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Accelerating Market Adoption of Optical Networking Technologies

170+ Member Companies

COHERENT OPTICAL [ 55

Multi-Vendor Interoperability in Client

Form Factors

1600ZR+ 1600LR, 800LR

» <1000km Multi-Span » <10km Coherent
Coherent DWDM Point-to-Point

1600ZR, 800ZR, 400ZR

» >80km Coherent DWDM

ELECTRO-OPTICAL A%+ &)

Energy Efficient Interfaces (EEI) —Low Latency/
Optimized Energy Interfaces for Al/ML

- Compute Optics Interface (COI)

« Retimed Tx, Linear Rx (RTLR)

- External Laser Sources (ELSFP)

» Co-Packaged Modules (3.2T)

Common Electrical 1/0 (CEl)

« High-Speed Building Blocks

* 448G, 224G, 112G, 566G, 28G

* LR, MR, VSR, XSR+, XSR, MCM, Linear
* Protocol Agnostic Link Training

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development

p 25+ Years of Service

Identifies Industry
Needs and Gaps

Publishes Implementation
Agreements (specifications) (100+),

Requirements and White Papers

Performs Interoperability
Demonstrations (65+)

Advances industry
consensus via workshops,
webinars, etc.

For more information, visit www.oiforum.com

Copyright © 2026 OIF

p Member Driven Global Organization

MANAGEMENT &+

Common Management Interface
Specification (CMIS)

» Single Solution Ranging From Copper to Coherent
« Simplified Bring up Between Host and Module

» Supports Standard and Custom Interfaces

Transport SDN APIs
» Automation, Programmability

Enhanced Network Operations

« Artificial Intelligence

» Digital Twin

» DC Storage and Optical Multi-Layer Coordination

PROTOCOL

Flex Ethernet (FlexE)
» 800 Gb/s Ethernet PHY support

Y




OIF Delivers Interoperable Power Optimized r |F
Electrical Definitions

cel-44806

[ — hi —-; Up to 50mm package substrate
CEI-224G-XSR — Chip B Optics ‘ 1e-15 or lower (FEC is allowed)

2.5D Chip-to-Chip Chip to Co-Pkg Optics Engine

- 200mm of host, 20mm of module
CEI-224G-VSR Chip Optics 1 connector
Chip to Module 1e-15 or lower (FEC is allowed)

Chip Chip

_ ] 1000mm of host and daughter cards
ce22a6tR | ML e

Backplane or Passive Copper Cable 1e-15 or lower (FEC is allowed)

Linear operation up to 224Gbps-PAM4 interconnects

CEI-224G-Linear | ,:I:’ e Without DSP/SERDES in Optical Module

Lower power and cost targets
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448G Next Generation Framework %BIF
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OIF

Project Inputs from Members and SME OIF Member Analysis Generate Findings Possible Resultant Project Starts

Reaches & architectures g Die to die/OE

required f"’:_-:____-v Chip to module
- i -
Power pl/b L > Chip to chip
Transmission media ——* Working Group bl
discussion/debate/analysis consensus ~—— Non/half-retimed?
I i —
Modulation/FEC — fincings ~___* Hybrid (cabled) backplane
" e~

New applications??? Next Generation CEI-448G Framework

Channel sims - /

Test and measurement

OIF-FD-CEI-448G-01.0
November 4, 2025

OIF CE}448G Framework Project Start in August 2024

Access the OIF 448G Framework Document

here: https://www.oiforum.com/wp-
content/uploads/OIHFDCE448G01.0.pdf
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CE1448G for Al Network: System Architectures,
Applications and Challenges

Y1 Tang, Cisco Systems, Inc.

N s
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Interconnects of an Al Network %—BIF

cCel-44806

A Interconnects are an essential part of A
infrastructure

A Hierarchical Network Design:

o0 ScaleUp Network:Connects accelerators
within a rack (or small group of racks) for low
latency, lossless, memotg-memory
communication.

Scale-up Scale-up Scale-up Scale-up
o Switch

Scale- Scale- Scale- Scale-
out NIC out NIC

0 ScaleOut Network:Links multiple racks at the H- H
larger cluster scale, using multiple tiers of
network switching to span the cluster.

PCle

o FrontEnd Network:Connects system CPUs to Scale-Up Network
the cluster for management, control, and Scale-Out Network
delivery of training data. Front £nd DC Network

Figure 1 Block diagram of an Al network
Next Generation CEB48G Framework, OFFDCE#448G01.0, November 4, 2025 | I I+ l I
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Key Metrics of the Al Network *B":

cel-a44806

A Scaleup networks carry the bulk of interconnect bandwidth, making them a focal point for cost, power, and reliability optimizat

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

o0 Retimersredrivers or optical links are deployed when longer distances or higher bandwidth demands require extended reac
within or between racks.

ScaleUp ScaleOut
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 PCBwinax | Electrical.TwinaxBackplane Optical Optical

Backplane (within rack) (within rack)

Active Electrical Cables(AEC)| Active Electrical Cables (AEC)

(between adjacent racks) (between adjacent racks)

Optical (within row)

Table 1 Key metrics of the scalg and scaleout networks
Next Generation CB48G Framework, OIFDCE448G01.0, November 4, 2025
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448G Electrical Link Constraints and Complexities %—BlF

cel-a44806

Electrical Channel

Power Consumption

Pushing copper interconnects to
448G is challenged by bandwidth
and signal integrity issues,
especially above 96 95GHz
where connector resonance can
severely degrade performance.
While higherorder modulation

schemes like PAM6 and PAMS8 ma

reduce frequency demands, they
also increase sensitivity to noise a
require higherquality components.

nd

The rapid growth in bandwidth has
outpaced improvements in power
efficiency, making careful

management of SerDes power and

channel loss crucial for hiegpeed
links. Advanced DSsased SerDes
may be necessary for 448G, but
minimizing channel loss remains
essential to prevent excessive
power draw.

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development

Tail Latency

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

S

- ..‘ﬁ\- > ¥
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Leading Applications for GEI8G %,B":

cCel-44806

Pluggable Module with CPC Host PCB

.................... Different
— Interconnects

Module PCB

Host PCB

Optical Fiber

-

Optica

Backplane Connection with CPC CONN
) Optical Fiber
. Optical
-------------------- Electrical Electrical
= C Cabl SO C Cabl
o
pperanie Sl Optical Fiber
Host PCB CPC
Pluggable

Retimed Optics
|
Pluggable
LPO/LRO

e P

Optical Engine

CPO
Optical 0

CONN

Copper Cable

Host PCB Pluggable

AEC/DAC

Copper Cable

¢ CPC: Co-packaged Copper  « LPO: Linear Pluggable Optics « DAC: Direct Attach Copper
» CPO: Co-packaged Optics * LRO: Linear Receiver Optics e« AEC: Active Electerical Cables

Figure 2 Leading applications for 448G I I
Next Generation CEB48G Framework, OIFDCE#448G01.0, November 4, 2025 AR RN
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Enabling Key Applications %ﬂlF

A == A Copackaged optics offers an effective
SR ele way to minimize electrical channel loss,
A oMl (oo [ O, | making it an attractive option for next
: 8OE | generation data center architectures.

A ] Ve .
GI |°JF- 2 A Liquid cooling which offers much
(@] . . .
~ Gotarias H c::” g higher heat removal efficiency than
ol |l Rl S alrt may become the mainstream
Cold Plate | | et solution for 448G systems.
Outlet Warm Coolant Manifoid
——
a—
Inlet Cool Coolant

Co-packaged Optics with External Laser Modules
Liquid Cooled Switch ASIC, CPU, Optical Engines, and External Laser Modules

Figure 3 Two conceptual approaches to liquid cooling (Partial) I |
Next Generation CE48G Framework, OfFDCE#448G01.0 L ANRR AR

November 4, 2025 C | S C O
\ R - .v._. .‘ ~, - .,f'-\ /V;‘t

Gl e

| "._:‘.;__; .‘,_ '-0' - e . ',‘ "' e L = ..'/,.‘.*’:\ N
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Transition to 448G Electrical Interconnects }BlF

cel-44806

A Fundamental Shift in System Desigdd8G interconnects introduce new challenges in
cost, power, reach, reliablility, and operational complexity.

AHolistic Approach Requiredduccess at 448G demands integrated solutions addressing
technical, operational, and economic constraints together.

A Ecosystem Collaboration is Essentiathieving scalable, efficient, and reliable high
speed interconnects will require close cooperation among component suppliers, syste
Integrators, and data center operators.

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 14 * N G y e
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Interconnect Technology Evolution Toward-@43G

Nathan Tracy, TE Connectivity

N
D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 15 *



448G Guided by Historical 224G Roadmap }BlF
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— — b —;. Up to 50mm package substrate
CEI-224G-XSR T — Chip B Optics 1e-15 or lower [FEC is allowed)

2.5D Chip-to-Chip Chip to Co-Pkg Optics Engine C E I '448 G 'VS R
Compatibility with Optics ]

Non-retimed optics to save power and cost
1e-15 or lower [FEC is allowed)

CEl-224G-Linear

Chip to Co-Pkg/Near-Pkg/Pluggable Optics Engine

Chip Chip
[ } CEI-448G-LR
) . ) 1000mm of host and daughter cards
CEI-224G-LR | | 2 conector

1e-15 or lower (FEC is allowed)

Backplane or Passive Copper Cable

First Set of OIF Projects for 448G: CEI-448G-VSR & CEI-448G-LR.
VSRI/LR power/cost reduction will drive other variants. — ¥ 3
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"LR" = Backplane:
2 connectors +
Cable assembly

"VSR" = Chip-to-Module:
1 or more connectors +
Cable assembly

A 224G Trends towards NPC/CPC solutions drive need
for more than one connector. L TE
A Pluggable |10 is a critical gatekeeper. -— A

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF
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Pluggable 10 Insertion Loss :El 448G

Looking at the IO Generations

. |
Pluggable 10 has supported S
copper and optics |
-7+ QSFP10G -
QSFP 28G
-8 - OSFP56G |
QSFP 112G
9t OS5FP 224G 4
10 448G
_10 1 1 | 1 I I ] | L

0 10 20 30 40 50 60 70 80 90 100 110 120

Frequency [GHZz] _ TE

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 185



Challenges lllustratefiConventional Interconnect %'F

Cel-44806
A Main areas of concern in conventional pluggable interconnect to address:

Pad Stub
Nom
Nom + 0.1 mm |
Nom + 0.2 mm I | I |
Nom + 0.3 mm - -
stub

A Mating stubroll-off frequency variation

A Tightcrosstalkrequirements

A Need for highly shielded connector interface

uuuuuuuuuuuuuuuu

A Sensitive parameters liketurn loss

. y T T E |
A Need for connector structure with less transitions ookl AR Ly

A Mechanicalchallenges

A Coplanarity at solder tail

A Manufacturingchallenges

A Need for very tight tolerances at 448GHz




Thinking About It Another Way

T FIXTURE

60-1946328

112G OSFP
REV 03

TES

XOIF

cel-44806

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

A Achieving instrument grade
like interconnect performance

ATarget smaller size than _
uzRlFeQa Lh O2Y

A Fitting signal integrity
performance into high density

A How to get thered test
connectors performance to fit

In the area of theblue 1O
connector

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 20 *



All Electrical Interconnects Are Addressing Challe%lF

cel-44806

The industry has seen significant innovations on interconnect solutions
to support evolving architectures

Co-Package Copper to Higher density Low profile
backplanes and to 10s contact structures structures to enable
provides lower with integrated CPO and NPO
channel loss shielding enables architectures
next gen 10 and
backplane

bandwidth densities

Channel and Interconnect bandwidth requirements and modulation
tradeoffs will be some of the next critical discussions ==, | =
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448G Catapult UHD CPB R2 31 AWG 500 mm De-embedded @ 100 GHz System Zref = 92 Ohms

Measured Data:
Co-Packaged Copper |
500mm length Cable

Channel g
A Co-Packaged Copper |~
(CPC) interface s

A 0.5m Twin-ax cable
A Approx 15dB at 100Ghz =

=75.0+

-80.0 a T T — T T — T T -
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 20.0 100.0

Freq(GHz)
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Snap Shot In Time: OIF x64 HD Pluggable Electrical Connector WIF

Magnitude,dB

Insertion Loss

Differential Impedance

0 110
17 105
g: £ 100
1 S g5 Madule Cable Side
-4+ & Card Side
-5 & 904
. g
67 3 85
7] E god
-8—F2-Traceson kb B P2: Traces on L5
94—P4:-Traces on L3 757 P4: Traces on L3
_1|:| I_ILIIII""IIIIIIII_I.I_I._I_Ihl_l ?D L — 1 r r 1 [ 1t 1 1 1t [ T T 1T
cS S RYgsETZTITBTES LD 095 1.00 105 1.10
o O O O B
freq, GHz ime. nsec
FEXT
0 0
:;E: P2-P1 (FEXT in Row: L5) e
a0 F3-P4 (FEXT in Row: L3} 30 _
m s P2-P4 (FEXT in Column) o -404 P2-P4 (NEXT in Column)
g o £ 2
2 60 £ 70
= c
5 70 @ 304
= -30 = -904

Return Loss

cel-44806

Magnitude,dB
da
T

40+

_5{3__ P2: Traces on/LS
- F4: Traces on L3

60

T I T T T T
e T T ORI = |
o o o O O O

0

freq, GHz

NEXT

OIF CE448Gbpg; Fast and Furious Signaling Spec Development

P2-P1 (NEXT in Row: L5}
P3-P4 (NEXT in Row: L3}
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Shift to CE#448G

Cathy Liu, Broadcom

£ BROADCOM
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448G Interconnect Applications }BlF

cel-44806

A CEI-448G-FD identified potential CEI-448G electrical interconnection applications

Interconnect Application Distance Up To Types of interfaces Potential CEIl 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 ~1lm Electrical or Optical LR

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

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 25%%



Channel Requirements and Characteristics *B":

cel-44806

A Increasing data rates lead to degradation in SNR
due to increased conductive and dielectric VSR Channel
losses, and noise from reflections and crosstal

400G Channel Model

30AWG 300mm

Cable Die(Serdes)

AIncreased I/O density exacerbates crosstalk = msls 00 ~—
concerns .

A Intra-pair skew can amplify jitter and inter
symbol interference, degrading the eye diagrar = s

] . . . . o . Insertion Loss .

A Current channel bandwidth is limited to L~ At “"W‘.".Nwrﬁ et oss, Mokl e
approximately 90 GHz, largely due to connectcs «- m | IRYIY _, Powersum Crosstal
teChnOlogy, making PAM4 Challenging for 448(‘% zz_— \-“’!/ Crosstalk includes 3 FEXT and 4

§ :70_ NEXT aggressors, module side.
e 0 | 1|0 | 20 | 3|0 | 4|0 | 5|D slo | Tr‘lO 8|0 | 9|0 | 100
Frequency, GHz 9 BROA DCOM@

D I F OIF CE448Gbpg; Fast and Furious Signaling Spec Development Copyright © 2026 OIF 26



Channel Advancements *B":

cel-44806

A Meanwhile, emerging interconnect technologies and
ongoing advancements in connector design offer
romising pathways to overcome these bandwidth

Imitations. _ .
e Advances in HPDC interconnects

A However, what if these existing connector/channel | w | oot envamercucre
bandwidth limitations persist longer? NI T
A To meet fast pace of Al network demanding |
o0 Shortterm: Maximize existing infrastructure | | o e
20.000 | 1Y -9.42 dB
A Requires higher order modulation | v e
o Mid-term: Address channel limitations without fidtale . o ; oy s
replacement oow — | T ——— it
S e I R  {2560pe 3y -11.01 dB
A Use PAM4 where possibieg. XSR - e q\”ﬁ”s’\“ L pas
A Use higher order modulation where requiredy.LR oo~ =y N | v e
o Longterm: Fullscale hardware transition i \f\v\ \ v ama
| !
A Full transition to lowest possible modulation : A
A Use higher order modulation for longer reach or faster e | | \\“
Speed%.g_800+ GbpS) 0.01 GHz 11.009 22.008 33.007 44 006 55.005 66.004 77.003 88.002 99.001 110 GHz 10.999 GHz/div
9 BROADCOM

S

S ST S
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SerDes Toolbox

cel-44806

/ ADC FFE
Data rate per lane, Gb/s 10 25 50 100 200 400
Modulation PAM-2 PAM-2 PAM-4 PAM-4 PAM-4 ?
Nominal cable reach, m 7 5 3 2 1~-2" ?
Technology added DFE RS FEC Stronger Floating-tap MLSD Inner FEC?
RS FEC DFE
Year? 2007 2014 2018 2022 2026 (est.) ?

1 Nominal cable reach is a function of host class
2 Year of publication of the OIF CEI or IEEE802.3 Ethernet standard

A New tools pulled from the toolbox with each generation
A Used to address challenges presented by doubling the data rates

Copyright © 2026 OIF
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Baseband PAM Modulations *B":

CcCEl-44806

A Start with lowhanging fruit
A Investigate baseband PAMSs as the primary modulation options
A Before consider other advanced signaling such -asréctional, singleended, DMT and so on

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

Modulation PAM-4 PAM-6 PAM-8
2 3

Bits per unit interval ~2.5

Reencodeddata rate, Gb/s 425 425 425
Signaling rate, GBd 212.5 170 143.75
Nyquist frequency, GHz 106.25 85 71.875
SNR penalty vPAM4, dB 0 3.6 6.1

Note 1: Begin with existing RS(544, 514) infrastructure

©® BROADCOM’
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400GE FEC %E"F

cel-44806

ZOOGE FEC Close the BER/SNR gap
AUI PMD AUI Coding j
Gain
Host Module —»_)—» Module » Host
Host FEC | l Host FEC
Encoder € Eremtere 5 Demoder > DoongerHard decision (HD) decoding Coding Coding | Begin with RS(544,514) 6%
Concatenated FEC Iterative SD decoding Complexity Overhead 2:1.5%
6+6%

A 200GE systems have enhanced FEC: ' coding

I Adopted symbol multiplexing andwlay RS(544,514) codeword interleaving Latency

I Added inner Hamming code at PMD sublayer for IMDD optics 50ns

200ns

A 400G AUI FEC needs to be:
i1l A3dK O2RAY3 3JlLAYSI [2¢6 2OSNKSIRI t2¢ O2YLX SEAGE IyR f2g f

A Start with lowthanging fruits:
I Add supplemental inner code to protect electrical links

@ BROADCOM'
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448G Architectures for AlAddressing the
Challenges, Enabling the Future

Mike Klempa
Alphawave Semi, a Qualcomm Company Principal Engineer

& ALPHAWAVE SEMI

A Qualcomm Company

| N = - e
N 1e®
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Al Scalaip is Dominated by Copper *B":

cCel-44806

Rack-to-Rack & Beyond: Optics

L -
—_— e . . . .. —-— . - Scale-Out:
r I 1 1,000's-100,000's

I Scale-Out | Accelerators

) , i . , k== = mucum
¢KS KAAauZ2ZNAOFIt S¥RRrgedt 2y 27T URKPr—h+ CO&= IHEEEE
— = = =, = I — A
OIF CEl - KSjeEeRE
Proiect CE{56GLR CE{112GLR CE{224GLR | CE4448GLR b — — == — BHI—JIBH
rojects —+—— LK e
Tlmellne 20142017 2017-2021 2021 2026 H e = Gl
Modulatlon PAMA4 PAMA4 PAMA4 TBD % _— -
4 Scale-U
30dBat14 GHz 28 dBat 28 GHz 40dBat56 GHz :_ o > ——
Loss T i it Copper
(Ballg Ball) (Ballg Ball) (Bumpg Bump) in ~ LK JERERE
Reach B I N
Objectives 3m copper cable 2m copper cable 1m copper cable TBD E oo .’... )
T LA A
I : .—'. |=
T L o A ;:.:fl—|—| J

& ALPHAWAVE SEMI

A Qualcomm Company
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Current Bottlenecks

30AWG 300mm Cable

CPC Connector

—
Pluggable 10 .

Connector
Paddle Card

26AWG 1m Cable

30AWG 300mm Cable

DieSerdes)

—
Pluggable 10 .
_ comeetor

Paddle Card

Insertion LossReturn Loss, Module side
PowerSuntCrosstalk

OIF CE448Gbpg; Fast and Furious Signaling Spec Development
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TOOmm of b, JOmem of mudiole
| 1 |
g v Nt 113 o lower (FEC i allowed]

Magnitude, dB

000 of hout snd daaghter cardh
=
g 1015 o borwer (FIC In albowed]

& ALPHAWAVE SEMI

A Qualcomm Company

Copyright © 2026 OIF 33




ASIC Signaling Energy Efficiency and Reach *B":

Requirements for Al Compute

Net Interface Energy Max

Utilization Electrical
Architecture i

[pJb] Reach

Passive Copper 0O ~15m
Reitimed (RTRR) 15-19 >35 dB

Tx Retimed (RTLR, LRO, 10-12 ~ 26 dE
Non-retimed (LTLR, linear) 5-6 22 dB

Retiming

Non-retimed (LTLR, linear) 4-5 22 dB
D2D Standard Package 5-6 25 mm
D2D Advanced Package 4-5 2 mm

Energy Utilization [p)/b]

15

10

cel-44BG6

Energy Utilization vs Density

¥ 1600G-OSFP-DR8-Fully-Retimed (RTRR)
¥ 1600G-OSFP-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-OSFP-Cu-Link-1.5m-passive
B 1600G-On-Board-Cu-Link-1.5m-passive
® 6.4T7-On-Package-Cu-Connector-passive
W Co-packaged-Non-Retimed-Chiplet-@-2T/mm
# ASIC's SerDes-200G (ASIC only) 1.9T/mm
¢ ASIC's SerDes-200G-High-Density (ASIC only) 2.7T/mm
# ASIC's UCle-32G-Std-Package-95um-pitch (ASIC only)
+ Energy Utilization for optical transceivers
is based on the net additional energy
for the link.
\ W
¢
' T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Bandwidth Edge Density [Ths/mm] {Tx + Rx)/width

Trading off Energy Utilization and Max Electrical Reach at the Shoreline

& ALPHAWAVE SEMI

A Qualcomm Company
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ASIC Signaling Energy Efficiency and Reach *B":
Requirements for Al Compute c=raase

Energy Utilization vs Density

. Net |nterface Energy Max 2 v 1600G—OSFP—DRS—FUII\,I'—H_etimEd (RTRR)
Retiming e Electrical ¥  1600G-OSFP-DR8Tx-Retimed (a.k.a. RTLR, TRO, LRO)
Architecture Utilization Channel ¥ 1600G-OSFP-DR&-Non-Retimed (a.k.a. LPO, LTLR)
R ¥ 1600G-OSFP-RF-Non-Retimed
[p‘yb] Reach 20 ¥ 1600G-OSFP-Cu-Link-1.5m-passive
B 1600G-On-Board-Cu-Link-1.5m-passive
Passive Copper 0O ~15m ) * ® 6.4T-On-Package-Cu-Connector-passive
- = B Co-packaged-Non-Retimed-Chiplet-@-2T/mm
Reitimed (RTRR) 15-19 >35 dB =15 # ASIC's SerDes-2006G (ASIC only) 1.9T/mm 3 -
'E ¢ ASIC's SerDes-200G-High-Density (ASIC only) 2.7T/mm ;
TX Retlmed (RTLR’ LRO’ T 10_ 12 _ 26 dE :r_g # ASIC's UCle-32G-5Std-Package-95um-pitch (ASIC only) - : "’“w
5 * P S
2 10 Engrgydutﬁiz;?ﬁon :ar a?;i{cal frarisc:eivers >
- . sk I5 Dasea on e nel agaiiional ene
Non-retimed (LTLR, linear) 5-6 22dB @ for the link. b i3
w * 464 lanes @ 224 Gbp,
Non-retimed (LTLR, linear) 4-5 22 dB > v ; K64 lanes @ 448 Gbp
D2D Standard Package 5-6 25 mm /
okl w .
D2D Advanced PaCkage 4-5 2 mm 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

Bandwidth Edge Density [Tbhs/mm] (Tx + Rx)/width

Trading off Energy Utilization and Max Electrical Reach at the Shoreline

& ALPHAWAVE SEMI

A Qualcomm Company
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Next Gen Al Scalgp Connectivity Options %ﬂlF

cCel-44806

Pluggable Module I Pluggable with Off-package Copper
Offoackane C Pluggable H | Replaceable modules:
CO,;E:;ZEQ OPPEC module * Non-retimed (e.g. LPO, LINEAR, passive copper)
connector | . . .
X * Tx-retimed (e.g. RTLR, LRO) (Tx diagnostics)
Electrical Channel I +  Fully-retimed (full diagnostics)
= Pluggable Module I Pluggable with Co-packaged Copper
i) SerDes Comnackaned C
2 [asic_ [ an':]aecctzgre opper Pluggable | Replaceable modules:
*% ASIC Substrate / RDL module * Non-retimed (e.g. LPO, LINEAR, passive copper)
ié connector | +  Tx-retimed (e.g. RTLR, LRO) (Tx diagnostics)
g. PCB Electrical Channel I *  Fully-retimed (full diagnostics)
@]
((',)) On-board Transceiver On-Board with Co-packaged Copper
8 Co-packaged Copper I * Retimed, Tx-retimed, or non-retimed interface
5 Connector * Increased density
9p) * Shorter electrical channel
O - * Replacement requires card removal
N PCB Electrical Channel P g
<
Co-packaged Transceiver Co-packaged
SerDes
N L — * Non-retimed or slow/wide interface
* Highest density, shortest electrical channel

Co-Packaged Substrate . .
[ WWWW N W W * Replacement requires repair of ASIC’s package

PCB Electrical Channel + Configured during ASIC packaging
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ChipletAdvantage at 448G

A Partition into smaller logical die
A 1/Osdisaggregated intahiplets

A Benefits
A Reuse, Reduced design time, risk, NRE and silicon costs
A Composability, modular design

A Independent development and validation (or pre
validation)

D2D Type | Redundancy] Bump |Data Rate Linear BW Density
Needed | Pitch (um)| (Gbps) (Tx+Rx)/edge width
T/mm

Advanced 5.2Tbps x 2 =
> 10Tbpgmm

Standard No 130 32 896 x 2 =
~ 2Tbpgmm

Memory

HBM

*0IF

cel-a44806

Memory

HBM

Logic Logic

Logic Logic

HBM

Memory

Copyright © 2026 OIF

HBM

Memory

& ALPHAWAVE SEMI

A Qualcomm Company
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Leveraging 224G Interop Success into 448G *ﬂ":

cCel-44806

A Addressing the new challenges with new
technologies
i PCBtoNPCtoCPC
i PAM4 to PAM?
U Test and Measurement

Starting strong with 7
participants and new

OIF 224G interop building blocks at 448G

grew from 2
companies to 20+
in ~ 2 years,
demonstrating
building blocks for
multi-vendor
interop
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*OIF

cCel-d44806

Test and Measurement for Next Gen -GE&8G

John Calvin, Keysight Technologies

NE
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Advances in highpeed serial Technology ‘_B":

High Speed Networking Standards Compression Cel-aaaG

ANV KEYSIGHT

2006 2007 2008 2003 210 2011 232 2013 2014 2015 26 2017 2018 2019 2000 2021 2022 2023 224 2025 2026 2027 2028 2029 2080
25Ghbps 25Gbps 10 Years
50Ghbps 50Ghps 7 Years
100G bps 100Gbps 6 Years
200G bps 200Gbps 5 Years (plan)
400G bps 400Gbps (Estimate)
BO0Gbps 800Gbps (Estimate)

+ 6.5 Years S FE— 5 Years - 3 Years e <3 Years <3 Years

First 25Gbpsflane devices First 50Gbps fla ne devices First 100Gbps flane devices First 200Gbps/lane devices

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

PCle 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 25 84.800 127 15 BU 96 Switch to PAM6 ?

6.4Tbps 2028 (est) 896 6 25 169.600 212 125 pc¢ 192  Expecting Raised Cosine Ref Filte
12.8Tbps 2031 (est) 1792 8 3 282.667 3112 1.1 Rc 319

150GhdPAMS [N |7/GhdPAMG BN 554 Ghd PAM4 KB B 22/ Ghd PAM4 [  174Gbd [ 150 Gbd PAMS
(448 Gbps) { (448 Gbp} (448 Gbps) e : (448 Gbps) PAM6 (448 Gbps)
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A4 & DOUE eSO 0 PIlQ nNnal acgo

AlNTormaitive Spe AlIC

=
— ) : ] -
KEYSIGHT File Setup Measure Tools Apps Help o Auto . BUN ' Gingle Clear Keysight N1046A(Slot1) Setup ? ||Close
Oscilloscope P
m Freg-Mag1 (>
; § n
= Scale: - Bandwidth (4th order Bessel) ——— ¥ Color...
_f E 3.000 dB/ -12.000 dB v A A P
0de . 41.9 mv/ B n'u ‘ ‘ SIRC‘ Configure... External HW...
Rise Time B0.000000 GHZ [ 1A R
sfﬁi[m i Offset: Advanced...
-3.000 dB - 5 . ‘ 130.0 GHz BRREN.Y ‘
=" - : 7.675 mV O
: -325 df = Copy From...
5 !
Fall Time o
——|  -6.000 dB
vl N
=| -0.000de+
Jitter _ .
| - Horizontal Adjustment
-12.000 dB
f_\_} - Hardware Skew:
& ]
Period & -15.02 o8 E
| e ! R < 0 >
-18.000 dB .
Detta Time Software Delay:
21,000 dB 5 | 0s I -0 > ‘
! 3 235508
FrEgzEy 150.000000 GHz 167.001345 GHz Y
-24.000 B T T T T T T T T T
0GHe 20,000 GHz 40,000 GHz £0.000 GHz £0.000 GHz 100.00 GHz T 160[2D GHz (3] 160,00 GHz 200,00 GHz _ Units
H 0Hz 100.0000000 GHz 200.000000 GHz 200.000000 GHz
ruisean P = y Il
Marker Position Magnitude APos AMag 1/APos
H 1 130.000000 GHz 325 dB = = = Si IT
; ) ignal Type
T 2 160000000 GHz 15.02 dB 30.000000 GHz 1178 dB 33333333 ps T—
3 167.001348 GHz 2355 dB 37.001348 GHz 2030 dB 27.0260425 ps .
Auto Detect
— |a = Avalues‘ = = Il
St a Bt Trmebase Acquisition || Frame Trigger 3 -
18.125 m¥ ow 1.00000 risf Full Pattern: OFf Src: Front Panel n Math || i 1
Piosi 1803384 ns || 131072 ptsfwim 100,00000 MEd =
1 2

zul . el - ol
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Channel performance evolution *B":

Whats Next... in HPDC interconnects CE-4486
27.000 M1 M M3 Ma M5 [5DD21: 0.5mm Cable]
‘ ‘ | i SDD21 Emerging CPC to CPC
| | i SDD21: Compression Connector
1 i i SDD21: OSFP-1600 (Gen-2, Rev-2)
18.000 ; , , SDD21: 0.5mm Test Structure
The edge of the | i |
electrical channel map 4o | | |
as we know it today | } : : 1:X 89.6 GHz
: - : : 1Y -1.48 dB
ends at 120GHz. 0.000 Hi“wﬁmmmwmﬁ_ﬁ_“% 12y -11.34 dB
. . . - M- sacnpe | ‘ i | 1Y -14.62 dB
Moving into higher S e ! | 3 Jas3 a8
transmission speeds ™" e | 2 106.25 Gz
. . . V’"\\\ M ! i 2:Y -1.6 dB
will require learning i 1Y | | | 2 15.56 dB
bout dielectric and \ } T T = i
a . 5 ‘ e % 2:Y 15.42 dB
transmission 57,000 | ! e 3 1792 Gz
properties for new \/\ W | | oy 7588
electromechanical 36.000 v | 3y .43 dB
. ; \ 3y -21.04 dB
assemblies and | | 4x 212.5 GHz
. 3 | 4 -2.59 dB
materials. -45.000 R 4y -9.99 dB
i \ 4y -13.28 dB
‘ | 4y -17.33dB
-54.000 | 4y -23.12 dB
i no e
Frequency, GHz 5Y -14.93 dB
-63.000
0.1 GHz 25.09 50.08 75.07 100.06 125.05 150.04 175.03 200.02 225.01 250 GHz 24.99 GHz/div

M* KEYSIGHT
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Measurements

Realtime
Oscilloscope CeEl-44806

448G Physical Error Detection =eei s betccion WIF

KEVSIGHT

KEYSIGHT REDUXR - M8070B 7 = O

TECHNOLOGIES,

File Application System Clock Analyzer Patterns Measurements [ */"[ T ]o_r‘o.ov ‘g@,

%Modu[es View x

‘@ a6 mv/ [p.ov | i} ‘

984 mv

‘:kuﬂ-r

AW WL

e

Parameters Real-Time Eye
8.12579 MUI

Common ¥ ? < R ” 4 Wfms

Channel 1 Acquisition INF1.Dataln1

Clock INF1.Dataln1 : i A : ; PR g QRS 5 : g 492 mv
Symbol Rate 174.00 GBd

Line Coding INF1.Datain1 3 = 246 mvV
Probe INF1.Datain1
Comparator INF1.Datain1

CDR INF1.Datain1

CDR State -

Loop Bandwidth 10.875 MHz
Loop Bandwidth Divisor 16000
Damping Factor 1.000
Input Timing INF1.Dataln1

Analyzer INF1.Dataln1

Alignment Results INF1.Datain1
-86ps

[z-00ur 0.0 ut | ®®» 1|

Results (Measure All Edges)

Equalization INF1.Datain1

State ( )

CTLE State (-

Measurements Color Grade
Status Indicators Measurement [ Cument | Mean | Min [ Max [ Range (Max-Min) [ StdDev | Count | -7
Analyzer © Data length(1-2) 2031453Mb  2031447Mb  2031427Mb  2031455Mb  28b 13b 4 8-14
Module  Channel Bit Rate 15 _oa
Data Data L Sync L Stoppt Error Ratio . , >

INF1 17400GBd  1:..AM6_4096 -‘&ﬁ v

0 GUI and front panel control has been disabled by remote operations.
Press Enable ifineeded:

R e
Enable

Global Outputs = [] Enable Impairments [] Enable

ANV KEYSIGHT




Emerging higher order measurement support *B":

PAM6/PAMS8 Analysis e
Measurements:
LevetlPeakPeak, RMS ‘W K3l
Level Skews
Eye Levels
Eye Skew
Eye Height
Eye Width
Vertical Eye Closure
PAM Overshoot, Undershoot
Transition Time
Outer OMA
Outer ER
Linearity
PeakPeak Amplitude
Tx Power Excursion
Pmax.Pmin
EECQ/TDECQ
CoOptimized Reference Receiver
Equalization

Too Joo Joo J>o T T T T To To To Do Do Bo Bo o I

OIF



