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Moore's Law

50 Years of Microprocessor Trend Data

I T T ‘L =]
ok USSR SO an |
% | b Transistors
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5 e Single-Thread
- i i T VAN (.
10 | _ath el ™ *° ®*1Performance 3
104 F i . ‘tAfi ‘”’} ¢ | (SpecINT x 107)
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ol Lt .Gsﬁ,n*l.ﬂq |.-.|r|:| Frequency (MHz)
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o, t Y . i * o3v% Y| TYpical Power
10° I ‘..=&.v-";v"vﬁ"'f"§:’z¢3¢t (Watts)
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- A - =m e T o * 9 ¢ L + i
AL = vy Ty . ,,‘* Logical Cores
10° —-s--ﬁ ----------- :4 ------- 000 W cmmum Mmoo =
| | | | |
1970 1980 1990 2000 2010 2020
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Criginal data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp
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Compute Trends

= Al compute requirements
have been increasing faster
than Moore’s Law

* Large Language Models Gold
Rush

PwrSoC 2023

Two Distinct Eras of Compute Usage in Training AI Systems

AlphaGoZero

Neural Machine
Translation

TI7 Dota 1vl

VGG
ResNets

AlexNet

Deep Belief Nets and
layer-wise pretraining

TD-Gammon v2.1

DQN

BiLSTM for Speech

LeNet-5

NETtalk RNN for Speech

ALVINN

Perceptron

From https://openai.com/research/ai-and-compute
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Semiconductor Trends

X
9
3
=
o
|

Increase in compute density

X

— On-package
High-Bandwidth Memory (HBM)

maseemne. @ 2.00 @and 3D Advanced Packaging

Several process technologies

Embedded Multi-Die Interconnect
Bridge (EMIB) Tile

1 — H ‘
TEEL NN
91910101010 0]10) S19A91v]O]wLvLY]

| I I L J
EMIB EMIB EMIB

Intel Data Center GPU MAX Ponte VVecchio
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Impact on Power Delivery

H H B H
—E—H—HH
+——c}——+

H o H

-
&
G—ﬂ
-

VO UUCUIY

Increase in package TDP

Reduction of compute voltage levels A lot of current!

Increase in number of power domains

Increased input/output parasitic impedances

-> Need for ultra-small, high-current, high-efficiency, voltage regulators

PwrSoC 2023
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Integrated Voltage Reqgulators

Linear Regulator Inductive Buck

et

Vin_M Vout VOUt
\/SS
From M. Zelikson ISSCC2023 From C. Schaef ISSCC2022
+ Small, can be close to load + Good Efficiency vs VCR
+ Maintains efficiency vs lout + Transformer effect
-No Transformer effect - Inductorsare Large, don't scale to
- Sensitive to input impedance small sizes

PwrSoC 2023 intel.



Integrated Voltage Reqgulators

Switched-Capacitor VR

\/out

SS From N. Butzen JSSC2017

N

V

+ Small volume, can be integrated monolithically; co-located with load
+ Transformer effect
+ Good efficiency across lout and VCR*

- Footprint heavily relies on Capacitor Density

PwrSoC 2023 intel.



Monolithic VRs

SCVRs get better as they get smaller
= Capacitors: C~¢*

= Transistors: G~¢*

" Interconnects: R~1

- Inherent VR losses*: P~1
>Normalized interconnect losses*: P~¢?

*Normalized to output power, iso-power-density.

PwrSoC 2023
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On-die Capacitor Technologies

D1C = MIM

Total Capacitance fF/um?

400 376.
- f S 350
300 :\:\‘
| | 4 SuperFin 8 250
] W\ . (L1} 200 193 .
e & A 150 141 g
>> 2.6pF/mm2 _‘ : 100
‘ 50 37 ®
0
I NI 14nm 10nm Intel 7 Intel 4
2020 2uzs 30 From https://www.semiconductor-digest.com/intel-4-process-drops-cobalt-
From Shunsuke ABE, PowerSoC 2021 interconnect-goes-with-tried-and-tested-copper-with-cobalt-liner-cap/
= Can not co-exist with transistors * Lower density
» Shift towards passive = Can be ontop of powerfets / load

interposer/chiplet implementations  domain

PwrSoC 2023 intel.
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SC converter unit Test Chip

Switched-Capacitor Topologies l =

Gate driver | [

= ‘Conventional’ Fixed-ratio

+ Excellent peak-efficiency near ideal m‘
Voltage Conversion Ratio Moo |

- Bad ‘Reqgulation’ efficiency

2:1 and 3:2 reconfigurable power stage Non—__m_.:‘erlap :
g L Ve I
L — g From T. Andersen, ISSCC 2014
Ml Mz v::ut :
=
ﬂgd Ega d Vg nl L |
i | EN o y o
V J"_ M-ﬂ. M3 W

. Y
il | ’UEI M, - 2:1 Ug!pH 3:2 1 : iVCR Rout
B 2 MA—

. " v a Ugd Vg nL gnd
g g g gl | Tt [0,
= = "/ /= Vgt Vot V V
Mg Mg M; My Vg Uy pH N out

Vghia Vout

- Gg U, v
7 'g.uH Vout
I”E"Q SJEB UgTa gnd V., E z
I | | | Vgs Uy pL
= M, Mg U Vgal,

From T.Andersen,ISSCC 2014
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Switched-Capacitor Topologies

= Continuously-Scalable Conversion Ratio (CSCR)
+ Efficient operation vs VCR 'l T et
+ Output current proportional to Vin N, et IR
- Requires larger transistor footprint o | MEE e

R e FE R e

| PO s S o P P P B IR e F e R IS T,

'''''''''

- Scaling towards higher input voltages i

w0

T i : : : i E :

. Re

T i P B S MN
vout___| BES = X X

= — : , Y
LT V( RA% D ( %Rejvout
X

vss | X
#Phases§ 1 E N E M E 1 i N ; M 5 From N. Butzen JSSC2019

T R

ase
ti
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Theoretical Comparison

Without Voltage-Limited Devices With Voltage-Limited Devices

15 15

2 2

@ 10t @ 101

S S CSCR

5 b (M+N=32)

- N

[ [

s s 7 .

Dickson Dickson
0". | " CSCR (M+N=32) . | | | | |
) 3 4 5 6 7 8 2 3 4 5 6 7 8

1NVCR 1NVCR
2> CSCR SCVR has excellent performance at lower Vins

> Fixed-Ratio is better at higher Vins (relative to process technology)

PwrSoC 2023 intel. »



Comparison fixed-ratio to CSCR

- BUT ...
\/ N/
VIN VOUT
—MWW— Fixed-Ratio
SCVR

VSS |
VIN \/ VOUT

Al CSCR
VSS

PwrSoC 2023

>

Efficiency

>
Conversion Ratio

ILoap~AV

—->Can nheverrunin
‘optimal” point*

ILOAD"’Vin
-2 Much less sensitive to
INput variation
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Case Study 1: On-die CSCR SCVR

From N. Butzen,etal. ISSCC2023

» 1.3V 2> 0.5-0.95V
* MIM capacitors overhanging load domain
* 4 Independently controlled VR Cores

I} 536pum

1296pm

PwrSoC 2023

" Normal Operation: Core 3

90

70

Efficiency [%]

60

50

80 -

—Vref = 0.95V
—Vref = 0.8V
Vref = 0.7V ||
—Vref = 0.6V
——Vref = 0.5V

0 5 10 15 20 25 30

Current Density [A/mm2]

" Normal Operation: Cores 1-4 — 950mV Vref

©
(=]

Efficiency [%]

-~
o

60

50

——Core 1 - Fref = 450MHz
——Core 2 - Fref = 400MHz

Core 3 - Fref = 350MHz |-
——Core 4 - Fref = 300MHz

0 5 10 15 20 25 30

Current Density [A/mm2]
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: N |O [
Phase-Merging Turbo w1 e

[ ] [ : | E ) | ) | ' E
From N. Butzen, et al. ISSCC2023 P 5 Pl -

* Reconfigure M/N vouri L ~ F
fphase | r § B
. =~ : —— ¢ H H ' * 5
loap = Vinlriy 2(1+N+M)’ I ; P AN
1 E E : : : :
Injax~ i s — ——
MAX " Rpatn WPhasesi 1 1 N f M P11 N M
_ PMT M/N=1/1
" PMT Comparison: Core 3 — 950mV Vref VIN ; : E §
— Normal : : : N |
——Top PMT : ' : E
o} Bot PMT | i 5 | R E .
——Full PMT : : — : ==
E I +6.5%points - | T
S
60 [ EW
50 .

0 : m T % 5 % D i . ? .
Current Density [A/mm2] #Phases; 1 i 1 : 1 Pl 1 : 1
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Communication-less Ganging

From N. Butzen,etal. ISSCC2023

* CSCR SCVRs currentrangeis [0, Imax] (frequency limited)

= No danger of VR cores sinking/sourcing at the same time

* No danger of runaway current event

= | ower-bound hysteretic controller

PwrSoC 2023

[100MHz/div] [25mV/div] _50mV/div]

Load Step 5mA ->350mA - Uncalibrated

| ", AR
71 mV_“WWW e

fwn«wwmwmmw.wwmmmws«mwmW\wmmwmmmmm

VOUT |
(Wﬂmdwmwmu

Core2/7 |

296MHz

Fswitch

Time [20ps/div]

[100MHz/div] [25mVidiv] _50mVidiv]

Load Step SmA ->350mA - VID Calibrated

MWMWWWMWWWWMWMWWMM

L 69mV

Wwwmm@mmmwmwwm i i

VOUT
Ll Lid , 1
|l 2 f']"o"f&”*‘!rﬁ-ﬁ!ﬂl h1"‘i+‘r Il.lr
: 222MHz Fswitch  Core 2/2 |
Time [20ps/div]
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Case Study 2 : High Voltage VR Chiplet

» Disaggregated VR

» Reintegrated using 2.5D or traditional packaging
» Cheap process, fine-tuned for VR

- Better performance/cost

Compute

)OO0 00000000 000000 0000000000 (
VR
)OO0 00000000000 (

Compute

) O 000000000000 (

PwrSoC 2023 intel. 7



Case Study 2 : High Voltage VR Chiplet

“Hybrid” Capacitive VR

* How to get to higher input voltages? ced.Ratio
- Combine fixed-ratio and CSCR elements SC
. +
+ CSCR can remain low-voltage and do regulation
+ Fixed-ratio converters can be in ‘optimal’ point CSCR
+ ...

* Up to 3V input, >1I0W/mm?, >90% Peak-Efficiency,
Fully Monolithic, CSCR behavior

PwrSoC 2023 intel.



Summary

 Compute demands and Advanced Packaging will continue to
strain power delivery systems into the Future

* Monolithic Switched-Capacitor Converters offer the highest-
oerformance with respect to volume

= Recent advancements in on-die MIM are boon for SCVRs

» Continuously Scalable Conversion-Ratio topologies offer
excellent theoretical and practical performance.

 Demonstrating >88% efficiency and high output power

PwrSoC 2023 |nte| 19
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