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Editor’s
Note

An evolving context for ‘co-packaged’

n the March 2024 issue of Photonics Spectra, Ayar Labs

cofounder and CTO Vladimir Stojanovic authored an article

that defined, and distinguished between, in-package optical

I/0 and optical co-packaging. From Stojanovic’s perspective,

differentiating between the two necessitates more than a
technical comparison. Whereas co-packaged optics is a strategy
that aims to replace pluggables by overcoming their limitations,
in-package optical I/0 is an interconnect solution.

The point is not simply semantic: Stojanovic ultimately does
provide a comparison between co-packaged and in-package
(which ought to be required reading for those who are
unfamiliar). Rather, the intentionality of his phrasing supports
his argument that co-packaged optics is a technological
evolution in silicon integrated photonics. As a solution,
in-package optical I/0 is driving toward a revolution in intercon-
nectivity.

Once again, the viewpoint goes beyond vocabulary. Co-packaged
optics (in very broad terms) is a product of society’s now-urgent
need to optimize how it connects servers inside data centers to
meet bandwidth requirements. As with many technologies of the
moment, how it is designed and deployed is best understood in
relation to the approach that it is replacing.

Since March 2024, co-packaged optics has advanced from a
technology worth knowing to a technology that is unmissable.

NVIDIA’s 2025 unveiling of its co-packaged architectures
marked a turning point. Meanwhile, ongoing innovations at
Broadcom, Intel, Cisco, and others make a strong case that there
will be more than just one.

With these and other companies driving us toward a future
powered by co-packaged optics, the present context for the
technology is also shifting. The advent of co-packaged optics
has placed pluggables in the past. But there are other approaches
on the rise, which Arista Networks’ Sunil Priyadarshi and

Vijay Vusirikala discuss on page 26. Linear drive pluggable
optics, near-packaged optics, and co-packaged copper are three
alternatives with operational benefits of their own.

Whether and how these approaches influence the technology

arc of co-packaged optics remain open questions. But as
Priyadarshi and Vusirikala make clear, “breaking the bandwidth
bottleneck” leaves room for multiple design innovations. In
addition to looking to the past and the future, let’s endeavor

not to lose sight of the present.
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Breaking the Bandwidth
Bottleneck for Hyperscale Al

Innovative and readily deployable optical strategies
are helping to overcome the limits of copper
interconnects. Large-scale Al systems are flourishing.
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BY SUNIL PRIYADARSHI AND
VIJAY VUSIRIKALA
ARISTA NETWORKS

odern AT is reshap-

ing the future of data

centers, driving a shift

toward architectures

capable of handling

unprecedented demands
for compute, memory, storage, and inter-
connect bandwidth. Training trillion-
parameter models, such as ChatGPT and
Gemini, while delivering real-time infer-
ence to billions of devices, requires
massive infrastructure optimized simul-
taneously for scale, efficiency, and perfor-
mance. Large-scale Al systems are central
to this evolution, processing vast data sets
across domains such as natural language
processing, computer vision, and genom-
ics while ensuring high data throughput
for both training and inference.

Advanced techniques, such as hyper-
parameter tuning and ensemble learning,
are emerging to enhance model accuracy,
accelerating breakthroughs in research

Figure 1. The graph shows Al training compute
demand growth through the progression of
trillion-parameter models, measured in
floating-point operations (FLOPs). Adapted
with permission from Reference 1.
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and cross-disciplinary innovation. At

the same time, these systems support
latency-sensitive applications, including
autonomous driving, interactive Al, and
robotics. They have become indispensable
across industries such as manufacturing,
logistics, and finance, enabling AI-driven
automation for more efficient and
dynamic operations.

To sustain this momentum, data centers
must evolve beyond traditional designs
and adopt new approaches to hardware,
networking, cooling, and energy effi-
ciency to meet AT’s insatiable demands.

Al models: Doubling every six months
During the rise of the social networking
era, content service providers built mas-
sive hyperscale data centers to support
general-purpose workloads such as web
hosting, cloud applications, video stream-
ing, and enterprise software. Conven-
tional central processing units (CPUs)

— similar to those found in laptops —
powered these facilities. While effective,
these CPUs were optimized for versatility
rather than specialization.

The advent of AT has shifted the focus
toward highly specialized processing
units designed specifically for Al
workloads. As a result, hyperscale data
centers are undergoing a transformation:
CPUs now primarily handle orchestra-

T—4.4wlyear g

2016 2018
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tion and networking, while GPUs carry
the immense computational burden of AT
training and inference.

Purpose-built for parallel processing,
GPUs enable the training of trillion-
parameter models and deliver real-time
inference at global scale. A single large
Al training run can consume >100 MW
of power — rivaling the energy usage of
a small city and highlighting the scale of
resources required. Inference has become
a ubiquitous background process, inte-
grated into nearly every digital interac-
tion, from personalized recommendations
to autonomous systems.

To support this shift, data centers are
evolving into specialized environments
designed for compute density, massive
parallelism, and high-speed data move-
ment. Increasingly, these AI factories
are powered by custom accelerators,
advanced interconnects, and modular
architectures that consume unprecedented
amounts of power per rack.

Since 2010, the compute required
to train state-of-the-art AI models has
grown at an average rate of 4.4X per year
(Figure 1)'. In contrast, hardware band-
width doubles every two to three years.
Figure 2 illustrates how Ethernet/switch
port bandwidth has increased markedly.

The result is a widening gap between
model demands and system capabilities

Epoch Al

2022 2024 2026
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Figure 2. Maximum standardized Ethernet/
switch port speed has doubled about every
two to three years (left). The graph shows this
progression over a period of >40 years.

Figure 3. Large-scale Al systems, via scale-up
and scale-out strategies (below). Adapted with
permission from Reference 3.

<

Scale Up: Multi-Racks up to 1024 GPUs

Rack Built up to 72 GPUs

< >

Scale Up: Multi-Racks up to 1024 GPUs
<

>

Rack Built up to 72 GPUs

Engineering at Meta

Node-1

Scale Out

v/ Limited Bandwidth
v/ Low Latency

v Infinity Band

v/ Ethernet

— a critical bottleneck for large-scale Al
training and inference.

Scale-up and scale-out strategies

Large-scale AI systems use scale-up and
scale-out strategies to meet the immense
computational demands of AT workloads.
Scale-up, also known as vertical scaling,
compute fabric, and/or memory-semantic
fabric, refers to the network architecture

Scale Up: Multi-Racks up to 1024 GPUs

< >
I ..‘I

Rack Built up to 72 GPUs

Node-n

within an AI compute node. It focuses on
maximizing intranode communication
bandwidth and minimizing latency
among GPUs within a node.

Scale-out, also called horizontal scal-
ing and/or backend networks, expands
capacity by adding multiple nodes
horizontally, which is ideal for distributed
computing environments. Horizontal
scalability enables the seamless integra-

Node-2

Scale Up

v/ High Bandwidth

v Low Latency

v’ High Memory

v Nvlink, Infinity, CXL

tion of large numbers of GPUs to meet
demand. Scale-out architectures enhance
load balancing, improve fault tolerance,
prevent bottlenecks, and provide elasticity
— allowing rapid adaptation to changing
workloads. This makes scale-out well
suited for dynamic applications and cost-
effective deployment. Figure 3 illustrates
how large-scale data centers are built
using scale-up and scale-out strategies?.
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To scale up, GPUs are connected using
high-speed interconnects. System
architects have traditionally used onboard
printed circuit board (PCB) traces,
backplanes, or passive or active direct-
attached copper cables because of their
low cost and power efficiency. Copper
interconnects remain the dominant choice
for scale-up networks, while optics are
primarily used for scale-out networks.

For example, in NVIDIA’s NVL72
system, 72 GPUs are linked through 18
NVLink switches in a 2.2-m-high rack,
using >5000 unique copper cables at
100 Gbps per link in each direction
(200 Gbps bidirectional)®. However, as
GPU port speeds and counts continue to
increase — even within a single rack —
these copper-based solutions are reaching
their limits in both bandwidth and reach.

Drivers for the copper-to-optical transition
Comparing copper trace performance of
224 Gbps versus 448 Gbps highlights
several critical challenges of operating

at higher data rates. At 224 Gbps, copper
traces can manage short distances using
advanced design techniques. However, as
data rates increase to 448 Gbps, copper
traces face bandwidth limitations due to
frequency-dependent attenuation in cop-
per transmission lines, which struggle to
support such high frequencies. Additional
bottlenecks arise from signal loss and
reduced signal-to-noise ratios.

Current scale-out networks widely use
pluggable optics at 400 Gbps, 800 Gbps,
and, soon, 1.6 Thps. Over the years, plug-
gable optics bandwidth has increased due
to advancements in modulation tech-
niques, such as pulse amplitude modula-
tion (PAM4), and the use of retimers
and digital signal processors (DSPs) to
improve error detection and correction.

However, these improvements have
also significantly increased power con-
sumption. For example, a fully retimed
1.6-Tbps pluggable optical transceiver
in the octal small form-factor pluggable
(OSFP) format can consume up to 25 W,
of which 15 W could be just for the DSP.

Scale-up networks require connectivity
between every GPU and therefore demand
much higher interconnect bandwidth
per GPU than scale-out networks. Today,
scale-up networks are generally limited
to a single rack due to the cost-effec-
tiveness and power efficiency of copper-

based interconnects. Expanding to a
multi-rack scale-up network is desirable
from a performance perspective, but
the limited reach of copper prevents
this. Consequently, the need for denser,
lower-power, cost-effective, and mass-
manufacturable optical interconnects is
critical. For example, an AT cluster with
128,000 GPUs — each requiring 1.6-T
scale-out bandwidth and 12.8-T scale-up
bandwidth — would require more than
a million transceivers for the scale-up
network alone.

Lower latency is another key require-
ment, enabling enhanced memory
semantics in high-performance comput-
ing, advanced memory architectures, and
improved data processing capabilities.
These optical interconnects must also
be future-proof, supporting advanced
network topologies while ensuring the
performance and scalability of next-
generation Al systems.
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The industry is actively developing
emerging solutions based on linear
interfaces, including linear pluggable
optics (LPO), co-packaged optics (CPO),
near-packaged optics (NPO), and co-
packaged copper (CPC). Each approach
aims to deliver optics with reduced power
consumption, lower latency, and increased
bandwidth density.

Pluggable and co-packaged optics

LPO is gaining traction in Al systems due
to its similarity to traditional pluggable
modules, with the key difference being
the omission of the internal DSP. This
design choice has significant implications

Figure 4. Different optical interconnect
architecture types are compared and
contrasted. The architectures are linear
pluggable optics (LPO), near-packaged optics
(NPO), co-packaged optics (CPO), and
co-packaged copper (CPC). ASIC: application-
specific integrated circuit.
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for system performance, as LPO is more
sensitive to host signal integrity and the
overall channel loss budget, which can
limit reach and reduce interoperability
across systems. Architecturally, LPO
maintains compatibility with existing
network infrastructure, enabling straight-
forward integration and serviceability.
The removal of the DSP directly results
in lower latency, reduced power consump-
tion, and lower cost. LPO also benefit
from the established multivendor plug-
gable optics manufacturing ecosystem,
making them a highly cost-effective
option. LPO offers the lowest power
consumption among transceivers, using
~10 W per 1.6-Tbps module for direct-
reach optics.

NPO positions optics close to the ASIC
on the same PCB, improving signal integ-
rity and reducing overall channel loss,
which enables better power efficiency by
eliminating DSPs. This approach is espe-
cially suited for high-density applications
where pluggable modules, such as LPO,
are not ideal. Compared with CPO, NPO
requires only moderate system changes
rather than a full redesign, offering a
practical balance of flexibility, scalability,
and power efficiency.

In CPO, optics are co-packaged with
the ASIC on the same substrate, further
improving signal integrity and reduc-
ing channel loss to deliver even better
power efficiency. Although CPO solu-
tions require more complex designs and
have greater thermal management and
manufacturing challenges, they are ide-
ally suited for high-performance environ-
ments where maximum efficiency and
density are crucial — such as in Al data
centers.

CPC is a newer approach in which a
high-speed copper connector, rather than
optics, is co-packaged with the ASIC on
the same substrate. Optics or other ASICs
are then connected via copper flyover
cables, which have much lower loss and
avoid ball grid array (BGA) transitions
from the ASIC substrate to the PCB, as
well as the higher loss of PCB traces. This
reduces channel loss and improves signal
integrity, similar to NPO, while allow-
ing optics to be mounted farther from the
ASICs.

As an emerging technology, CPC is
still under active development but shows
strong potential for supporting higher

Figure 5. Meta’s Catalina ORv3-HPR rack
shown from the front (left) and rear.

It delivers up to 140 kW/rack for next-generation
Al workloads. Adapted with permission from
Reference 5.

data rates — such as 200 G/lane LPO and,
eventually, 400 G/lane — by simplifying
channel design. CPC provides a more
cost-effective and easier-to-implement
alternative to full CPO.

The power efficiency of LPO, NPO,
CPO, and CPC is similar, as none of these
approaches use retimers or DSPs on the
optics side (Figure 4).

To further support optics for scale-up
using these integrated optics technologies,
the networking industry is advancing new
protocols and enhancing existing ones.

Ethernet for Scale-Up Networking
(ESUN) is an open industry collaboration
focused on optimizing standard Ethernet
technology for high-performance Al
scale-up infrastructure. ESUN leverages
and enhances the existing Ethernet
ecosystem to provide high bandwidth,
ultralow latency, and lossless transport
for AT workloads within a single cluster.
ESUN leverages these characteristics to
optimize the network and transport layer,
resulting in simpler protocols, smaller
headers, and unified, low-overhead
memory access among XPUs.

This modular framework is built on
three key building blocks: common
Ethernet headers for maximum interop-
erability; the Open Ethernet Data Link
Layer, which provides a high-perfor-
mance foundation for AT collectives using

standards-based mechanisms; and the
ubiquitous Ethernet PHY Layer, which
assures vendor interoperability across
various optical and copper interconnect
options.

Meanwhile, Ultra Ethernet, spear-
headed by the Ultra Ethernet Consortium,
is creating a next-generation Ethernet
architecture designed precisely for AT and
high-performance computing workloads.
Ultra Ethernet aims to offer higher per-
formance, improved congestion manage-
ment, lower latency, and enhanced secu-
rity compared with traditional Ethernet.

These efforts, combined with advance-
ments in linear-drive optics and in
advanced packaging and interconnection
techniques, such as CPO and CPC, are
laying the foundation for next-generation
ATl infrastructure. Together, these inno-
vations will provide the performance,
scalability, and efficiency required for Al
systems to handle massive data through-
put and real-time processing demands.
This, in turn, will ensure that networks
pace with the unprecedented scale of
modern Al workloads.

Power delivery and thermal management
have become central to modern data
center design. Traditional racks once
consumed only 2 to 5 kW, but Al-focused
racks now routinely demand 80 to
150 kW, with future deployments pro-
jected to reach 300 kW to >1 MW/rack.
To support these massive requirements,
data centers are increasingly adopting
high-voltage distributed current power
distribution (400 to 800 V), reducing both
conversion and transmission losses.

Current hyperscale facilities often
distribute power through multiple low-
voltage conversion stages that rely on
bulky and lossy components, such as
inductors. Solid-state transformers (SSTs)
provide a breakthrough by enabling
direct, high-frequency conversion from
800 V to lower voltages such as 48 V or
12 V, reducing conversion steps, minimiz-
ing losses, and improving power density.
SSTs are smaller, lighter, and more
efficient than conventional transformers.
They also provide advanced monitoring,
fault isolation, and bidirectional control,
supporting renewable energy protocols
and backup systems.

Advanced cooling technologies are
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also emerging to manage extreme thermal
loads from GPUs, switches, and dense
servers. Solutions include direct-to-chip
cold plates, rear-door heat exchangers,
and full-system immersion cooling.
Energy reuse systems capture and re-
purpose waste heat, improving sustain-
ability. The convergence of high-power
AT hardware, innovative cooling, and
next-generation power architectures
enables data centers to scale efficiently
for AT workloads.

A leading example is Open Rack V3
(ORv3) from the Open Compute Project,
which modernizes infrastructure with
efficiency, modularity, and serviceabil-
ity*. ORv3 introduces a 48-V distributed
current/distributed power architecture,
reducing copper losses compared with tra-
ditional 12-V systems. It supports
30 to 60 kW/rack and accommodates air
and liquid cooling, which is ideal for
cloud and enterprise compute environ-
ments.

The ORv3-HPR (high power rack)
extends ORv3 for GPU-dense AT and
high-performance compute workloads.

Designed for 80 to 150 kW/rack, it
reinforces the busbar, integrates liquid
cooling with cold plates and coolant units,
and strengthens mechanics for high-
density deployments. Meta’s Catalina
Rack, supporting NVIDIA GB200 Grace
Blackwell GPUs, exemplifies this
evolution (Figure 5)°. It delivers up to

140 kW/rack for next-generation Al
workloads.

As rack power climbs toward a mega-
watt, next-generation data centers are
adopting 400- to 800-V distributed
current/distributed power to reduce cop-
per losses and boost efficiency. A 300-kW
rack at 48 V would draw ~6250 A — far
beyond what copper busbars can effi-
ciently manage. By distributing power at
higher voltages and using SSTs for local-
ized conversion, data centers can signifi-
cantly reduce current, resistive losses, and
infrastructure complexity.

At the same time, traditional cold plates
are reaching their thermal limits because
heat must still travel through multiple
material layers. Microfluidic cooling,
which channels coolant within microns

of the silicon, delivers much higher
heat-transfer efficiency and significantly
mitigates hotspots. Combined with high-
voltage DC power distribution, these
advanced cooling technologies enhance
reliability, thermal performance, scal-
ability, and operational cost — paving
the way for next-generation Al-optimized
data centers.

The unprecedented scale and complexity
of Al data centers place extreme demands
on reliability. Any downtime or perfor-
mance degradation can negatively affect
Al training time, inference latency, and
operational costs. To ensure continuous
operation, data centers employ advanced
monitoring, predictive maintenance, and
automated failover mechanisms. The co-
design of hardware and software further
enables dynamic resource allocation and
fault isolation to mitigate risks.
Environmental sustainability is also a
key priority. Data centers are among the
largest consumers of electricity globally,
and AT workloads are driving increased
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power demand. Ongoing and planned
industry initiatives focus on renewable
energy integration, water-efficient
cooling, carbon-neutral operation, and
circular economy practices, such as
component recycling and reuse. Advance-
ments in power delivery, cooling, and
optics technologies contribute directly to
these goals by improving efficiency and
reducing waste.

The shift from CPU-centric to GPU-
accelerated Al factories demands innova-
tive networking solutions, particularly
in optical interconnects, to overcome the
limitations of copper at scale. Emerging
technologies such as LPO, LRO, NPO,
CPO, and CPC, along with optical
protocols such as ESUN and Ultra Ether-
net, are critical to meeting these chal-
lenges.

Simultaneously, power and cooling
systems are evolving with high-voltage
power distribution, SSTs, and sophisti-
cated microfluidic cooling techniques.
These advancements, combined with a

focus on reliability and sustainability,
are shaping the future of data centers that
can support the next generation of Al
workloads.

As Al models continue to increase in
size and complexity, data centers must
remain agile and innovative. Designers
must embrace new architectures, proto-
cols, and technologies to sustain perfor-
mance while minimizing environmental
impact. Ultimately, the future of Al
depends not only on algorithms and
models but also on the foundational infra-
structure that enables them.

Sunil Priyadarshi is senior director of engi-
neering at Arista Networks, leading optical
networking architecture for data centers and
large Al systems. He has held senior technical
and leadership roles at Intel, Broadcom,
Coherent, Source Photonics, Lucent Technolo-
gies, and NEC; email: spriyadarshi@arista.
com.

Vijay Vusirikala leads AT systems and
networks at Arista Networks, focusing on
networking for hyperscalers and large Al

clusters. He is an Optica Fellow and serves on
the OFC Long Range Planning Committee;
email: vijayv@arista.com.

The first author wishes to thank Andy
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