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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
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The Power of Superposition

1 QUDBIT e 2 states
2 QUDIES.cevee it 4 states
N QUBIES. ..ottt 2N states

40 qubits: 10'? parallel operations
300 qubits: more than the atoms in the universe
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Entanglement
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The Qubit

) = @l0) + ;1) N
// vBlooh\
@, , @y : complex numbers __________________________
s ST
‘\“\ ---- w- = /‘.
N Bloch sphere
0: polar angle | 1)

@: azimuth
6: global phase (ignored in the Bloch sphere)
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Solid-State Qubits: Spin and Superconductive

B | 4.

500nm EBERERB

~ Superconducting qubit (EPFL)

Superconducting circuits (TU Delft / DiCarlo) Ge e-spin qubits (TU Delft /
Velthorst, Scappucci)
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Classical vs. Quantum Computing: 1 (Qu)bit

Information Processing Extract Information
Bit Boolean Logic Deterministic Bit
Classical “M‘ " or“1” Q. “0” or “1”
. Qubit Unitary Transform Probabilistic
(Quantum state) (Rotation) State Collapse
Quantum |¥ =0 +ai|l} n |0 1 [ || ”  [0)
|0) 1 0 oy 10) i
‘ x| W or
/ - / w
) U jon 7 11)

PROBABILISTIC
ourtesy: Joseph Bardin, ISSCC 2022

DETERMINISTIC
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Multi-qubit Quantum Algorithm

Initialize qubits
Create superposition

Encode function in unitary

Process
Measure
10) — ) |x) [ |0>OI' |1>
10) — — |0)or |1)
Uj Uy U,
|0) — ly) |y ® f() — |0)or |1)

Maintain quantum coherence
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The Role of Cryogenic Electronics



Interfacing Qubits with the Classical World

ntum m .
OUEIm Classical

processor
(< 1K) 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

© 2025 Edoardo Charbon
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Qubit Transition from |0) to [1)

o=-ij1>

s

Fidelity

= —{0>4il1>

© Jeroen van Dijk
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Moving Qubit Interface to 4K

Classical CPU 2 Qubit system with ~50%
[Processor structionsj \ EQom tempemturb Cabllpg

Instruments
[VNA(e g.Keysight 5245)) [AWG(e.g.Teklronix 5014))

235

Qubit Array&Att.&JPA
extracted from Edoardo Charn et—al IEDM 2016
* Compact
* Low latency
* Scalable

© 2025 Edoardo Charbon 17



Cryo-CMOS SOC for Interfacing Qubits

1.ax 300K
‘‘‘‘‘‘‘‘‘‘‘‘ DC H
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control
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0—@ FPGA)
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E. Charbon et al., IEDM 2016



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




Cooling Power Issue

JOry-100 cooling power (XDS 35| scroll + HiPace300 turbo)
I R i Dilution refrigerator
r % Lo -

caw

e - 1
| Flow {umole’s);

1€-8 bt

esbol- e o148 |
Il o . 175 1 X

‘i - 220 -
e 300K -
[
] 70 K
. ]
- 4K
/ﬁ/' v

TearsMIT GmbK = 20 m K

PTS2630 at different
oM prassor Input porals

20 25 0 Courtesy: Oxford instruments
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Designing Cryogenic Scalable Systems



Qubit Control in a Nutshell

3V}

—_— Modulated
— Unmodulated

Amplitude (mV)
o
1

t
|

0.0 0.1

J. Bardin et al., BCICTS 2024 J. van Dijk et al., JSSC 2020

* The qubit control pulse (amplitude and phase) should be well defined.
* The Spurious-Free Dynamic range (SFDR) should be maximized.
* Fidelity is key

© 2025 Edoardo Charbon 23



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)

© 2025 Edoardo Charbon
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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



Cryogenic Effects

|
D
¢ Mismatch increases

Vbs * Leakage drastically reduces
* Substrate become floating

4 3
1.2 10 10 0.72 6.5 10 . 100
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Extensive Modeling Campaigns

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

Vi
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0 5
Ra \ o Coa Car ®)
60 | | c 20y, 1=0.8 v
. a o
; (I %40 model |; 515
Gate % R{,‘ m{.: 0 nMoS ;ulhoul RB/ 08 10
° «© [ :
G ¢ l g C 201 A pMOS model (4] ©
,':: 2 Fox =i GD ; Ra ‘ with Ry | S
Channel 2 * 0
A @4 Im % [Co Cao (c) e O @
R R 5 100 4
S 5 S; L d, D D £ T & [Vgsl=0.8 V o
? W Pe—k 4> WW—-o s =
Gps, o o' e
A AL : 3 £
Source YWV Drain Srbwe- V & 40
1 20
PR Boxh=—=n¢(>; [Vasl=08 YV a—a-f—a—a—a
C“T T (F : '—]'— (,[,[; v, o Lies ) 0 ry n
L ° < <0 (e 200 DC RF 0]
= 18 175 [Vosi=0.8 V
nwell/pwell =Ry g . g% 3 ol
% =125
B 37 &
© ’ W
12
075
H.C. Han et al., ESSDERC 2022 06 RE
0 Ser 0 20 300 003 s77 10 210 300
Temperature (K) Temperature (K}
© 2025 Edoardo Charbon

28



Qubit Controller Design:
The Brévine Chip



Qubit Controller Design

14K 300K
20'100mK T0C H
<t
® ADC Digital
| control <:>
Quantun Loy |
Processor & R
QR oncH
R oncl-

I Bias / References I I T Sensors I

E. Charbon et al., IEDM 2016
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High-level Specifications

* Target fidelity: 99.9% for 1...10 MHz operation

Value Infidelity contribution
to an operation to idling Noise source ENBW Noise level

Frequency Frequency noise 25MHz  £(1MHz) = -106 dBc/Hz
nominal 10GHz 0.64 x 1092 Wideband additive noise 29MHz 7.1nV/VHz
spacing H 1x 10750 Amplitude noise 1.0MHz 14nV/VHz, SNR = —40dB
inaccuracy 125x 10°° 308x10°° Amplitude off-noise 20MHz  7.1nV/vAz
oscillator noise o 125x107% 308 x 10°°
nuclear spin noise  1.9KAZ (¢ 3.6 x 10°¢ 89x10°¢
wideband noise 120WVWims  125x 1076 (® Due to the RWA.
Phase (®) Due to leakage in FDMA-setup using rectangular envelopes.
inaccuracy @ 125x 1078 31 x 1078(@  From [61], T; = 120us. . ]

z N () FDMA Z-corrections limit the idling operation.
Amplitude (®) Equivalent to —41 dBc.
nominal 2m
inaccuracy 125 x 1076
noise > 125x 10°®
off-spur 19 Ve 217 x107%
off-noise 101V (s 125x 1076 J. van Dijk, Thesis, 2021
Duration

nominal 500n
inaccuracy 125 x 107
noise o/ 125x10°8

Fy =999% F=999% © 2025 Edoardo Charbon 31




The Design of Brévine

_______________

— [ . 1
m. LN L»L0Q
: VCO 1
|
FrerQ——> =z |
L__PD___CP__LPF_____ !
L~
Ux: pigital [ PACI— 1R
@ |+|Backend |
~ |eo LO
S ['| g aver PE M [ aubit
= AW =<
o L DACI : AN /Q Mixer

Y. Peng et al., CICC 2024

© 2025 Edoardo Charbon
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Brévine: IF Architecture

LO1I+  LO1I-

LO2+ LO2- / \ oouT
— L
i BPF
(><) Driver’

RC Poly-phase Network

62 LPF
Y. Peng, J. Benserhir, et al.,
Lo1a+ Lofq- CICC 2024
f'i“ fLOZ;fL01 fLoz*Lo1
forfaz fan (asffon) - (fanfod-fon) (o)

fa1 faz fon
f|._o1
e (fa1,faz,...fan)
——

fLot fiorfior  flo fiootfior
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Brévine: Complete Architecture

" ffl-‘f_ﬂf fLOl;fLDZ fLOZ:fLO!
far fas ‘fm‘ (Farfaz.fon) (Farfoh,..fan) (Far,fa3,...fon)
fat faz fon
fLot
0 oo (far faz,...fan)
/_lﬁ

fLot

forfir  fioz fiozHfior

1.1~1.35 GHz
L

IFQ

50~1000 MHz

suomjaN aseyd-£jod oy

Lo1Q+ LO1Q-
1.1~1.35 GHz

Ref

OMV/VOdd

Superheterodyne Transmitter

% @- Buffer

Charge Pump
011+,

vCco

L
4.4~5.5 GHz

© 2025 Edoardo Charbon

50m K~0.8 K

N

LPF\@r 0z

LPF\[H@Er 0z ;
c
>

Infrared
Filter

ig’ .
A 134
»—Eg{# TRHED

ll:liilu *the Z driver is omitted
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Brévine: What Was Done Differently



Highly Linear G, Cell for 15t Stage Mixer

* Classical G, Cell * Enhanced 11P2 G, Cell
( (" [vop )
()IR Vim Iz
R,3 3R,

0.54g NAg NAg 0.54;
2NRg C”I Ry Re CITZNRE
Vin+ Vin—

=
Pete Sivonen et al., TCAS-1 2005

,
H
.

¢ Pseudo-differential. e With 2" order intermodulation cancellation.
*  Without linearity improvement.  « Wwithout IIP3 improvement.

Enhanced IIP2 & 1IP3
Y. Peng et al., CICC 2024
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High-linearity Caprio’s-quad Output Driver

* High linearity is required

VDD
S

Emitter Resistor Degeneration:

‘,_ég Q1E|l_|.,_L§13 LEM Al = LAUBE

l— ToBPF Rgo

G 2 . Avgg: base-emitter voltage difference
1l S

R i i of Q9 and Q10

WA M3 | M4

M1
H{@Mz Vez * Vggg # Upgio =>4l vs v, has
= output d-river with a 50Q b;ffer ImperfeCt Imearlty

* Technique widely used but moderate
linearity.

Y. Peng et al., CICC 2024
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High-linearity Caprio’s-quad Output Driver

* Caprio’s Quad architecture is used.

VDD
Cs * Cross-coupled pair Q3- Q4 is added.

AA
VVv
AA

VVv

Emitter Resistor Degeneration:

_ Vin+ (VBgo=Y5E11) + (VBE12=YBE,10)

Al =
Rgo

* Caprio’s Quad is very linear.

* Limited voltage input swing => Low output
is needed to drive the qubit

Y. Peng et al., CICC 2024
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BiCMOS VGA

* Tune the output power to drive the qubit.
* HBTs compared to MOSFETs have:

From PPN

* High transit frequency fo

* High linearity f

* Large transconductance gmf

oI M5 we JFve * Large headroom => Static power consumptionf

1

M5, M6, M7 are implemented as MOSFETs.
VGA = Q15, Q16, Q17, Q18 are implemented as HBTs

Y. Peng et al., CICC 2024



Ruthoff Balun and Elliptic LC Filter

Co=0.87 pF  C2=0.8 pF
Ci=1.37 pF  C:=0.46 pF

R C4=1.80 pF
e Cs=0.15 pF

Y. Peng et al., CICC 2024

| Lo=1.25 nH Le=0.32 1, 2, ~
| Ls=0.65nH Ls=3.5nH .y

& 5.6 7.8 9 1
Frequency (GHz)

 Ruthoff Balun implemented on chip with better amplitude and phase balance in the operating band

* Elliptic LC BPF filter achieved excellent out-of-band rejection

© 2025 Edoardo Charbon 40



Frequency Synthesizer

Analog charge-pump integer-
N phase-locked loop VvCO LPF CP PD

Programmable divider {0 gy = <_®<_ cp —

ensure locking range to the

reference clock LO, LOg <B5:B1>
VCO: Hybrid Class B/C \AAAA
Mode-Switching VCO +2 H 2 H Progammable

Carrier frequency: 6.6 GHz
(for SC qubits) — 2-40 GHz
(for Sp|n qublts) A. Ruffino et al., ISSCC 2021

— — Y. Peng et al., JSSC 2022
PN <-115 dBc/Hz @ 1MHz



Design Challenges

* Flicker noise at cryogenic temperature increases 10x due to higher active trap
density at SiO,-Si interface

* Flicker noise corner of CMOS-based VCO 1~5 MHz at 4.2K.

Measured PN (dBc/Hz)

2

g

-
=3
r

<130+

5

108 107
Offset frequency (Hz)

© 2025 Edoardo Charbon

B. Patra et al., IEEE
1SSC’2018
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Hybrid Class B/C Mode-switching VCO

e Class CVCO

- Better current efficiency for HBT-based
VCO

* Hybrid Class B/C operation

i
—> No extra start-up circuits: save power it i ‘ W
My "Qg“ M: MJ\FI'*XII;JIVH
* 2 independent VCOs coupled Ri Vois R iR

- Better phase noise
Fanori et al., ISSCC 2012

© 2025 Edoardo Charbon 43



Hybrid Class B/C Mode-switching VCO
VDD P1 P2

MlEl L Hl \sw3
| \/ \/ £ Ma SW1 sw22\
00\ SW4 I
{ P

(b)
9 B,

| SW1&SW2 OFF
400 = SW1 OFF & SW2 ON
P1/P3 S P2/P4 == S\W1 ON & SW2 OFF
[ —_—
9 B, c300f )
N 200
2 B, 2
=100
cV CV 0 ri 2 2 2 2 2 2
I_I 10 11 12 13 14 15 16 17 18

Frequency (GHz)
(c) (e)

Y. Peng et al., ISSCC 2022

—_
Q
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Dual-mode Tank Design

Switches Design Q-factors of LC-tank at CT
500 : ,
s LC
_§ 400 § 500} :
E 300 T 400
VDD ? & 300
= 200 =
£ £200
N 100 == 1 100 DY, AN
12 14 16 18 20 12 14 16 18 20
Frequency (GHz) Frequency (GHz)
§2— ! ! ; !
R Rt wy
on,max ~
2Qt1 Awy . ; : : ,
14 15 16 17 18 19
SW1~SW4: 12 um/Ry0~150 Q Frequency (GHz)
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The Brévine Chip

Y. Peng et al., CICC 2024

46
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Measurement Setup

Signal Analyzer DPO 75002X
Keysight N9030 m Oscilloscope
PLL Qutput ——
| | v
® .
TX Output £ Lrz.
D : - @‘ [cX<X°)
— Freq Inpu ) L Tektronix
E8267D Signal i AFG31000
Source
Digital Divider Output

* The Lakeshore probe station is modified to support the measurements
* Phosphor bronze wires are used for DC connections

© 2025 Edoardo Charbon



VCO Characterization: Phase Noise

—3.6K

PN (dBc\Hz)
Power (dBm)

0.01 01 1 10 3.9

5 2 4.3
Offset frequency (MHz)

4 4.1 4.
Frequency (GHz)

* At 239 K: PNis-110 dBc/Hz @ 1 MHz offset from the 4.1 GHz carrier
* At3.6K:PNis-127 dBc/Hz @ 1 MHz offset from the 4.1 GHz carrier

Y. Peng et al., CICC 2024

© 2025 Edoardo Charbon
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Controller Characterization: Output Power

30
-204
25 d H/
-30 4 —, g
- o204 o
E .40 g
& 40 % /
3 £ 15 1
5501 3
H X1
< -60 ] =101 ]
70 54 =M= F| g =5 GHz, Fout = 6.37 GHz 1
=== RFOUT power (dBm) 4 FLO =4.51 GHz, Foyut = 5.758 GHz
.80 LO leakage 04 H H H
5 55 6 65 7 75 8 85 0.6 0.7 0.8 0.9 1
RFOUT (GHz) VCP(V)

* Qutput power: -40dBm < P, <-20dBm
* LOleakage. : -75dBm < Pjeacage <-50 dBm
* Tunable controller gain: 0 to 30 dB

Y. Peng et al., CICC 2024



Controller Characterization: Linearity

30 T T T T T T T T
0] ttes & & o -301 & FLo = 4.45 GHz 1
] *, -404
Eg 10 B . & ., b8
CACAEPY Pig=4 o 2 o Q2o &
gy 5-504 2 2 ©Q
g 8 ES © © Ko
2 O 101 2 A n’é o)
a5 a60{z &3
5 3 201 -} o S
20 a 3 ]
50 -30 5.70
° o
.40 Output Power 80 l
7 S S L — 8ot o L sy
-70 -60 -50 -40 -30 -20 -10 O 4.5 5 5.5 6 6.5 7 7.5
Input Power (dBm) Frequency (GHz)

* Good linearity : P1dB =4 dBm at 3.6 K
* At3.6 K:SFDR =30.8 dBc, IMD3 > 30 dBc, IRR > 53 dBc, LORR > 60 dBc

Y. Peng et al., CICC 2024



Controller Characterization: Bandpass Filter

0
. 5 At CTs, Q-factor of an inductor is
:Z enhanced.
g0 ) . .
2 [ 202« On-chip BPF replaces coaxial filter block.
& 15 \ \/ % [ 256
| v . .
20 = ::I;‘:\/-..ZZ > 30 dB out-of-band suppression
.254 'é : “"‘*“:0_40 . . .
F equency (GH2) 3 dB in-band insertion loss

Y. Peng et al., CICC 2024
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Controller Characterization: Time Domain

Amplitude (V)

-0.1

f||:1 =100 MHz f||:1 =1 GHz

0.1 bd

Amplitude (V)

2 4 6 8 10 12 14 16 05 1 15 2 25 3

Time (ns) Time (ns)

* Time Domain output waveforms at T=3.4 K
* Wide range of IF can be used

Y. Peng et al., CICC 2024

© 2025 Edoardo Charbon
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Controller Characterization: Power

293 K 4K

8.4 mwW
PLL 8.4 mW 43mwW
Buffers —) Buffers

Total : 30 mW Total : 21 mW

* Power consumption limited by the PLL, buffers and drivers.
* The PLL can be shared among multiple qubit channels.

Y. Peng et al., CICC 2024
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Qubit Device in Experiments

* Two-qubit processor — control done using Horse Ridge chip

Top-view

Cross-section view

Micromagnet
Second gate layer
First gate layer
Electron Barrier layer
Reservoir Quantumwell | #Si |

100 nm

ke b

[ 200 nm
[ 70 nm
7 nm
20 nm

|17 nm

1nm
30 nm
[ 10 nm

p-type Si wafer

[300 nm

X.Xue, B. Patra, arXiv, 2020

© 2025 Edoardo Charbon

54



Probability |1>

o=
=3

o
=

o
o

0.4

0.2

Rabi Experiment

|0)
Initialization Read-out 40
l lManipuIation I °
] — :‘
2 1 | ! 2
1 1 1 ~
Y
11 1 I : y
] ] i .I
. . . "
X-pulse with varying time ol e B. Patra, J.v.Dijk et al.,
Time L ISSCC 2020, JSSC 2020
1.0
RT measurement Cryo measurement
- 0.8 - -
77“c ’l\\ ‘I‘\ A e N M
i * 1 7 o4 = " A 5
B TRV S S T Y S - 2 0.6/ A—g—0 — ¢ 4 ]
R 1| a R Z 1 ‘, 5 9
1.lf VA TNy
T %7t ) g 0a4f . o) A e 3
./ 1. v/ . / fot Y W
I >, 3 0.2 5 s ¥ -
T T T T T 1 T 1
0.00 0.25 0.50 0.75 1.00 125 1.50 0 1 2 3 4
tus) t (us)
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Signal

X HA

Ramsey Experiment

Initialization

Manipulation

~ Read-out

"R (T1/2)
T 3

R (1)

Probability |1>

1.0

0.8

0.6

0.4

0.2
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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 ~ o)

Spin-up Probability

o
&)

® RT Setup . .
\h Cryo-controlier | Fidelity = 99.71+0.03%
. < \.\\.
e
,\\.\\
o
% o~ _
S

1 1 1 1
0 20 40 60

Number of Clifford Operations

© 2025 Edoardo Charbon
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Simultaneous Rabi Oscillations by Way of FDMA

Q2 a1

208 508
E - =
] Qo
5061 g0
a - o
Soat S04
T4 § &
s £
%) Q.

0.2 02

Sideband Frequency (MHz)

o
o

e
ES

Spin-up Probability

e
N
[T

Time (us)

X. Xue et al., Nature 593 (2021)
© 2025 Edoardo Charbon
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Q1

Q .

Q2 X(©)
0.8F Q
:-‘:? L NCO4
R o6k
s J
g
204
I
&o.z2f

o
@

Spin-up Probability
° o
N IS

¢

¢

Ncoagv

2-Qubit Gate

&)

¢

- ¢—— &

Q1 o)

1 1 L 1 1 L 7 £l L L 1
-84 -82 -80-78-76-74-72 © ‘16 18 20 22
Sideband Frequency (MHz)

f\ % ¢
Y N
»d 1 1 'p
0 1 2 0 0.5 1
Time (us) Time (us) Time (us) Time (us)

X. Xue et al., Nature 593 (2021)
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Deutsch-Jozsa Algorithm

| xX?
& z
s Balanced F
3 Functions &
2 o
Q. a
oy 1)
Q; State Q, State
Z-CNOT WW‘ CNOT
2! 2t
3 Constant Z
8 Functions 3
2 [
a. a
0 0
[0) 1) 0) 1)
Q; State Q> State
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Perspectives: Beyond 100 Qubits



Proposals for Scalable 2D Qubit Arrangements

M. Veld| al. (UNSW,
Natisre hc:':mft(zn{n » R. Li et al., arXiv 1711.03807 (2017)
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3x3 Qubit Readout

Py £, f

Readout Chip

<>voJ_E|_ ol Y [ oIy 01_{1’1,..!"}
’ T IE N
.|H|—_;_:"_‘ ||H|—_E"_‘ IIHI—_E"_‘ l :l:VDLz Attenuator

"V.?sf_;%-; °'1_;1-| Ty ) : . 0y
e TR -G /
Vpsn = OJ_;:L- c’J—;:L'Quantum Chip

Y. Peng et al., JSSC 2022
A. Ruffino et al., Nature Electronics 2021
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Instruction Set Memory

* No high-speed connection required during quantum algorithm execution

Instruction list Instruction table / qubit Envelope memory
1kHz | I ~8 Mbls _g r
0 |Qubit1 instr.1 [ start address | stop address | axis ~35 Mb/s [ address amgﬁtude phase § |18 Gb/s
ﬁ;t;z:a' T [owis mst 2 H | of o 999 X 0 0 0 = I |-DAC
2 |Qubit20, instr. 5 |H 1] o 999 y H 1 255 0 =3
3 |Qubn6.nst. 2 H 2| 1000 1499 X 2 255 0 AE,.
4 |Qubit3t.instr. 7 | 3] 1000 1499 Y 3 255 0 s
4] 1500 1999 X . - _ S > Q-DAC
- . 5| 2000 2499 Y - - -
p - 6| 2500 2999 X . - -
1 7| 3000 3125 X | 40959 0 i |
2047 | Qubit 12, instr. 3 [

On-chip memory
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Open-Source Components
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Conclusions

5.7con—5hol‘
Color codes
Swurface code

chip

* Cryo-CMOS technology is key to scalability and
practicality of quantum computers

* CMOS-compatible qubits could emerge soon,
2, but co-integration may be enough
(3

* Other technologies like 3D integration and high-T
qubits could be important enablers
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