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Executive Summary

The continued scaling of artificial intelligence and high-performance computing systems is
fundamentally constrained by the limits of electrical interconnects. As scale-up bandwidth
requirements climb into the multi-terabit-per-second regime, power consumption, signal
integrity, and system complexity increasingly dominate platform design.

PhotonWeave introduces the Optical Processing Unit (OPU) — a new architectural
primitive designed to terminate high-bandwidth digital fabrics directly into optical
interconnects. By separating optical signal generation and processing from compute
silicon, the OPU enables optical-native scale-up architectures that deliver higher
bandwidth, lower power, and greater system flexibility.

This white paper defines the Optical Processing Unit, explains why it represents a
necessary evolution beyond electrical-centric scale-up designs, and outlines its
implications for future compute and networking systems.

1. The Limits of Electrical Scale-Up

Modern accelerators rely on massive scale-up bandwidth to support model parallelism,
memory sharing, and distributed workloads. However, electrical interconnects face
growing challenges as bandwidth increases:

e Power per bit rises sharply with signaling speed and reach

o Signal integrity margins shrink at high data rates

o Thermal density increases as I/O power approaches core compute power

o System complexity grows with retimers, equalization, and routing constraints

These effects increasingly limit system scalability, even as compute capability continues to
grow.

2. The Need for Optical-Native Architectures



Opticalinterconnects offer compelling advantages:
¢ Distance-independent bandwidth scaling
e Lower energy per bit at high aggregate throughput
¢ Immunity to electrical crosstalk and channel loss

However, simply attaching optics to electrical systems does not fully unlock these benefits.
Optical interconnects must be integrated at an architectural level — not treated as
peripherals.

This gap motivates a new system abstraction.
3. Defining the Optical Processing Unit (OPU)

The Optical Processing Unit (OPU) is a specialized silicon device that performs optical
signal generation, modulation, aggregation, and termination for high-bandwidth digital
fabrics.

An OPU is characterized by:
¢ Optical-native design: optimized specifically for optical I/0
e Fabric termination: directly interfaces with internal digital fabrics
e High parallelism: supports many optical channels concurrently
e Architectural modularity: decouples optical scaling from compute scaling

PhotonWeave defines the OPU as a first-class architectural element, analogous to how
GPUs, NPUs, and DPUs emerged to handle domain-specific workloads.

4. OPU as an Architectural Primitive

Historically, system architectures have evolved by introducing specialized processing units

to manage growing complexity:
e GPUs for parallel computation
¢ DPUs for data movement and security
¢ NPUs forinference acceleration
The OPU extends this progression by addressing the optical domain.

Rather than embedding optical functions within general-purpose compute silicon, the OPU
enables separation of concerns:



¢ Compute silicon focuses on computation

¢ OPUs handle optical signal processing

e Systems scale bandwidth independently of compute complexity
This separation improves scalability, power efficiency, and architectural flexibility.
5. OPU-Based Scale-Up Systems
In an OPU-based architecture:

o High-bandwidth digital fabrics terminate at the OPU

e Opticallinks originate from the OPU rather than from compute cores

e Scale-up bandwidth increases without proportional increases in electrical I/0O
power

¢ System fabrics become optical-native rather than electrically constrained

This approach enables scale-up networks that grow beyond the practical limits of electrical
switch fabrics.

6. Power and Bandwidth Advantages

By eliminating long-reach electrical signaling and consolidating optical functions within a
dedicated processing unit, OPU-based systems achieve:

e Reduced system-level energy per bit
e Lower I/O-related thermal load on compute silicon
e Higher aggregate bandwidth density
¢ Improved scalability to tens or hundreds of terabits per second
These benefits compound at the rack and data-center scale.
7. Architectural Modularity and Evolution
A defining advantage of the OPU is architectural modularity.
Because optical processing is encapsulated within a dedicated unit:
e Optical technology can evolve independently of compute silicon

e Systems can adopt new optical capabilities without redesigning core processors



e Platform architects gain flexibility in topology, bandwidth allocation, and system
composition

This modularity enables long-term evolution without locking systems into rigid integration
models.

8. Implications for Switches and Fabrics

OPU-based architectures also transform network design:

Switch fabrics can be designed as optical-native systems

Electrical bottlenecks are reduced or eliminated

Higher radix and flatter network topologies become feasible
e Overall system power and complexity are reduced

As bandwidth demands continue to grow, optical-native fabrics become a necessity rather
than an option.

9. Conclusion

The Optical Processing Unit represents a fundamental shift in how optical interconnects
are integrated into high-performance systems. By elevating optical processing to a first-
class architectural primitive, OPUs enable scalable, power-efficient, and modular scale-up
systems that move beyond the limits of electrical interconnects.

PhotonWeave is the first to define and implement the OPU concept, establishing a
foundation for the next generation of optical-native computing architectures.
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