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Why Quantum Computing?

Energy Health Internet Security
Room-temperature Quantum chemistry
superconductivity

Source: L. Vandersypen, ISSCC 2017
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Quantum Computing

* Spearheaded by many, in primis Richard Feynman
* Proposal to use of entanglement and superposition for computation
* Fundamentals and theory developed in the 1980-2000

There is plenty of space at the bottom

- Richard Feynman

© 2022 Edoardo Charbon 5



Classical vs. Quantum Computing: 1 (Qu)bit

Information Processing Extract Information
Bit Boolean Logic Deterministic Bit
Classical “M“ ” or #1” DG “0” or “1” '
. Qubit Unitary Transform Probabalistic
(Quantum state) (Rotation) State Collapse
Quantum |w> =a9|0) + o [1> W)’) _ [ (1) (1) l o ] 10) ](10|2 |0)
a /
J0) L ” ') |w)—< or
/ - / w
1)) U ) ' Iall2 1)

DETERMINISTIC PROBABILISTIC

ourtesy: Joseph Bardin, ISSCC 2022
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Initialize qubits
Create superposition

Multi-qubit Quantum Algorithm

Encode function in unitary

Process

Measure

10) —
10) —

10) —

ly)

ly @ f ()

Up

— |0)or |1)
— |0)or |1)

— [0)or |1)

Maintain quantum coherence
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Quantum Computing Stack

Remainder of talk

Bacorn-SHhor
Ccolor codes
Surface code

© H.Homulle 2016
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Solid-State Qubits: Spin and Superconductive

Superconducting circuits (DiCarlo group) Ge qubits (Velthorst/Scappucci groups)

© 2022 Edoardo Charbon 9



Qubits are Fragile

* Environment can cause decoherence due to
dephasing and relaxation

* Fidelity
Dephasing Relaxation

24 10) <410y

1) 1)



Interfacing Qubits with the Classical World

processor
(< 1K)

Classical
controller

* Carrier frequency: 2 — 20 GHz
* Pulses: 10 -100 ns

* Readout techniques for spin qubits: ESR, EDSR

ESR: Electron spin resonance — EDSR: Electric dipole spin resonance

11



Example: Qubit Transition from |0) to |1)

© Jeroen van Dijk



From Qubit Fidelity to Electrical Specs

» State-of-the-art spin qubits: fidelity < 99.9%

* Target: 99.99% (four 9’s)
— This translates to a SNR > 44 dB for a bandwidth of 25 MHz

0% |
> 9%
=
2 99.99%
99.9999% |

-80 -60 -40 -20 O J. v.Dijk et al., PRA 2019
-SNR (dB)
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The Role of Cryogenic Electronics



Readout

Qubit Control

XY

A Real-life Quantum Computer

;— 300 K
77K
- 4K
20 mK

X 8 qubits ' L

© 2022 Edoardo Charbon Dilution Refrigerator
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Today’s Solution

Image: Google Bristlecone. Taken from: J.C. Bardin et al., |

“An Introduction to Quantum Computing for RFIC
Engineers”, RFIC Symposium 2019

© 2022 Edoardo Charbon

‘.‘__t system with ~50%
en'(peratu"e re cablipg
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Proposed Solution

* Proposed solution
— Electronics at 4 K

— Only connections to 4 K to 20 mK are needed

T=20mK T=4K T=300K T=20mK T=4K

" =] Electronic
Electronic
Readout
Read-out
& control
& control
L
[Risté et al. 2014-157

T=300K

* Ultimate solution
— Qubits at 4 K
— Monolithic integration

© 2022 Edoardo Charbon



Electronic Readout & Control

Quantum
Processor

XN

®
®

[

S

XNN3a

X

_|>_
4|>
4
4

X

§

TDC

ADC

1ax 300K

ADC

DAC

DAC

Digital
control ﬁ
(ASIC/

FPGA)

| Bias / References | | T Sensors |

E. Charbon et al., IEDM 2016



Scalability Issue

Noise budget........cccccvriiiiieeeeeeiieeecce, <0.1nV/VHz
Power budget (for scalability).................... << 2mW/qubit
Physical dimensions (for scalability).......... 30nm
Bandwidth (for multiplexing).................... 1-12GHz

Kick-back avoidance



Cooling Power Issue

JOry-100 cooling power (XDS 351 scroll + HiPace300 turbo)

f T Dilution refrigerator
164 b e : 1
| ” i ‘ F|ON ,‘I'WO‘QASI
1E5 4- - - 146 |
| i » 220
preep o =49 1
2 b I 1
€4 | & | .
oot 0t T(K)
60 = - / -
S0 "'
Lt
E oo 1 -"/ | -
107 PRy 3 TearstIT @mbK =
¥4 At PTS2530 st different
GES & "2 COmprassor input poels
15 20 25 an s a0 Courtesy: Oxford instruments

T K}
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Designing for Cryogenic Operation



The Right Technology

Lowest useable .
Limit
temperature

Si BJT 100 K Low gain

Ge BJT 20K Carrier freeze-out
SiGe HBT 4 K (or lower)

Si JFET 40 K Carrier freeze-out
[lI-V MESFET 4K (or lower) Lower freeze-out?

Most used [CMOS (>160nm) 4K Non-idealities ]
CMOS (<40nm) 40 mK Power dissipation




NMOS

0.5

VGS M

I Al

Extensive Modeling Campaign

|
D
* Mismatch increases
Vps * Leakage drastically reduces
* Substrate become floating
Vs
10 0.72 6.5 10° =
(%]
= 07 S g
108 / % E . E
// 2 0.68 = =
8 § 0.66 E = g
10° . .= (]
[T : & s 3
/ » 0. =
0ol g0 2 g
/| pmos | T oe 34 £
-
10712 0.6 4 @
0.5 1 0 100 200 300 0 100 200 300 0 100 200 300
VGs V] Temperature [K] Temperature [K] Temperature [K]
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Extensive Modeling Campaigns (2)

CMOS 0.16um STMicroelectronics

CMOS 40nm TSMC

CMOS 28nm STMicroelectronics bulk/FDSOI
CMOS 22nm FDSOI Global Foundries

CMQOS 16nm FinFET TSMC



RF Modeling of CMOS 22nm FDSC
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RF Modeling of CMOS 22nm FD

The peak F; of nMOS/pMOS is increased b
that at 300 K, and reaches 438/345

Fnax has good agreement wi
reaches 302 GHz.

Noise modeli

© 2022 Edoardo Charbon
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Self-heating Effects

(@) PMOS, Vg = V,pg=-0.8 V

H.C.Hanetal, toap

0 3.0 5
Frequency (GHz) lipl (mA)

Extraction through IRLS method

© 2022 Edoardo Charbon
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20-100mK A

Quantum
Processor

1. Digital Circuits

2. Radio-Frequency Circuits
- Circulator SR | R
- PLL
- Mixer
- Qubit readout
- Qubit control




2. Radio-Frequency Circuits

- Qubit readout

Quantum
Processor

ssssss



Qubit Readout: The Problem at Hand

V) — N [l>




The Design of QUADRO

* Target fidelity: 99.9%

Jeroen V. Dijk, Thesis, 2021

Value Infidelity contribution
to the read-out
Detuning energy
nominal 832mV (42meV, 1.0THz)
error 024mV (12peV, 28GHz) 167 x10°¢
o=024mV s
PSD = 024 pV/VHz
Tunnel coupling
nominal 39 MHz (0.16 peV) 167 x10°®
Prnarge = 99.967 %
Value Infidelity contribution
to the read-out
Charge sensor 333x10°¢
Pranse = 99.967 %
Value Infidelity contribution
to the read-out
Quantum Point Contact
signal (300 pA>
noise pA o, PSD = 57fA/vHz 222 x107°
Readout Circuit B
input-referred noise D = 28fA/VHz 111x10°¢

FPactect = 99.967 %

N

Pc!mtg e Pmse‘ Pdetm

© 2022 Edoardo Charbon

F=999%
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Readout Approach: Quantum Dot Reflectometry
I

|
|
LMI

Source

?

= —ea—

q v,

* A probing signal is coupled to an LC resonator.

+ Depending on the state of the quantum dot (or qubit in general), additional
quantum capacitance C, causes a phase shift.
A. Ruffino et al. IEEE ISSCC 2021

* This results in APSK modulation, to be read out. Y. Peng et al. IEEE JSSC 2022



Initial Architecture

|||—1L—()Attenuator
Q,
0=
Lu§ ©w '
Bias S
Tee LI T
500% =
Quantum v
Chip | Ve

Poly
Phase
Filter

Readout Chip
A. Ruffino et al., ISSCC 2021

© 2022 Edoardo Charbon

IF AMP I To
IF AMP Q |300 K

A. Ruffino et al. IEEE ISSCC 2021
Y. Peng et al. IEEE JSSC 2022



Initial Architecture

Wideband 5-6.5 GHz receiver (N vVcO LPF cp PD |
architecture for multiplexed '
readout

Non-zero 0.1-1.5 GHz IF to
suppress effects of flicker
noise at low temperature
Image-reject architecture for
in-band noise suppression
Frequency synthesizer on-
chip for compactness

RC |[IFAMPI | To

LPF Poly |IF AMP Q|300 K
Phase
2ZH Filter

Readout Chip




Low-Noise Amplifier

Single-ended inductively e o
degenerated common 3
source LNA

LC tank load for optimal
noise impedance
Transformer-coupled
cascaded gain stages
40 dB gain

45 GHz - 8.5 GHz
bandwidth

| Cascode

Low noise stage Gain stages



VDD

A. Ruffino et al. IEEE ISSCC 2021
Y. Peng et al. IEEE JSSC 2022

Single quadrature 1/Q R,

differential mixer for
single-sideband (SSB) | o, Cs
down-conversion

Gilbert cell active mixer
Resistor current bleeding Vio

\AAJ
AA
v

for increased voltage

headroom at low
temperature

0.1-1.5 GHz IF with 4.9 LO- Cs
GHz-6.5 GHz RF




* Inverter-based resistive
feedback amplifiers with
common-mode rejection

|FI+ R1

RZAAA

IF Chain

VDD

I-Path

AAJ

IFq. "\}1'"1

R

Rs f: =+

IF.. %"

c P AAA
AL g

|

2,

Fo. R

+ 20-dB IRR
» 1/Q 30-dB gain

Vi Vi
2

3-Stage

2 R

—llﬂ’n?:l

\:'H : jb A'A' 'A'A

RC Polyphase filter

—|M1|—

R1

= Differential to

5-Stage Single-Ended
IF Amplifier Buffer
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Frequency Synthesizer

* Analog charge-pump
integer-N phase-
locked loop

* Programmable divider
to ensure locking
range to the reference
clock

CP PD

<—®<—¢<—

|_| Programmable

<B5:B1>
\AAA A /

divider

A. Ruffino et al. IEEE ISSCC 2021
Y. Peng et al. IEEE JSSC 2022
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2

HEE

The QUADRO Chip

A. Ruffino et al. IEEE ISSCC 2021 - Y. Peng et al. IEEE JSSC 2022
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Measurement Setup

A. Ruffino et al. IEEE ISSCC 2021

|:| Y. Peng et al. IEEE JSSC 2022
20 dB Attenuator| ig':léﬁt"ﬁ'gggé 701 i R, 1 70 — ——
DC-Block Path 60} ) T o 60 IRR=20 dB .
Cryogenic E IRR=20 dB %
Cable 350} \ J {4 =50 — —
b £ 0 T ] fa
Cryogenic (‘; [ 1 g [ I T
|:| . Receiver Die 30} TV \l 30 S50 K I ]
Single Tone Signal 20k 3.5K 20 Fj——3.5K J
Cryogenic ) 4.55.0556.06.57.07.58.08.5 4.55.0556.06.57.07.58.08.5
B ratn Woveiam Nogsy Input Frequency (GHz) Input Frequency (GHz)
— 0 0 v v v v v 0
20 dB Attenuatc
Dc-glzcz m|:| -3 sl .ﬁ. 296 K| ls
= 6 35K
70-dB maximum conversion gain ) 1'2
1.4 GHz bandwidth 15
. . . . -18
Average 20-dB image-rejection ratio 4 —— 296 K]]
——3.5K
Better than -10 dB input and output - P ol i g
p p 4 5 6 7 8 9 00 05 1.0 15 2.0 25 3.0
match Input Frequency (GHz) Output Frequency (GHz)
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LNA Noise Figure
[ ]

=

Signal Analyzer

20dB Attenuator] | b RT3

DC-Block | |

o

o4t
z
i 20 dB [
I?:;:?gi?:{)%; Attenuator S 3F 1
S = e B >
5 15 ] il ]
]
2
21 -
0 i i i i i i
0.0 0.3 0.6 09 1.2 1.5 1.8 2.1

00 Toxd Output Frequency (GHz)
Cold attenuator scalar SSB NF measurements
0.55 dB minimum noise figure
Degradation at low and high frequency due to insufficient PPF image noise rejection
Additional cryogenic LNA might be required for direct qubit readout

© 2022 Edoardo Charbon 41



VCO Phase Noise

ROW = Source Frequency 1 0 Gr SoL Signal Frequency 12 19 Gourcs Frequoncy 1.0 G-= B
or 10O Source Level R oft Scuroe Lewel FF O
3 Meas: Phase Noise

Mo Phace Noke

S -109 dBc/Hz @ 1 MHz i
~L -114.5 dBc/Hz @ 1 MHz
-~ E2
. - / + 2 & N : i
= ¥ -130.6 dBc/Hz @ 10 MHz | -136.6 dBc/Hz @ 10 MHz

solacke T — ¥ I -120 thc - ‘n“«,_» ' 120 e

G | -13 e - 13 e

e o o \\“.‘"\g_ 10
e | \m:’ﬂ asa i W
ml Frequency Offset 30.0 MHZ| wz Frequency Offset 100.0 \ﬂul

» VCO phase noise measured with 12.7 GHz carrier at 3.5 K

* -115 dBc/Hz at 1 MHz offset
+ -145 dBc/Hz in the thermal noise region A. Ruffino et al. JEEE ISSCC 2021
Y. Peng et al. IEEE JSSC 2022
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Time-Domain 1/Q Measurements

Tektronix MSO6 Oscilloscope "'"\‘\

DC-Block

Cryogenic

35K Cable

Signal Generator
Keysight 8267D

]

Single Tone Signal

N

Cryogenic
Cable

Receiver Die

Amplitude (mV)

Cryogenic

84 86 88 90 92
Time (ns)

Real-time 1/Q output waveforms acquired at 3.5 K show 6° phase imbalance at
center band (680 MHz IF frequency)

© 2022 Edoardo Charbon 43



Polar Constellation Diagram

A. Ruffino et al. IEEE ISSCC 2021

m Y. Peng et al. IEEE JSSC 2022

Tektronix MSO6 Oscilloscope

DC-Block

Cryogenic

Signal Generator
Keysight 8267D

(]

Phase Modulated Signals

Cryogenic
Cable

Amplitude (mV)
A AT T

Alinear AM and PM signal is sent at the receiver input with a vector signal generator

The downconverted 1/Q output waveforms are sampled by an oscilloscope and
baseband signals are reconstructed off-chip

The 1/Q receiver tracks the input signal in the polar constellation plot

© 2022 Edoardo Charbon 44



Power Dissipation

» The chip consumes 108 mW at 3.5 K Power (mW) 15.4 4.8

 Most of the power is consumed by the 16.25 15.95
LNA, to reduce noise and increase gain

0.42

[ LNA

« With 1.4 GHz bandwidth, considering 10 TXER
MHz qubit bandwidth and 10 MHz spacing, VCO

one can read 70 qubits with 1.5 mW/qubit DIVIDER 44.125

[ piGITAL
B PLL

11.15

A. Ruffino et al. IEEE ISSCC 2021
Y. Peng et al. IEEE JSSC 2022
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RF Reflectometry of QDs

LA A L S AL A | " T T _ 2: ('l T 'Ii T "\{ l6:
30 006 51 403 S \ 3
Soaf b  ofmh A, S
— |8 ooz} y = T O i N 14
T . d 02 < 035 040 045 0.0
= 70.35 0.40 045 0.50 = Vs (V)
8 Vo (V) 8 e o,
10f 0.1 S &f k- %~ o
VD (V) > 5.- - & NQ—O..},G_ E 0.6 .
s S 5T*15 N.=1 04 2
| - 1.0 2 OF leol® 8 & T 1,7
- 0.01 S -5F 2 z 1 loo=
0 st 40 >_10. " L L &, 1 s .0.2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.35 0.36 0.37 0.38 039
Ve (V) Ve (V)

At 50 mK, the 40-nm CMOS quantum dots show regular Coulomb oscillations in DC,
which can also be resolved in RF reflectometry.
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Proposals for Scalable Fault-Tolerant 2D Qubit
Arrangements

Qubit address
By Do

M. Veldhorst et al. (UNSW,
Notisw Comies (20 {7) - R. Li et al., arXiv 1711.03807 (2017)

© 2022 Edoardo Charbon 48



Operation of asilicon quantum processor
unit cellabove onekelvin

C.H.Yang'™,R.C.C.Leon', J.C.C.Hwang'®, A. Saraiva', T. Tanttu', W. Huang',
J. Camirand Lemyre?, K. W. Chan', K. Y. Tan*’, F. E. Hudson', K. M. Itoh?, A. Morello',

3 Nature 580, 2020
M. Pioro-Ladriére®, A. Laucht' & A. S. Dzurak'™*
Courtesy: A. Dzurak
a ‘ Bp=01T b c b 8,=14T d
: 8 ﬂ 08 e T: =12(3) s 10 F., = 99.76(3)%
' : 0.9
6 A 0 0.6 0.8
4 £ . N
A T o7
2 A 06
- 0.2
0 05
-1 0 1 0 5 10 15 20 10° 10' 102 108
f 9
; % - o e
# z 06
" - 0.1
ﬁ" Qno's
2 A 0.4
0 E 0.3 0.45
2 0 2 001 2 3 4 5 100 100 102 10°
Ay, (MHZ) - Afy, (MHZ) e (us) Ciifford gate length
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fuw (GHz)

Silicon Quantum Dot Devices with a Self-aligned
Second Gate Layer

Quantum dot hole spin qubit integrated in a bulk-Si FinFET

Coherence

L.C. Camenzind et al., arXiv:2103.07369v1 (2021)

wu
o

o

Courtesy: A. Kuhlmann
© 2022 Edoardo Charbon
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Courtesy: G. Scappucci

The germanium quantum information route

Scappucci group: materials 4 Veldhorst group: qubits

Strained Ge/SiGe on a Si wafer Four-qubit germanium quantum processor
TvAu
SONALDS
sGe
SieBoey
.
Ge =
Si Sie G0 -—
100 nm
n:»ElO cm ‘ . A'(y‘
w1 |
[ N &
| #
\ dE
0 2 4 AF.j N 2x10 - i
‘ o 2x2 spin-qubit array 1,2,3,4 qubit gates
High mobility, low percolation density Coherent entanglement of 4-qubit state

Hendrickx et al. Nat. Comm (2018)
A. Sammak et al. Adv. Fun. Mat. (2019)
Hendrickx et al. PRB (2019)

Lodari et al. PRB (r) (2019)

Lawrie et al. APL (2020)

Lawrie et al. Nano Letters (2020)
Hendrickx et al. Nat. Comm (2020)
Hendrickx et al. Nature (2020)
Lodari et al. PRB (2020)

Lodari et al. ArxiV (2020)

G. Scappucci et al. ArXiv.(2020)
Van Riggelen et al. ArXiv (2020)
Hendrickx et al. ArXiv(2020)

QuTech

., Creating the
«  quantum future




Conclusions

Quantum Computing could change the
future of computing

Cryo-CMOS technology is key to
scalability

o060
S 000
e0¢ 000
000

High-temperature CMOS-compatible
qubits will get prevalent

\AAAANN\\/
| o0 d
4 00(c 000

eoc 000

< XX

Other technologies like 3D integration
could be enablers

< 00
<
<

The pressure is now on systems
design!
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IceQubes, 2019-2021. Next edition: 2023



Supporting Slides
(presented during the Q&A Session)



Comparison Table

Horse Ridge (1SSCC’20) I1SSCC’19 RSI'17 Spin qubit setup
Operating Temperature 3K 3K 300K 300 K
Qubit platform Spin qubits + Transmons Transmons Transmons Spin qubits
Qubit frequency 2-20 GHz 4 -8 GHz <20 GHz
Channels 128 (32 per TX) 1 4 1
FDMA Yes, SSB No Yes, SSB No
Data Bandwidth 1 GHz 400 MHz 960 MHz 520 MHz
Image & LO leakage On chip Off chip Yes
calibration
Phase correction Yes No No No
Fidelity (expected) 99.99% - - -
Waveform/Instructions Upto 40960 pts AWG Fixed 22 pts symmetric 16M pts AWG
Instruction set Yes (2048/TX) No Yes Yes
Power / TX Analog: 1.7 mW/qubit * Analog < 2 mW/qubit # 850 W

Digital: 330 mW # Digital: N/A

Chip area / TX 4 mm? 1.6 mm? Discrete Rack mount
Technology 22 nm FinFET CMOS 28 nm bulk CMOS components

“including LO/Clock driver; only RF-Low active # does not mention circuits included
¥ can be reduced with clock gating

© 2022 Edoardo Charbon
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Randomized Benchmarking

O Up to 60 Clifford gates: Each Clifford gate is averaged over 32 different
randomized sequences

O Consistently repeatable: Fidelity limited by qubit sample

o o o
O N @

Spin-up Probability

©
n

\ ® RT Setup . .
R "% Cryo-controller Fidelity = 99.71+0.03%
e, e
B ® @
-
s ' L
G \.\\\

: e
'l ‘ ) ‘ . ‘ ; X. Xue et al., Nature 593 (2021)
0 20 40 60

Number of Clifford Operations
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2-Qubit Gate

“d—— $—p— $-00- ¢
a ¢
ml Q2

Deutsch-Jozsa Algorithm

2% fncos @ neosl) Ug ! x A
. ‘ f AV
gl J Il »! 2!
& I = Balanced =
Q Q
5 i S Functions S
£ | g &
Ho2f 0
1 1 L 1 1 L / pa | L 1 1 1 L 1 L |0) |1) |0) |1)
-84 -82 -80-78-76-74-72 © 16 18 20 22 24 26 28 30 __ _ Qstate Q. State
Sideband Frequency (MHz) Feno [ i
= :
Ch 2! 2!
S 3 Constant Z
204 3 Functions 3
z g g
£0.2
a %0 1) %oy 11y
Time (us) Q; State Q- State

X. Xue et al., Nature 593 (2021)
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Lowerbound in Digital Design

Vib.min = Z%Tln(Z) =36mV

CMOS circuits operate in subthreshold wherever this equation holds

W VGs—VTH( VDS) W
Ips = 1073 we \1—e vt /);Iy= .UoCox_L (n— D¢,

n is the sub-threshold slope (SS) factor and v, = kT /q,

The net effect in sub-threshold regimes is a decrease of leakage currents by
orders of magnitude, implying a significant increase in the Ipn/Ipgr ratio




D-Flip-flop optimized for 4K (40nm CMOS)

. — W g—— o - - —
N 0 B e | K e ) mesey ey [
L-amuas Sy =1 S8
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Coolib

* Compare ‘Coolib’ cells to foundry supplied std. cells of
TSMCA40LP process
* Contains commonly
encountered digital circuits
— i.e. unsigned multiplier

* Four versions per circuit
— Static ‘Coolib’
— Domino ‘Coolib’
— TSMCAQLP. restricted

Solid-State Circuits Letters

IEEE SOLID-STATE CIRCUITS LETTERS, VOL. 1, NO. 1, OCT. 2020

A Cryo-CMOS Digital Cell Library for Quantum Computing Applications

E. Schriek, F. Sebastiano, Sr. Member, IEEE, E. Charbon, Fellow, IEEE
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Dynamic vs. Static Power at Cryo

©—300 K Vbias=0'o Vv

¢ +-300KV,, =06V
4 ©—42KV, =00V
/ ©—42KV,, =08V
05 06 07 08 09 10 1.1
VDD (V)

PLeak (W)

0%

2ro—300KV =00V 6—42KV_ =00V

300KV, =06V e—42KV =08V _
- - bias o oo
o o 3
b o p-0-0-0-9 o0

VDD (V)

E. Schriek, F. Sebastiano, E. Charbon, Solid-State Circuit Letters 2020
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FOMs

x10™M 11
E 1071
q@—300KVy, 00V 0—42KVy, 0.0V q 300KV, =00V
4 ‘\0— 300K Vbias=0'6 V e—42K Vbias'_'o'e ' \\ &—300KV, =06V
3t f? \ o—42K Vbias=0'0 \Y%
£ g 1012 -e-—4.2KVbias=0.8V
- :
g a
[=]
w
10-13
1 -
0.5 0.6 0.7 0.8 0.9 1.0 11 05 0.6 0.7 0.8 0.9 1.0 11
VDD (V) VDD (V)

PDP: power-delay product

E. Schriek, F. Sebastiano, E. Charbon, Solid-State Circuit Letters 2020
EDP: energy-delay product
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Benchmarking

Vop.arin [V] Farax @ 0.6 V [MHz] Farax @ 0.7 V [MHz] Payve @ 100 kHz [pW]

Benchmark |Temp.| Pro- A B Pro- A B Pro- A B Pro- A B
posed posed posed posed

16X16 4.2 K 0.54 0.68 0.68 16.3 - - 74.2 4.6 2.0 2.34 3.76 3.88
Multiplier 300 K 0.3 0.49 0.44 100.4 9.7 17.4 145.2 34.0 39.7 0.61 2.68 1.92
EPFL 4.2 K 0.58 0.68 0.68 1.95 - - 20.9 2.2 i B 3.91 4.00 4.46
Sine 300 K| 0.39 0.34 0.39 15.2 9.2 9.5 29.6 25.5 26.4 3.16 2.11 2.18
EPFL Int- 4.2 K 0.54 0.68 0.68 51.4 - - 178.1 42.5 11.7 0.80 1.57 3.41
to-Float 300 K[ 0.24 0.38 0.36 118.5 75.2 73.44 174.2 191.9 158.0 0.08 0.55 0.28
EPFL Round- | 4.2 K 0.58 0.68 0.68 21.6 - - 46.6 2.0 1.8 7.89 11.56 11.64
Robin Arbiter | 300 K 0.32 0.32 0.31 33.7 10.0 34.7 59.9 37.3 80.8 1.72 3.20 2.25

E. Schriek, F. Sebastiano, E. Charbon, Solid-State Circuit Letters 2020
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‘CoolLib’ RISC-V Implementation

First Fully functional uP at 4K

FEATURES
RISC-V (picorv32, open-source)
implemented using ‘Coolib’
8 Kb single-port SRAM from TSMC
SRAM operates at nominal
voltage, core at lower voltage

* Interfacing by ‘CoolLib’

level-shifters

UART interface for serial in/output

|EEE SOLID-STATE CIRCUITS LETTERS, VOL. 1, NO. 1, OCT. 2020

A Cryo-CMOS Digital Cell Library for Quantum Computing Applications

E. Schriek, F. Sebastiano, Sr. Member, IEEE, E. Charbon, Fellow, IEEE

JTAG interface for SRAM
write/read
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