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OIF Delivers Interoperable Power Optimized 
Electrical Definitions 
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448G Next Generation Framework

OIF CEI-448G Framework Project Start in August 2024 

Access the OIF 448G Framework Document 
here: https://www.oiforum.com/wp-
content/uploads/OIF-FD-CEI-448G-01.0.pdf 
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CEI-448G for AI Network: System Architectures, 
Applications and Challenges

Yi Tang, Cisco Systems, Inc.
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ÁInterconnects are an essential part of AI 
infrastructure

ÁHierarchical Network Design:
o Scale-Up Network: Connects accelerators 

within a rack (or small group of racks) for low 
latency, lossless, memory-to-memory 
communication. 

o Scale-Out Network: Links multiple racks at the 
larger cluster scale, using multiple tiers of 
network switching to span the cluster.

o Front-End Network: Connects system CPUs to 
the cluster for management, control, and 
delivery of training data.

Interconnects of an AI Network

Figure 1 Block diagram of an AI network

Next Generation CEI-448G Framework, OIF-FD-CEI-448G-01.0, November 4, 2025
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Á Scale-up networks carry the bulk of interconnect bandwidth, making them a focal point for cost, power, and reliability optimization.

o Copper interconnects are preferred for efficiency and practicality. Rack densification enables the use of copper interconnects by 
minimizing channel distance and power consumption, allowing more accelerators to be efficiently connected within a single scale-
up domain.

o Retimers, redrivers, or optical links are deployed when longer distances or higher bandwidth demands require extended reach 
within or between racks.

Key Metrics of the AI Network

10

Scale-Up Scale-Out
State of Art Today Next Generation State of Art Today Next Generation

Number of Accelerator Nodes ~100 ~1k 100k+ >>100k
Physical Size Rack Rack to Row Datacenter Datacenter
Network Properties Lossless, Low Latency Large scale
Primary Interconnect Type Electrical: Passive PCB / Twinax 

Backplane (within rack)
Active Electrical Cables(AEC) 
(between adjacent racks)

Electrical: Twinax Backplane 
(within rack)
Active Electrical Cables (AEC) 
(between adjacent racks)
Optical (within row)

Optical Optical

Table 1 Key metrics of the scale-up and scale-out networks

Next Generation CEI-448G Framework, OIF-FD-CEI-448G-01.0, November 4, 2025
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448G Electrical Link Constraints and Complexities
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Electrical Channel Power Consumption

Pushing copper interconnects to 
448G is challenged by bandwidth 
and signal integrity issues, 
especially above 90 ->  95GHz 
where connector resonance can 
severely degrade performance. 
While higher-order modulation 
schemes like PAM6 and PAM8 may 
reduce frequency demands, they 
also increase sensitivity to noise and 
require higher-quality components.

The rapid growth in bandwidth has 
outpaced improvements in power 
efficiency, making careful 
management of SerDes power and 
channel loss crucial for high-speed 
links. Advanced DSP-based SerDes 
may be necessary for 448G, but 
minimizing channel loss remains 
essential to prevent excessive 
power draw.

For large-scale AI, tail latency can 
become a bottleneck, stall 
distributed training and reduce 
hardware efficiency as cluster sizes 
grow. Maintaining low and 
predictable tail latency is therefore 
a critical design goal alongside 
reach and power optimization for 
next-generation networks.

Tail Latency
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Leading Applications for CEI-448G
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Figure 2 Leading applications for 448G

Next Generation CEI-448G Framework, OIF-FD-CEI-448G-01.0, November 4, 2025
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Enabling Key Applications

ÁCo-packaged optics offers an effective 
way to minimize electrical channel loss, 
making it an attractive option for next-
generation data center architectures. 

ÁLiquid coolingτwhich offers much 
higher heat removal efficiency than 
airτmay become the mainstream 
solution for 448G systems. 

13

Figure 3 Two conceptual approaches to liquid cooling (Partial)

Next Generation CEI-448G Framework, OIF-FD-CEI-448G-01.0

November 4, 2025
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Transition to 448G Electrical Interconnects

ÁFundamental Shift in System Design: 448G interconnects introduce new challenges in 
cost, power, reach, reliability, and operational complexity.

ÁHolistic Approach Required: Success at 448G demands integrated solutions addressing 
technical, operational, and economic constraints together. 

ÁEcosystem Collaboration is Essential: Achieving scalable, efficient, and reliable high-
speed interconnects will require close cooperation among component suppliers, system 
integrators, and data center operators.
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Interconnect Technology Evolution Toward CEI-448G

Nathan Tracy, TE Connectivity
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448G Guided by Historical 224G Roadmap
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Compatibility with Optics

Pushing the limits of Copper

First Set of OIF Projects for 448G: CEI-448G-VSR & CEI-448G-LR.

VSR/LR power/cost reduction will drive other variants.

CEI-448G-VSR

CEI-448G-LR
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"LR" = Backplane:

2 connectors +

Cable assembly

Å224G Trends towards NPC/CPC solutions drive need 

for more than one connector.

ÅPluggable IO is a critical gatekeeper.

"VSR" = Chip-to-Module:

1 or more connectors +

Cable assembly
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Looking at the IO Generations
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Pluggable IO has supported 
copper and optics
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Challenges Illustrated ς Conventional Interconnect

Å Main areas of concern in conventional pluggable interconnect to address:

Å Mating stub roll-off frequency variation

Å Tight crosstalk requirements

Å Need for highly shielded connector interface

Å Sensitive parameters like return loss

Å Need for connector structure with less transitions

Å Mechanical challenges

Å Co-planarity at solder tail

Å Manufacturing challenges

Å Need for very tight tolerances at 448GHz

Combined factors suggest 448G is best done with a new approach enabling optimized pluggable performance 
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Thinking About It Another Way

ÅAs Nyquist rates move past 80 
GHz, very high levels of 
shielding are required

ÅAchieving instrument grade-
like interconnect performance

ÅTarget smaller size than 
ǘƻŘŀȅΩǎ Lh ŎƻƴƴŜŎǘƻǊǎ

ÅFitting signal integrity 
performance into high density

ÅHow to get the red test 
connectors performance to fit 
in the area of the blue IO 
connector

20

MCB test board with pluggable IO connector and 32 test connectors
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All Electrical Interconnects Are Addressing Challenges

21

The industry has seen significant innovations on interconnect solutions 

to support evolving architectures

Co-Package Copper to 

backplanes and to IOs 

provides lower 

channel loss 

Higher density 

contact structures 

with integrated 

shielding enables 

next gen IO and 

backplane 

bandwidth densities

Low profile 

structures to enable 

CPO and NPO 

architectures

Channel and Interconnect bandwidth requirements and modulation 

tradeoffs will be some of the next critical discussions
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Measured Data:

Co-Packaged Copper 

500mm length Cable 

Channel
Å Co-Packaged Copper 

(CPC) interface

Å 0.5m Twin-ax cable

Å Approx 15dB at 100Ghz
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Snap Shot In Time: OIF x64 HD Pluggable Electrical Connector Project
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Shift to CEI-448G 

Cathy Liu, Broadcom
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ÁCEI-448G-FD identified potential CEI-448G electrical interconnection applications

Interconnect Application Distance Up To Types of interfaces Potential CEI projects

Die to Die in a Package ~25mm Electrical XSR

Die to Optical Engine in a Package ~50 mm Electrical XSR/XSR+, Linear, RTLR

Chip to nearby optical Engine ~150 mm Electrical XSR/XSR+, Linear(?), RTLR(?)

Chip to pluggable module ~250 mm Electrical VSR, Linear(?), RTLR(?)

Chip to chip within PCBA ~50 cm Electrical or Optical MR

PCBA to PCBA across a 
backplane/midplane/cable 

~1 m Electrical or Optical LR

Chassis to Chassis within a rack ~1 m Electrical or Optical LR

448G Interconnect Applications

CEI-448G-VSR and CEI-448G-LR new projects start in February 2026 
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ÅIncreasing data rates lead to degradation in SNR 
due to increased conductive and dielectric 
losses, and noise from reflections and crosstalk

ÅIncreased I/O density exacerbates crosstalk 
concerns

ÅIntra-pair skew can amplify jitter and inter-
symbol interference, degrading the eye diagram

ÅCurrent channel bandwidth is limited to 
approximately 90 GHz, largely due to connector 
technology, making PAM4 challenging for 448G

Channel Requirements and Characteristics
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ÁMeanwhile, emerging interconnect technologies and 
ongoing advancements in connector design offer 
promising pathways to overcome these bandwidth 
limitations. 

ÁHowever, what if these existing connector/channel 
bandwidth limitations persist longer? 

ÁTo meet fast pace of AI network demanding
o Short-term: Maximize existing infrastructure

ÅRequires higher order modulation

o Mid-term: Address channel limitations without full-scale 
replacement

ÅUse PAM4 where possible, e.g. XSR

ÅUse higher order modulation where required, e.g. LR

o Long-term: Full-scale hardware transition

ÅFull transition to lowest possible modulation

ÅUse higher order modulation for longer reach or faster 
speed (e.g. 800+ Gbps)

Channel Advancements

M
a
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d

e
, 
d

B
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ÅNew tools pulled from the toolbox with each generation

ÅUsed to address challenges presented by doubling the data rates

SerDes Toolbox

1 Nominal cable reach is a function of host class

2 Year of publication of the OIF CEI or IEEE802.3 Ethernet standard 
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ÅStart with low-hanging fruit

Å Investigate baseband PAMs as the primary modulation options

Å Before consider other advanced signaling such as bi-directional, single-ended, DMT and so on

ÅTo offset the SNR penalty introduced by higher modulation levels, stronger error correction (FEC) 
schemes are needed

Baseband PAM Modulations

Modulation PAM-4 PAM-6 PAM-8

Bits per unit interval 2 ~2.5 3

Re-encoded data rate, Gb/s 4251 4251 4251

Signaling rate, GBd 212.5 170 143.75

Nyquist frequency, GHz 106.25 85 71.875

SNR penalty vs. PAM-4, dB 0 3.6 6.1

Note 1: Begin with existing RS(544, 514) infrastructure
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Å200GE systems have enhanced FEC:

ïAdopted symbol multiplexing and 4-way RS(544,514) codeword interleaving

ïAdded inner Hamming code at PMD sublayer for IMDD optics

Å400G AUI FEC needs to be:

ïIƛƎƘ ŎƻŘƛƴƎ ƎŀƛƴΣ [ƻǿ ƻǾŜǊƘŜŀŘΣ ƭƻǿ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ƭƻǿ ƭŀǘŜƴŎȅΧ

ÅStart with low-hanging fruits:

ïAdd supplemental inner code to protect electrical links

400GE FEC

Host Module Module Host

AUI PMD AUI

Inner

Encoder

Host FEC

Encoder
Host FEC

Decoder

Inner

Decoder

Concatenated FEC

200GE FEC 

Coding 
Gain

Coding 
Overhead

Coding 
Latency

Coding 
Complexity

Hard decision (HD) decoding
Soft decision (SD) decoding
Iterative SD decoding

Begin with RS(544,514) 6%
6+1.5%
6+3%
6+6%

50ns
100ns
200ns

Close the BER/SNR gap
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448G Architectures for AI ς Addressing the 
Challenges, Enabling the Future

Mike Klempa
Alphawave Semi, a Qualcomm Company Principal Engineer
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AI Scale-up is Dominated by Copper

OIF CEI 
Projects

CEI-56G-LR CEI-112G-LR CEI-224G-LR CEI-448G-LR

Timeline 2014-2017 2017-2021 2021- 2026-

Modulation PAM4 PAM4 PAM4 TBD

Insertion 
Loss

30 dB at 14 GHz

 (Ball ς Ball)

28 dB at 28 GHz

 (Ball ς Ball)

40 dB at 56 GHz

 (Bump ς Bump)
TBD

Reach 
Objectives

3m copper cable 2m copper cable 1m copper cable TBD

¢ƘŜ ƘƛǎǘƻǊƛŎŀƭ ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ hLCΩǎ /9L-LR Projects
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Current Bottlenecks

Insertion Loss, Return Loss, Module side
Return Loss, Host side PowerSum Crosstalk

Paddle Card

26AWG 1m Cable

Paddle Card

Host Board

Pluggable IO 

Connector

Die(Serdes)

CPC Connector

30AWG 300mm Cable

Substrate

Host Board

Pluggable IO 

Connector

Die(Serdes)

CPC Connector

30AWG 300mm Cable

Substrate
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Trading off Energy Utilization and Max Electrical Reach at the Shoreline

Retiming
Architecture

Net Interface Energy
Utilization

[pJ/b]

Max
Electrical
Channel
Reach

Passive Copper 0 ~ 1.5  m

Reitimed (RTRR) 15 - 19 > 35  dB

Tx Retimed (RTLR, LRO, TRO) 10 - 12 ~  26  dB

Non-retimed (LTLR, linear) 5 - 6 22 dB

Non-retimed (LTLR, linear) 4 - 5 22 dB

D2D Standard Package 5 - 6 25 mm

D2D Advanced Package 4 - 5 2 mm

ASIC Signaling Energy Efficiency and Reach 
Requirements for AI Compute
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Trading off Energy Utilization and Max Electrical Reach at the Shoreline

Retiming
Architecture

Net Interface Energy
Utilization

[pJ/b]

Max
Electrical
Channel
Reach

Passive Copper 0 ~ 1.5  m

Reitimed (RTRR) 15 - 19 > 35  dB

Tx Retimed (RTLR, LRO, TRO) 10 - 12 ~  26  dB

Non-retimed (LTLR, linear) 5 - 6 22 dB

Non-retimed (LTLR, linear) 4 - 5 22 dB

D2D Standard Package 5 - 6 25 mm

D2D Advanced Package 4 - 5 2 mm

ASIC Signaling Energy Efficiency and Reach 
Requirements for AI Compute

64 lanes @ 448 Gbps

64 lanes @ 224 Gbps
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Next Gen AI Scale-up Connectivity Options
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Chiplet Advantage at 448G

Å Partition into smaller logical die

Å I/Os disaggregated into chiplets

Å Benefits

ÅReuse, Reduced design time, risk, NRE and silicon costs

ÅComposability, modular design

ÅIndependent development and validation (or pre-
validation)

37

D2D Type Redundancy 

Needed

Bump 

Pitch (um)

Data Rate

 (Gbps)

Linear BW Density 
(Tx+Rx)/edge width) 

[T/mm]
Advanced Yes 40 32 5.2Tbps x 2 = 

> 10 Tbps/mm
Standard No 130 32 .896 x 2 = 

~ 2 Tbps/mm
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ÅAddressing the new challenges with new 
technologies
ü PCB to NPC to CPC

ü PAM4 to PAM?

ü Test and Measurement 
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Leveraging 224G Interop Success into 448G

Starting strong with 7 
participants and new 

building blocks at 448GOIF 224G interop 
grew from 2 

companies to 20+ 
in ~ 2 years, 

demonstrating 
building blocks for 

multi-vendor 
interop
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Test and Measurement for Next Gen CEI-448G 

John Calvin, Keysight Technologies



Advances in high-speed serial Technology
High Speed Networking Standards Compression

174 Gbd 
PAM6

(448 Gbps)

150 Gbd PAM8
(448 Gbps)

174 Gbd PAM6
(448 Gbps)

150 Gbd PAM8
(448 Gbps)

224 Gbd PAM4
(448 Gbps)

224 Gbd PAM4
(448 Gbps)

Aggregate Speed Year/  First Silicon Single lane bit/rate PAM modulation Syms/UI Signaling Fundamental Scope BWBW Ratio Filter Channel BW Notes

PCIe 8.0 (est) 2026 256 4 2 64.000 109 1.7 4BT 81

3.2Tbps 2025 448 4 2 106.000 180 1.7 4BT 134 Stay the course with PAM4?

3.2Tbps 2025 448 6 2.5 84.800 127 1.5 BU 96 Switch to  PAM6 ?

6.4Tbps 2028 (est) 896 6 2.5 169.600 212 1.25 RC 192 Expecting Raised Cosine Ref Filter. 

12.8Tbps 2031 (est) 1792 8 3 282.667 311 1.1 RC 319
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448G  Frequency Response Plot (signal acquisition)

OIF CEI-448Gbps ς Fast and Furious Signaling Spec Development                         Copyright © 2026 OIF 41

ÅInformative specifications



Channel performance evolution

The edge of the 
electrical channel map 
as we know it today 
ends at 120GHz.

Moving into higher 
transmission speeds 
will require learning 
about dielectric and 
transmission 
properties for new 
electro-mechanical 
assemblies and 
materials. 
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Electrical Signal Detection 
and BER Measurements

Realtime 
Oscilloscope

448G Physical Error Detection 



Emerging higher order measurement support
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PAM6/PAM8 Analysis
Measurements:
Å Level-Peak-Peak, RMS
Å Level Skews
Å Eye Levels
Å Eye Skew
Å Eye Height
Å Eye Width
Å Vertical Eye Closure
Å PAM Overshoot, Undershoot
Å Transition Time
Å Outer OMA
Å Outer ER
Å Linearity
Å Peak-Peak Amplitude
Å Tx Power Excursion
Å Pmax.Pmin
Å EECQ/TDECQ
Å Co-Optimized Reference Receiver 

Equalization


