GreetingsifsonPienyyGtate dnv/ersity & ICHIMES

Modeling, Simutationg&rDigialiwins
Keysttowmravel iherpotentiab 0f 3D ddeteregeneous
Integration (SDH))

Madhavan Swaminathan
Dept. Head Electrical Engineering
William E. Leonhard Endowed Chair
Director, CHIMES (an SRC JUMP 2.0 Center)
The Pennsylvania State University
Emeritus Professor, ECE & MSE, Georgia Tech
Former Director, 3D Systems Packaging Research Center (PRC), Georgia Tech

ICHIMES @SRC 1

~4 PennState ELECTRICAL ENGINEERING
¥ College of Engineering AND COMPUTER SCIENCE




a 202’ NIBAVQats hrtiation .. L 0 & [ 2y (

Moore’s Law
A Monolithic Integration Era

c
2
g Semiconductor
2 Innovation
£
o . . .
@ Transistor NGMMNextGeneration Microelectronics
= Cost/Size Manufacturing
£ Transistor
£ Performance - e
- Em=arr=—r[
- (RN . 1T T T T A
(7] HE
3 B — = - ] B
(&) r= = - === = = =

I Rising cost from = —

higher capital and| =S
I lower yield |
. =o’ l
1962 ! 2022 :’ CHIME®enter for Heterogeneous Integration
Time L - of Micro Electronic Systems

~4 PennState ELECTRICAL ENGINEERING
¥ College of Engineering AND COMPUTER SCIENCE

Center for Heterogeneous Integration S Rc 2
of Micro Electronic Systems


https://www.darpa.mil/research/programs/next-generation-microelectronics
http://www.chimes.psu.edu/
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Energy Consumption 4X compared to Generation 7
500 - Global ~ 30% -
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Al Datacenters | 6.7-12.0%
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200 - Datacenters N Train-9311 from Turin delayed yesterday for 6 hours d
to"severe breakdown and damage.to overhead electri
, lines. Created Chacqstralns cancelled, reouted!

“Imagine whate@h happen if Al Datacenters take
< Historical > |<—Future Scenario Range —> away effel‘gy from‘the ?leC’[I‘IC gnd chaos will

2014 2016 2018 2020 2022 2024 2026 2028 # rncrease SIQ 1} ! car Jr."'-\.'-,.‘
Crisis Ahead: Power Consumption In Al Data Centers

Need: kindamental shifts in where power is generated, where Al data centers are built, anc
need for much more&cFFICIENSYSTEMCHIP, AND SOFTWARE ARCHITECTURES.
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https://semiengineering.com/crisis-ahead-power-consumption-in-ai-data-centers/

Entering Hrao ORAlLHdecyhyr@penAl)

Training FLOPs Scaling in the Context of Moore’s Law
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Source: Blog “Al and Memory Wall”, Amir Gholami, 2021 and 2024 Al Index Report, Epoch, 2023

Source. Shankar Krishnamoorthy, Synopsys, EE Times, 2024 1
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Someccalculationg Circay¥esteiday!

C A ILtrillion parameter model can
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Predicted Minimum

7| Actun OPT3 Compute Wi stimate for require ~25 GWh to train on curren
6 ® Projected Compute Levels \ lo;\mmon hardware (72 18 X 192 J)C

Parameters
; i \ Courtesy ChatGPT

Hypothetical GPT-4
(17.5 Trillion Parameters)
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(Source: Decadal Plan for

9 5 > »  Semiconductors SRC)

8 9 10 11 12
Number of Parameters (10%)

Googlec 480T+ tokens (50X increase in one year)
A Al inference now represents 600% of total energy consumption, fundamentally reversin
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Ref: Andrew John and MiicHohw Muuscshe rl, o nigAe r acnadn Ccoomppuuttei ng p g GSET, 2022 Anna élerraamd

Quentin Herr, Superconducting Al & HPC, IMEC
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Al Datacenter

Canssometihng bel done?

Need for a Giant Monolithic GPU Need to address the Memory Wal
Model Replica #1
Data GPU #1 GPU #2 Model Replica #2 Rack —
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> . - L emory wa I
ngg > i Optical 4_/| Op’FicaI
Row 6 --l — e Rack Switch 8 ﬁj\ll\gt(:h/
= Model Replica #4 l
Row 7
Row 8 J Model Replica #3 M chmd Chilera s @ =
Row9 || GPU #9 GPU #10 o »--"_L%\ii Pumping Sy.
e[ e o @ e

‘\}’ ,,-51;& - < /'\x X
Row 10 <l 1 [ -
Rgx 1 He — B, v X X Advanced Package Liquid
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Third Bottleneck
GPU #11 GPU #12 . L > HBM [ cpy =
Source: CSET. Memory Density: 2X/2 years e | | [

erver Delivery ][Protonics of (- El\l’vétch
C Lithography limits the size of the largest possible GPU (830n L= =
Embedded | "

C Al systems need lots of memory and other dies in close prox e
C Canthe Al Server Node in the Al Datacenter barchitected to CourtesyChatgpt

make it more efficient?
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CanrRackaging dielp?

Nanose:2

<16, e B 1V-20% Sysizm)
Package \

+80-90% System
Milli-scale

Silicon
CMOS

Al Matenal
Discovery.

*Low functional density
*Bulky’

Costly

sLow reliability

Packaging (Past) Advanced Packaging (Yesterday) Heterogeneous Integration (Future)

C 3DHLA means to continue Mooreods | aw by intercon
circuit components, blurring the line between what is on-chip and what is off-chip.
A Should include the integration of new and transformative logic, memory, and interconnect
technologies to support Al workloads.
A Should enable seamless data movement at high energy efficiency.
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The uturerAL Server dNedrA Notional zmibocdiment
Capttalizmgoortdeterggeneocustniegration
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O Large substrate: 24,025mm?
O 225 of chiplets consuming 11,950W power
O Heterogeneous dies

Compute Tier (100 chiplets, 5,750W)
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Full-chip cross-section (compute + memory + passives + cooling + power delivery)

CourtesySungkyl.im and Puneet GupteCHIMES
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Data IMovement

RF Link
(<1m)
,,7,.‘:;’ T4 //// i / -

Al Server

RF Link v
Node (0.01-0.05m)

Fiber Link
(>1000m)

% @ Integrated Photonic:
: ‘ CoPackaged Optics

et @ Fiber Optics

CHIMES
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Co-Packaged Optics
(1m-1000m)
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Data IMoevement++EnergyfEfficieneyracrass tiengthi<scales
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Modeling & Simutation
Key ito Untavéling the Poetenilal iof (3D HI

(slow)
Design Space ) ] Mach!ne Create | Fast
Desigh Goals | carn | Learning Model . CAEMU
| Environment - cevTER fon AAGED cLccranuics
Predict
Spice  EM-sim ] " ICL
. Process . o
TCAD Physics Variations Design & https://caeml.illinois.edu/
DFM _ _ Optimization
(Multi-physics) Environment

C Use multiphysics simulators. These simulators are often slow but accurate!

C/NBFGS | a5A3IAGF T ¢ éphyyids sidadatorg & the shairdelotidataF N2 Y

C Digital Twins represent Fast Models that take minimum time to evaluate.

C Can multphysics be combined with machine learning to capture both the physics and speed of
computation, thereby bypassing having to rely on simulators as the source of data?

M. Swaminathan, et al, ADemystifying Machine Learning for Signal and Power I nte

B
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Examplell PRoweD Ristrioution

Traditional Power Delivery Vertical Power Delivery

Pout
I:)in

CPU

CPU
IC footprint

N — 2
B PR tosses IERETY
OIVIVIVIVIY. OIVIVIVIVIY.
PWB PWB\:

IR Losses

VRM

Integrated Vertical Power Delivery 3D Power Delivery

I2R Losses GPU
GPU =
I’R Losses 0101_-0 VR <
O O O O OOCO00O0 Layout of the multiple power planes with different voltage domains

PWB VR PWB

Design the optimal P/G planes satisfying the target impedance
A Minimize the area with the desired shape with the given restriction

A Meet the target impedance in the frequency range of interest

-

N 1
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Power IRlanrebbesign

VDD2
%ﬂ IC Footprint
O O
Top layer [ .
Inner 1 (Power) VDDEB B 0 | O ==
Inner 2 (GND) DO O 160 picn)sO =
Bottom layer Ol © vDbDb3
Y @ | O 00O
. VIA VEM
Q IC port

[ Test PDN model with 4 layers]

B Decoupling Capacitor

[ Setup defined in the power plane design ]

C Two preassigneddecapsare connected to the plane with vias

C Design requirements
1) SeHimpedance measured at the target IC ports satisfyttiget impedance
2) VDD3 plane is located in theza of the I/O pins

‘'~ PennState ELECTRICAL ENGINEERING
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Reinforcement kearning

Environment
(PDN with power planes)
current state, s, | 1
U,l 1 IC
“EE "HE °
P s (Damay) | ppO RL agent
@) ( )
4 y
PDN simulation |Reward ege
up date state (EM simul. tools) crltlc ACtor
i« TD error
O
B9
— =57 e .
O 9 Action
A (Increase power plane area)
new state, s,

" [ ANy i
C The RL ageribteractswith the PDN environment Sy ( N +Tk) +;R’f
C The tuple §, &, r,, S,,) is used to train the optimal policy. — —
M ¢KS SYUANB adGdSLA | NB LISNF2NXYSR AU0SN
requirements
[HPPQalgorithm is leveraged

U A

-
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C The reference plane for I/O pins (VDD3) is expanded to the left to cover the area of the 1/0 pins
C Two planes (VDD1 and VDD2) are expanded without wasting steps by avoiding the area of the

plane

Han,SeunghyupOsama Wagar Bhatti, Wedin Na and Madhavan Swaminathan. "Reinforcement Learning Applied to the Optimization of PowerNDsimcaks
with Multiple Voltage Domains." 2023 IEEE MTThternational Conference on Numerical Electromagnetic and Multiphysics Madedii@ptimization (NEMO).

IEEE, 2023.
" PennState ELECTRICAL ENGINEERING CHIMES SRC
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Frequency as Input Frequency as Output ; Frequency
| Points
‘ M
Input ./ \‘g'g" . Predicted ,

,-’ trM ) Input Predicted
Parameters 1111_.4%1%_. ‘l S-Parameters Darameters . .Parameters

*{ ;:}‘é:‘i /" (Complex Number) | (Complex Number)

Frequency \."‘,'*‘*‘};.

i
.%\\\.

H. M. Torun, M. Larbi and M. Swaminathan, NEMO ‘18 (not covered today)

* Replicate design configurations at each freq. point. * Eachfreq. pointis a separate output parameter.

« Use FFNN but can be Memory intensive. * VERY high output dimensionality (how to train?)

« 500 design settings at 2000 freq. points * |sthis bettersinceitis less Memory intensive?

— 1M data points to learn. e 26-port S-Params. at 2400 freq. points = 1.7M outputs.

CHIMES @ SRC
Center for Heterogeneous Integration 17
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SpectraliTransposeddConvolutionakNetwoirk TSNN)

A Normalization to eliminate the data bias

A 3 FC linear layers tgpsamplethe input

A 2 extra dimensions are added in order to reshape thesampled input into batches of the matrix: [batches,
channels, rows, columns]

A 3 2D transposed convolutional layers Download Python Code (1D Conv).

A Output is flattened and &oordConvayer is applied hitps.//github.com/G FPRC/STCNN

A Bayesian Dropout is applied.

Flattn

. 2D Transposed Convolutional Layers
Linear Layers A

- N

~——— Unflatten — Outputs
|
I cu il S11
»< = S21
\ .
- Im flfa|fz] | fa
~— —— _
1690
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https://github.com/GT-PRC/S-TCNN
https://github.com/GT-PRC/S-TCNN
https://github.com/GT-PRC/S-TCNN
https://github.com/GT-PRC/S-TCNN
https://github.com/GT-PRC/S-TCNN

PhysicallycConsistent NiNs forFarameters

8 N B B N N § § | ---------I
115

Predicted

I I _ | =
Input Parameters I Extrapolated I I?g({ggﬂ} I Re{S}I S-Parameters
-Geometry I Re{S} I__f ativmipry. (IRt
- ol ). f-f 1 1.
-Material | f>fmax | 1 Im{S}I Training
-Stack-up : I Causality : I 5.p i
' Neural Networkl lEnforcementLayerl lEnfOI‘CEmentLayer = arame erS
———————  immememmm—— - mmmmm—m—— (from EM Simulation)
(Feedback) / Key
) Backpropagate error to the base network
C When predictingS-Par amet ers, we canot solely focus on mini mi

A We are modeling physical structures, not arbitrary datal!

C In Sl & PI, need to ensure predicted S-Parameters to be causal and passive.

C Introduce Causality (CEL) and Passivity Enforcement Layers (PEL) to guarantee physical consistency.
A CEL uses Hilbert Transform, PEL ensures maximum singular values are less than 1.

H. M. Torun, A. Durgun, K. Aygun, M. Swaminathan, IEEE TMTT, 2020.
=3 PennState ELECTRICAL ENGINEERING CHIMES
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Plated Through-Heléenfackage

Large Sample Space
(Spans several technology nodes)

(
BUILD / ) pad, uvia
UP >
Parameter Unit Min Max

Ta.PTH,top p-via Diameter dyivia Lim 30 70
p-via Pad Diameter dpad, y-via pm 31 140
Ground Ground BU Layer Thickness hgy [m 20 35
PACKAGE p-via Top Antipad Radius 1, pu, Top [m 100 500
| core pi-via Bot. Antipad Radius 1, gy gor  pm 100 500
PTH Pitch Vp pm o 300 1200
Core Thickness heore [m 100 1200
BU Copper Thickness te. BU [m 10 20
Core Copper Thickness te. CORE pm 11 40
Bgﬁ“{' PTH Diameter dpry pm 100 250
\ PTH Pad Diameter dpad. PTH pm 110 500

PTH Top Antipad Radius [, PTH. TOP MM 50 500
PTH Bot. Antipad Radius  r, pry. por pm 50 500

C Map 13 input parameters to-port SParameters.
C Broadband frequency response between DC and 100 GHz with 100 MHz steps.
C Output dimensionality of the NN: 12,000 (1000 freq. points, 6 unique elementMigisc, 2X from real & imag)

H. M. Torun, A. Durgun, K. Aygun, M. Swaminathan, IEEE TMTT, 2020.
™) PennState ELECTRICAL ENGINEERING CHIMES
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* 2 NN models are derived:
« S-TCNN
e S-TCNN+CEL+PEL

« Both can predict S-Params. accurately up
to 100 GHz.

« S-TCNN predicted S-Parameters are not
physical.
+ Causality violations in TDR.
+ Passivity violations in freq. domain.

S-TCNN+CEL+PEL predictions
shows no violations.

Run time required to generate 1K
different S-Parameters:

e HFSS: ~60 hours
« S-TCNN+CEL+PEL: ~0.5 seconds

H. M. Torun, A. Durgun, K. Aygun, M. Swaminathan,
IEEE TMTT, 2020.
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_— TempotdlTTransposedCNN-TCNN)

A Up sampling method to predict the timearying fields (reduces memory)
A Discrete predictions and extrapolations used to reduce the size of the NN (reduces memory)

A Parameterized solution saves time in predictions (one time training)
A We call this Temporal Transposed CNINCNN) as opposed teTENN (for frequency response)

----- Recovery ao
Discrete Samples 5 i .‘I:‘ i
O 005 ;I:: :I; wi' Ei}?
Geometrical P1 I
desin | —> : _ AR,
parameters - £ SRR EIRERR RN NN OLY,
5 o SRR NS IR IR SR
= alelolelol g SRR
- u n v | P t
Duration O } ‘m" ‘H‘l‘\”\\ w—/ 1t ; i A
w‘um' ' i AR AT RN EaNY ‘
Frequency () II‘\'\"N“ Discrete time samples P
A usedfor GPextrapolation yoro
Time stamps O : ¥
] 2 4 time(ns) & 8 10
. ® Ddz2z - [AZ YR ad { ¢l YAY FLUKNIYYZS UGSHNE LANBIROWUONIAf2 YUANE-EY | BREBIR L/9OO o2 NIt {{
"in IEEE

"Extrapolation With Range DeterminationBfSpectral Transposed Convolutional Neural Network for Advanceabiackroblems,
0. 10, Ap4858%:t. 2023
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Y. Guo et al.,
Transactions on Components, Packaging and Manufacturing Technology, vol.
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TTCNN:Results

A Experiment 5 Ey: ang6.3059, radius 0.0415707

A X=10, Y=10
Plane
Wave
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