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Notice: This informative document (“Informative Document™) has been created by the Optical
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Informative Document (“Content”) may require the use of inventions covered by the patent
rights held by third parties.
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following: (1) this Notice and the copyright and other legends in this document must be included
on all such copies and derivative works, and (2) this document itself may not be modified in any
way, such as by removing any legends or references to the OIF, except as needed by OIF for the
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Glossary

Al/ML: Artificial Intelligence / Machine Learning; technologies enabling machines to learn from data.
ASIC: Application Specific Integrated Circuit; for specific application rather than general-purpose use.
BEI: Back-End Interconnect; connections between separated compute nodes, also referred to scale-out.
CPC: Co-Packaged Copper; copper interconnects integrated closely with ASICs.

CPO: Co-Packaged Optics; optical components integrated closely with ASICs.

CPX: Co-Packaged X (variant placeholder for co-packaged technologies);

CEI-XSR: Common Electrical I/0O — eXtra Short Reach.

COIl: Compute Optical Interface; connections between compute elements, targeted for scale-up.

DP: Differential Pair; a matched pair of electrical traces carrying complementary signals.

DSP: Digital Signal Processor; chip that re-times and re-transmits high-speed digital signals.

EEl: Energy Efficient Interface; interface implementation that minimized power per bit transmitted.
ELS: External Laser Source; implementation that separates the laser source from the optical engine.
FEl: Front-End Interconnect; connections between compute nodes and the broader Ethernet network.
GPU: Graphics Processing Unit; essential building block for Al/ML workloads.

HPC: High-Performance Computing; use of supercomputers to solve complex computational problems.
IL: Insertion Loss; measure of signal loss across a component or channel.

IMDD: Intensity Modulation Direct Detection; optical transmission technique.

LGA: Land Grid Array; surface-mount packaging technology.

LPO: Linear Pluggable Optics; module implementation that eliminates the DSP to reduce power/latency.
MPO: Multi-fiber Push-On (connector); fiber connector supporting multiple fibers in single interface.
NPC: Near Package Copper; copper interconnects placed close to ASICs for reduced signal loss.

NPO: Near Package Optics; optical modules placed close to ASICs for reduced signal loss.

OTB: Over-The-Board; nomenclature from TE Connectivity, for copper cabled-host implementations.
OSFP: Octal Small Form-factor Pluggable; form factor supporting 8-lanes of bidirectional traffic.
OSFP-XD: Octal Small Form-factor Pluggable — eXtra Dense; extension of OSFP form factor, 16-lanes.
PIC: Photonic Integrated Circuit; single device (chip) that integrates photonic functions.

PCB: Printed Circuit Board; planar structure providing surface mechanically holds components in place.
QSFP: Quad Small Form-factor Pluggable; form factor supporting 4-lanes of bidirectional traffic.
QSFP-DD: Quad Small Form-factor Pluggable — Double Density; extension of QSFP form factor, 8-lanes.
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RL: Return Loss; measure of signal reflected to the source due to impedance mismatches
RTLR: Retimed Transmitter Linear Receiver; similar to LPO, only retains DSP on the one end of the link.

TIM: Thermal Interface Material; substance applied between a component and heat sink to improve
thermal conductivity.

VLC: Vertical Line Card; line card mounted vertically to shorten ASIC-pluggable traces.

VSFF: Very Small Form Factor; fiber connector supporting multiple fibers in single interface, extension of
MPO.
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1 Introduction

The rapid growth of artificial intelligence (Al), cloud computing, and high-performance computing
continues to drive a sustained increase in interconnect bandwidth within data center systems. Switches
and compute platforms are required to support higher aggregate throughput while operating within fixed
mechanical envelopes and constrained power and cooling budgets. As signaling rates and switch radix
increases, high-speed |0 scape from ASIC to the front panel have become a primary determinant of
achievable system performance, energy efficiency, and scalability.

The Energy Efficient Interfaces Framework Document examined the broader system level challenges
associated with enabling low power high bandwidth electrical and optical interconnects across a range of
applications. The Compute Optics Interface (COIl) white paper [3] further explored these challenges within
Al compute architectures, where increased data movement between compute elements demands higher
bandwidth density and reduced energy consumption while maintaining low latency. Figure 1 illustrates
the classification of modern interconnect domains and highlights the differing requirements placed on
front end interconnects, back-end interconnects and compute interconnects.

I BACK END l : 5
INTERCONNECT ! : FRONT END
[SCALE-OUT] : ! INTERCONNECT

Legend:

Compute Element

Figure 1: Conceptual representation of modern high-performance networks. (1) Front End
Interconnect (FEl), (2) Back End Interconnect (BEI), and (3) Compute Interconnect [2].
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While significant progress has been made in optical device architectures and electrical signaling
technologies, the physical connector interface between the host system and the optical module has
emerged as a key limiting factor. Conventional pluggable module electrical interfaces based on printed
circuit board edge contacts constrain the achievable Baud rate due to the electrical connector
discontinuities that become increasingly challenging for signaling beyond 224 Gbps/lane (PAM4) and
power delivery. These limitations directly affect bandwidth density power efficiency and system
scalability, see Figure 2.

The scaling pressure created by increasing compute density and interconnect bandwidth arises from the
growing mismatch between system bandwidth requirements and the practical limits of conventional
electrical interfaces. As aggregate bandwidth continues to increase, the number of high-speed electrical
connections required between the host ASIC and the front panel module grows accordingly. However, the
available physical interface area and the achievable electrical connection density do not scale at the same
rate, resulting in signal integrity challenges, power delivery, and overall system scalability when using
conventional interface approaches.

Scaling of Peak hardware FLOPS, and Memory/Interconnect Bandwidth
H100
Al00 4
1000000 HW FLOPS: 60000x / 20 yrs (3.0)(/2yrs) TPUV3 ° : I.
DRAM BW: 100x / 20 yrs (1.6x/2yrs) P | TPUV4
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. K:O » ‘
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g PY .‘ I ® L]
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Figure 2: Bandwidth density and electrical interface scaling trends.

At the same time, high-density connector technologies have matured in adjacent industries and now offer
electrical performance and contact densities capable of supporting next generation interconnect
requirements. These technologies enable new architectural possibilities for pluggable near packaged
optics and potentially co-packaged optics implementations while preserving modularity and serviceability.
Understanding how such connector technologies can be applied within optical interconnect ecosystems

Copyright © 2026 Optical Internetworking Forum
www.oiforum.com

13


http://www.oiforum.com/

D II OIF-EEI-HDC-FD-01.0

is therefore an important step toward enabling future energy efficient interfaces. Figure 3 illustrates the
primary motivations for increasing connector density as system bandwidth requirements continue to
grow.

Energy Utilization vs Density

25
1600G-OSFP-DR8-Fully-Retimed (RTRR)

1600G-0OSFP-DR8-Tx-Retimed (a.k.a. RTLR, TRO, LRO}
1600G-0OSFP-DR8-Non-Retimed (a.k.a. LPO, LTLR)
1600G-0OSFP-RF-Non-Retimed
1600G-0OSFP-Cu-Link-1.5m-passive
1600G-0On-Board-Cu-Link-1.5m-passive
6.4T-On-Package-Cu-Connector-passive
Co-packaged-Non-Retimed-Chiplet-@-2T/mm

ASIC's SerDes-200G-130um-pitch (ASIC only)

ASIC's UCle-32G-Std-Package-95um-pitch (ASIC only)

20

15 4

24 KX ERE R |
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01—W n—e
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Figure 3: Motivations for improving connector density.

One promising solution segment involves positioning the optical or electrical 10 engines near to or directly
onto the same substrate as the host ASIC substrate. This approach minimizes signal losses and impedance
discontinuities at 224 Gbps per lane and 448 Gbps per lane speeds, allowing for higher-speed, lower-
power data transmission while leveraging standards like CEI-XSR specifications and allowing Linear/RTLR
implementations. Applications such as hyperscale data center networking, Al/ML training systems, and
system disaggregation architectures all stand to benefit from these high-density, low-latency
interconnects. As demands for bandwidth and efficiency rise, legacy solutions like pluggable transceivers
and copper links will no longer suffice—making co-packaged and near-package architectures a critical next
step. The OIF was the first industry standards body to formalize an Implementation Agreement around
co-packaged solutions, and that really started with the Co-Packaging Framework Document [1].
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At the same time, pluggable front-panel optical modules remain a vital part of the ecosystem, offering
compatibility with existing platforms, operational flexibility, and serviceability. To support increased
switch radix—such as enabling 1024 discrete Differential Pairs (DP) to GPU/accelerator connections from
a single 10U front panel—designs must evolve beyond traditional 8-lane pluggable modules toward
higher-lane-count or higher-density form factors. This white paper positions co-packaged, near-package,
and advanced pluggable solutions as complementary elements of a unified high-density interface
strategy, ensuring data centers can scale across Al/ML and HPC workloads with optimal performance,
power efficiency, and interoperability.

This document establishes a framework for evaluating high-density connector approaches in the context
of next generation optical interconnect architectures. The goal is to identify the technical challenges,
architectural tradeoffs and practical implementation considerations associated with increasing electrical
interface density while maintaining acceptable electrical performance, mechanical robustness, thermal
behavior, and interoperability.

2 Applications Overview and Potential Solution Spaces

Energy efficient interconnect requirements arise across multiple application spaces including front-end
interconnects, back-end interconnects and local compute interconnects within Al systems. Each
application space places different emphasis on latency, power efficiency, and interoperability, yet all share
a common requirement for increasing aggregate bandwidth within limited physical space.

Front-end interconnects typically prioritize interoperability and reach while maintaining reasonable
power efficiency. Back-end interconnects emphasize low latency and high aggregate bandwidth to
support large scale distributed workloads. Compute interconnects within localized compute domains
increasingly require extremely high-bandwidth density and low-energy per bit often at shorter
transmission distances.

Across all application classes the electrical interface between the host ASIC and the communication
module plays a critical role in determining achievable system efficiency. As bandwidth increases connector
density and electrical channel performance increasingly influence architecture selection making
connector technology an important component in enabling future interconnect solutions.

2.1 Key Requirements for Energy Efficient Interface Applications

The OIF’'s Energy Efficient Interfaces work identified several requirements that collectively define the
suitability of an interconnect technology for next generation systems. These requirements are
interdependent and improvements in one area often introduce trade-offs in others. High-density
connector solutions must therefore be evaluated within the context of these system level requirements
rather than in isolation.
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2.1.1 Power

Power consumption is a primary constraint for next generation Al factories and increasingly limits
achievable system scalability as aggregate bandwidth continues to increase. A significant portion of
interconnect power is determined by the electrical interface between the host ASIC and the optical
communication device. Electrical channel loss, impedance discontinuities, and signal integrity degradation
increase equalization requirements within both the host SerDes and the optical module, resulting in
higher overall energy consumption.

As signaling rates increase, maintaining acceptable electrical channel performance over conventional
interfaces becomes increasingly challenging. Compensation techniques such as increased transmit drive
strength, or additional equalization, introduce additional power dissipation and reduce overall system
efficiency.

Reducing electrical channel loss between the ASIC and the optical interface is therefore an important
mechanism for improving energy efficiency. Connector architecture directly influences channel
performance through contact density, grounding structure, and signal escape topology. Connector
approaches that minimize discontinuities and enable shorter effective electrical paths can reduce
equalization requirements and allow optical interfaces to operate at lower power while maintaining
required performance.

Optimizing the electrical interface, including the connector, is therefore an important contributor to
achieving energy efficient interconnect solutions as system bandwidth and interface density continue to
scale.

2.1.2 Latency

Latency is a critical requirement for many Al applications, particularly within scale up and local compute
interconnect domains. Electrical channel characteristics between the host ASIC and the optical interface
influence whether additional equalization or retiming stages are required to maintain reliable operation
at high data rates. While these techniques improve signal robustness, they introduce additional delay and
increase overall link latency.

Improved electrical channel performance reduces the need for retiming and extensive signal conditioning,
enabling lower latency optical architectures where appropriate. Connector interfaces that support lower
loss electrical channels and improved impedance continuity can therefore contribute to reduced latency
while also improving overall system efficiency.

2.1.3 Interoperability

Interoperability has historically been a defining strength of pluggable optical modules and remains an
important requirement for many deployment scenarios. Connector solutions must balance increased
density and electrical performance with the need to maintain serviceability, manufacturability and
ecosystem compatibility.
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2.1.4 Form Factor

Form factor innovation acts as a key enabler for realizing the principles of energy efficiency at 224Gbps
per lane and 448 Gbps per lane speeds. Compact, thermally aware designs allow for tighter integration of
optical and electrical components, effectively reducing transmission path lengths and associated power
overheads. High-density modular packaging, optimized airflow, and improved connector designs can
collectively lower both static and dynamic energy consumption. By aligning the physical layout of interface
components with workload-specific traffic patterns and cooling architectures, system designers can foster
a more sustainable balance between speed, capacity, and energy use.

In this framework we will work to identify and illustrate form factor concepts with the purpose of helping
the industry evaluate the direction and scope for future standardization efforts. We will first parse
solutions by the axis plane of the module mating relative to the PCB orientation in the host system. Figure
4 shows examples of both a Y-Axis Pluggable Solution, and a Z-Axis Pluggable Solution. The distinction
between these two implementations is derived from the planar axis that the module mates to the
connecter mounted on the PCB of the host system. The mechanical mating of a Y-Axis Pluggable Solution
follows a path along the illustrated y-axis, through a cage and into a connector receptacle attached to the
host system, as an example. The mechanical mating of a Z-Axis Pluggable Solution follows a path along
the illustrated z-axis, through a socket or pad surface land pattern attached to the host system, as an
example. In both cases, it is assumed that the host ASIC connecting to the pluggable solution is mounted
somewhere on the PCB surface beyond the area shown in green in Figure 4. These examples are not meant
to be an exhaustive interpretation of the implementation options but should help to provide context for
the contents in the rest of the document. Each of the concepts described in this document will provide
more detail and context for its implementation requirement relative to the Y-Axis or Z-Axis nomenclature.

Y-Axis Pluggable Solution - Z-Axis Pluggable Solution

Figure 4: Examples illustrating axis nomenclature for the pluggable solutions mating relative to the
PCB orientation in the Host.
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One of the leading benchmarks for energy efficient interfaces is bandwidth density Table 1 below outlines
the bandwidth density for pluggable solutions in the market today compared to the proposed concept for
a 12.8 Thps pluggable solution, referred to as HD Pluggable Concept A in the following sections.

Table 1: Bandwidth Density calculations for current industry 8- and 16-lane pluggable modules.

Bandwidth Density
QSFP-DD OSFP OSFP-XD Y-Axis

HD Pluggable

112 Gbps 0.04 Tb/mm 0.035 Tb/mm 0.07 Tb/mm 0.13 Tb/mm
v s
c B

©

. -% 224 Gbps 0.08 Tb/mm 0.07 Tb/mm 0.14 Tb/mm 0.25 Tb/mm
55
o

448 Gbps 0.16 Tb/mm 0.14 Tb/mm 0.28 Tb/mm 0.49 Tb/mm

Note: Assumes QSFP-DD port width of 19.25 mm [4] and an OSFP/OSFP-XD port width of 23.50 mm [5,6].

3.1.1 HD Pluggable Concept A Mechanical Characteristics

The mechanical characteristics of the proposed module were derived from the number of ports needed
to support the aggregate appliance bandwidth for a given module bandwidth.

Table 2: Number of total modules required as a function of aggregate appliance bandwidth and
individual module bandwidth.

Aggregate Appliance Bandwidth
102.4Tb 204.8Tb 409.6Th 819.2Th

3.27Tb 32 64 128 256

P 6.4Tb 16 32 64 128
23
3

2T 12.8Tb 8 16 32 64
S ®©

@ 25.6 Tb 4 8 16 32

51.2 Tb 2 4 8 16
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Defining the physical envelope of the pluggable form factor is a critical first step in this development. The
usable mechanical dimensions for integration are constrained to 43.5 mm x 465.1 mm (approximately
98% x 96% effective utilization of a 1RU faceplate) and 48 mm x 527 mm (approximately 98% effective
utilization of a 10U faceplate). Within these boundaries, system designers can calculate the feasible
number of modules based on the desired aggregate appliance bandwidth and the per-module capacity.
Balancing these mechanical, thermal, and electrical requirements will be key to ensuring that next-
generation pluggable architectures deliver both the density and modularity necessary to meet the
evolving demands of hyperscale data centers. Figure 5 outlines the dimensions of the switch faceplate
used in this concept.

527mm

48mm

Figure 5: Usable faceplate real estate for 10U switch appliance.

Allocating the available faceplate space for each module would yield roughly 53 mm for 8 modules across
or 26 mm for 16 modules across. At 448 Gbps per lane, the bandwidth density for either of these solutions
is ~0.5 Tb/mm. A 64-lane module configuration would deliver higher aggregate bandwidth per port,
potentially reducing the number of optical interfaces required, but it would also increase module power
and thermal load, yet require higher connector density. In contrast, a 32-lane module offers half the
thermal management on less than half the internal module volume and potentially higher manufacturing
yield, though at the cost of lower per-module throughput and more faceplate real estate for equivalent
system capacity. Note that actual faceplate allocations are application specific, and the exact amount of
usable faceplate real estate may vary.

The dimensions for this module at the host port would be ~26 mm wide and ~18.5 mm tall. One of the
motivating factors for pursuing higher optical interface density is the increasing need to maximize
bandwidth within limited front-panel real estate. As data center interconnect speeds scale ever higher,
packing more optical channels into smaller physical footprints becomes essential for improving overall
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system throughput, reducing energy per bit, and enabling more flexible, scalable architectures without
expanding chassis size or increasing power draw per port.

26mm

+«—Cooling

High-Speed
Electrical

<+<——Power/Low-Speed

18.5mm

High-Speed
Electrical

+<——Cooling

Figure 6: Cross-section view of the HD Pluggable Concept A module’s component allocation, assuming
10U application.

The module space is allocated such that the paddlecard surface is preserved for module implementations
with active components. In the 1 OU configuration the paddlecard could be the interface for power and
low-speed signals. In a 1.5 OU or 2 OU configuration a separate connector interface may be used to
transmit power and low-speed signals. The fundamental context for this concept is to use a 2-piece
backplane-style solution as the transmission path for the high-speed electrical signals. To fit into the
proposed form factor, envelop the high-speed electrical interface must achieve a minimum of 4mm?/DP
(Differential Pair) in any configuration the form factor. Additionally, cooling paths exist on both the top
and bottom sides of module, based on the target application.

The target insertion force of the HD Concept A module is “90 N. The module could be deployed in a vertical
mate-to-host configuration, as shown in Figure 4, as depicted as a Y-Axis Pluggable solution. The module
could also be deployed in a horizontal mate-to-host configuration, as shown in Figure 22. The additional
structures to support the guidance and latching may be optimized differently in each situation. Given the
higher density and insertion forces, the latching mechanism would likely move away from traditional pull-
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tab release designs used in today’s pluggable modules. Instead, concepts such as screw-hold or lever-
based interfaces could be used to provide secure, repeatable engagement while still allowing quick
servicing. These mechanisms could integrate cam or quarter-turn fasteners that balance robust
mechanical retention with the operational convenience required in data center environments, ensuring
technicians can access and replace modules efficiently without excessive force or specialized tools.

3.1.2 HD Pluggable Concept A Electrical Interfaces

Today's pluggable transceivers, such as QSFP-DD and OSFP, rely on paddlecard interfaces with gold finger
pads for electrical connectivity. These interfaces introduce significant limitations at high speeds beyond
224 Gbps per lane. Key issues include impedance discontinuities at pad transitions, causing signal
reflections, crosstalk, and insertion loss degradation. The goal for this HD concept is to support 448 Gbps
per lane, at whichever modulation is selected. The module could be used at lower data rates, but the
bandwidth density will be optimized when operating at the fastest data rate. There is minimal opportunity
for any of the HD pluggable concepts to support copper solutions, so the target bandwidth for the
interface will be consistent with the requirements for optical signaling. The bandwidth target is beyond
106 GHz, with reduced sensitivity to longitudinal tolerance stack-up degradation, which was a limiting
factor for the traditional paddlecard gold finger interfaces. The expected implementation for this form
factor would support future CEI-448G-VSR requirements.

Again, the fundamental context for this concept is to use a 2-piece backplane-style solution as the
transmission path for the high-speed electrical signals. The male (as example) would be assembled to the
paddlecard by the module manufacturer. To efficiently use the space in the module, the high-speed
signals may be equally distributed on the top and bottom of the paddlecard with separate interfaces. The
female (as example) interconnect would be positioned on the host system, mounted directly to the
faceplate. The power and low-speed control signals may be carried through a third interface using gold
pads directly on the paddlecard (similar to card edge interfaces used in pluggable modules and/or network
add-in cards today). Figure 7 shows a visual of this configuration of components in the module interface
for the electrical signals. Provisions for a module shell, including latching and cooling mechanicals, would
still need to be determined based on consensus application targets, as discussed in the previous section.
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Figure 7: Exploded view of the high-speed electrical components at the module mating interface.

3.1.3 HD Pluggable Concept A Optical Interfaces

The target application for the HD pluggable solution is most likely a switch application, but the modules
may not connect to another HD pluggable solution on the opposite end of the link. For this reason, the
preservation of the MPO interfaces may be desirable. Though it is possible to find MPO solutions that fit
into the envelope detailed in Figure 8, the module area near the optical interface may grow slightly to
support an array of MPO connectors with more space in between for access. It’s also possible that VSFF
connectors may be used, to reduce the overall footprint of the optical interfaces. An introduction to VSFF
optical interfaces along with context for their potential advantages over legacy interfaces was contributed
by Senko (0if2025.369.00) and USConec (0if2025.504.00) at OIF Meetings in 2025.
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26mm

4xMPO

18.5mm

Figure 8: Optical interface configuration, assuming 10U application.

Figure 8 shows the 2x2 array of MPO connectors in the tightest possible configuration. Figure 9 shows the
comparison of optical interfaces beyond MPO connectors. The VSFF-style interface offers advantages of
density and/or reduced overall footprint when deploying high-density pluggable modules. Other optical
interfaces may be applicable and supported as determined by the applications.

3 x MMC MPO 128 Fiber

OSFP Width
Figure 9: (left) VSFF-style optical interface compared to an MPO. (right) Implementation example of
(4) VSFF-style connectors in an OSFP (or OSFP-XD) module.
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3.1.4 HD Pluggable Concept A Thermal Challenges / Characteristics

The thermal requirements for the HD pluggable solutions are still largely unknown given the state of 448
Gbps per lane solutions in general. There is no expected support for air-cooling of the module, but the 32-
lane module is expected to be at the limit of what could be supported with a system-based “cold plate”
cooling implementation. The module would be equipped with cooling paths at the top and bottom of the
module and support a variety of cooling mechanisms, if a necessary requirement. The thermal
requirements would likely play a role in determining the overall module length, which is not defined in

the HD Pluggable Concept A detail.
OSFP-XD Module HD Pluggable Concept A Module

<+——Cooling

+———Cooling
High-Speed
Electrical

High-Speed
Electrical

16.5mm

<+——Power/Low-Speed

18.5mm

+———— Power/Low-Speed
High-Speed

High-5 d
gh-Spes Electrical

Electrical

‘Cooling

<+—Cooling

Figure 10: Cross-section view of the HD Pluggable Concept A module’s component allocation,
compared to OSFP-XD allocations [6].

3.2 HD Pluggable Concept B

This section summarizes four presentations that were contributed by TE Connectivity at OIF Meetings in
2024 and 2025 (0if2024.503.01, 0if2025.084.02, 0if2025.299.02, and 0if2025.471.01), establishing the
electrical interface technical challenges, proposing solutions to these challenges and finally, addressing
system-level features associated with this electrical interface to support next-generation high-density
faceplate pluggable mixed-media modules. OIF members provided direct feedback during the
presentations that is incorporated into the paragraphs below.

There are several challenges for a faceplate pluggable 64-channel electrical interface:

- 64 channel electrical high-speed interface density including mating area, escapes, layers, insertion loss
and other Sl impairments

- 448 Gbps per lane Sl performance (IL, RL, crosstalk, etc.) while minimizing module volumetric size
(faceplate width and height, and depth as well)

- Mating forces of 128 differential pairs onto module, host, cage
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The electrical and mechanical performance (insertion loss, return loss, cross talk, mating force, etc.) of a
128 pair, 448 Gbps per lane electrical interface deals with many conflicts and tradeoffs. The industry has
made significant progress in this area over the past 12 months, but still, challenges remain.

3.2.1 Pluggable Challenges
Interface Density, Electrical Performance and Mating Infrastructure:

One challenge is the sheer density of 128 differential pairs and therefore the potential for higher levels of
cross talk. While electrical performance improvements are being demonstrated, best performance
conflicts with miniaturized interconnect size. Adding additional grounds to achieve more effective 3-
dimensional shielding is impacting module size. In a best-case electrical design, it would be advantageous
to separate transmit differential pairs from receive differential pairs, adding to the density challenges.
Another related issue with improved grounding for crosstalk reduction (near-end and far-end) is that it
can increase mating force for the connector due to increased number of mating ground contacts or
‘shielding zones’. In a typical case today, the mating forces of 128 pair connectors can range from 160 to
190 Newtons which the module and cage/host must withstand with minimal mechanical deflection. In
addition to concerns with mechanical deflection of connectors and host equipment leading to incomplete
mating, there are concerns with industry limits or expectations for human hand ergonomic insertion or
withdrawal forces of the module. Typical industry limits for hand mated parts is 45N, only about 25% of
today’s 128 pair typical mating forces. 128 pairs can require substantial mechanical structures to support
mating forces on the module, host or host housing and a method of managing those mating forces is
critical.

Another consideration related to array/interface size and density is what plane of the module has the
mating interface. Should the module mating face go on the vertical end of the module, possibly requiring
a 90-degree turn of the signals inside the module to get to the horizontal plane of the module PCB
(paddlecard), negatively impacting signal integrity? In addition, depending on array size, it could impact
module overall height and width. Another option is to put the mating interface on the horizontal module
plane, parallel with the module PCB, and potentially not having the same level of impact on overall
channel signal integrity and module size.

In all these OIF high density module conversations there has also been discussion on the module substrate
(PCB) to interconnect escape routing, layer count and resultant insertion loss of narrow traces. This has
been demonstrated to be a challenging factor in near-package and co-package applications even at 224
Gbps per lane and becomes more challenging at 448 Gbps per lane.

These are some of the key challenges to achieving a practical 64 channel pluggable electrical interface.

3.2.2 Pluggable Concept Introduction

TE Connectivity has made significant progress on a concept for a next generation pluggable module
electrical connector concept that addresses the challenges discussed above, potentially identifying a
practical path to such a high channel count, high data rate face plate pluggable module, enabling a solution
to realize a 25 Tbps pluggable interface with excellent electrical performance. The following text and
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images describe an electrical interface concept that can provide the density, the 448 Gbps per lane SI
electrical performance and the ergonomics necessary to enable a 400 Thps aggregate equipment (10U,
Open Rack Unit) bandwidth via a pluggable optical module interface (25 Tb/module x 16 modules). Some
general module features and sizes are also included below for reference, but the primary scope of this
effort is to describe an electrical connector interface. Details on module size and shape require inputs
from optics suppliers which is beyond the scope of this HD electrical connector study.

3.2.3 Module Concept

The concept starts with a traditional style horizontal module paddlecard electrical interface centered in
the module vertically. The module enters the equipment 10 port on a conventional y-axis. This paddlecard
has 64 differential pairs routed out in an array pattern on its top side and bottom side for a total pair
count of 128 differential pairs. Breaking the mating interface into two separate arrays (one on top and
one on bottom) minimizes the impact that a 128 pair interface array can have on module size. Two metallic
frames are soldered onto the paddlecard’s top and bottom and surround every differential pair’s surface
pads on the module PCB. This provides excellent shielding from pair to pair and enables very low cross
talk. The pairs on the top and bottom of the paddlecard can be segregated as transmit and receive
separately, further improving crosstalk performance.

Receptacle Frame

Solder added
by stencil

8
8
8
]
8
8
8
]
8
8
5
9
8
8
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8

@ D @ M @M @@ M @ O @ @ M D D D D
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Paddlecard With
Assembled Frames

Paddlecard Assemble Receptacle Frames to
Paddlecard Top and Bottom

Figure 11: Concept B Module PCB Mating Interface.
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Figure 12: Concept B Module Bottom Side Power and Mgmt Interface.

3.2.4 Host Architecture

The host “connector” that mates to the paddlecard consists of 2 OTB (Over The Board) cabled host cable
assemblies, one cable assembly above and one below the module paddlecard. These cable assemblies
have high speed contacts bringing the OTB twin-ax cable directly to the module paddlecard, providing an
optimal Sl channel from the CPC (Co-Packaged Copper) cable interface on the host silicon directly to the
pluggable module paddlecard, the best possible low loss channel.

Co-Package Copper, Cabled Host, X64 Channel Connector

30AWG Cable

Die(Serdes)
On module board

ST e

Substrate

Host Board

Module PCB

Figure 13: Concept B Cabled Host to 10 Architecture.

3.2.5 Module Mating to Equipment

When the module is inserted in the y-axis relative to the host PCB into the host port connector and cage,
the power and mgmt. card edge interface mates to the host connector. Then there is a faceplate actuator
that latches the module to the host and brings the upper and lower OTB cable assemblies into the y-axis
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(vertical) mating position (relative to the module PCB axis), connecting the cabled host cable assemblies

into contact with the module PCB upper and lower sides.

Paddle Card
2x 64 pair
connectors
installed inside of
cage, and spread
apart

Figure 15: Concept B Host Connector Actuation, Mating Force Management.
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3.2.6 Distributed Offsetting Mating Forces

Because the horizontal cabled host cables mate vertically to the paddlecard via the metal frames that are
soldered to the paddlecard, the ground contacts have a simple mating friction which minimizes mating
forces compared to a pure compression contact style connector. Equally critical and importantly, 64 of
the twinax cables are mating downward to the top surface of the paddlecard and 64 of the twinax cables
are mating upward to the bottom side of the paddlecard, resulting in equal and opposite mating forces,
relieving the cage, connector, module and host system from having to support or counteract these high
mating forces since they are offsetting.

Mating Action and Offsetting Forces
Module 8)
Un-Actuated SOXSOXNOXNIKR NS CNOX. P r Cab'epﬁjs;semb'v
(@]
Module
O
fitateay SESESEESA ISR S Mated
(@]

Figure 16: Concept B Detailed View, Host Connector to Module Actuation.

3.2.7 Electrical Performance of the Interconnect

Electrical simulations of this connector system design show that very low cross talk and insertion loss can
be achieved at the system level by providing a mating interface that brings the cabled host cables to the
paddlecard interface. The design also balances the need for high interconnect density, while utilizing two
surfaces of the paddlecard to achieve excellent signal integrity with exceptionally low cross talk, good
isolation, manufacturable escape routing and minimal layer count on the module paddlecard. Work
continues to achieve additional performance improvements such that alignment from electrical-to-optical
modulations is possible.
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Figure 17: Concept B “Connector Only” Simulated Performance.

3.2.8 Thermal

Thermal management comes via cold plate mechanical system that supports liquid cooling. “Riding” liquid
cold plates have been simulated that can be located on both the top and bottom surface of the module
as well as in stacked module port configurations. It is known that liquid cooling has become common
place in state-of-the-art data centers, and in some cases flow rates in the range of 0.5 and 1 Ipm (liter per
minute) are being deployed to manage thermal challenges on high performance silicon devices. Based on
this knowledge and the industries’ never-ended ability to bring higher levels of performance, simulations
have been conducted with high performance cold plate designs and flow rates up to 1 Ipm. This has
demonstrated that the 64-channel pluggable module described here can be managed with power levels
as high as 300W per module.

3.2.9 Equipment Port Density

The primary scope of this effort is to introduce a concept for an electrical connector interface enabling
128 differential pairs each operating at 448 Gbps per lane electrical data rate for application on pluggable
modules. Applying that electrical interface concept, based on the reference module dimensions shown
below, this results in the ability to have 16 ports, each with 25 Tbps of bandwidth, fitting into a single 10U
equipment enclosure supporting 400 Thps of aggregate pluggable bandwidth.
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Module Concept Reference Dimensions
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Figure 18: Concept B Reference Module Dimensions.
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Figure 19: Concept B 400 Thps Aggregate 10U Equipment Capability.
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3.2.10 HD Pluggable Concept B Summary

An electrical connector interface concept has been developed that can support 448 Gbps per lane per
differential pair over 128 pairs to enable a 64 channel, 25 Terabit pluggable multi-media transceiver
module.

Signal integrity challenges have been addressed via the development of a high-speed interface leveraging
a simple metallic alignment/shielding frame on the module PCB/paddlecard, that brings high speed
contacts directly onto gold pads on the module PCB, resulting in a stubless electrical interface. High
performance twin-axial cables are connecting channel media from the optical module interface to the
host silicon via a co-packaged copper (CPC) interface to the host ASIC package, for an optimal chip to
module channel.

The challenges of mechanically mating 128 differential pairs have been addressed by leveraging two sides
of the module paddlecard to provide offsetting mating forces and relieving the system design from having
to counteract the mating forces so that no heavy hardware superstructure is required.

Based on a set of reference module dimensions, this electrical interface can enable packaging 16 modules,
each providing 25 T module bandwidth into a 10U (open rack unit) equipment format to yield support for
400 Tbps of aggregate bandwidth.

4 Z-Axis Pluggable Solutions

4.1 HD Connector Concept C

Connectors based on 2D arrays, such as used in co-packaged copper and backplane applications, are
superior to the 1D and 1.5D arrays of today’s card edge connectors in (a) providing higher interconnect
densities and (b) scaling beyond 200 Gbps/lane. We present a 2D connector framework that supports —
with a single universal socket — different front-panel pluggable architectures as well as co-packaged and
near-package mixed-media interfaces. We also discuss the dependency between connector density and
thermal module density and resulting consequences for the standardization of a universal 2D array
connector.

This document summarizes three presentations that were given by Nubis and Ciena at OIF Meetings in 2025
(0if2025.010.03, 0if2025.221.01, and 0if2025.292.04), directed towards electrically pluggable mixed-media
interfaces that support both copper and optical transmission using electrical 2D high-density electrical connectors
to interface to their host systems.

4.1.1 From 1D front-panel pluggables to 2D universal electrical array interfaces

Today’s front-panel pluggable electrical communication interfaces connect to their host system through
a one-dimensional (1D) array of electrical contacts, i.e., a card-edge connector comprised of an array of
metal contacts at the edge of a paddle card. Using metal contacts on the top and on the bottom of the
paddle card edge creates a 1.5D interface (e.g., OSFP, QSFP), sometimes even employing two rows of
contacts per paddle card surface (OSFP-XD, QSFP-DD), cf. Figure 20(a). The paddle cards plug into card-
edge connectors based on spring-loaded clips, typically with a 90-degree turn to the host printed circuit
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board (PCB), cf. Figure 20(b). Routing within the host PCB requires long (and therefore lossy) electrical
traces, especially between the host ASIC ports facing the back of the box and the pluggable connectors
located at the far left and right sides of the front panel. Despite the superb equalization capabilities of
modern SerDes at the host ASIC, these long traces make power-efficient un-retimed, linear pluggable
optics (LPO) difficult or even impossible to implement at high per-lane rates and require either transmit-
side retiming (RTLR: Retimed Transmitter Linear Receiver) or fully retimed pluggable modules at the front-
panel. To (i) improve the card-edge connector’s Signal Integrity (Sl) and to (ii) shorten the PCB traces to
the host ASIC, two approaches are being taken: As shown in Figure 20(c), card-edge connectors can be
terminated by 2D electrical array connectors that avoid the 90-degree bend inside the connector, hence
improving the connector’s Sl, and allow for 2D bundles of fly-over copper cables to connect the pluggable
cage to a 2D arrayed co-packaged copper (CPC) or near-package copper (NPC) connector mounted near
the host ASIC. This moves most of the signal routing from higher-loss PCB traces to lower-loss twin-axial
cables. Alternatively, as shown in Figure 20(d), mounting the host PCB vertically, i.e., parallel to the front
panel of the box in a vertical line card (VLC) architecture, also avoids the 90-degree bend inside the
connector and shortens PCB routing traces without the need for fly-over cables, CPC, and NPC sockets.

1D—

Figure 20: (a) Paddle card with 1D and 1.5D card-edge contacts. Card edge connector for a 1.5D
pluggable (e.g., OSFP-XD, QSFP-DD) mounted to (b, e) a horizontal PCB using PCB traces to the host
ASIC, (c) a cabled host using 2D fly-over copper connector using fly-over cables to a 2D co-packaged or
near-package copper connector, (d, f) a vertical line card system.
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The interconnect densities enabled by 1.5D and 2D connectors are summarized in Table 3, showing that
a 2D connector array approach with today’s available technology can provide an up to 6x higher front-
panel density compared to OSFP modules, resulting in up to 300 Thps of faceplate I/O per 1RU box at 224
Gbps per lane, scaling to up to 600 Tbps at 448 Gbps per lane at an up to 12x higher front-panel density
compared to a 1.6T OSFP.

Table 3: Interconnect density for various 1.5D and 2D connectors at 200 Gbps/lane. (*Enables up to 600 Thps
per 1RU front panel at 400 Gbps/lane, corresponding to an up to 12x density increase relative to OSFP1.6T.)

Relative Contact | Diff pair Full-duplex 1/0O density Faceplate capacity
density pitch pitch Linear Areal per RU
OSFP 1x 0.6 mm 1.8 mm 69 Gbps/mm 4.6 Gbps/mm? 51.2 Thps
QSFP-DD 1x 0.8mm | 2.4mm 74 Gbps/mm 4.3 Gbps/mm? 51.2 Thps
OSFP-XD 2x 0.6 mm | 1.8 mm | 138 Gbps/mm 9.2 Gbps/mm? 102.4 Thps
2D (CPX) uptobx* | 0.5mm | 1.5mm | 427 Gbps/mm 27 Gbps/mm? up to 300 Thps*

Figure 21 shows a representative comparison of the Sl performance of 1.5D and 2D connectors, showing
the improvements in connector Sl when going from the architecture of Figure 20(b) to that of Figure 20(d)
as well as the 448 Gbps per lane scalability for 2D connector arrays, which is not supported by 1.5D
connectors. In order to meet density as well as Sl requirements for next-generation systems, connectors
must therefore transition to a 2D array paradigm, with optical, active copper, and passive copper
pluggables at the front panel natively interfacing with fly-over cables connecting to the host ASIC via CPC
sockets, directly attaching to a VLC host board, or directly attaching to the host ASIC package using co-
packaged or near-package optics (CPO, NPO). These relevant use cases are visualized in Figure 22 and
include all use cases of Figure 20 albeit at superior Sl. All these use cases have the module plug-in direction
normal to the surface of the 2D connector array (“surface-normal pluggability”).

Ideally, all applications shown in Figure 22 would use the same socket, which would create a cross-
compatible ecosystem leveraging a single, universal socket standard for all ultra-high-density and ultra-
high speed interconnect needs. An example of such a solution that is currently developing around
Samtec’s SiFly HD socket is shown in Figure 23 and is meant to not only enable co-packaged or near-
package any-media interfaces (CPX) but also front-panel pluggables, either interfacing to the host via fly-
over cables or within a VLC architecture. Note that this socket is not compression-based, so does not
require compression hardware, bolster plates, stiffeners, etc., which substantially simplifies the
mechanical design of its host system.
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Figure 21: Examples for insertion loss (a) and return loss (b) versus frequency for OSFP connectors for
horizontal PCB mounting (Figure 20 (b)), OSFP connectors for VLC applications (Figure 20 (d)), and 2D
array connectors. Data courtesy of Toshiyasu Ito, Yamaichi Electronics.
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Figure 22: Interfaces based on a 2D pluggable electrical array connector (a). If properly designed, all

the applications of Figure 20 are natively supported. In addition, CPO/NPO applications (e, f) are
enabled within the same standardized socket framework.
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In its CPO/NPO application, Figure 22(e), the CPX socket allows to escape 512 lanes (1024 differential
pairs) from a package substrate measuring 95 mm x 95 mm, scaling to 1024 lanes (2048 differential pairs)
for a package substrate of about 120 mm x 120 mm. Alternatively, a separate fan-out card may be used
to transition from a tighter-pitch substrate land gid array (LGA) to universal CPX sockets as proposed in
[10], with power and control signals entering the fan-out cards directly from the host PCB from the bottom
of the card and do not have to be routed through the host ASIC package substrate, just like in the package-
mounted version shown in Figure 23 and Figure 24(b).

Figure 23: The CPX ecosystem provides a single socket solution uniformly applicable to ultra-high
density and 448 Gbps per lane scalable front-panel pluggables, CPC, NPC, CPO, and NPO interfaces [9].

4.1.2 Power and control connectors

While 2D array connectors can in principle devote part of their pin field to feed power and control signals
into the module, these pins can take away from precious signal interconnect real estate, hence reducing
the overall interconnect density. For ultimate interconnect density, an alternative approach is to use a
secondary connector for power and control signals, placed in an orthogonal plane relative to the RF array,
e.g., on the bottom of the module if the RF array is at the back of the module, cf. Figure 24(a). Other
reasons to separate the power and control pin field from the RF signal pin field are:

e to decouple the often-competing routing requirements of the power delivery network from high-

speed signal routing,
e to minimize signal routing distances to the host ASIC,
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e to allow for the RF connector to be 100% pin compatible between active modules (active copper
or optical modules) and passive copper cables, or

e to allow the RF array to be mounted on a different board (e.g., a package substrate) while the
power and control connector is mounted off substrate on the host PCB, which alleviates the need
to power active CPO modules through the package substrate.

An example solution enabling these items is shown in Figure 23 and Figure 24(b).

Power/Control

RF signals

Figure 24: Power and control connections can be outside the RF array, either (a) in an orthogonal
plane [11] or (b) in the same plane but spatially separated from the RF array [9].
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Figure 25: (a) Pluggable cooling capability for air, riding cold plate, and in-module liquid cooling as a
function of facilities water temperature for an OSFP form factor module [12]. (b) Extrapolation of
cooling capability for 2xOSFP and 4xOSFP form factor modules.

4.1.3 Module thermal density vs 2D array connector density

When looking at increased connector densities, it is important to also consider thermal densities, as
modules may be limited by thermal density before they are limited by connector density. Figure 25 shows
the cooling capability of OSFP modules as a function of the facilities water temperature. The coolant is
PG25 and the coolant inlet temperature is 5C above the facilities water temperature, i.e., at 22C (case
W1), 32C (case W2), 37C (case W3), and 50C (case W4), respectively. The reference flow rate into the
module used in comparing solutions is 0.15 liters per minute. While it may be possible to deploy flow rates
higher than 0.15 I/m, to cool higher powers, this often has diminishing returns due to pressure drops.
Riding cold plate solutions may have 0.5-1 liters per minute, but across a larger number of modules. On a
per module basis, the flow rate for a single OSFP module is about 0.15 I/m. The Air cooling allows for
~32W, a riding cold plate for up to ~64W, and in-module liquid cooling optimistically for up to ~110W of
coolable power dissipation per OSFP module.

Table 4: Energy per bit of various classes for typical 100Gbps/Lane and 200Gbps/Lane pluggable
modaules available today.

LPO 5-10 pJ/bit
RTLR (LRO) 10-15 pJ/bit
Retimed IMDD 15-20 pJ/bit
Coherent Lite 18-20 pJ/bit
Coherent (ZR, ZR+) 20-25 pJ/bit
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These coolable power densities need to meet the actual module power consumption P, which is given by

P=C XE=NXRXE, Equation 1

where C is the module 1/0 capacity (e.g., 1.6 Tbps for an 8x200 Gbps/lane OSFP) and E is the total energy
per bit consumed within the module; C = N X R, with N (e.g., 8) being the number of lanes at bit rate R
(e.g., 200 Gbps/lane) that the module interfaces towards the host. If E is entered in units of pJ/bit and C
as well as R are entered in units of Tbps, P results in units of Watts. Table 4 gives typical ranges for the
energy per bit consumed by different module types available today.

Figure 26 visualizes Equation 1 in the context of Figure 25 and Table 4: The red vertical lines indicate
current limits of 1.5D connector technology and 2D connector technology and show the large space that
2D connectors open up. The three shaded bands represent the assumed cooling limits for air cooling
(32W), cold plate cooling (64W), and in-module liquid cooling (110W) for an OSFP-size module. The solid
black lines represent the module power consumption (y-axis) as a function of the number of lanes (N)
supported by the module (x-axis), with the energy per bit (E) and the per-lane rate (R) as a parameter.
For example, an OSFP-size module with N = 32 lanes at R = 200 Gbps, at a total capacity of 6.4 Thps,
operates at the 32-W air-cooling limit if built as an LPO at an optimistically low power consumption of 5
pJ/bit. As indicated by the three circle markers, a half-retimed (RTLR, LRO) 32-lane OSFP-size module at
an optimistic 10 pJ/bit operates at the cold-plate cooling limit of 64 W, and a fully retimed module at 17
pJ/bit is just barely feasible when using in-module liquid cooling at 110 W.

At 448 Gbps per lane, the supported number of lanes halves compared to a 224Gbps per lane module of
the same type (LPO, RTLR, etc.), because a single lane now consumes twice the power at a constant energy
per bit. This implies that an OSFP-size LPO module (>5 pJ/bit) with 32 lanes at 448 Gbps per lane mandates
in-module liquid cooling and cannot be cooled even by in-module liquid cooling if it exceeds 8.6 pJ/bit.
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Figure 26: Power consumption P (y-axis) of an OSFP-size module as a function of the number of lanes
(x-axis). The solid black curves represent different combinations of energy/bit and per-lane bit rate
supported by the module. These curves can either run into cooling limitations indicated by the
different shades of blue separating cooling technologies, considered capped at 110 W even for in-
modaule liquid cooling, or run into connector density limitations, considered capped at 48 lanes/OSFP
size (CPX, cf. Tab 1). The figure equally applies to 2xOSFP-sized modules if one doubles the x-axis and
y-axis values, 4xOSFP-sized modules if one quadruples the x-axis and y-axis values, etc. [9].

Note that the above discussion, although framed for “an OSFP-size module”, really relates to power
densities and lane densities rather than to absolute powers, lane numbers, and module sizes: The curves
in Figure 26 are equally valid — and the exact same conclusions are obtained — for an OSFP-size 32-lane
module, a 2xOSFP-size 64-lane module, and a 4xOSFP-size 128-lane module, barring some minor
deviations in the expected coolable module power that pertain to whether the cross-section of the larger
modaule is flat (e.g., multiple OSFPs placed next to each other) or tall (e.g., multiple OSFPs stacked on top
of each other). Irrespective of module size and form factor, the second x-axis in Figure 26 shows the
number of rack units (RUs) that are required to build a 1024-lane switch box, i.e., a 200-Tbps switch at
224Gbps per lane or a 400-Tbps switch at 448 Gbps per lane. Clearly, the CPX socket supporting in principle
up to 48 lanes per OSFP cross-section, serves both use cases.
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Figure 27: Power consumption of 1xOSFP, 2xOSFP, and 4xOSFP-size modules as a function of energy
consumption, lane count, and per-lane rate. While all combinations are supported by RF connector
density, only a small number are supported by available cooling technologies [13].

An important conclusion from the above discussion is that a good number of module applications will not
be able to reach practically feasible connector densities of 32+ lanes per OSFP cross-section due to power
density limitations unless breakthroughs in cooling technologies enable higher module thermal densities
to match the 2D array connector densities. This statement is illustrated in Figure 27, showing the power
consumption of 1xOSFP, 2xOSFP, and 4xOSFP-size modules as a function of the modules’ energy
consumption, lane count, and per-lane rate. While all combinations shown here are supported by 2D array
connector densities, not all of them are also supported by available cooling technologies. This implies that
forward-looking module standards with 2D array connectors for both 224 Gbps per lane and 448 Gbps per
lane rates may either consider the option of lane-depopulated modules or of increased cooling capabilities
to match connector densities with thermal cooling densities. For example, while the standard for a 4xOSFP
form factor module should be provisioned for 128 lanes at 200 Gbps/lane up to about 17 pJ/bit (440W in-
module liquid cooled), the same module type and form factor, when used at 448 Gbps per lane can only
be expected to support 64 lanes. Therefore, every other lane in the 2D connector array can be
depopulated, which also improves connector Sl at 448 Gbps per lane. Figure 28 summarizes this concept
for a 4xOSFP-size module, whose 2D array connector is depopulated from 128 lanes down to 32 lanes
depending on the underlying per-lane rate and module type (i.e., power consumption).
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Figure 28: A 4xOSFP-size module with a maximum power envelope of 440W for in-module liquid
cooling and a 2D RF connector supporting 128 lanes can be used with all 128 lanes in low-power
modes (LPO, RTLR) and at 224Gbps per lane, limited by its 2D array connector. Keeping the connector
fixed, the module is then gradually depopulated in its lane count for higher-power interfaces within
the module, depending on the maximum supported power consumption, reaching 32 lanes for, e.g.,
448 Gbps per lane Retimed or Coherent applications [13].

4.1.4 Module architecture concepts

Figure 29 visualizes some basic module architecture concepts that natively cover all applications shown
in Figure 22, underlining the universal nature of this socket choice [9]. Figure 29(a) shows an NPO/CPO
module. The Photonic Integrated Circuit (PIC) is directly attached to the top side of the module substrate,
and the 2D connector array is attached to the bottom. This minimizes RF trace lengths and enables the
very low in-module routing losses needed for retimer-free, low-power NPO/CPO applications. The laser
may either be included in the module or be implemented as an External Laser Source (ELS). Fibers may
couple to the PIC either through surface coupling or through edge coupling, supporting a wide variety of
possible implementation options. Rotating this architecture block by 90 degrees results in the front-panel
pluggable modules shown in Figure 29(b) and (c). These modules natively support all system applications
shown in Figure 22(b), (c), and (d).

In Figure 29(b), the PIC is mounted on the substrate attached to the 2D array connector, which enables
minimum-loss in-module RF routing and is particularly suitable for LPO and RTLR modules at high lane
count. Today’s PICs fit the required substrate sizes, enabling the implementation of LPO and RTLR modules
at full density as detailed using specific sizing examples in [11]. Optical fiber attach is either done through
surface couplers, with fibers shooting straight towards the optical connectors at the front side of the
module, or through edge-couplers with turning mirrors, cf. [13], [14].

Figure 29(c) shows an alternative architecture, suitable for more complex (and hence also more power
hungry) modules, such as fully retimed modules at 448 Gbps per lane or coherent modules. As discussed
in Figure 28, these higher-power modules would not need to support the full lane count of lower-power
modules due to thermal density limits. The reduced number of lanes can then be electrically turned
towards the main PCB Assembly (PCBA) mounted at 90 degrees to the connector surface. This electrical
90-degree turn can be implemented at the required bandwidth and at the required density using, e.g.,
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today’s high-density right-angle backplane connector technology [15] or through short flex cables that
have been demonstrated to support 400+ Gbps per lane [9].

Cold plate / Heatsink | Cold plate / Heatsink

Cold plate / Heatsink

RF, Power, Control

(a)

Figure 29: Basic architectural options for optical modules covering all applications shown in Figure 22
through a single, universal CPX socket [9].

4.1.5 HD Connector Concept C Summary

In conclusion, we view a high-density high-speed 2D array connector as the preferred path to a next-gen
standardized pluggable ecosystem that natively supports all system-level applications including CPO, NPO,
CPC, NPC, and front-panel pluggables for horizontal PCB architectures, VLC architectures, and cabled hosts
architectures alike.

4.2 HD NPO Concept D

One of the leading benchmarks for energy efficient interfaces is bandwidth density. Table 5 outlines the
bandwidth density for standardized NPO solutions in the market today compared to the proposed concept
for a 12.8 Tbps NPO solution, referred to as HD NPO Concept D in the following sections.

Table 5: Bandwidth Density calculations for current and prospective NPO solutions.

Bandwidth Density
OIF3.2T Z-Axis
HD Pluggable
@ g 112 Gbps 0.14 Tb/mm 0.25 Tb/mm
g -E 224 Gbps 0.28 Tb/mm 0.49 Tb/mm
*a 448 Gbps 0.56 Tb/mm 0.98 Tb/mm

Note: Assumes OIF3.2T port width of 22.50mm.

One of the key limitations of the OIF 3.2T module [16] is the support for both copper and optical
implementations. Figure 30 shows the difference in stack-up height for copper and optical
implementation. Furthermore, the copper implementation typically drives the overall footprint pitch,
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which can limit optimization of the optical implementation. Standardization of the optical implementation
drives the solution to support a socket interface, which has been shown to limit optimization of the copper
implementation. For these reasons, the HD NPO Concept D is intentionally not designed to support both
copper and optics.

/
/ SOLDER MASK: SUBSTRATE
Optical Module [ _ | 10.9MAX Copper Module
7.90 MAX l‘ ‘
Socket | i { | Socket
¥ i I
‘ " "I ‘ {optional
‘ ASIC Substrate \ | \L ‘ ASIC Substrate J
suks'wn-jr — otoes st
P

Figure 30: Vertical stack-up for the OIF 3.2T Module [16].

4.2.1 HD NPO Concept D Mechanical Characteristics

The mechanical characteristics of the proposed module were derived from optimized pad pitch to support
dense socket implementations.
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Figure 31: Pad pitch dimensions for the OIF 3.2T Module [16].
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The 0.6mm pad pitch across the width of the module is what limits the bandwidth density. A 0.4 mm pad
pitch would bring the 15.6 mm footprint down to 10.4 mm width. There will be some additional overhead
for the module mechanical interface to hold the module to the host, this could be application specific as
the modules are integrated with the rest of the platform architecture. The additional standardization of
the mechanical interface reduces the bandwidth density for the OIF 3.2T module.
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Figure 32: Highlighting the additional real estate consumed by the NPO mechanical interface beyond
the component footprint.

The width of the NPO module is primarily driven by its footprint, which directly defines the achievable
bandwidth density out of the ASIC. As width determines how many optical channels or lanes can be
integrated per module, maximizing this dimension within mechanical limits is key to enabling higher total
throughput per rack unit. The module length, however, remains a variable parameter governed by the

definition of the control plane—accommodating factors such as power delivery, signal processing, and

management circuitry. This flexibility allows system architects to balance front-panel density, therm
management, and electrical complexity in optimizing overall system performance and scalability.
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Figure 33: Pad pitch dimensions for the HD NPO Concept A.

4.2.2 HD NPO Concept D Electrical Interfaces

The bandwidth target is beyond 106 GHz, supporting all the modulation options for CEI-448G considered
at this time. The expected implementation for this form factor would support future CEI-448G-VSR
requirements. The target application for these modules would be a non-retimed channel configuration.

The high-speed interface will connect through the pad pitch shown in Figure 33 and the power and low-
speed would occupy the region shown in gray. The bandwidth density is determined by the number of
pairs across the width of the module, but the length could be extended to support beyond 32-lanes to 64,
74, 128, or 144, if necessary. As proposed in the 32-lane example, the electrical host side would support
8x448G VSR. The details of the power and control plane are not specified in this example and would be
best determined after application requirements and form factors are confirmed.

4.2.3 HD NPO Concept D Optical Interfaces

As proposed in the 32-lane example, the optical line side would support 8x1.6T-DR4 with 32 (Tx/Rx) fiber
pairs. The preferred application would be linear, non-retimed link architecture, with an external light
source (ELS), consistent with the requirements of the OIF 3.2T module.
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4.2.4 HD NPO Concept D Thermal Challenges/Characteristics

Like the OIF 3.2T module, the HD NPO Concept A would incorporate some sort of heat spreader on the
top surface. A Thermal Interface Material (TIM) would be used to conduct between cooling element and
the module’s heat spreader.

4.3 HD NPO Concept E

This section summarizes a contribution that was provided by TE Connectivity at the OIF meeting in
February 2026 (0if2026.055), supporting the start of a new CPO/NPO project addressing 224 Gbps per
lane and 448 Gbps per lane data rates.

As the industry makes the dual transitions from lower data rates to high data rates, and the transition
from search engine compute architecture to Al/ML compute data center architecture, there are also
transitions in equipment design and the transmission line media materials as well as densities and
reaches. These transitions demand architectural-enabling components that can support both Near
Package Copper (NPC) / Co-Packaged Copper (CPC) and Near Package Optics (NPO) / Co-Packaged Optics
(CPO) in their equipment designs.

By developing a solution that accommodate both copper and optics, we end up with a footprint that is
slightly larger than an “optics only” solution which makes it easier to have an interoperable contact pitch
from multiple interconnect suppliers because we are not operating at the bleeding edge of interconnect
technologies. It must also be noted that interconnect technologies have improved the density capabilities
significantly since the OIF published the 3.2Tb/s Co-Packaged Module Implementation Agreement in
March of 2023. The image below compares the existing OIF 32 channel form factor to what can be
achieved today in terms of size reduction for a new 32 channel form factor based on TE Connectivity’s
existing Catapult® solution.

112G NPO \/

224G/448G NPO

Figure 34: HD NPO Concept E compared to the OIF 3.2T module [16].

Copyright © 2026 Optical Internetworking Forum
www.oiforum.com

47


http://www.oiforum.com/

OIF

OIF-EEI-HDC-FD-01.0

1.8

37.1

L 17.38

L 24.05

112G OIF 3.2T 224G 6.4T
448G 12.8T

Figure 35: Pad pitch dimensions for the HD NPO Concept E compared to the OIF 3.2T module [16].

As noted, a common footprint has been established that operates at both 224 Gbps per lane and 448 Gbps
per lane data rates.

4.3.1 HD NPO/NPC Concept E

In an NPO/NPC application, the approximate size of the ASIC device that would align well with this
NPO/NPC footprint is an 8mm x 78mm package.
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Figure 36: HD NPO Concept E NPO ASIC size for 512 Channels.

4.3.2 HD CPO/CPC Concept E

In a CPO/CPC application, the approximate size of the ASIC package that would align well with this
CPO/CPC footprint is a 120mm x 120mm package having 512 channels.

120

Figure 37: HD CPO Concept E CPO ASIC size for 512 Channels.
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4.3.3 HD Concept E Summary

There is market demand for both Co-Packaged and Near Package solutions that can support optical and
copper plug-in architectures. As example electrical interface has been shown that reduces footprint size
significantly over the OIF’s 112 Gbps per lane 3.2T CPO/CPC IA, while supporting data rates of both 224
Gbps per lane and 448 Gbps per lane on a common footprint. This would provide a standardized footprint
NPO, NPC, CPO, and CPC simplifying the industry’s transition to these new architectures by providing a
standardized interoperable electrical interface.

5 Opportunities for Future Work

Current standards for pluggable modules offer bandwidth densities up to 0.28 Tb/mm?, even at 448 Gbps
per lane but suffer from high electrical channel loss, impedance discontinuities, and limited scalability
beyond 200Gbps due to 1D/1.5D paddlecard interfaces. In contrast, proposed HD Pluggable Concepts A,
B, and C introduce 2D array connectors, cabled hosts, and metallic shielding frames, achieving 0.49-0.98
Tb/mm? densities, better signal integrity (e.g., lower insertion loss and crosstalk), and support for 448
Gbps per lane with features like offsetting mating forces (up to 128 pairs at 90—190N) and twinax cables
for lower loss paths. HD NPO Concepts D and E further optimize for optics-only or mixed-media, reducing
footprints by 20-50% over OIF 3.2T modules while enabling 12.8-25.6 Thps per module.

While legacy pluggables rely on air-cooling (£32W) and PCB traces cause retiming needs (increasing
latency/power), new concepts emphasize liquid cooling (up to 300W via cold plates), vertical line cards
(VLC), and co-packaged copper (CPC)/optics (CPO) for un-retimed linear pluggable optics (LPO) at 5-10
pJ/bit versus 20-25 pl/bit for coherent modules. Tradeoffs include higher mating forces and thermal
densities in denser designs (e.g., Concept B's dual-sided Paddlecards vs. Concept C's universal 2D sockets),
with pluggables prioritizing modularity/interoperability and NPO/CPO favoring integration but requiring
depopulation at 448 Gbs per lane for cooling limits. Optical interfaces preserve MPO/VSFF for flexibility,
unlike copper-optimized escapes. The market interest in the compatibility of copper and optics solutions
needs to be further explored and refined.

Standardization efforts, like OIF projects for 224G/448G CPO/NPO, offer chances to define universal 2D
sockets that balance density, SlI, and cooling for 300-600 Tbps per 10U. Innovations in thermal
management (1 Ipm liquid flow), latching (levers/screws over pull-tabs), and mixed-media footprints could
enable 400-Tbps 10U switches with 16x25T modules. Industry collaboration on interoperability testing,
depopulated lane strategies, and ecosystem alignment across multiple suppliers presents opportunities
for scalable Al/data center architectures while maintaining flexibility to the fact that there may not be a
one solution or form factor that is optimal for all applications.
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