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quantum computing promise

solving
intractable / 
exponential
problems in 

reasonable timeco
m

p
u
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n

g 
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m
e

problem size

reasonable time 
depending on the 

use case

classical computing
(now and soon)

quantum 
computing
(some day)

theoretical quantum 
computing speedup 

(exponential, quadratic)

unreasonable 
time
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typical difficult problems

iℏ
𝜕𝛹(𝑥,𝑡)

𝜕𝑡
 = −

ℏ2 

2𝑚

𝜕2𝛹(𝑥,𝑡)

𝜕𝑥2
+ 𝑉 𝑥 𝛹(𝑥, 𝑡)

solving Schrodinger’s wave equation 
to simulate quantum matter

combinatorial optimizations

machine learning
and deep learning

solving partial derivative equations

breaking asymmetric 
cryptography keys
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quantum computing usage categories
research operations

drugsbatteries

fertilizers production materials design condensed matter
physics

high-energy
particle physics

transportation

logistics

telecoms

financial services

manufacturing marketing

delivery energy utilities

semiconductors

astrophysics
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quantum & classical computing paradigms

gate-based
quantum 
annealing 
computers

quantum 
emulators
running quantum 

computers code on 
classical computers, 

for training, 
debugging and testing

general purpose quantum computing,
adds search and integer factoring

optimization problems and quantum 
physics simulation

quantum algorithms 
debug and testing

analog 
quantum 

simulators

analog quantum computers

NISQ (Noisy Intermediate
Scale Quantum) 

no error correction 
with a few noisy qubits

digital quantum computers

FTQC (Fault-Tolerant 
Quantum Computers) 
error correction and 

fault tolerance

classical computers

(c
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quantum 
inspired

classical algorithms 
running on classical 
computer, inspired  

by quantum 
algorithms.

classical algorithms 
improvements
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BQM problems
+ embedding

QUBO and Ising model formulations

QAOA

combinatorial problems
(CSP, Max cut, SAT, TSP)

algorithms

quantum 
toolbox

problems

problem
reformulation

quantum 
computer

combinatorial optimization algorithms

gate-based simulators annealers

some mathematical problem with
data inputs and desired output.

algorithm to solve the given problem, 
which are mostly hybrid and/or variational.

with analog quantum computing, the quantum 
part of the algorithm may map to a generic QUBO 
or Ising model formulation.

QUBO/Ising model may itself map to a 
generic problem formulation like BQM
in the case of D-Wave annealers.

the reformulated problem is directly solved
by the (analog) quantum computer, in an 
hybrid manner along with a classical
computer.

« digital quantum 
computing »

« analog quantum 
computing »

digital vs analog quantum computing

craph &/or Hamiltonian
preparation
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main qubit types

quantum states atom energy level
electron spin 
orientation

photo polarization (or 
other property)

atoms and ions electron spins photonssuperconducting

interactions laser pulses and/or 
microwaves

interferometers, polarizing 
beam splitters, ...

physical aspect

loop phase or energy

microwave pulses and/or DC current

  

  
e-
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super-conducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

(cc) Olivier Ezratty, 2023

electron superconducting loops & controlled spinatoms photons

       
                 

       
                 

QPUs vendors per qubit type
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inside a typical quantum computer
qubits control electronics

microwave generators, readout 
systems and various electronics

computing
servers, network,

software, data

cryogenic installation
helium 3 & 4

gas pumps and compressor

quantum chipset
@ 100mK-1K (silicon) 

or 15mK (superconducting)
and lots of electronics

« chandelier » in cryostat
where quantum stuff happens!

15mK

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
3

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
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HDAWG Arbitrary Waveform Generator
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HDAWG Arbitrary Waveform Generator
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HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

PQSCZurich
Instruments

Programmable
Quantum
System
Controller

for superconducting or electron spin qubits

compressors
pumps
filters

external 
compressor

helium 3 & 4

water
vacuum
pump 4K
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inside a trapped ions QC
qubits control electronics

laser controls, SLM drive, 
CCD readout

computing
servers, network,

software, data

ions traveling on a chipset
laser cooled @ < 1μK

ultra-vacuum enclosure
where quantum stuff happens!

ultra-vacuum
pump

(c
c)
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lasers

qubits readout

CCD 
sensor

micro-waves 
and EM fields

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

CCD control

atoms 
heater

controls qubit 
gates, and readout

<4K cooling

IonQ trapped ions case

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

controls atoms
position and some

qubit gates

atoms
source

ytterbium, barium, calcium

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

: light signal

: electronic signals

: atoms

: helium 4.
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with a neutral atoms quantum computer
qubits control electronics

laser controls, SLM drive, 
CCD readout

computing
servers, network,

software, data

a tiny 1 mm3 cloud of 
atoms is laser cooled at 
<1µK and controlled in 
a magneto optical trap 

(MOT)

ultra-vacuum enclosure
where quantum stuff happens!

ultra-vacuum
pump

(c
c)
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lasers

qubits state readout by fluorescence detection

CCD / CMOS 
sensor

DMD 
or SLM

traps the atoms in space (tweezers) 
2-qubit gates or Hamiltonian preparation

with Rydberg blockade

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

CCD/CMOS control
atoms 
heater

laser 2D AOD

DMD: digital micro-mirrors device

SLM : spatial light modulator

AOD : acousto-optical laser beam deflector

PBS : polarizing beam splitter

: light signal

: electronic signals

: atoms

: helium 4.

rearrange atoms
+ single qubit gates

laser controls

4K cooling
for chamber and pump

to avoid parasite 
atoms in vacuum 

chamber

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

global microwaves to drive qubit gates with lasers
in some cases

microwaves
generation

rubidium, strontium, …

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

laser

qubits readout

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

QM

1 3 5 7 9 1 3 5 7 9

2 4 6 8 10 2 4 6 8 10

1

2

laser
MOT control to 
cool the atoms

atoms
source

atoms
disposal

1 g per year
of operations
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with a photon qubits quantum computer
qubits control electronics

laser, unique photon 
generator, quantum gates, 

photons readout

computing
servers, network,

software, data

nanophotonic chipset

nanophotonic chipset
where quantum computation is done

(c
c)
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qubits readout

photon 
detectors

photon detectors 
control

quantum gates 
controls

<4K 
cooling

<10K 
cooling

photons 
generator control

Quandela case

: light signals

: electronic signals

laser control laser unique 
photons 

generator
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key QPU challenges

qubits fidelities errors mitigation and correction quantum interconnect

enabling technologies scalability energy consumption quantum memory
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raw algorithm fidelities requirements

N 
qubits

desired error rate <
𝟏

𝑵×𝑫

computing depth D

CNOT

time

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ToffoliX

initialization readout

N 

qubits

D 

depth

required 

error rate 

(%)

required 

fidelity (%)

available 

fidelity (%)

50 100 0.02000% 99.98% 99.30%

133 300 0.00251% 99.9975% 99.6%

433 1000 0.00023% 99.9998% 98%

1121 2000 0.00004% 99.99996% N/A

but…     cost discrepancy between
Clifford and non-Clifford gates

https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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badgood

state of the art
easy to emulate classically, 

too noisy to be useful

useful NISQ* 
requirements

Q
EM

 
w

in
d

o
wwith quantum 

error mitigation

* NISQ = noisy intermediate
scale quantum computers.
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how to improve qubit fidelities? *

manufacturing reduce crosstalk

tune qubit parameters use different primary gates improve control signals quality

materials

substrate
     o 
 a  h r 

 ose hson  unc on
             

                

substrate isola on
   

ca acitors
  o  u   ta ta u 

      h                     
 a                   

resonator
  o  u        

ta ta u 

connectors
    u 

* using here the example of superconducting qubits
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physical qubit

logical qubit
error rat   ≈0.1%

error rate <10-8 to <10-15

https://arxiv.org/abs/1202.2639 

logical qubits and FTQC

fault tolerance
avoid error propagation and amplification

implement a universal gate set
fault-tolerant results readout tens to thousands qubits

error correction code
threshold, physical qubits overhead, 

connectivity requirements, syndrome 
decoding and scale

+

https://arxiv.org/abs/1202.2639
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existing logical qubits above break-even

it slightly outperforms a distance-3 logical qubit 
but with providing a higher error rate (2.1%) 
than the underlying physical qubits (0.7%).

Sycamore 72-qubit processor
single distance-5 logical qubit – July 2022

logical 2-qubit gate error rates at 7% 
with distance-7 surface code while 

physical qubit error rate is 0.5%.

Harvard-MIT-QuEra 48 logical qubits – 
December 2023
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Microsoft-Quantinuum logical qubits

https://arxiv.org/abs/2404.02280

claim: logical qubit with x800 improvement vs physical qubit

reality: x800 improvement only for the first gate cycle!

https://scottaaronson.blog/?p=7916#comment-1973425

Craig      y’   o    t o    ott  aro  o ’    og

https://arxiv.org/abs/2404.02280
https://scottaaronson.blog/?p=7916#comment-1973425
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# qubits for FTQC?

𝒏𝑻 = # of T gates
in algorithm

logical qubit error

rate  <
𝟏

𝒏𝑻

# physical qubits / logical qubit

physical qubits 
fidelities

physical qubits 
connectivity

error correction 
code

>99.9%

dynamically adjusted against the algorithm size

algorithm breadth
and depth
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source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June 2019 (47 slides) + Olivier Ezratty additions, 2021-2024.

condensed
matter

simulation

Shor 2048 
integer

factoring

complex
chemical

simulations

logical qubits requirements

pricing
derivatives

VQE, QAOA, 
QML

NISQ FTQCtopological
data analysis

(TDA) FTQC QML
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Li-Ion battery chemical simulation
needs…

6,652 logical qubits

10-12 error rate

computing times in months/years

source: Simulating key properties of lithium-ion 
batteries with a fault-tolerant quantum 
computer by Alain Delgado et al, April-

September 2022 (31 pages).
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badgood

state of the art
need
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LOI Q

≈    

≈     

≈      

Z gate

X
Y

 gate
s

DAC DAC

AWG AWG

R
e

ad
o

u
t

I

A
D

C

QLO

HEMT
+40 dB

analog amp
+ 50dB

DAC

AWG

DAC

AWG

A
D

C

Q I

12 to 16 bits 
encoding

14 Gbits/s 10 to 12 bits encoding
< 8 Gbits/s

some hardware scalability
challenges and trade-offs

the superconducting qubit case

(c
c)
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10 to 
40 μW

≈   

cooling
budget

detect microwave 
phase shift

flux bias
DC current

qubit circuit 
and resonator

LO

≈    m 

≈     m 

paramp 
pump

RT or cryogenics electronics?

cryo-CMOS or SFQ electronics?

at which temperature?

scaling cabling, att & filters

scaling cryogenics

control signals multiplexing

≈ -15-20 dB

≈ -20 dB

≈ -10-16 dB

scaling circulators

paramp
JPA/TWPA

+15 dB

scaling paramps

FPGA or ASIC

DAC

AWG

optimize RT electronics energetics

error syndrome decoding

scaling HEMTs

long range qubit connectivity

QPU interconnect

qubit fidelities improvement

error correction codes
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IBM Quantum System 2 with three Heron 133-qubit QPUs
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Harvard / QuEra logical qubits
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key software challenges

actual speedups actual computing time

tensor networks competition

data loading

benchmarking coding abstraction level

uniform 
superposition

basis 
encoding

amplitude 
encoding QuAM

qRAM 
encoding

oracle 
based 
algorithms

uncompute 
trick

amplitude 
amplification

phase 
shift and 
kickback

function 
table

state preparation unitary transformations

…

…

arithmetic
+ - / x

log cos
sin tan

…
non-oracle 
based 
algorithms

QML, 
Shor…

quantum memory

other 
patterns

QFT, 
   , …

angle 
encoding

m
o

re
 e

n
co

d
ed

 d
at

a

0

N bits

N or 2N reals

2N+1-1 reals

qRAM 
and/or 
classical 

data access

Quantum 
Associative 

Memory

classical 
data

Quantum 
Random
Access 

Memory
classical

machine language

assembly

C language

C++

 ava,    , …

« no-code »

q
u

an
tu

m

Python frameworks

control electronics instructions

gate-code (after transpiling)

gate-code (before transpiling)

…

…

application specific environments

Python + apps frameworks

sa
m

e
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q
u

b
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 g
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es

bit

byte

arrays
strings

objects

objects

objects

qubit

qubit

qubit

qubit

qubit

pulse

data structures

user data

le
ve

lo
f 

ab
st

ra
ct

io
n

qubit fidelities

speed

qubits number

energetics

low-level 
algorithms

higher-level
algorithms

randomized
benchmarking

QV

CLOPS

BACQ

co
m

p
u

ti
n

g 
ti

m
e

problem size

classical 
computer

quantum 
computer

what the 
quantum 

computing 
theoretician 

sees

co
m

p
u

ti
n

g 
ti

m
e

larger problem size

more  
years

what classical 
computing 

technologists 
are doing

co
m

p
u

ti
n

g 
ti

m
e

very large problem

>100 
years

what the 
user sees

co
m

p
u

ti
n

g 
ti

m
e

problem size

what quantum 
computing 

technologists 
are trying to do

fewer  
years
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superpolynomial

potential quantum speedups

polynomial exponentialweakly superpolynomial

(c
c)
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limited advantage

QPU fixed costs make it difficult to exceed classical computing
capabilities in reasonable times and problem sizes

requires FTQC QPUs

and many logical and physical qubits with higher fidelities than
today, and preferably monolithic QPUs

quadratic

unknown
heuristics

simulations VQE amplitude estimation QPE for chemical simulations

searches and 
combinatorial 
optimizations

QUBO

QAOA

Grover search

quantum walks
semidefinite programs 

Deutsche-Jozsa (no use)

Simon, Bernstein-Vazirani

machine 
learning

variational
QML 

variants

reinforcement learning

recommendation

ensemble methods

Bayesian networks

and deep learning

SVM

PCA

k-means

convolutional networks

other
Quantum Monte Carlo

primality proofs

HHL (linear equations)

QSLA for PDEs

QFT & period finding

Shor factoring & d-log

speedups
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a matter of perspective
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space speed quality energetic cost

of all combinations 
of 0 and 1

complex
amplitudes

TCO
ROI

€ $ £

quantum advantages taxonomy

the qubit register 
data space - scaling 

in 2N complex 
numbers with N 

qubits - exceeds the 
memory capacity of 
classical computers.

a quantum algorithm, 
including its classical 
part, runs faster than 
an equivalent best-in-

class classical 
algorithms running on 

either the largest 
supercomputers or a 

given HPC 
configuration.

the quality of the results 
of a quantum algorithm is 
better for some respect 

than the best-in-class 
classical algorithms. e.g: 

an error rate of a machine 
learning classification, a 

chemical simulation 
accuracy, or a better 

combinatorial problem 
solution.

a fully-burdened 
quantum computer and 
algorithm configuration 
consumes less energy 
than the best-in-class 
classical equivalent.

the total cost of the 
quantum solution is 
lower than the total 

cost of a best-in-
class classical 

solution.
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challenges ahead

technologytechnology

economyeconomy

sciencescience

• decoherence models
• noise models
• quantum control
• error correction codes
• cluster states creation
• qRAM
• QPU interconnect
• algorithms design
• complexity theory

• FPGA->ASIC
• fab investments

• control electronics
• manufacturing quality
• cryogeny yield and power
• use cases
• software engineering
• emulators
• cloud infrastructure
• hybrid architectures
• benchmarking

• VC, customer and governments investments
• other to ics influences (   s, …)
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discussion

get the slides
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