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Relays, Vacuum Tubes, Discrete Transistors, ICs
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“yields … too low to be profitable”

“best [devices] … not made with semiconductors”

“elegant devices messed up with all the other stuff”

[Kilby Nobel Lecture 2000]



Abundant-Data Computing
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Compute Memory

4%

96%

Memory Wall Miniaturization Wall

✚ power wall, cooling wall, resilience wall … 
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Many walls simultaneously



NanoSystems
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New nanotech

Devices

Fabrication

Sensors

New
architectures

New systems
New applications



Data Explosion & Memory Wall
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Both Von Neumann & non-Von Neumann architectures

“Ideally … desire an indefinitely large memory capacity such that any particular … word 

would be immediately available. … It does not seem possible physically to achieve such a 

capacity. We are therefore forced … hierarchy of memories”

[Burks, Goldstine, Von Neumann, 1946]

Computation immersed in memory



Computing Today
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Compute

Memory



N3XT 3D: Computation immersed in Memory
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Nano-Engineered Computing Systems Technology

100× – 1,000× Energy Delay Product (EDP) benefits
Dense memory Efficient logic 

Ultra-dense 
3D

Interleaved 
logic & memory 

layers



N3XT 3D MOSAIC
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Inter-chip integration continuum

MOnolithic / Stacked / Assembled IC



N3XT 3D MOSAIC
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N3XT 3D ⊃ 3D Folding
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Limited EDP benefits: 1.4× Large EDP benefits: 100-1,000×
3D Folding N3XT 3D

Many concurrent on-chip accesses

New arch. via new 3D physical design

Some wirelength benefits

Memory wall stays

Compute

Same

design
Compute

Memory wall Memory wall

Compute

Memory wall

All memory + 
compute on-chip

Mem
.

Mem
.

Mem
.
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Inter-chip integration continuum

N3XT 3D: Many Technologies 
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N3XT 3D Chip: Back-End-Of-Line-Compatible Technologies

Thermal 
Management

Shanghai + Chalmers 16

Ferroelectric 
FETs

Notre Dame + GA Tech 20

Magnetoresistive RAM

IBM 20

Oxide FETs
(2T Gain Cells)

UMC 17

2D FETs

Stanford + Soochow 18

Carbon-Nanotube FETs

MIT + Skywater 20

Resistive RAM

Stanford+SkyWater 21



Carbon Nanotube FET (CNFET): Large EDP Benefits
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7×
Carbon

Nanotube FET
preferred

Silicon 
NanoSheet 

FET

Inverter in a 15-stage inverter-based ring oscillator [Gilardi IEDM 21]

Carbon nanotube (CNT): 
d ≈ 1nmd



Imperfection-Immune Paradigm à Major Progress
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MIT 
Professor

First CNT computer (Stanford) CNT RISC-V (MIT, Analog Devices)
[Nature 2013] [Nature 2019]

178 CNFETs: PMOS logic

1 instruction (Turing complete)

1-bit data

14,702 CNFETs: CMOS logic

All RV32E instructions

16-bit data

Stanford 
student



Carbon Nanotube FETs (CNFETs): Many Innovations
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Scalability
Stanford + TSMC 20

Gate dielectric

CNT 3 nm

MIT 18

Scaled CNFETs
CGP

30 nm

120
CNT/µm

PKU 20

CNT density, 
alignment



Resistive RAM (RRAM)
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Large on-chip memory

1TnR

WL

BL1
BL2
BL3
BL4

Non-volatile computing 
system

3D Vertical RRAM

Stanford + 
CEA LETI + NTU Singapore 19

Stanford 21

Stanford + UCSD 
+ Tsinghua + Notre Dame 20

Stanford + 
SkyWater 21

1T8R

1T4R

1 μm

CMOS access 
FET

RRAM

Multi bits/cell arrays
1 234 5 6 7 8 9 16

Cell resistance
Stanford + CEA LETI 19, 
Stanford + SkyWater 21 Stanford 21

Low R High R

Reset
Set

3 Million
RRAM cells



Ultra-dense Monolithic 3D
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Low-temperature 
fabrication

Carbon nanotube 
FETs (CNFETs)

Metal routing

Resistive RAM

Metal routing

Simulations: 88% accurate vs. hardware

Ultra-dense 
(e.g., monolithic) 3D crucial

1x

10x

100x

1'000x

0.1110

ResNet-50 SLAM
Genomics RNN
PageRank DLRM

ED
P 

be
ne

fit

Pitch (µm) between 3D connections

100× – 1,000×
EDP benefits



Lab to Fab
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Fab

Many firsts in industry fabs
• Carbon nanotube FETs (CNFETs)

• Dense monolithic 3D: CNFET+ RRAM + 

silicon CMOS

• U.S. foundry Resistive RAM

Analog Devices SkyWater

Lab
Edge AI: training + inference

340× better Energy Delay Product

Illusion
Dream Chip: all memory + compute on-chip

Non-volatile Internet-of-Things
10× battery life vs. embedded FLASH

Hyperdimensional computing
Brain-inspired, one-shot learning

First 3D NanoSystem
Dense monolithic 3D: carbon nanotube +       

Resistive RAM + silicon

First carbon nanotube computer



Foundry Monolithic 3D: CNFET + RRAM + Silicon CMOS
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SkyWater [Srimani Symp. VLSI 23]

CNFET tier

RRAM tier

Si CMOS tier

CNFETs

Si CMOS
M1 – M5
RRAM
M6 – M7
Lift-off-free CNFET
M8 – M9

CNFET

RRAM

Silicon 

CMOS

Monolithic 3D CNFET + RRAM

(vs. Silicon + RRAM)

o Iso-footprint

o Iso-energy/latency

o Iso reliability/endurance

o Iso-retention

o Multiple bits per cell
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Si + RRAM Foundry Monolithic 3D
(Si + RRAM + CNFETs)

Many more compute: highly parallel

Large EDP benefits: 5× – 10×

Monolithic 3D Physical Design à New Arch. Design Points

[Srimani DATE 23]

RRAM bank

Si Compute Si Access
Si Compute

CNFET Access

RRAM Bank



3D NanoSystem
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[Shulaker Nature 17]

Millions of sensorsMemory

CNFET computing logic Monolithic 3D:
ultra-dense 3D connections

Carbon nanotubes

X100,000

Abundant data: Terabytes / second 

Classification accelerator

In-situ classification: extensive, accurate

1 Megabit RRAM



HD Computing: Brain-Inspired ⊃ Neural Nets
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[Wu ISSCC 18, IEEE JSSC 18] HD = Hyperdimensional TCAM = Ternary Content Addressable Memory 

Carbon nanotube logic
(1,952 Carbon Nanotube 

FETs)

RRAM TCAM

(224 RRAM cells)

Monolithic 3D: dense 3D connections

Exploit: inherent variations, RRAM gradual Reset, application resilience

Language classification, one-shot learning



Non-volatile Computing System: RRAM + Silicon CMOS
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CEA LETI RRAM

Silicon CMOS compute
[Wu ISSCC 19]
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10× battery life 
vs. Flash chip

10-year continuous
AI inference

New RRAM 
Endurance
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Non-volatile Computing System: RRAM + Silicon CMOS

[Wu ISSCC 19]



Multiple bits-per-cell RRAM System
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Bits 
per cell

Cells 
measured

Our work
new 
algorithms

3, 4 Arrays

Prior 
work
ad hoc 2-6.5

Single cell, 
hand-picked 

cells

Neural nets

Optimized weight encoding

On-chip RRAM

multiple bits per cell

Co-design

2.3× inference accuracy despite 
RRAM variations

Same hardware, bigger neural net
[Le IEEE TED 19, IEEE TED 21] [Wu ISSCC 19]



CHIMERA: RRAM Edge AI Inference & Training
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[Giordano Symp. VLSI Circuits 21] 16-bit Chip To Chip (C2C)

2 MB RRAM

x4

RRAM
32x64 kb

+ ECC

RRAM CTRL

RRAM
32x64 kb

+ ECC

RRAM CTRL

BUS I/F –
4x32 b

DNN 
Accelerator

0.92 TOPS, 
2.2 TOPS/W

512 KB SRAM

64x4
064b
64x4
064b
64x4
064b

SRAM
64x

4064 b

BUS I/F – 2x64b

64x4
064b
64x4
064b
64x4
064b

SRAM
64x

4064 b

16-bit Chip To Chip (C2C)

64b RISC-V CPU
8 KB I$/D$

1
2

8
b

 S
ys

te
m

 B
u

s 

Off-chip memory
No off-chip

memory

o 2 MBytes foundry RRAM
n Neural net weights, CPU instructions

o 512 KBytes SRAM
n Neural net activations

o Deep neural net (DNN) accelerator
n 0.92 TOPS, 2.2 TOPS/W

o Chip-to-chip (C2C) Links
n Multi-chip systems



Infineon + TSMC: RRAM Announcement
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“RRAM technology creates a significant potential for

performance expansion, power consumption reduction,

and cost improvement.”



N3XT 3D MOSAIC
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Inter-chip integration continuum

MOnolithic / Stacked / Assembled IC



Dream: All Memory + Compute On-chip
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Dream Chip: infeasible, moving target

Massive on-chip memory: N × M

(Full workload fits in on-chip memory)

Data 
buffers

Compute



Off-Chip Memory Accesses Costly
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On-chip 
memory: 

M

Data 
buffers

Compute

Large off-chip 
memory: 
(N-1) × M

Large EDP overheads vs. Dream Chip

Data

Memory 
wall



Inter-chip network:
Sparsely used

On-chip memory M

Chip 1

Enough on-chip mem.  + Quick chip ON/OFF  = Special mapping

Illusion System
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On-chip memory M

Chip 2

On-chip memory M

Chip 3

On-chip memory M

Chip N

On-chip memory M

Chip N-1

On-chip memory M

Chip N-2

Illusion mapping ⊃ traditional parallelization

[Radway Nature Electronics 21]



Illusion Ideal for AI
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Illusion Energy
≤ 1.05×

Dream Energy

Illusion Exec. Time
≤ 1.05×

Dream Exec. Time

(measured for AI inference)

Illusion ≈ Dream
1.1× Dream EDP

Hardware-proven
backed by theory

[Giordano Symp. VLSI Circuits 21, Radway Nature Electronics 21]

6-CHIMERA chip
Illusion system

8-chip
Illusion system



Many Illusion Mappings: Energy/Exec. Time Tradeoffs
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Illusion system using 6 CHIMERA chips: 12 MByte ResNet-18
Illusion Mapping 1: 373 KByte messages

Compute ShutdownMessage

Chip 1
Chip 2
Chip 3
Chip 4
Chip 5
Chip 6

Layers 1-11

15-16
16-17

17-18
Time Time

Chip 1
Chip 2
Chip 3
Chip 4
Chip 5
Chip 6

4-5
6-7

8-13
13-14

15-16
16-17

17-18

15

Illusion Mapping 2: 1.5 MByte messages

La
ye

rs
 

1-
312-14

14-15

[Giordano Symp. VLSI Circuits 21]

Both mappings ≤ 1.1× Dream EDP



Illusion ⊃ Traditional Parallel Computing
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Illusion: 8× lower EDP vs. traditional parallel

Traditional parallel: 10 MByte chip-to-chip messages
Traditional parallel: e.g., [Zimmer Symp. VLSI Circuits 19, Shao MICRO 19]

Illusion Mapping 1: 373 KByte messages

Compute ShutdownMessage

Chip 1
Chip 2
Chip 3
Chip 4
Chip 5
Chip 6

Layers 1-11

15-16
16-17

17-18
Time Time

Chip 1
Chip 2
Chip 3
Chip 4
Chip 5
Chip 6

4-5
6-7

8-13
13-14

15-16
16-17

17-18

15

Illusion Mapping 2: 1.5 MByte messages
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1-
312-14

14-15



1,024× Workload Growth
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Workload size
1× 4× 16× 64× 256× 1,024×

2× wider
2× deeper

4× wider
4× deeper

8× wider 
8× deeper

16× wider 
16× deeper

32× wider 32× deeper

ResNet-18

12 MBytes
48 MBytes

192 MBytes
768 MBytes

3 GBytes

12 GBytesResNet-18
12 MBytes

7x7 Conv

FC Layer

3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+
3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+

3x3 Conv
3x3 Conv

+

Keep up Illusion?



Illusion Scaleup
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Logic
Mem

Logic
Mem
Logic
Mem

Logic
Mem

Logic
Mem
Logic
Mem

Linearly increase 
dense 3D layers

Linearly improve
chip-to-chip links

Quadratically reduce Illusion total message cost

Reduce message counts Reduce per-message cost

GBytes/s Bytes/pJ
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Maintain 1.1× Dream EDP despite growing Dream Chips

Chip-to-chip links [GBytes/sec, Bytes/pJ]
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ResNet-18

2× wider
2× deeper

4× wider
4× deeper

8× wider
8× deeper

16× wider
16× deeper

32× wider
32× deeper

4×
16×
64×

256×

1024×

1×

Larger
Dream:

1.1× Dream EDP

1.1× Dream EDP

1.1× Dream EDP

1.1×Dream EDP

1.1×
Dream

 EDP
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Inter-chip integration continuum

[0, 0] [1, 0.05] [2, 0.1] [3, 0.15]
Chip-to-chip links [GBytes/sec, Bytes/pJ]

[0.5, 0.025] [1.5, 0.075] [2.5, 0.125]
[0,0]

[4,8]

[6,12]

[8,16]

[10,20]

[12,24]

[2,4]

Illusion Scaleup
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Illusion Scaleup is Fungible

1.1× Dream EDP

1.1× Dream EDP

1.1× Dream EDP

1.1×Dream EDP
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Many NanoSystems Opportunities
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o Co-design: device + circuit + arch. + algorithm

n Multiple layers cooperate for large benefits

o Dense compute + thermal + power delivery

o New software optimizations



RRAM Edge AI Incremental Training
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[Giordano Symp. VLSI Circuits 21] *ENDURER: [Aly Proc. IEEE 19, Wu ISSCC 19]

LRT hardware results: iso-accuracy vs. 
Stochastic Gradient Descent (SGD)

RRAM weight 
update steps 101× fewer vs. SGD

Energy Delay 
Product 340× better vs. SGD

Endurance 
(20 samples/min.)

10 years (LRT + ENDURER*) 
vs. 2 weeks (SGD)

New Low-Rank Training (LRT)

CHIMERA Edge AI 
accelerator:

on-chip TSMC RRAM 
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CO$$$T ?



Today’s Design Verification Inadequate
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Getting worse: custom hardware, complexity, security

Critical bugs escape

Lacks solid foundation

Major bottleneck

Design

Verify

80%

20%



Revolutionize Verification: QED
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From months to seconds
(NXP SoC)

Industrial QED
15 Billion 9

Pre-silicon Post-silicon

[Chattopadhyay DAC 23] [Lin IEEE TCAD 14]

Industry 
flow

G-QED: 
solid theory

1 year 3 weeks

Critical bugs 
missed

New critical 
bugs (+ rest)

G-QED: Drastic benefits
(Industrial AI chips for cars)



Test & Reliability: Enormous Challenges
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Silent Data Corruption



In-Field Test & Resilience
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Concurrent, Autonomous,
Stored Patterns

Data center, Automotive (ISO26262)
CASP CASP derivatives

Intel Sapphire Rapids “in-field scan” 
Nvidia, Renesas, TI, …

Tes
t

Test

Te
st

System operation

Continuous, 
on-line test & 
diagnostics

[Li DATE 08 & subsequent papers]

2016 ITC, ART workshop  10/31/16 
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Abstract:   
ISO 26262 sets requirements for automotive safety systems to decrease hazards caused by LSI logic 

failures.  Several approaches are possible to determine that a logical fault exists and for the system to 

respond before it becomes a system failure.  However, these approaches are often expensive in terms of 

logic and design overhead and can take many cycles before a high percentage of potential fault sites are 

checked.  This paper presents a deterministic ATPG-based approach to detect faults during runtime 

operation.  The benefit is lower area and less design impact while providing high coverage quickly and low 

power operation.  We will describe the implementation of deterministic ATPG-based runtime test (DART) 

based on embedded compression technology implemented in ICs for the R-Car autonomous vehicle 

platform.   

 

Introduction 
ISO 26262 establishes requirements for a safety system to decrease hazards caused by LSI logic failures 

[see www.iso.org].  The safety mechanism detects the fault so the main function maintains a safe 

environment without failure.  This has resulted in many ICs being developed for automotive applications 

to adopt DFT and test methodologies for fielded IC test.  Within the few years of ISO 26262 inception in 

2011, many automotive IC designs started implementing logic BIST and other test methodologies that can 

be performed while the IC is within the automobile.   

 

Runtime test approaches 
Approaches such as dual core lock-step can determine that a logical problem exists such that the system 

can put itself in a safe state.  However, dual core lock step requires double the logic area since the logic is 

repeated and checked for a consistent response to input stimulus.  In addition, it only determines that a 

fault exists when the functional operation happens to activate the logic where the fault is present.  There 

is a possibility that a defect is undetected for a long period of time until that logic is active based on the 

input stimuli.   

 

Memory arrays can implement error correction code (ECC) to detect and fix faults or errors in memory 

or data access.  It is typically immune to single bit errors.  The ECC logic encodes the data with additional 

bits when it is stored.  When the encoded data is read, a fault is automatically detected and corrected if 

the number of faults is within the ECC technique capability.  

 

�

7HVWHU�2Q�&KLS��$Q�LQ�ILHOG�V\VWHP�WHVW�LQWHUIDFH�IRU�
KHWHURJHQHRXV�,3V�

�

'HYDQDWKDQ�9DUDGDUDMDQ��6ULQLYDV�9RRND��9LVKZDQDWK�6
��3UDQDY�0XUWK\
��5DWKHHVK�79
��3UDVDG�-RQGKDOH�
7H[DV�,QVWUXPHQWV�,QF��

^YUG��YVULQLYDV��SUDVDG�MRQGKDOH`#WL�FRP�
� �

$EVWUDFW�� $XWRPRWLYH� VWDQGDUGV�� VXFK� DV� ,62� �������
UHFRPPHQG� YDULRXV� OHYHOV� RI� LQ�ILHOG� V\VWHP� WHVWV� IRU� GLIIHUHQW�
DXWRPRWLYH�IXQFWLRQDO�VDIHW\�UDWLQJV��:LWK�LQFUHDVLQJ�LQWHJUDWLRQ�
RI�KHWHURJHQHRXV�FRUHV�LQ�DXWRPRWLYH�62&V��WKHUH�LV�D�QHHG�IRU�D�
XQLILHG� V\VWHP�WHVW� LQWHUIDFH� WKDW� VXSSRUWV�GLYHUVH� WHVWV� �VXFK�DV�
$73*�� PHPRU\� %,67�� DQDORJ� %,67�� HWF���� ,Q� WKLV� SDSHU�� ZH�
SUHVHQW�VXFK�D�IUDPHZRUN�WKDW�HQDEOHV�GLYHUVH�WHVWV�WR�EH�DSSOLHG�
WR� FRUHV� LQ� D� XQLIRUP� PDQQHU� ZKLOH� EHLQJ� DUHD� HIILFLHQW�� 7KH�
SURSRVHG�WHFKQLTXH�KDV�EHHQ�LPSOHPHQWHG�RQ�D�SURGXFWLRQ�62&�
DQG� WKH� WHVW� VWRUDJH� DUHD� RYHUKHDG� IRU� V\VWHP� WHVW�ZDV� �������
ZKLOH�PHHWLQJ�WKH�WDUJHW�FRYHUDJH�UHTXLUHPHQWV����

.H\ZRUGV��6\VWHP�WHVW��,Q�ILHOG�WHVW��RQOLQH�WHVW��VHOI�WHVW���

,�� ,1752'8&7,21�
:LWK� LQFUHDVLQJ� RQ�ERDUG� HOHFWURQLFV� LQ� WRGD\¶V�

DXWRPRELOHV�� LQWHJUDWLQJ� PXOWLSOH� KHWHURJHQHRXV� KLJK�
SHUIRUPDQFH� FRUHV� �VXFK� DV� &38V�� '63V�� *38V� DQG�
DFFHOHUDWRUV�IRU�YLVLRQ�UDGDU�SURFHVVLQJ��ZLWKLQ�D�VLQJOH�62&�LV�
EHFRPLQJ�DQ�DWWUDFWLYH�SURSRVLWLRQ�WR�UHGXFH�WKH�RYHUDOO�V\VWHP�
SRZHU�DQG�FRVW��,W�LV� W\SLFDO�IRU�VXFK�D�KHWHURJHQHRXV�62&�WR�
KDYH� PXOWLSOH� FRUHV� RU� LQWHUIDFHV�� ZLWK� HDFK� FRUH� �� LQWHUIDFH�
WDUJHWHG�IRU�D�VSHFLILF�DSSOLFDWLRQ�XVH�FDVH�RU�D�SURWRFRO���

$XWRPRWLYH�VWDQGDUGV��VXFK�DV�,62�������>�@��UHFRPPHQG�
ERRW�WLPH�WHVWV�DQG�RU�SHULRGLF�LQ�V\VWHP�FRUUHFWQHVV�FKHFNV�RQ�
VDIHW\�FULWLFDO� FRUHV� WR� PHHW� WKH� VSHFLILF� IXQFWLRQDO� VDIHW\�
UDWLQJV� �H�J�� $6,/�� FRUUHVSRQGLQJ� WR� WKH� WDUJHWHG� DXWRPRWLYH�
XVH�FDVH�DSSOLFDWLRQ� >�@�� )XUWKHU�� WKH� DSSOLFDWLRQ� SURWRFROV�
RIWHQ�LPSRVH�D�KDUG�OLPLW�IRU�WKH�ERRW�WLPH�WKDW�LQFOXGHV�SRZHU�
XS��VRIWZDUH�LQLWLDOL]DWLRQ�DQG�WKH�ERRW�WLPH�V\VWHP�WHVWV��$V�D�
UHVXOW��WKUHH�KLJK�OHYHO�UHTXLUHPHQWV�DULVH������1HHG�V\VWHP�WHVW�
DUFKLWHFWXUH� WR�EH�DUHD��DQG�KHQFH��SRZHU� �� FRVW��HIILFLHQW�� ����
1HHG� WKH� V\VWHP�WHVW� WR� EH� WHVW� WLPH� HIILFLHQW� LQ� LWV� DELOLW\� WR�
FRPSOHWH� D� IDVW� ERRW� �WKDW� DOVR� LQFOXGHV� V\VWHP�WHVW�� DQG�DOVR�
SHUIRUP� TXLFN� SHULRGLF� WHVWV� ZLWKRXW� LPSDFWLQJ� WKH� RYHUDOO�
V\VWHP�UHVSRQVH�WLPH�FRQVWUDLQWV��DQG������1HHG�D�VWDQGDUGL]HG�
LQWHUIDFH� IRU� V\VWHP�WHVW� DFURVV� KHWHURJHQHRXV� FRUHV� IRU�
VFDODEOH�DQG�HIILFLHQW�VRIWZDUH��

,Q� WKLV� SDSHU�� ZH� SUHVHQW� DQ� DUHD�HIILFLHQW� VWDQGDUGL]HG�
V\VWHP�WHVW� LQWHUIDFH� WKDW� HQDEOHV� KHWHURJHQHRXV� WHVWV� WR� EH�
GHOLYHUHG� LQ� D� XQLIRUP� PDQQHU� DFURVV� GLYHUVH� FRUHV�� 7KH�
SURSRVHG� LQWHUIDFH� PLPLFV� D� IXOO�IOHGJHG� GLJLWDO� WHVWHU�
FDSDELOLW\� ZLWKLQ� WKH� 62&�� +HQFH�� ZH� FDOO� RXU� VROXWLRQ� DV�
7HVWHU�2Q�&KLS� �7(62&��� 5HVW� RI� WKH� SDSHU� LV� RUJDQL]HG� DV�
IROORZV�� 6HFWLRQ� ,,� GHVFULEHV� WKH� DUFKLWHFWXUH� RYHUYLHZ� RI� WKH�
SURSRVHG� IUDPHZRUN�� 6HFWLRQ� ,,,� SUHVHQWV� WKH� WHVW� VWRUDJH�

LQWHUIDFH�DQG�WHVW�FRPSUHVVLRQ� WHFKQLTXHV�HPSOR\HG�WR�UHGXFH�
DUHD�� 6HFWLRQ� ,9� GHVFULEHV� WKH� WHVW� GHOLYHU\� PHWKRGV� DFURVV�
GLIIHUHQW� WHVW� PRGHV�� 6HFWLRQ� 9� SUHVHQWV� WKH� GHVLJQ�
LPSOHPHQWDWLRQ�UHVXOWV�DQG�6HFWLRQ�9,�FRQFOXGHV�WKH�SDSHU��
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$�� $UFKLWHFWXUH��RYHUYLHZ�

�
)LJ�����$UFKLWHFWXUH�RYHUYLHZ��

)LJ��� SURYLGHV� D� KLJK�OHYHO� DUFKLWHFWXUH� RYHUYLHZ� RI� WKH�
SURSRVHG� 7(62&� IUDPHZRUN�� 7KH� 7(62&� EXV� LQWHUIDFH�
FRQQHFWV� WR� WKH� 62&� KRVW�V\VWHP� EXV� IRU� WKH� VRIWZDUH� WR�
SURJUDP�7(62&� IRU� WHVW� H[HFXWLRQ��7(62&� LQLWLDWHV� VHOHFWHG�
WHVWV� RQ� WDUJHWHG� ,3V� WKURXJK� LWV� ')7� LQWHUIDFH�� 7KH� ')7�
LQWHUIDFH�LQFOXGHV�WKH�LQSXWV�WKDW�DUH�DSSOLHG�WR�WKH�WDUJHWHG�,3�
DQG�WKH�RXWSXWV�WKDW�DUH�VWUREHG�IURP�LW��2QFH�WKH�VHOHFWHG�WHVWV�
DUH�FRPSOHWH��7(62&�UDLVHV�DQ�LQWHUUXSW�WR�WKH�KRVW�WR�LQGLFDWH�
WHVW�FRPSOHWLRQ��7KH�WHVW�VWDWXV�LV�VWRUHG�LQ�VWDWXV�UHJLVWHUV�WKDW�
DUH�UHDG�EDFN�E\�WKH�KRVW�VRIWZDUH�WKURXJK�WKH�EXV�LQWHUIDFH���

7(62&� H[HFXWHV� WKH� WHVWV� VWRUHG� LQ� 520�5$0�PHPRU\��
7KH�PHPRU\�LQWHUIDFH�)60�GHFRGHV�WKH�VWRUHG�WHVW�FRQWHQW�LQWR�
WHVW�GDWD� DQG� LWV� UHODWHG�GULYH�VWUREH� FRQWUROV� WKDW� GHVFULEH� WKH�
LQSXWV�RXWSXWV� WKDW� DUH� GULYHQ�VWUREHG�� UHVSHFWLYHO\�� 7KHVH� DUH�
VHQW� WR� WKH� WDUJHW�,3�WKURXJK�D�XQLILHG�H[WHUQDO�')7�LQWHUIDFH��
(YHU\�,3��WKDW�LV�WDUJHWHG�IRU�LQ�ILHOG�V\VWHP�WHVW��LV�DVVLJQHG�D�
GRPDLQ� ,'� DQG� KDV� D� OLJKW� ZHLJKW� DGDSWHU� WKDW� WUDQVODWHV� WKH�
GDWD� DQG� FRQWURO� VLJQDOV� IURP� WKH� XQLILHG�')7� LQWHUIDFH� WR� LWV�
UHVSHFWLYH� ,3� FRQWH[W�� (DFK� VWRUHG� WHVW� DOVR� KDV� WKH�
FRUUHVSRQGLQJ�GRPDLQ�,'�DVVRFLDWHG�ZLWK� LW�� WKDW� LV�SDVVHG�RQ�
WR�WKH�H[WHUQDO�')7�LQWHUIDFH�WR�HQDEOH�RQO\�WKH�WDUJHWHG�,3�IRU�
WKH� WHVW� ZKLOH� DOO� QRQ�WDUJHWHG� ,3V� UHPDLQ� LQ� IXQFWLRQDO�
RSHUDWLRQ�� 6WDQGDUGL]LQJ� WKH� H[WHUQDO� ')7� LQWHUIDFH� WR� EH�
XQLIRUP� DFURVV� KHWHURJHQHRXV� ,3V� HQDEOH� GLYHUVH� WHVW� PRGHV�


�9LVKZDQDWK�6��3UDQDY�0XUWK\�DQG�5DWKHHVK�79�DUH�IRUPHU�7,�HPSOR\HHV�
ZKR�FRQWULEXWHG�WR�WKH�LQLWLDO�LPSOHPHQWDWLRQ�RI�WKLV�ZRUN��
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o NanoSystems today

n Industrial fabs: Carbon nanotube FETs + RRAM + monolithic 3D

o N3XT 3D MOSAIC + Illusion scaleup key

n Computation immersed in memory

n Large benefits over growing problem sizes, ideal for AI

o Co-design of the “right” kind

n Big opportunities for NanoSystems


