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Low-Power SoC for Wearables
Previous Work

e Taped out in 55-nm DDC (Fujitsu) and published in
ISSCC 2019 and JSSC 2020
e Power Domains

©)

1.2v
[ |

DC-DC converter
Charge Pumps
Clock generator
Controller

e DC-DC Qutput
Cortex-MO Processor
8KB SRAM

©)

©)

CEE RN ANUE R

ROAATD CYROAATY

TRV
YRQHATD ¢

RBB/FBB Charge-Pumps

Reconfigurable switched-cap.
DC-DC converter

VpW e
1.2¥% )
T is3 B
ELL Body Core Body
Bias Gen Bias Gen
vco&Dv | [ SIS
L2v 5 D Brooi 1.2V
. . h ol ==
MBUS 3E Cortex A I
52 |l -mo RALY
AN gg d13 SRAM (64Kb)
Ctrl o o Timer
Y < - 8T SRAM Cells
Regfile Critical (6T ELL +2T ULL)
> path replica
\. J L Pl J

A 6.4 pJ/Cycle Self-Tuning Cortex-MO loT Processor Based on Leakage-Ratio
Measurement for Energy-Optimal Operation Across Wide-Range PVT Variation
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Low-Power SoC for Wearables

Previous Work
Technology 55nm DDC process
Die Size 1500pm x 1970um
CPU ARM Cortex MO
On-chip Memory 8KB SRAM
Supply Voltage 1.2V
eragemen | O Cosedor
Scheme
CPU & Memory

Operating Voltage

0.48V ~ 0.75V

Clock Frequency

100kHz ~ 6MHz

Power

7.95uW @ TT, 25°C ,1MHz

Minimum Energy
Per Operation

6.4pJ/cycle @ 0.55V, 500kHz

” adsiel L eI SR ol SR ot

|

'
!

- — - e w  — ——— e e S

A 6.4 pJ/Cycle Self-Tuning Cortex-MO loT Processor Based on Leakage-Ratio
Measurement for Energy-Optimal Operation Across Wide-Range PVT Variation
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Low-Power SoC for Wearables
Rapid Prototyping - AFE

Sensor Test Harness in Skywater 130
Lab on a Chip Concept

Oscilloscope / Signal Analyzer 7\  Wbond ] Attenuator / Dummy sensor
— Bus

Logic Analyzer i Signal Q Multiplexer
——  Clock

Signal Generator
» PAD D Ampilte

Test Harness for Rapid Prototyping



Low-Power SoC for Wearables
Rapid Prototyping - AFE

P

geiim e | OPAMP

G o % BeS S .!!-.-lllljl.......;;-..E-L"v DAC
+ Bus ] & v © ? ;
R Q Multiplexer
———— Clock I> Amplifier
Test Harness in GF180 GF180 (Feb 2023)
MUEER ICE
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On-Going Projects & Contributions

Hardware Security R
> 15*Open Root of Trust SoC g7
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Open-Source Opentitan RoT

Proprietary
@ Open-Source

Firmware

RTL

ISA

SoC

Verification

Foundry IP

Analog IP

Process Design Kit

Chip Fabrication

Chip Packaging

PCB Interface

PCB Design

chip_earlgrey_asic

top_earlgrey
( OTP (F
Interrupt (Fuse)
. o l ROM (j:{ sl :< Life Cycle }:3 Alert Handler
Ibex Core /
(RV32IMCB) D{b} it C:‘ .
ebug 7 4x UART imers GPIO
L ‘ Module Main SRAM
- O 3X12C [ sm Pattern
K ,,,/"/ o | Device generators
/// TL-UL Crossbar ™ TLuL o e ——— i
J Cross Always-on Domain
i3 it it i bar | |
: | .
Key Manager KMAC EDN 'SPl Host 0 C—_v-{ L pwm :{ Re;;;;':" t:j DMP:“V;;;(
. 1
il 1 [ [ ! =
Ll [7] sysrst [] Aaon [CJciksrst
OTBN HMAC CSRNG SPI Host 1 : Controller Timers Managers
JL J L I 7 T
2 2 ! 2 s 2 C# Pinmux / :{D ADC }3 DSensor
AES FLASH Esntropy E] USB : Padctrl Controller Control
ource "
Peripheral |
High Speed Domain Domain |
T
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Open-Source Opentitan RoT
With OpenFASOC Generated Blocks

Proprietary
@® Open-Source

Firmware
analog circuit | Parse User JSON
specs specifications
— i 1
Parameter Search |
Aux Cell ‘
i = ]

— T
Aux Cell — Best T~

~N

| SAR ADC Block Diagram |

|Temperature Sensor | |D-LDO |

=] | OpenFASoC!

RTL Verifi cation Exploration No .-\”\S}EESZ _— @

) phor FASOC w/ OpenFASoC w/
Found ry | P Analo gl P | Verilog Generation Proprietary tools Open Source tools t t
Foundryir | [ Automated
Process Design Kit (—‘]._og;c Synopsys J ([ Yosys ][ Surelog |
|_Synthesis

Desion Compler
ama e portable
Chip Fabrication | PaR | s OpenROAD ]

!

e

TR analog
ip Packaging ‘ ':':: - Magic | Netgen |
L alibre e

PCB Interface [ Pex_ | KLayout |

spectre {Ngspice][ Xyce ]‘
—

of

’ 1
‘ Simulation ] hspice

i
!

PCB Design

Source: https://docs.opentitan.org
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Proprietary
@ Open-Source

Firmware

ISA
SoC

Verification

Foundry IP Analog IP

Process Design Kit

Chip Fabrication

Chip Packaging

PCB Interface

PCB Design

Source: https://docs.opentitan.org

Proposed Techniques

Countermeasure

Stacked
Voltage Domain

Power
Management Unit

Security

True Random
Number Generator

Power Side-Channel Attack Resistant
Cryptographic AES SoC in Stacked
Voltage Domain

Secure Programmable PMU with
noise injection

ReRAM-based TRNG

SRC Select Disclosure 74



Cryptographic AES SoC

Stacked Voltage Domain

Proprietary
@ Open-Source

. Countermeasure
ISA Stacked

SoC

Voltage Domain

Verification

Foundry IP Analog IP

Process Design Kit

Chip Fabrication

Power
Management Unit

Security

Chip Packaging

PCB Interface

True Random
Number Generator

PCB Design

Source: https://docs.opentitan.org

WV AMCEERAN AMTEES
W Tals B \E |

oo 1

Digital Low-Dropout Regulator*

Top Domain Bottom Domain

Instruction Memories

Data Memories

RISC-V Core

|

|

|

I

Peripherals + :
AES |
I

|

|

|
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Open-Source Opentitan RoT

Voltage Stacked SoC

Proprietary
@ Open-Source

SoC

RTL Verification

Foundry IP Analog IP
Process Design Kit

Chip Fabrication

Chip Packaging

PCB Interface

PCB Design

Source: https://docs.opentitan.org

Countermeasure

Stacked
Voltage Domain

—>

Power
Management Unit

Security

True Random
Number Generator

l

Noise
injector A |+ _
| Y o
Secure and |—_ Vo H'blh

Programmable
g PMU | I-cache |

| NOY.L I

Noise

injector B_|/, < 5
I = : >d;
I V LOW 3 Ao
wv

Crypto L_CPY_|

engine ii periph.
|

e st version of the PMU
e SoC includes:
o Crypto engine
o IBEXCore
Goals:

- Perform DPA and check the
efficiency of the power obfuscation
techniques

- New open-source PPA (silicon
results)
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Open-Source Opentitan RoT

Secure Proarammable PMU with Noise Injection

Proprietary
@ Open-Source

RTL Verification
Foundry IP Analog IP
Process Design Kit

Chip Fabrication

Chip Packaging

PCB Interface

PCB Design

Source: https://docs.opentitan.org

VDD SUPPLY f
RANDOM_BITS = B S -
Stacked NOISE INJECTION [ ViRTUAL |7 FEEDBACK LOOP
VB BLOCK vbD
Voltage Domain NOISE_AL3:0 VOLTAGE SUPPLY J
DAC_RST | - [
g | DAC |—wn CLOCK DEE
DAC_IN[5:0] ) iATE
Power =
DCDC
. :>n\m.7|\|&. _l)(:l)A('_ SIX STAGES S r
Management Unit T I el -
DCDC
2 NON OVERLAPPING
Security
gl g =
g El 2
g g <
True Random s - F
Number Generator
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RRAM based TRNG

Proprietary
@ Open-Source

ISA

SoC

Verification

Foundry IP Analog IP

Process Design Kit

Chip Fabrication

Chip Packaging

PCB Interface

PCB Design

Source: https://docs.opentitan.org

Countermeasure

Stacked
Voltage Domain

Power
Management Unit

Security

Number Generator

Resistance (M£2)

True Random :>

~HRS: 200KQ

-LRS: 20KQ
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Building Confidence in Open
Design
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Building Confidence in Open Design

Start of
? "
Skywater S Open Calibrated over 0°C ~ 120°C Sensor Instance hdrA7-inv11-hd Sensor Instance hdrB3-inv11-hd
4 ~wio SEC 2t wio SEC
MPW Program g5s , Powers Mufr:ur;d at 1.8V,:’0‘(s:Ec _____ ) 52 e < il
naccuracies from 30 errors wio 70 < B\ &g = y
345 : Eo = g B 2 &
8 = T P, R T Ll = - e
8 Teonv = 0.98ms 2 2 » g
8 ; j ; i L 1
T: * Header Aand 'hs' cells -0 -20 - 0 . 20 40 60 -0 20 = 0 . 20 & 40 €0
2 Header A and 'hd' cells P () ompery {;
% ¢ Header B and 'hs’ cells & Sensor Instance hdrA7-inv11-hd Sensor Instance hdrB3-inv11-hd
« .. Header B and 'hd' cells 1 o i 2} o sea
005 01 02 05 1 2 5 10 20 50 100 E% Back foa-g X g1 o %
0175 Power (uW) £ L m = =8t Eol 58
; * Header Aand 'hs’ cells ol At
e - ¥ 0.15 Header A and "hd:cells 15 ° 2 20 % ) s r » % % % o7
3 S 0.125 ¢ Header B and 'hs' cells Temgerature (°C) Temperature (°C)
ha Header B and 'hd’ cells . Sensor Instance hdrA9-inv9-hd Sensor Instance hdrB3-inv9-hd
°
0.1 : wio SEC i wio SEC
4 é : Measured at 1.8V, - Bk ] T
1 0 0.075 ¥y 20°C and 31.25ms st : 4 o .
1 % 005 %", Conversion Time Ml amas = = =an R e e ]
y ' W o R b
3 0.026 bt % gi |
005 01 02 05 1 2 5 10 20 50 100 R TR e b e i
i Power (uW) Temperature (°C) Temperature (*C)
p
R
B
MPW1
Dec Jun Aug  Oct Dec Feb Apr  Jun Aug Oct Dec Feb Apr  Jun
Endof 2021 2022 80 2024
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Building Confidence in Open Desi

Start of

Vripple vs Current Efficiency for 1mA
=

Vripple vs Current Efficiency for SmA
L)

200
*a W=luL=1u " w=luL=1u
Sk Water,s O en % 10 @ W=0.75ul=05u S 60 . ® W=0.75ul=0.5u
Y p E s A Welul=050 E : A WelUL=05u
M =0.75u L= 2 B =0.7%0 L=
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5
% [ 20 ‘
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Building Confidence in Open Design

Tapeout throughDARPA IDEA Program R GF 12-nm

: Violations due to spur Spectrum Mask | — secnce catibration
. . ".,.. T —zm:uuihmkm

e 1st tapeout in GF12LP using open source {
tools g e

2402 2403 2404 240
Frequency (GHz)

» SignoffusingPT & 1.
O @ TT|25C|0.8v[funcmax il ' e :

350MHz

e Temperature sensors

O Teance: 2010 100°C
o Error: +/- 0.2°C (post-PEX)
SKY130

MPW2  MPW3

.Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun o ADPLL supports 1.8 to 2.7GHz

>
Endof 2021 2022

Feb May 82 2024
2020 24th 28th

ICEEFAY AMUEEFAN AMTE R AN
ROHATD X ROHATD Y HOHATD |



Building Confidence in Open Design INIST

Start of Ao ] Oselioscope Nanofab. Accelerator
Skywater’s Open DARPAIDEA || svu B G
program w. NIST

MPW Program Program

! |

DUT is fabricated
on top of the CMOS chip|

Integrated
VCO / Sig Gen

4 Testchips Already!
Empty Si Substrate Nanotech Accelerator Big ta peOUt
GF 2-nm mid-June

i
|
i
[
I
i
I
[

SKY130 2nd 3rdTO  4thTO NIST's

ey _
._ ﬁ_ | Nanofabrication
: Tapeout

MPW1 MPW2  MPW3 MPW4  MPWS MPWé6  MPW?7 MPW8

[E—
048§ §]

Dec ... Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
_
End of 2021 2022 Feb May 83 2024
2020 24th 28th

NG R AT A DR 5 A0
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Building Confidence in Open Design

Start of Nanofab. Globalfoundries

Skywater’s Open DARPAIDEA Accelerator Open MPW . . .,

MPW Program  Program program w. Program Accelerating Fitbit’s
NIJT oge

ﬂ ﬂ ﬂ ﬂ Custom Silicon Goals!

i fitbit

GF 12-nm

BE BN 5 e 8

U
Project w. Fitbit

s_|_<\(1::9 ' 2nd T 3rd TO 4th TO NIST’s
- E— E Nanofabrication
RS Tapeout
MPWI1 MPW2 MPW3 MPW4 MPW5 MPW6é6 MPW?7 MPWS8
Dec ... Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun >
Endof 2021 2022 Feb May 84 2024
2020 24th 28th
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[ J [ J [ J [ ] [ ] -
Building Confidence in Open Design | iors foundry
Start of Nanofab. Globalfoundries . . services
Skywater's Open DARPAIDEA  Accelerator Open MPW Unive I‘SIty Shuttle
MPW Program Program program w. Program ﬂ
ﬂ ﬂ NIHT ﬂ Intel 16-nm Intel 16-nm
GF 12-nm
(R LB —_— {
[
MPWO i— > |
TJ} HE ‘
SKY130 1StTO  2ndTO 3rdTO  4thTo| proect w- Fitbit
—— » s " NIST’s
. ﬁ' =0 Nanofabrication
: — Tapeout
e ~ I We Need More
MPWI1 MPW2 MPW3 MPW4 MPW5 MPW6é6 MPW?7 MPWS8 I
Dec . Jun  Aug Oct Dec Feb Apr  Jun Aug Oct Dec Feb Apr  Jun ShUttIes-
>
Endof 2021 2022 Feb May 85 2024
2020 24th 28th
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Tape Outs in Intel 16 - OpenTitan SoC

e Tapeoutin Intel 16nm using OS tools

e PD and timing optimization using OpenROAD
Used a modular flow to smoothly fill-in the gaps
using proprietary tools

e Temperature Sensor RTL to GDS flow is fully
Open-Source

Floorplan of Intel 16 tapeout Including Opentitan, Temperature
sensor array and crossbar using OpenROAD

1 n 1R
\ bR A
11 4 s 86



24 Temperature Sensors Array

. ...-.-—-—ﬂ

[t i s A s A e s el

LA A Ao o
[ e A A e

Area = 33.048um x 34.02um



OpenTitan Root of Trust SoC - Final Version

0.3 mm 1.4 mm

All digital edge tracing TRNG
Tunable Noise Injection
On-chip high speed PLL
OpenTitan security subsystem

(64KB)

1.25 mm

O  Crypto + Key Manager

©  Secure Memory
Frequency 28MHz
= | Main
Memory Size 16KB 5 _ | SRAM
Gate Count 20K - Source
'
# of Macros 26 % | Ma'nager |
Area 2.18mm?

EOCED
N C
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Bridging Gaps between Hardware & Software

Make custom silicon easier
to build, at scale, just like
software

it's full of software!”

S gcc -0Silicon

ICESFAN ANTEEFAN A0MTE TN 30 90
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Bridging Gaps between Hardware & Software

Packaging
CONDA onga-eda

github.com/hdl/conda-eda

conda install --channel litex-hub \
open_ pdks.skyl30a \

openlane \

it's full of software!”

xls

ICESFAN ANTEEFAN A0MTE TN 30 91
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Bridging Gaps between Hardware & Software

Packaging
CONDA conda-eda

github.com/hdl/conda-eda

conda install --channel litex-hub \
open_ pdks.skyl30a \
openlane \
xls

it's full of software!”

*»= Reproducible, Reusable

jupyter  jupyter Notebook
® github.com/chipsalliance/silicon-notebooks/

ICESFAN ANTEEFAN A0MTE TN 30
ROAATD RO Y ROHATD Y|
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https://github.com/chipsalliance/silicon-notebooks/

Bridging Gaps between Hardware & Software

e OpenFASOC GitHub Repo is mainly Code and
Documentation

Languages
IS . |
® Python 34.7% Tcl 26.8%
® SourcePawn 20.4% ® Makefile 10.6%
) 1
Verilog 5.1% SystemVerilog 1.6% |t S fu || Of SOft\/\/arel

Other 0.8%

ICESFAN ANTEEFAN A0MTE TN 30
ROAATD CNROHAT) Y ROHATD |
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Bridging Gaps between Hardware & Software

e OpenFASOC GitHub Repo is mainly Code and
Documentation
o Auditable and Transparent
o Regression Tests
o Systematic Metrics Extraction
o Dashboards

it's full of software!”

ICEFFAN ANMTEEFAN A MTE TV 30 04
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Bridging Gaps between Hardware & Software

e OpenFASOC GitHub Repo is mainly Code and
Documentation
o Auditable and Transparent
o Regression Tests
o Systematic Metrics Extraction

o Dashboards ”|\/|y god
e Analog Automation requires collaborative Work

o EDA, Analog/RF/Circuits, Software

|H

it's full of software!

ICE AN ANTRE AN A 0TR TN 20 95
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Bridging Gaps between EE & CS

e Existing efforts around Open-Source IC design

Electrical &
Computer
Engineering

EDA, Flows,
Generators,
Compilers,
etc...

Computer
Science

it's full of software

ICEFFAN ANMTEEFAN A MTE TV 30
ROHAT Y ROHATY Y ROHATD |

|H
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SSCS PICO Chipathon

= 2021:61 submissions, 18 selected (11 taped out) C\) —— C)) e
Tapeout

= 2022:54 submissions, 22 selected (14 taped out)

2022 selected teams from 10 countries, 5 continents

ICES A A0ITEF P ANTE SRR 30
ROAATL - ROHATD cvRAHATD

August September October November
Review é
Kickoff Design Tapeout

Review
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2021 Chipathon

* Paid runs via Efabless chiplgnite (130 nm SkyWater)

= All designs are open source

Function Team Chip URL
oo o Pakistan3
1 5G bidirectional amplifier (FAST National University)
2 Wireless power transfer unit Pakissnz https://efabless.com/projects/560
il (FAST National University) : LOMLRro)
3 Variable precision fused Pakistanl
multiply-add unit (FAST National University)
§ India2
4 Oscillator-based LVDT readout DS Universii)
Indial .
5 Temperature sensor (Aana University) https://efabless.com/projects/474
> India3
6 GPS baseband engine (Aiina University)
Ultra-low-power analog Brazil2 ¥ 3
’ front-end for bio signals (U. Federal de Santa Catarina) https://efabless.com/projects/476
8 TIA for quantum photonics USA4 & Z
interface (University of Virginia) httos://efabless.com/projects/a70
Egypt
’ o s Sy ) https://efabless.com/projects/473
10 Neural network for USA2 : :
sleep apnea detection (University of Missouri)
11 SONAR processing unit Ghee https://efabless.com/projects/540

(University of the Bio-Bio)

Magazine article: "SSCS PICO Contestants Cross the Finish Line,” https://ieeexplore.ieee.org/document/9694491

ICE SR ANTEE AN AMTEEFI AN
ROAATD - ROHAD cy ROHATD 1|
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Function Team Chip URL
1 1 | spatialSigma-Delta ADC Pakistanl
2 0 2 2 C I p a t o n P g (FAST National University)
On-Chip DCDC Converter .
A . Pakistan4 https://platform.efabless
2 with ;aeig:‘z;:smnt (FAST National University) .com/projects/1486
3 Matrix Multiplier for Al Pakistan7
atthe Edge (FAST National University)
Encrypted LSB Pakistan2
all B (FAST National University)
Pakistan3 https://platform.efabless
5 | CMOSBandgapReference (FAST National University) -
6 Self-Interference Pakistan4
Cancellation LNA (FAST National University)
B Sub-Sampling PLL for Austria
SerDes Applications (Johannes Kepler Univ., Linz)
. Brazil https://platform.efabless
8 | 60 GHz Demonstrator Chip (University of Sdo Paulo) com/projects/1431
. USA1
9 | Low-Power 10-bit SARADC (University of Alabama & MIT Lincoln Lab)
Boost Converter for
g Greece https//platform.efabless
10 Batt:;yplli?cc;vtviir:g loT (Aristotle University of Thessaloniki) .com/projects/1457
ecrace USA2 4
11 | Radiation-Hardened ALU (North Carolina A&T State University) .com/projects/1593
) Chllde‘/é\rgentmazlléruguay’
Universidad Tecnica Fed. Santa Maria
12 a— Bléﬂégg:;’ erter for 2Universidad Nacionaldel Sur & Instituto Ty
.com/projects/
Nacionalde Tecnologla Industrial
3Universidad Catdlica
13 Electrochemical Water ; . USA5 7
Quality Monitoring (University of Tennessee) .com/projects/ 1469
14 Mix-Pix - A Mixed-Signal ~_ Chile hitps://platform.efabless
Circuit for SmartImaging (Universidad del Bio-Bio) .com/projects/1494

Magazine article: “Meet the SSCS PICO Chipathletes,” https://ieeexplore.ieee.org/document/9950763

ICEE RN ANUEER
ROAATD Y ROHAT
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2023 Chipathon (Ongoing)

= Build on-chip waveform
generatorand
“oscilloscope” macros

> Collection of generally
useful IP blocks

= Enabletesting of low
frequency analog circuits
usingonlya PC

= Tape out first prototypes
and improve with
community over time

Interface
Board

ICESFAN ANTEEFAN A0MTE TN 30
ROAATD - ROHATY Y ROHATD |

‘ Somebasic
R analogcircuit

Analog MUX

Wavegen Scope

Digital Interface
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Notebook Code a Chip Competition at

ISSCC’23

Name

Yihai Zhang

Anawin
Opasatian

Mauricio
Montanares

Nealson Li

HyungJoo Park

Ali Hammoud

Nimish Shah

0

Affiliation

Tsinghua-Berkeley Shenzhen
Institute, Tsinghua University China

University of Tokyo (Japan)

University of Concepcion (Chile)

Georgia Institute of Technology
(USA)

Hanyang University (South Korea)

University of Michigan (USA)

KU Leuven (Belgium)

Notebook Title

GreenRio 2: A Linux-compatible RISC-V Processor
Developed with A Fully Open-Source EDA Flow

Bernstein-Yang Modular Inversion with
XLS/OpenLane

Sonar On Chip Project

Coordinate Rotation Digital Computer (CORDIC)
with OpenLane

Scan Register layout generation using laygo2
OpenFASoC: Digital LDO Generator

DPU: DAG Processing Unit for probabilistic ML and
sparse matrix algebra
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Notebook Code a Chip Competition at
VLSI'23

Example: Winner of VLSI 2023 Code-a-Chip Contest

Design and Optimization of Analog LDO with Relational Graph Neural
Network and Reinforcement Learning

Zonghao Li Team, March 2023
SPDX-License-Identifier: Apache-2.0

Name Affiliation IEEE Member SSCS Member

Zonghao Li (Lead)

: S University of Toronto Yes Yes
Email ID: zonghao.li@isl.utoronto.ca y

Anthony Chan Carusone (Advisor)

. y University of Toronto Yes Yes
Email ID: tony.chan.carusone@isl.utoronto.ca Y

https://github.com/sscs-ose/sscs-ose-code-a-chip.github.io/blob/main/VLSI23/accepted _notebooks/ldo_rgen_rl/ldo_rgen_rl.ipynb
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“Code-a-Chip” Notebook Competition at
VLSI'23 - Kyoto

e |EEE Solid-State Circuits Society (SSCS) Open-Source Ecosystem (OSE)
o https://github.com/sscs-ose/sscs-ose-code-a-chip.github.io

MEMBERSHIP EDUCATION CONFERENCES PUBLICATIONS | CHAPTERS DL PROGRAM INDUSTRY NEWS

Home Membership Awards ' |IEEE SSCS "Code-a-Chip” Travel Grant Awards

WOMEN IN CIRCUITS

IEEE SSCS “Code-a-Chip” Travel Grant Awards

IEEE SSCS “Code-a-Chip” Travel Grant Awards at the 2023 Symposium on VLSI
Technology and Circuits

The IEEE SSCS Code-a-Chip Travel Grant Award was created to:
1. Promote reproducible chip design using open-source tools and notebook-driven design flows and
2. Enable up-and-coming talents as well as seasoned open-source enthusiasts to travel to IEEE SSCS conferences and interact with the leading-edge chip design community.
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ROAATD RO s AL 0 103


https://github.com/sscs-ose/sscs-ose-code-a-chip.github.io
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Monday AM Session @ ISCAS 2023

11:30 — 13:00
Review of the First Silicon Results in the Open Source Ecosystem
Room: San Carlos Il (Marriott)
Session Chair(s): Mehdi Saligane, University of Michigan
Priyanka Raina, Stanford University

11:30

2273: An Open Source Compatible Framework to Fully Autonomous Digital LDO
Generation

Yaswanth Kumar Cherivirala, Mehdi Saligane, David Wentzloff

University of Michigan, Ann Arbor, United States

11:48

2290: Design of Cryo-CMOS Analog Circuits Using the Gm/ID Approach
Christian Enz, Hung-Chi Han

Ecole Polytechnique Fédérale de Lausanne, Switzerland

12:06

2314: SRAM Design with OpenRAM in SkyWater 130nm

Jesse Cirimelli-Low{2}, Muhammed Hadir Khan{2}, Samuel Crow{2}, Amogh Lonkar{2},
Bugra Onal{2}, Andrew Zonenberg{1}, Matthew Guthaus{2}

{1}1O Active, United States; {2}University of California, Santa Cruz, United States

11:24

2326: An Open-Source 4x8 Coarse-Grained Reconfigurable Array Using SkyWater
130 nm Technology and Agile Hardware Design Flow

Po-Han Chen, Charles Tsao, Priyanka Raina

Stanford University, United States

12:42

2327: Open-Source, End-to-End Auditable Tapeout of Hardware Cryptography
Module

Anish Singhani

Carnegie Mellon University, United States
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180 Attendees!! Record attendance
among all workshops at VLS| Symposium

Open Source PDKs and EDAs, Community Exp

Organizer : Makoto Ikeda (The University of Tokyo)a
Mehdi Saligane (University of Michigan)

Since its launch in 2020, the Open MPW shuttle program has received over 500
to designers' experiences, including measured results, foundry perspectives, an

About Makoto lkeda -
Makoto |keda received his BE, ME, and Ph.D. degrees all in EE department of §

d.lab, the University of Tokyo. This workshop is co-organized with Dr. Mehdi S

| 1. Design experience: “The Journey of Two Novice LS| Enthusiasts: T
Communications and Yuki Azuma, University of Tsukuba

| 2. From Zero to 1000 Open Source Custom Designs in Two Years, Mg
| 3. The SKY130 Open Source PDK: Building an Open Source Innovati¥

| 4. Open Source Chip Design on GF180MCU - A foundry perspective, Karthik Chandrasekaran,

ICESFAN ANTEEFAN A0MTE TN 30
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The end!

Bonus slides



Implementation Challenges

A. The quantized behavior is best shown in single-defect gate interfaces.

a.  When the device operates with a single defect, the CP current difference is either fully

present or not, there is no middle values caused by randomness.
b. Itdemands:

i. Heavy binning to select a candidate device
ii. Advanced process node that doesn’'t produce too much defects

B. The current is extremely small (<10fA @ 40MHz, L/W=50nm/100nm [1])

a. Leakages are everywhere. The author suggests DRAM-optimized technology to minimize
junction leakage [1].
Considering lock-in amplify or other low-level signal measurement techniques. [4, 5]

Direct amplification of this signal can result in a very large low-freq AC noise that’s difficult to
fully eliminate on-die. Considering mixed-signal circuits.

ICESFAN ANTEEFAN A0MTE TN 30
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[5]
Charge Pumping (CP) Defect Measurement

Pulse Generator |
I e Rr _
B { Icp scales linearly with the CP gate pulse frequency such that
| | Pulse Generator |
= N Summing ‘l
ol Amplifier ICp = quD"AE (l)
Pulse Generator 1 - X 3 X .
(gating) — where ¢ is the electronic charge, A is the device area, D;; is the
igital Storage 3 . ¥ . -2 -1
Oscilloscope energetic and areal interface state density (cm™ - eV™ '), and
AE is the CP recombination energy window [3]. For the case
trigger
total (f) + Iother

The number of SiO2-gate interface defects (N,) can be measured by: applying a square wave to the
MQOS stack and measure the change in bulk current. The CP current can be isolated because it behaves
differently with frequency compared to the other leakages.

ICEFFAN ANMTEEFAN A MTE TV 30
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Nanotechnology Accelerator

Probe Pin Layout

40 pm

Test Equipments
(Preamps, TlAs,
oscilloscopes, etc)

Recorders

3 Ground Power
(oscilloscopes, etc)

=3
Bias Output
Probes Fabricated Probes
Fabricated . Test Device
Test Device “
Amplifiers & Signal Conditioner Yolockin Ampfier
Eropty. e General-Purpose Carrier Wafer m
Able to achieve 100 to 1000x reduction in parasitic capacitance al 405
Traditional This Project
The concept Example Usage of such a Carrier Wafer

The aim of this project is to put some test apparatus on a silicon chip, which will be used as the carrier wafer for new nano
device fabrication.

Drastically reduced parasitics can lead to improved measurement quality and test ranges.
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Tape Outs in Intel 16 - OpenTitan SoC

B .= 1=

GPIO UART I[2C SPI

SPI JTAG

R E T



OpenFASoC - Portable Transferrable Analog

>10x _, 130nm 12nm
Planar Bulk FinFet
cheaper: SKY130 GF12LP
MPW-1 64 temp sensors Temp sensors
D-LDO DC-DC Test IC 1
AMS SoC<—+ AMS SoC
MPW-2 D-LDO PLL
More temp sensors /
DC-DC
MPW_4 PLL UNIVERSITY OF
AMS SoC MICHIGAN
MPW-5 More!ll

Same fully open source tools
T ——— Same scripting generators

ROAAT YROHAT Y ROHATD
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OpenFASoC - Portable Analog

e Analog generators - Power DCDC + LDO, Temperature Sensors, PLLs,
ADCs.

Example mixed signal SoC integration.
e Silicon proven with increasingly more tape outs, increasingly faster!

Fully open source flow using fully open source tooling (OpenROAD, Xyce).

e Demonstrating acceleration of velocity and productivity.

SKY130 <= GF12LP

130nm 12nm

>10x / Planar Bulk FinFet

Same fully open source tools

chea pe r! Same scripting generators

ICEF RSN ANTEEFAN AMTEE RN G0
ROHATD YROHATY Y ROHATD 1
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SAR ADC Common Centroid Placement

> Symmetrical Placement of unit caps

and switches

SW_CTRL

OMP CLK

Output Spec. CDL PEX
FSAMPLING (MHz) 1

Unit Cap Value (fF) 2.6

Area (mm?) - 0.04
Power (uW) 6.72 11.2

Effective Number of Bits 7.86 7.75

SAMPLE RESULT(7:0
—_—

% 5 NAND-based
SAR Comparator
COMPI  LoGIC
B ouT IN_P

s

Effective Number of Bits

ICEE RN ANTE A

ROAATD CYROHAT L

T

best-case

2 4 6 8 10 12 1 16
Number of Vem Switches

ANMTEEFANN A0
HROHATD

COMP OUT
1% a8
—|Comparator | ] Co%
CLK
{ : CLK N

SAR ADC Block Diagram

common-centroid
placement
2.6%) > ‘s'ﬂ-é‘té"gy"’ 2.6%)

Tu=211

~5.2%)

TU=1S %)
«180m) P X32 O(TU152%)|  =15.2%)

13



Open Source RoT
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OpenFASOC on MPW-II: Integrated Temperature
Sensors

Sensors are embedded inside the OpenTitan SoC and
connected through tileli:_wk

. “‘f‘:
“““":\\\\\\%\ Non Default Routing is

\

i \Q\i\\ use to route the header i
\\ cells to the 2nd voltage s i === Sensing elements

S \?: domam power ring 4. [F— 3 ——— aresittingona

;{: SR N\ =1 [ii=—"==—— second voltage
\§Q§§§:\\\ i domain
«\\\ ‘\Q\R\\ SRR % e I - :‘ )
R -:h o ;é 'j
\\‘&\\ = z

\\\<\ \

The temperature sensor generator uses a

ICE TN ANTEERAN JNE"C& AN fully open source flow

ROAAT YROHAT
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OpenFASOC on MPW-I|I: D-LDO generator

"%:ﬁ:ﬁ:’f; sx
LF_I] 1]

Voltage Reference with symmetrical placement

(SR, Array of D-LDOs

ICE Rk
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Analog Cell Generation using ALIGN

| ves
M
clkib cik0b vo I
cik0 cik1
vss
VDD '

% -
clkib clkob
clk0 cik1 i
vss
v

T |:>

2:1 converter Slice
Power mux

X8 CLK

CLK

Strong arm latch

17
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Tape Outs in Intel 16 - OpenTitan SoC

e OpenTitan SoC contains

o SPI, GPIO interfaces
o lbex CPU
o 16KB SRAM
o Main crossbar and peripheral crossbar
o All peripherals are connected through Tilelink
Frequency | Util. Macro Place Macro Cell Pad Area
Channel Place Halo Floorplan of in Intel 16 Including RAMs and an
OpenROAD based implementation of the Opentitan SoC
28MHz 29% 40 40 20 20 2 sites 425x425
*64% umz2
ICEEFAN ANCEERAN AMTEEFAN 30
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Tape Outs in Intel 16 - Power Numbers

BC power distribution

Swiching

WC power distribution

TC power distribution

Leakage

Swiching_

BC total power WC total power TC total power
Sequenitial
Combinational Combinational
ICEFFAN ANMTEEFAN A MTE TV 30 119
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Temperature Sensor Variant B

Header B
e . Header B
I VDD
| o il
: : Corner TTTT RSSS RFFF
I | I
I |
! |: ! Tconv (MS) 0.1
I I
| __||: |

Energy/Conv

| I 9y 140 | 0.28 6.81
I I (nJ)
| I
I I
L-—-YDBLi | Errorws("C) = 0.62 = 0.7 0.41

Freq vs Temp

Header B, TTTT corner

@ 3 headers, 6 inverters ™ 3 headers, 8 inverters 5 headers, 6 inverters
300.00 —

¥ 20000 —

=

%.’- 100.00 }—

0.00 LDl | | ] ]
-20.00 0.00 20.00 40.00 60.00 80.00 100.00
L Temperature (°C)
ICEERAEN AN
ROAATH RO! {HYROHAT

Error vs Temp
Header B, 3 headers, 6

0.50 —
0.25

g

s

u 000

-20.00

inverters (Best Case)

® TTTT = RSSS RFFF

0.00 20.00 40.00 60.00 80.00 100.00

Temperature (°C)

Error vs Temp
Header B, 5 headers

0.50 —
0.25 —
c 0.00
| 2
e 025
w
0.50 —
-0.75

-20.00

, 6 inverters (Worst Case)

® TTTT = RSSS RFFF

,/'\,/:

ﬁ/

0.00 20.00 40.00 60.00 80.00 100.00

Temperature (°C)

120



Temperature Sensor Variant C

Header C Header C
VDD
T } Corner TTTT RSSS RFFF
|
|—4 t i Tconv (Ms) 0.1
|
|
—] [: | | EnergyiConv | 159 | 032 | 757
| (nJ)
|
__VDDL| | Errormax(°C) @ 0.35 0.25 0.39

Freq vs Temp
Header C, TTTT corner

® 3 headers, 6 inverters

® 3 headers, 8 inverters § headers, 6 inverters

400.00 —
_ 300.00 —
N
x
S
2 200.00 —
c
3
3
g
T 100.00 |-
0.00 L—#i\ L L l
-20.00 0.00 20.00 40.00 60.00 80.00 100.00
Temperature (°C)
1f |
N O v v -
no {HYROHAT

Error vs Temp
Header C, 5 headers, 8 inverters (Best Case)

® TTTT = RSSS

o \//\\/.
0.0

RFFF

o
(3
< g
2
E

0.2 —

04

-20.00 0.00 20.00 40.00 60.00 80.00 100.00

Temperature (°C)

Error vs Temp
Header C, 3 headers, 6 inverters (Worst Case)

@ TTTT =W RsSSS RFFF
04 —
0.2 —
g
G f—
2
w
0.2 —
0.4 —

-20.00 0.00 20.00 40.00 60.00 80.00 100.00

Temperature (°C)
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CHIPS Alliance AWG Activities

Techno/Design Loop
New Measured Data, Models, ClI
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Technology/Design Feedback Loop

Compatibility between open-source models versus closed models
Quality of models (Both closed and Open-source)
We have to define a Technology/Design feedback loop in the Open-source real

Discrepancies Closed vs Open-Source tools

Frequency Power VVvDD Inaccuracy
-31.50% 539.63% -0.82% 780.93%
-8.12% 181.81% -0.85% 0.00%
-2.10% 106.59% -1.58% 323.15%
-0.62% 87.81% -1.78% 228.61%
-0.08% 82.38% -1.70% 192.13%
-0.29% 80.25% -1.09% 0.00%
-0.56% 79.70% -0.72% 117.29%
ICE MUEER MTE

4.0000

3.0000 b 8
N\

Z 20000 %

& 1.0000

0.0000

-1.0000

0.4000

0.2000 \
-
3
3 \

< 0.0000

Using Ngspice

Temperature

Using closed tools

-0.2000
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Preliminary Measurements on Skywater 130nm

I (&)

ICEF RSN ANTEEFAN AMTEE TN AN

1 EPFL

ROHATD YROHAY YROHATH

Long-channel NMOS

Measurements

10° = 225
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Current version of the

generator

Working version of the tools

suite and PDK

Working version of the
generator

+

Current version of the tools suite
and PDK

>
Power,
efficiency
metrics
Best version
with the list of
working Rl
configurations
ICET PR ANCEE A AT
ROAAT (VROHA™ D’ROIM“I a

Metrics from
“last-best”
version of the
generator

-—

Central
Database

Tools suite
and PDK
version

Power,
efficiency
metrics

A A

Metrics from
“now-best”
version of the
generator

Tools suite
and PDK

versions info

o=l

o

Power,
efficiency
metrics
Metrics from
“last-best”
version of the
generator
— -

List of tools
version and
PDK version
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Current version of the
generator

Working version of the
tools suite and PDK

Power,

efficiency
metrics Metrics from
“last-best”
version of
the
generator

Best version
with the list of
working
configurations

Tools

suite and
PDK

version

Power,
efficiency
metrics

A

Metrics from
“now-best”
version of
the

ICE A eni e 2 ANTE]
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generator

TempSense LDO
generator generator

Generator
library

DSE

Publish reports on
openfasoc.readthe

docs.io
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https://openfasoc.readthedocs.io/
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