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I Motivation — The Interconnect Challenge

50 Years of Microprocessor Trend Data

* The Scale-up Era:
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* Modern chips are shifting to many-core. 10 | ; wg %% [ Transistors
) ] ok, Mm% |(thousands)
+ The “Interconnect Wall”: ‘ L s
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- Data movement consumes significant power. ol ‘ wg;“f:unﬁ" |(SpeciNT x 109
- Conventional electronic networks-on-chip 0? L AR }:f,o‘:ﬁgl“h“" |'-""":| Frequency (MFz)
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+ Developing Advanced Interconnect Technologies 100Lg s 3o B memmmn ST
* Wavelength-Routed Optical NoCs 1970 1980 1980 2000 2010 2020
(WRONOCS) emerge aS a promiSing Candidate Originaldatauptotheyear2010collectedandploﬂed?}/ehﬂagorowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
for Supporting On_Chip Communication With |OW New plot and data collected for 2010-2021 by K. Rupp
power and latency. 50 Years of Microprocessor Trend Data

Source: https://github.com/karlrupp/microprocessor-trend-data
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I The Fundamentals of WRONOCs

* Key Advantages:

* High bandwidth with the help of wavelength-division The design focus of ]
multiplexing (WDM) technology No
- Ultra-low transmission latency (e.g., 10.45 ps/mmt) WL
- No arbitration time and energy consumption!?! .
9y P Core, L TA » gggtc:rl =" RE Core,
» Basic Components: il r
« Laser sources provide multi-wavelength optical carriers. o
_ _ _ CWL: Continuous wave laser [|[ Electrical signal — Wires
* Transmitters and receivers convert Slgnals between TA: Transmitter RE: Receiver —¥» Optical signal —— Waveguide

electrical and optical domains.
) “ ) ) ” . . Data transmission between two cores via an optical router.
. Waveguides act as the “optical wires” to guide light
across the chip.

* An optical router defines the signal paths for data
transmission.

3/16/2026 3



The Fundamentals of WRONOCs

Wavelength A, (resonance)
is redirected

Wavelength A crosses
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Example: 8x8 A-Router

[Scandurra+ NoCArc’08]




Our WRONoC History

- 2012: Research initiated by contact with Davide Bertozzi, Ferrara

- 2013: ICCAD — PROTON

« 2015: ISPD — Beyond GORDIAN and Kraftwerk: EDA Research at TUM
- 2015: JETC — PROTON

« 2016: ISPD — PLATON (Force-Directed Placement)

« 2019: ISPD - PSION (Template-based Design)

- 2026: ISPD
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Our WRONoC History

- 2012: Research initiated by contact with Davide Bertozzi, Ferrara

- 2013: ICCAD — PROTON

* 2015: ISPD — Beyond GORDIAN and Kraftwerk: EDA Research at TUM

- 2015: JETC — PROTON

* 2016: ISPD — PLATON (Force-Directed Placement)

* 2019: ISPD — PSION (Template-based Design)

» 2026: ISPD

* Roughly 35 WRONOoC publications so far

* Physical Design [ Topology / Architecture / Co-Design / Robustness / Crosstalk . . .
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I Key Design Aspects and Challenges

« Key design aspects

e
Physical Design

Defining logical Mapping the logical
—  connectivity — connections onto a
among all cores layout plane
([ Y| ( Routing
Wavelength waveguides to
— assignmenttoall | — connect all
signal paths components
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« The core challenge: optimality vs. complexity

« Optimality (The Goal):

Minimizing important performance
factors (resource usage, power
consumption, and crosstalk noise)

« Complexity (The Cost):

Finishing all design aspects
within a reasonable time frame



I State-of-the-art Designs and Their Limitations

« Sequentially performing topological design and physical design

4 Manageable design complexity: s, m,
Each stage has a limited search m, ﬂ@@@
space, and each step is handled by s f@@ﬁ\ _ —
specific methods or tools. 26@ Al

== Suboptimality: Early-stage s T.g%@“% |
decisions made during topological ST L BT £
design without layout awareness m, :F@;D_;:’é@_;:@' - L
often lock the design into I 16l i 0 UTL_ED
configurations that are physically B Cion I ’ '
suboptimal or even infeasible. Mg S M

GWOR Logic Schemé' Layout by PROTONY
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I State-of-the-art Designs and their
Limitations

« Concurrently conducting topological design and physical design

== Holistic optimization: Jointly

optimizes the topolpg.y gen_eratlon KA oredefined

and layout synthesis in a single layout template

search space. that confines the (

== Exponential growth in complexity: potential WRO@ Nodes

The search space grows positions of L L Ll ST

exponentially as the number of nodes ~ \ Somponents :_J [O -

increases. _— | S
The PSION family of tools '_@ko

The design of every routing component, the setup of signal paths,

and the wavelengths of all components are simultaneously
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I Two Advanced Design Automation
Methodologies

« Layout-aware topological design and topology-projection-based physical design

A layout-aware and scalable A topology projector and a waveguide router to ensure
topology with optimized logical 6] ToPro that the physical layout remains faithful to the optimized
interconnect and resource usage. ~ LIght Family!”! topology.
———————————————————————————————— —y,
\
i, 011, 0,13 O . : X |
; 011 Oyl5 '3i I Layout-awar [ MCI _Hubl _Hub3 MC3 MCl Hubl‘ e Hub3 MC3
87 Hash [|] Hash [| Hash [ 4 | | = |
> O4I e I Hash Hash | Hsh - Rdating fiok - I
: ale i H Hash || Hash -=-4--"F -p lg t
271 Hash [ Hash | Linterconnect . > | | |
: Projection { |
6] r1ach | | I ) | |2 == S il —_.J S l
1™ l : MC2 Hub2 Hub4 MC4 MC2 Hub2 Hubd MC4 |
05 s )]
_____________ - \ /

3/16/2026 10



I ToPro+ - Comparison Results

Worst-case insertion loss
=Proton+ GWOR ®PlanarONoC GWOR =CPONoC GWOR =CPONoC Light ®ToPro+ GWOR =ToPro+ Light
9.1

O <A N U & OO N O W -

Case 1 Case 2 Case 4

« Compared to the physical design tools in the sequential design flow, ToPro+ decreases the
worst-case insertion loss by about 50% on average for all cases.
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I Two Advanced Design Automation
Methodologies

- Co-optimization of interconnect design and layout synthesis based on mesh structure [®!

o Router Library

l » (lnjec:W - e e e - ~

| “ / Oeject Inorthonorth N\
e e '@ @, .

|

: d
______ d I — . Iinject Oeject Iinjcct %
inject eject
‘ ‘ ‘ ‘ I I O —l OWCSth @) Ieast
= | O_ Ieast Vet _(_)_ Jeast i
I 1 | | (yeast  [Vest Qeast  [vest Oeast
‘ ‘ . Q (West, Eject) (North, West) l o 0 %
| Osouth lsouth Osouth lsouth Osouth Isouth
The connections between cores and optical routers | « * *
are fixed and extendable. ‘\A 313 _';4 4 f\ogt:f _
, , router = = = = = uter - ———-—-— ===
Leveraging the regularity of the Mesh structures to Instead of designing every individual routing component
prune the search space without sacrificing path from scratch, we apply pre-designed, optimized optical
diversity. routers.
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I Co-Optimization - Comparison Results

Emp, =mP, EmP, —e—#MRR —e—#wl T T T TT T ~~.
120.0 600 ,/ » Our method decreases the

104.0 544 total optical power by 14%
compared to PSION+ and
CoDesign, two design methods
performing concurrent design
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Conclusion

 This work provides a viable pathway to navigate the trade-off between design optimality and
computational complexity.

* Advanced design automation methodologies for WRONoCs:
Layout-aware topological design + Interconnect-preserving physical design
Co-optimization framework utilizing a mesh structure and efficient optical routers

- Key results

Enhanced performance: achieved a significant reduction in insertion loss compared to state-of-the-art
design methodologies.

Improved computational efficiency: synthesized high-performance WRONoCs for large-scale networks in
seconds, outperforming current methods in runtime.

* Future impact
Establishing a foundation for the automated design of next-generation, energy-efficient HPC interconnects.
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Thank you!

Any Questions?
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I ToPro+ - Comparison Results

* For a 16-node

network
| #wl | #MRR | il, | Pr | Pup | Pr | Piota (h
PSION+ Center CGT-e10 | 17 320 n/a | 65.6 | 204  19.2 | 105.2 6 davs
Bottom CGT-e10 | 17 | 320 | 4.20 | 64.4 | 20.4  19.2 | 104.0 Y
CoDesign 17 044 n/a | 48.4 | 21.7 32.6 |102.9| n/a
' ToPros+ GWOR 15 | 224 [381[45.1|18.0]|13.4| 765 | 14.3
| Light 16 | 112 |3.27 426 19.2 | 6.7 | 685 | 115
il,,: the maximum insertion loss value denoted in dB. #MRR: the number of MRRs. #wl: the number of wavelengths.
T: the program runtime denoted in seconds. Jswoq gninut Jsrmmsrd AAM oitsie ot : 1Y Jswoq 192s6) Jsto : A

1swoq JJA .z bns 9 A o noitemmue a3 4,43 .210368Jubomsb bns 2103sluborm to 1swoq oitste ot : I
Wm ni esulsv

« Compared to the state-of-the-art design tools for the concurrent design flow, ToPro+ decreases
the total power consumption by more than 30% for the large-scale networks.
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