to provide insights into the key components driving the
overall cost and efficiency of the modules.

3.1 Commercial Modules

As a baseline for SPRINTER modules cost analysis, price data of commercially available modules have been
collected, listed in the table below, considering different flavours of optical modules similar to the ones targeted
in SPRINTER and selected as a function of bifrate. The pricing indicated is for single to a few of these modules
and as such should not be considered as the high-volume pricing a module supplier will be able to provide.

Table 3-1 Indication price range of modules available on market similar to SPRINTER modules.

Commercially available modules
= q q Power q
Description Supplier p/n Price consumption Links
- Cisco QDD-2X100-CWDM4-S ~ $6030t 7W max itprice
o —
= %) Transceivers Flexoptix D.161HG2.2.C ~$1700 3w Flexoptics
=7 200 Gb/s,= 2km LightOptics | QDD-200G-CWDM4-S <7W max lightoptics
7] ~ $1200
= FiberMall QSFP-DD-CWDM4 < 7W max FiberMall
o NADODD Q56-200G-SR4 ~$175 <4.5W NADODD
o —
E o) Transceivers FS Inc. QSFP-SR4-200G ~ $263 5W max ES
= D
Rl 200 Gb/s. < 500m FiberMall QSFP-DD-200G-SR4 ~ $380 <5W FiberMall
(%)
=
Coherent FTCC8612E2PCM ~ $286 <4.5W MouserElectronics
. FS Inc. DWDM-SFP10G-C ~$1948 1.65W max ES
Sl Tunable transceivers
E %) 10 Gb/s Blue Optics BO67JTN680D ~ $2005 3.5W max BlueOptics
=R°),
(24
o)
Bl TUnable 1550 nm laser | oy ATLAS 1550 - 100 ~€10000 . Chilas
(stand-alone)
o ® Agilfron MEMS-323212221431N1 ~ $23700 Adiltron
= DiCon Requires ) . .
é ?D) Optical switch Fiberoplics OSS N32x32 quote DiCon Fiberopfics
o N
s 2 Accelink | Optical Circuit Switch Requires Accelink
quote
E-band Transceiver Filitron Morpheous X2 Requires ~20W Filitron
Modules quote
Ericsson MINI-LINK 6352 Requires 58W Ericsson
. quote
* Commercially ReqUires
er) available E-band Ceragon IP-50EX a 50W Ceragon
Q quote
8 products R -
5 Huawei RTN 380AX equires ~49W Huawei
> quote
x Commercially Cable Free G2000 Requires 45W CablefFree
= available FSO quote
E products Taara Taara Lightbridge Requires 40W Taara
n quote
Tunable lasers Chilas ATLAS 1550 - 100 ~€10000 each - Chilas
(stand-alone)
Modulators (3x) FS Inc. DWDM-SFP10G-C ~$1948 1.65W max ES

*There are no commercially available hybrid FSO/mmWave transceivers on the market. In the table separate products are
added, indicative mmWave (E-Band) fransceivers and commercial E-band and FSO products.

**3x required in Module-4

fList price
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3.2 SPRINTER Modules - Evaluation of cost and power consumption

In the SPRINTER project, novel hybrid integrated photonic opfical prototypes are being developed: to address
the high-capacity needs of a typical industrial network deploying high-performance and ulira-low power
consumption Module-1 transceivers; to provide ultra-fast tunable, with high-power opftical fransceivers (Module-
2), operation across the C-band (Module-2); to support operation within SDM networks providing a fully
infegrated ROADM (Module-3); and finally fo provide a set of novel photonic-based FSO/mmWave transceivers
(Module-4) that will enable PtP 10 Gb/s links with high reliability.

To evaluate the cost and complexity of the fabrication, assembly and packaging processes associated with the
different infegration levels and fabrication steps of SPRINTER prototypes, the following key aspects are addressed
by the consortium partners:

» Process: Assessment of the current fabrication and manufacturability aspects of each component and
assembly step, aimed at clarifying the overall production sequence and providing a comprehensive
overview of the manufacturing workflow.

» Impact: Analysis of the cost and time impact of each fabrication and assembly step, including identification
of bottlenecks that limit cost efficiency or prolong production time.

» Scale-up: Evaluation of how individual steps can be opfimized or modified to form a seamless, scalable
production process capable of high-volume output. This includes identifying necessary actions such as
component qualification, supply chain development, and fechnology transfer to enable large-scale
manufacturing.

Herein, we report the outcome of an initial cost assessment that has been carried out based on the
manufacturing status at the conclusion of the SPRINTER project. This analysis considers the processes used for
fabricating the individual components of the SPRINTER modules, as well as the corresponding assembly and
integration steps involved in producing the final SPRINTER prototypes. The resulting evaluation covers the
production cost of individual components/units (at ~100 units/year scale) and their integration info complete
modules. These findings, along with the corresponding power consumption for each module, are presented in
the following tables.

It should be noted that the current cost analysis is based on limited-scale production, reflecting the
manufacturing processes used to fabricate and assemble one or two SPRINTER modules at the conclusion of
the project. The reported costs therefore represent early-stage, small-batch production and are not indicative
of future large-scale manufacturing potential. The consortium is currently assessing opportunities to streamline
and optimize both component fabrication and system integration in order to enable a more scalable, cost-
efficient production process. These efforts are expected to significantly reduce unit costs in high-volume
production, and the results will be documented in an upcoming SPRINTER deliverable.

PSM-4 200Gbps Optical Transceivers: Module-1q, -1b

Table 3-2. Module-1 | Start-up Cost

Start-up fabrication Cost Module-1a Module-1b

Optical and electrical components/units (Cost in €) 2511 1270
InP 4-fold array EML array (1x) [HHI] v -
InP PD 4-fold array @O-band (1x) [HHI]
Module-1a, PolyBoards Tx/Rx [HHI]
SiGe DRV 4-fold array (1x) [IMEC]
FlexLines (2x) [HHI]

GaAs VCSEL 4-fold array (1x) [MLNX] -
InP 4-fold PD array @1060nm (1x) [MLNX] -
Module-1b, PolyBoards Tx/Rx [HHI] -
SiGe TIA 4-fold array (1x) [IMEC]

CMOS DRV 4-fold array (1x) [IMEC] -
Materials (Cost in €) 1490 1490

AN NN
AN N N N

AN
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Start-up fabrication Cost Module-1a Module-1b

PCBs Tx/Rx and connectors [IMEC, UC3M] v v
Fiber arrays (FA) [PHIX] v v
Mechanical parts (e.g., Cu mount) [PHIX] v v

Current Assembly Cost (in €) 1360 1480
Optical edge coupling [PHIX] 4 v
FlexLine integration and solder bumping [PHIX] v -
PCB population [PHIX, IMEC] v v
Standard wire bonding & mechanical housing assembly [PHIX] 4 v
Flip-chip integration (VCSELs, InP PDs on PolyBoard) [HHI] - v

Total Start-up Cost (in €) 5361 4240

Cost/Gbps 26.8 21.2

The table below shows the power consumption specs for Module-1 components and the fotal power draw of
the entire Module-1a and Module-1b (PSM-4 200Gbps optical tfransceivers). Both versions of Module-1 are
designed to support uncooled operation.

Table 3-3: Module-1: PSM-4 200Gbps Optical Transceivers| Power consumption
InP 4-fold array EML array (1x) [HHI] 085W -
InP PD 4-fold array @O-band (1x) [HHI]** - -
Module-1a, PolyBoards Tx/Rx [HHI] - -

SiGe DRV 4-fold array (1x) [IMEC] 14W -
FlexLines (2x) [HHI] - -
GaAs VCSEL 4-fold array (1x) [MLNX] - 0.08 W
InP 4-fold PD array @1060nm (1x) [MLNX] - <0.001 W
Module-1b, PolyBoards Tx/Rx [HHI] - -
SiGe TIA 4-fold array (1x) [IMEC] 048 W 048 W
CMOS DRV 4-fold array (1x) [IMEC] - 0.23 W
Total Power consumption (W) 2.73 0.79
Energy efficiency (pJ/bit) 13.65 3.95

** Power consumption of the InP PD array is considered negligible since they operate in reverse bias.

Ulira-fast Tunable 10 Gb/s Optical Transceivers: Module-2q, -2b

Table 3-4: Module-2 | Start-up Cost

Start-up fabrication Cost Module-2a Module-2b

Optical and electrical components/units (Cost in €) 1706 2325

INP MZM chip (1x) [HHI] - v
LNOI MZM chip (1x) [CSEM] v .
TriPleX PZT-based chip Tx [LXI] v v
InP single gain chips (2x) [HHI] v v
C-band Burst-Mode Receiver (1x) [IMEC] v v
PDs (COTS) (1x) v v
Materials (Cost in €) 1790 1810
PCBs Tx/Rx and connectors [UC3M, PHIX]* v v
Fiber arrays (FA) [PHIX] v v
Thermomechanical parts (e.g., TEC, Cu mount) [PHIX] v v
Current Assembly Cost (in €) 600 600
Optical edge coupling [PHIX] v v
Standard wire bonding & mechanical housing assembly [PHIX] v v
Total Start-up Cost (in €) 4096 4735
Cost/Gbps 409.6 473.5

*The cost for the PCBs population is included in the materials cost

D8.6 — Applicability and techno-economic analysis of SPRINTER technology_v1.0 Page 25|35



Project [101070581] — [SPRINTER]

Table 3-5. Module-2: Ulira-tunable 10Gb/s transceivers| Power consumption

Power Consumption (in W) Module-2a Module-2b

INP MZM chip (1x) [HHI] - 05W
LNOI MZM chip (1x) [CSEM] 23 mwW -
TriPleX PZT-based chip Tx [LXI] 8x0.3 uw 8 x0.3 uyW
InP single gain chips (2x) [HHI] 045 W 045 W
C-band Burst-Mode Receiver (1x) [IMEC] 0.24 W 0.24 W
TEC** ~2W ~2W
Total Power consumption (W) 2.71 3.19
Energy efficiency (pJ/bit) 2713 319.0

** TEC power consumption estimated for stabilization near ambient

Space-Division Multiplexing active Reconfigurable Optical Add-Drop Multiplexer (SDM-ROADM): Module-3
Table 3-6. Module-3: SDM-ROADM | Start-up Cost

Start-up fabrication Cost m

Optical units (Cost in €) 8820
3D 32x32 optical switch [HHI] v
32x32 3D MCF interposer [HHI] v
Materials (Cost in €) 1790
PCB and connectors [UC3M] v
Fiber arrays (FA) [PHIX] v
Thermomechanical parts (e.g., TEC, Cu mount) [PHIX] v
Current Assembly Cost (in €) 1050
Optical edge coupling [PHIX] v
Standard wire bonding & mechanical housing assembly [PHIX] v
Total Start-up Cost (in €) 11660

Hybrid FSO/mmWave optical Transceivers: Module-4
Table 3-7. Module-4 | Start-up Cost

Start-up fabrication Cost Module-4 (Tx, Rx)

Optical and elecirical components/units (Cost in €) 7718
Tx-TriPleX chips (MoBo-ECLs, Filters, Beamformer) [LXI] v
Rx-TriPleX chip (MoBo-ECLs) [LXI] v
Tx-PolyBoard isolator [HHI] v
InP OFCG (1x) [HHI] v
InP Modulator chips (1x Tx, 1x Rx) [HHI] v
InP gain chips (4x Tx, 2x Rx) [HHI] v
InP 8-fold PD-SOA array (2x) [HHI] v
4x4 Planar antenna array+ PCB [UC3M] v

Materials (Cost in €) 4680
PCBs Tx/Rx and connectors [UC3M, PHIX]* v
Fiber arrays (FA) [PHIX] v
Mechanical parts (e.g., Cu mount) [PHIX] v

Current Assembly Cost (in €) 2380
Optical edge coupling [PHIX] v
Standard wire bonding & mechanical housing assembly [PHIX] v
Antennas attachment [UC3M, PHIX] v

Total Start-up Cost (in €) 14778

Cost/Gbps 1477.8

*The cost for the PCBs population is included in the materials cost.
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Table 3-8. Module-4 | Power consumption

Power Consumption (in W) Module-4 (Tx, Rx)

Tx-TriPleX chips (MoBo-ECLs, Filters, Beamformer) [LXI] 166 x 0.3uW

Rx-TriPleX chip (MoBo-ECLs) [LXI] 10 x 0.3uW

Tx-PolyBoard isolator [HHI] -

InP OFCG (1x) [HHI] 0.5W

InP Modulator chips (1x Tx, 1x Rx) [HHI] 2x1W

INP gain chips (4x Tx, 2x Rx) [HHI] 1.35wW

InP 8-fold PD-SOA array (2x) [HHI] 8w

4x4 Planar antenna array+ PCB [UC3M] -

TEC** 21 W
Total Power consumption (W) 13.95

** TEC power consumption estimated for stabilization near ambient
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4 Commercialization

A preliminary market analysis was conducted in the pubic deliverable D8.5 (see section 2.2 ‘Business and Market
Trends’ of D8.5), providing a foundational understanding of the market context for the SPRINTER project. The
analysis aimed to identify key market trends, opportunities, and the potential for commercialization. Below are
five key takeaways from this initial market evaluation:

« Advancements in external cavity lasers (ECL) and silicon nitride photonic integrated circuits (PICs) are
creating new opportunities in communication and sensing technologies.

* The market for vertical-cavity surface-emitting lasers (VCSELs) and external modulated lasers (EMLs) is
growing rapidly, with VCSELs expected to reach $1.4 billion by 2028 and EMLs expected to reach $5.7 billion
by 2027, driven by demand for high-speed data.

* The demand for optical circuit switches (OCS) in datacenters and Al systems is increasing, with a projected
CAGR of 32% from 2023 to 2028.

* Thin-flm lithium niobate (TFLN) modulators are emerging as a key technology in telecom and high-
performance applications, with market projections reaching $2.04 billion by 2029.

+  Milimetre wave (mmWave) and Free Space Optics (FSO) technologies are experiencing significant growth,
driven by demand for secure and high-speed communication solutions.

* Time-Sensitive Networking (TSN), driven by Industry 4.0 and loT, is expanding rapidly across various sectors
such as automotive, fransportation, and energy, with a forecasted CAGR of >49%.

In addition to the findings in D8.5, further insights info the latest frends and fechnological evolutions in the optical
field have been gathered and summarized in section 4.1, based on input from SPRINTER partners participation
at major industry events like OFC and ECOC. These trends, along with the market analysis, help shape the
commercialization strategy and guide the exploitation of SPRINTER's technologies.

Furthermore, in section 4.2 it is outlined what SPRINTER project validates from a module perspective and in
section 4.3 a summary table of the SPRINTER partners sub-component status from different aspects is presented.

4.1 Markets and Trends overview from OFC and ECOC events

Defining a successful business strategy requires careful observation of market trends and active parficipation in
academic and industrial fora, which offer valuable insights info the evolving landscape. The ECOC and OFC
events serve as key platforms for understanding the rapid advancements in optical tfechnology and identifying
the trends that are shaping the future of data communication and networking.

At ECOC 2024, the trends observed at OFC 2024 accelerated and continued into OFC 2025. Notably, the
industry's focus on optical interconnects for Al/ML supercomputers gained significant momentum, with these
technologies now considered Tier-1, overshadowing the business of fraditional hyperscalers’ switch
interconnects, which have dropped to Tier-2, and telecom, which now resides in Tier-3. Below are some of the
key insights gained from these events.

Despite challenges in the optics for Radio Access Networks (RAN), there remains a strong focus on the 100G
SFP112 technology, as the next wave of technology, with efforts to optimize its power consumption down to
approximately 2.5 watts. Meanwhile, the adoption of higher-speed solutions, such as 800G and beyond, is
gaining fraction in the datacom sector. This shift is driven by the demand for both short-reach intra-connects
and long-reach Dense Wavelength Division Multiplexing (DWDM) interconnects. As a result, lower-speed
technologies, such as the current widely used “best seller”, e.g., 400G QSFP-DD56, are quickly becoming legacy
products.

There is also considerable interest in 800G ZR/ZR+ coherent pluggables, which are poised to replicate the success
of their 400G counterparts. These pluggables now feature advanced capabilities, including interoperability, and
the 800G ZR is expected to accelerate the infroduction of the L-band, crucial for supporting 64 wavelengths per
fiber. The OSFP form factor is emerging as the dominant choice for 800G+ applications, despite its lack of
backward compatibility with older QSFPx/QSFP-DDx formats.
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In ferms of applied research, 1600G ZR/ZR+ is facing challenges in reducing power consumption to levels
comparable to today’s 800G ZR pluggables (<30W), and, featuring 400G per lane optics - potential requirement
for new materials for large-bandwidth modulators. The main challenge for 200Gbaud PAM-4 is the applicability
and reliability of statistical models for fiber chromatic dispersion and cable polarization mode dispersion.
Coherent-lite adoption is being considered as a fallback, as seen with 800G 10km in the IEEE802.3dj standards.

Power consumption estimates for a 1600G OSFP (8x200G) are expected to exceed 32 watts, which suggests that
future 1x200G SFP224 modules will also exceed 4 watts. Lower-speed technologies, once deemed legacy for
switch interconnects, are finding renewed application in server Network Interface Cards (NICs), albeit in the
QSFPx form factor and primarily for short-reach parallel fiber variants. This trend is evident with the 100G QSFP28,
and is expected to continue with 400G QSFP112, influencing the evolution of optical solutions for Cloud RAN.

The increasing power consumption in optical interfaces push for a growing interest in liquid cooling solutions for
data centers, including cold plate and immersion cooling fechniques. These solutions could extend the market
life of re-timed pluggable transceivers by pushing the limits of acceptable power consumption. Additionally,
high power consumption is contributing to the infroduction of Linear Pluggable Optics (LPO), which, although
not yet widely adopted at 100G per lane in switched, are expected to face greater challenges at 200G per
lane. LPO is likely to gain acceptance first in NIC cards (QSFP112 DR4) within closed solutions, where a single
system infegrator conftrols both ends of the link. Meanwhile, co-packaged optics (CPO) development continues,
with Broadcom and Infel leading the charge, though creating an open, standardized ecosystem remains a
significant hurdle.

For lower-speed interconnects, the potential for a 100G coherent solution in a 5W QSFP28 is confirmed, with
three additional vendors developing solutions for 2025/2026.

Interest is also growing in O-band transceivers and tunable lasers, alongside the development of the TFLN
platform, which is garnering significant attention due to its high-speed modulator capabilities. Research in
optical technology is focusing on areas such as hollow-core fiber technology, new optical sensing applications,
rich fiber observability, automated management enabled by coherent receivers, free space opfics for satellite
communications and non-terrestrial networks (NTN), and O-band coherent transmission systems. All-opftical
bismuth-based fiber amplifiers (BDFA) are also gaining attention. These innovations reflect the ongoing
advancements in optical fechnology with the potential for tfransformative impacts on communication networks.

4.2 Module pre-validation as input for future module commercial opportunities

Within SPRINTER project the technology developed is on a technology/component level and there is no partner
that provides commercial modules out of the prototypes developed within the project. The modules assembled
within the project are not in the form factor of a commercial product. Instead, the SPRINTER module prototypes
are assembled to provide the possibility fo verify the functionality and certain characteristic at different test
levels carried out by the SPRINTER partners. Therefore, the commercialization of the modules will require
additional steps and test that is outside of the SPRINTER project scope.

The Technology Readiness Level is defined in Table 4-1 (HORIZON 2020 definitions has been used h2020-wp1820-
annex-g-trl_en.pdf) as well as an indicative delta cost to move from one level to the next higher level.

Table 4-1: Technology Readiness Level and relative cost increase to move from one level to the next

TRL Description ‘ Delta Cost

1 Basic principles observed and Technology concept formulated -

2 Simulations and feasibility (including first design) €

3 Experimental proof of concept €

4 Technology validated in a research lab €

5 Technology validated in industrially relevant environment €€

6 Technology demonstrated in industrially relevant environment €€€

7 System prototype demonstration in operational environment €€€

8 System complete and qualified, ready for product release €€€€

9 Actual system proven in operational environment, ready for product ramp up €€€€
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The generic development flow in phases outlined in Table 4-2 represents the key phases typically required for a
commercial module supplier. Most of these steps will need to be followed to enable a commercial launch of
the SPRINTER technology. SPRINTER project can be considered going through the phases in the left-hand
column of the table (phase 1-5) with the limitations initially described that the modules in SPRINTER are not
prototypes/engineering samples as infended in the table.

Table 4-2 Generic module development and commercialization

Generic Module development phases and life cycle management

1. Conceptuadlization and Requirements gathering
» Define the application and performance
requirements (e.g., data rate, distance, form factor).
« Identify target markets and customer needs.
» Conduct feasibility studies and initial risk
assessments.

» Outline high-level specifications and design
criteria.
1and 2

6.Manufacturing Process Development

* Design and establish manufacturing processes for
scalability.

* Develop assembly and festing procedures for
mass production.

¢ Implement quality control measures and yield
optimization strategies.

2. Design and Simulation

» Develop detailed optical and electrical designs
based on specifications.

» Use simulation tools to model optical paths, signal
integrity, thermal performance, efc.

» Select materials and components (e.g., lasers,
photodetectors, fibers).

« Iterate design to optimize performance and cost.
:3

7. Pilot Production

* Conduct a pilot production run to identify and
resolve manufacturing issues.

* Evaluate production yield, process robustness,
and scalability.

* Gather feedback for further improvements.

3. Prototyping
» Build initial prototypes to test design concepfs.

» Conduct laboratory testing to validate
performance and functionality.

» Identify and resolve design issues and refine the
design.

4

8. Full-Scale Production

* Ramp up fo full-scale production with refined
processes.

¢ |Implement continuous monitoring and
improvement systems for quality assurance.

9

4. Development and Testing
» Develop engineering samples with finalized
design.

» Perform comprehensive testing, including
optical performance, thermal management,
and mechanical stability.

» Conduct reliability testing (e.g., temperature
cycling, vibration, and humidity tests).

5

9. Deployment and Customer Support

« Deliver optical modules to customers and
provide installation support.

« Gather customer feedback for future
improvements.

« Offer technical support and handle warranty
claims.

9. Not mapped in the TRL
definition but should be considered as part of TRL 9

5. Vadlidation and Qualification

» Validate the optical module against industry
standards and customer requirements.

» Complete environmental and stress testing to
ensure long-term reliability.

» Obtain necessary certifications and
compliance approvals.

10. Lifecycle Management

* Monitor product performance in the field and
gather data forimprovements.

« Plan for updates or next-generation designs
based on technological advancements and
market demands.

* Manage end-of-life processes, including phasing
out older models and supporting customers with
transition plans.

Not defined. Life cycle

management occurs after TRL9.
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The validation of the SPRINTER modules covers corresponding TRL levels 4-7 as follows:

e Module package test — TRL4
e Work bench test —TRL 5

e Systemtest—TRL 6

e Factory test —TRL 7

The validation of the modules as carried out within the SPRINTER project will be a fundamental proof point when
and if SPRINTER partner(s) will engage with commercial module suppliers.

4.3 Commercial readiness on component level

As described in section 4.2, the SPRINTER partners are developing technology on a component level. To
summarize the status at M30 of the project (February 2025), the KERs (Key Exploitable Results) and related CSWR
analysis (Competition, Strengths, Weaknesses, Risks) as identified at the beginning of the project have been
reviewed and updated as needed and represented in Table 4-4.

The SPRINTER technology to be developed within the timeframe of the project will not reach Technology
Readiness Level (TRL) 9, which is required for commercial launch. However, by the End of Project (EoP), a
functional prototype will be achieved. The projected time frame for reaching TRL 9 is provided in the table,
along with comments on the dependencies and other factors needed to reach this milestone."

In addition to the KER, there are also some OER (Other Exploitable Results) identified. The OER might consist of
distinct components and/or merged subsystems of the KER, with the potential to be commercialized for special
applications. OERs emerged so far are listed in the following Table 4-3.

Table 4-3. Other Exploitable Results (OERs) mapping to SPRINTER modules

SPRINTER
OER Description
technology
LioniX International, ESA s orted
O1. Radiation I _I . r. I upPp Sensitivity and effect on PZT- and laser
project aiming for Space product .
hardness test of PZT- performance is fested under Co¢0
. assurance of EEE components . L Module-2
driven External . . . radiation as part of TRL 6/7 qualification
. (Commercial electrical, electronic ]
Cavity Lasers. . (harsh environment)
and electromechanical components)
02. Measurement High-resolution and high-speed camera- TSN-enabled
system for end- Fill Gesellschaft m.b.H. based detection system for robotic end- unified network
effector detection. effectors. platform
03. Calibration Visual based calibration system for fast TSN-enabled
system for robotic Fill Gesellschaft m.b.H. set-up and integration of industrial unified network
manipulators. robotic manipulators. platform
04. Confrol system Visual based conftrol system for the TSN-enabled
for robotic Fill Gesellschaft m.b.H. operation of industrial robofic unified network
manipulators. manipulators. platform
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Table 4-4. Commercially KER, CSWR and timeframe for TRL9

| Owner | FhG NVIDIA LXI FhG CSEM IMEC ICOM NVIDIA CMC UCM3
Links based on SDN-enabled
GaAs-VCSEL Tunable ECL 3D PolyBoard SiGe and CMOS photonic Time Sensitive SDN-enabled mm-Wave Array
KK LA Cliehz arrays source on TriPleX | SDM-ROADM N electronics mmWave Networking TSN core Antenna
transceivers platform
KER n. K1 K2 K3 K4 K5 Ké K7 K8 K9 K10

Electro-absorption | Vertical-cavity Ultra-fast A multi-layer Mach-Zehnder | SiGe BICMOS and | High- A unified A core network | A high-gain, wide-

modulated lasers surface-emitting | tunable InP- polymer PIC modulator CMOS technology | throughput, low- | network controller that band milimeter-

(EMLs) are one of laser (VCSEL) TriPleX (phase platform with an | (MZM) based | provides a cost- latency X-haul platform that uses SDN wave antenna,

the most suitable technology is a | actuatorsin the |active on lithium effective platform | links exploiting supports Time- technology enabling efficient

c technologies for suitable solution | SisNs-based reconfigurable | niobate on for prototyping photonic Sensitive based on coupling with
o next generation especially for photonic optical add- insulator (LNOI) | high-performance | mmWave Networking NETCONF to high-speed PIN
§. optical fransceivers. | shortreach and | integrated drop multiplexer | for infegration | front-ends circuits. | transceivers. (TSN) over SDN manage the photodiodes for
§ high-capacity circuit platform) | (ROADM) with of external infrastructure switches to wireless
g inferconnects. external cavity | low cavity lasers and enables deliver end-to- | fransmission.
lasers. reconfiguration | (ECLs). reliable and end reliable TSN

fime for space- real-fime functionality.

division communication

multiplexing with guaranteed

(SDM) networks. | | service quality.

C: NTT C: Various C: Various C: Various, main | C: IMEC C: scaled FinFET C: Only C: Nokia, Ciena, Huawei, Cisco, C: CMOS arrays,

$: Optical design competitors competitors academic S: High CMOS for high academic Juniper, ADVA integrated on Si

(i.e., common across Europe across Europe competitors bandwidth volume products | competitors S: Novel solution, product S: Frequency Agile

active layer) $:Single mode | §: Fast tunability | S: No crosstalk, | with low $: high S: Leading infroduction ahead of competition | w: fabrication and

W: Fabrication vield | operation, ultra- | across C-band | low loss inter- power performance at providers for P2P | w: Not an established player in TSN | design

of INnP components | energy efficient | and with high face to MCF consumption | reasonable cost | wireless links R: Strong competition expected complexity.

R: See W above W: Lower link output power W: Design of W: No for moderate W: Limited R: Assembly and
margin W: Assembly many wave- experience volumes experience with Packaging costs
compared fo with InP gain guide layerson | coupling it fo | W: one addi-fional | photonic

CSWR3 EMLs chip is tricky asingle PIC anintegrated | design and mmWave
analysis R: Careful link R: ECL based on | R:See W above | lasersource fabrication cycle | transceivers
design needed | PZT phase R: See W needed to R: see W above
to minimize actuators above customize the
return 1oss functionality and
performance for
potential products
R: time-to-market,
competition from
fransceiver
industry
M1 4/5 Confidential 3/4 3 2/3 4/5 3/4 Confidential 2/3 2/3
TRL | M30 4/5 Confidential 4/6 3 4/5 5/6 3/4 Confidential 3/4 3
EoP 6/7 Confidential 6/7 é/7 é/7 é/7 6/7 Confidential 7/8 3/4
3 Competition-Strengths-Weaknesses-Risks
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5 Conclusions

This report provides an in-depth analysis of the project's progress, primarily focusing on the application scenarios
and component and module cost-power analysis, while also highlighting key market trends observed at the
OFC and ECOC events that provides insights where the current and evolved SPRINTER technologies could be
applied.

The project's primary objective is to advance the technology on a component level and engage with relevant
market players of modules to incorporate SRPRINTER technologies, rather than aiming at the commercial launch
of assembled modules.

Chapter 2 of the report focuses on the application scenarios for the SPRINTER technology, a cutting-edge optical
fibre communication solution. The chapter highlights two primary use cases: Robotics Motion Accuracy and
Visual Inspection for Quality Assurance, both of which are pivotal in modern manufacturing environments.

The first application scenario, Roboftics Motion Accuracy, emphasizes the critical role of precision in robotic
motion, where PRINTER technology addresses the accuracy challenges in applications such as sawing, drilling,
and grinding, which demand high precision.

The second application scenario, Visual Inspection for Quality Assurance, focuses on modern wood
manufacturing. The industry faces the challenge of maintaining product quality while sustaining high-speed
production rates. The inhomogeneous nafure of wood necessitates sophisticated detection and processing
techniques for effective defect identification, classification, and repair.

This shows that SPRINTER technology offers several benefits across these application scenarios (but not limited
to, a few other applications have been indicated in the report). In the context of Robotics Motion Accuracy, it
enhances the precision of robotic operations, thereby improving product quality and reducing waste. It also
allows for the expanded usability of captured frames for safety and maintenance applications. In the Visual
Inspection for Quality Assurance scenario, the technology facilitates comprehensive inspections, ensuring
product quality and enabling automated, efficient production processes.

Chapter 3 of the report provides a detailed breakdown and first insight as of M30 on the cost-power analysis of
the SPRINTER technology, on sub-component as well as on module level. The chapter provides a detailed
breakdown of the power consumption and associated costs of the different sub-components of the SPRINTER
modules. Included reference fo currently available similar modules on the market provides a general
understanding of the power consumption (not bound to volume) and very low volume pricing (negoftiated high
volume pricing can be considerable reduced, also within an order of magnitude)

Lastly, Chapter 4 looks af the commercialization aspects of the SPRINTER project, with a particular emphasis on
the insights gathered from the Optical Fibre Communication (OFC) and European Conference on Optical
Communication (ECOC) events. These events are crucial for understanding the direction of the market and the
technologies in demand to meet its needs. The industry focus on optical interconnects for Al/ML
supercomputers has become even stronger and is now considered Tier 1 with best revenue and margin
opportunities, while the business of fraditional hyperscalers switch interconnect is considered Tier 2, and telecom
is on Tier 3. It also provides an updated review of the Key Exploitable Results (KERs) and the related CSWR
(Competition, Strengths, Weaknesses, Risks) analysis identified at the beginning of the project. In addition, due
to the fact that SPRINTER technology will not reach Technology Readiness Level ? by end of the SPRINTER project,
an indicated time frame for TRLY is provided where applicable.

In conclusion, the SPRINTER project, with its focus on industrial application scenarios, sub-component
development and module assembly, cost-power optimizations, and alignment with market trends, is well-
positioned to make a significant impact on the future of optical communication technologies. The project's
advancements, as outlined in this report, not only demonstrate the potential of the SPRINTER technology but
also underscore the importance of continuous innovation in addressing the evolving needs of the data
communication and networking industry.
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