Quantum and
Nanocomputing

Edoardo Charbon
Mariagrazia Graziano

AQUA Lab September 9 2025




€PFL  Instructors

Prof. Mariagrazia Graziano
Politecnico di Torino
Torino, Italy

Email: mariagrazia.graziano@polito.it
URL: https://www.swas.polito.it/rubrica/scheda pers.asp?matricola=004318
Office hours: by appointment

Prof. Edoardo Charbon
EPFL
INF 135

Email: edoardo.charbon@epfl.ch
URL.: https://people.epfl.ch/edoardo.charbon
Office hours: Wednesdays 17-18 and by appointment



mailto:mariagrazia.graziano@polito.it
https://www.swas.polito.it/rubrica/scheda_pers.asp?matricola=004318
mailto:edoardo.charbon@epfl.ch
https://people.epfl.ch/edoardo.charbon

cPFL

TAs

Batuhan Keskin
EPFL

Email: batuhan.keskin@epfl.ch

URL: aqua.epfl.ch
Office hours: by appointment

Vladimir PeSié¢
EPFL

Email: vladimir.pesic@epfl.ch

URL: aqua.epfl.ch
Office hours: by appointment



=PFL  Syllabus, etc.

= Quantum computing (Week 1-7)
= Nano computing (Week 8-14)

* Prerequisites
» Basic mathematics/physics

= Recommended courses
+ Basic quantum mechanics (e.g. Giovanni Boero, Pierre-André Besse)
» Solid-state devices
+ CMOS circuit design



=PFL Logistics
REFERENCE WEEK

= Tuesday: 3h lectures with breaks & Wo W/ M7 f%

= Wednesday: 1h lecture/testimonial 9-10

10-11

2h homework/questions 112

. 12-13
= Evaluation 13-14
14-15

* Weekly homework (50%) 1546

+ Final written exam (50%) 16-17

17-18

18-19

1920
20-21
21-22

[ Lecture [ Exercise, TP || Project, other



Recommended textbooks

= N.D. Mermin, Quantum Computer
Science: An Introduction,
Cambridge University Press, 5th
printing, 2016. ISBN 978-0-521-
87658-2

= M.A. Nielsen, I.L. Chuang,
Quantum Computation and
Quantum Information”,
Cambridge University Press, 3rd
printing, 2017. ISBN 978-1-107-
00217-3

N. David Mermin

Quantum
Computer
@ cience

Quantum
Computation
and Quantum

Information '

MICHAEL A. NIELSEN
i§/ and ISAAC L. CHUANG




Quantum Computing Syllabus (Week 1-7)

* Fundamentals of quantum computing

= Qubit realization & control

= Cryo-CMOS components

= Scalable quantum computers

= Quantum communication, sensing, and metrology



=PFL Quantum computing

A computation is a physical process. It may be performed by a piece of
electronics or on an abacus, or in your brain, but it is a process that
takes place in nature and as such it is subject to the laws of physics.

Quantum computers are machines that rely on characteristically
quantum phenomena, such as quantum interference and quantum
entanglement in order to perform computation.

- Artur Ekert

Overarching goal
Solve intractable problems with massive speedup in computation...

...using the superposition and entanglement, two of the cornerstones
guantum mechanics



ePrL 2012 Nobel Prize

- - . 2012 Physics Nobel Prize
Serge Haroche David Wineland

Both Laureates work in the field of quantum optics studying the
fundamental interaction between light and matter, a field which has seen
considerable progress since the mid-1980s. Their ground-breaking
methods have enabled this field of research to take the very first steps
towards building a new type of super fast computer based on quantum

physics. Perhaps the quantum computer will change our everyday lives in

this century in the same radical way as the classical computer did in the
last century.

—Announcement 2012 Nobel Prize
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=PFL The Quantum Hype

GO gle IBM Shows Off a Quantum
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Google Partners With UCSB To Build Quantum
Processors Fo 'f' C|al Intelligence .

By Tom Simonite on April 29, 2015
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A new superconducting chip made by IBM demonstrates a
technique crucial to the development of quantum computers.

b

2
97 A
% }5' ¥
’ [ by 7
MIT

gTechnoIogy
Review ‘

2% Microsoft

QuArC at Microsoft Research
Station Q @ UCSB



cPFL

The Great Quantum Computing
Race

12 (K [ s SN

Companies and countries are pouring tens of billions of dollars into

different qubit technologies, but it’s still too early to predict a winner.

JULY 26TH, 2021 - BY: MARK LAPEDUS /;/l-i
L

Quantum computing is heating up, as a growing number of entities race to
benchmark, stabilize, and ultimately commercialize this technology.

As of July 2021, a group from China appears to have taken the lead in
terms of raw performance, but Google, IBM, Intel and other quantum
computer developers aren't far behind. All of that could change overnight,
though. At this point, it's too early to declare a winner in qguantum
computing, a technology that promises to outperform today’s
conventional supercomputers.

SEMICONDUCTOR ENGINEERING




=PFL  Investments in Quantum Computing

= Big players and startups
= $140M in Canada alone (2018)

= Extrapolated to €1T worldwide for the next decade \N\fr~-
S\ -
- ® //\\\
Google (intel
Zurich

= A Instruments
= ‘ r QUANTUM
» MACHINES

=- Microsoft Quanprra
QUANTUM
Quantum Valley (TBQ 2 MOTION

INVESTMENTS



=PFL Commercial Quantum Computers?

COMPANY COMPUTING » RESOURCES v NEWS »

SOFTWARE SERVICES

The D-Wave 2000Q™ System

The most advanced quafitum computer in the world




=PFL  Impact on (Scientific) Society?

= |IBM allows anyone to program its quantum
computer on line

= Google demonstrated quantum supremacy
(quantum advantage) for the first time

F. Arure et al., Nature 574, 505-510 (2019)

IBM Q System

= ‘ l; |
Google’s Sycamore chip
Credit: Erik Lucero



=PFL  Some of the Proposed Applications

Energy Health
Room-temperature Quantum chemistry
superconductivity

Source: L. Vandersypen, ISSCC 2017

Internet Security



OCT 26, 2017
Ars Technica: Higgs Boson Uncovered By Quantum Algorithm On
D-Wave Machine



cPFL

Fundamentals of Quantum Computing (1)

= Basic concepts

= Qubits & superposition
» 1-qubit measurement
= 1-qubit gates

» 2-qubit systems

= 2-qubit measurement

Chapter 1-4

Quantum
Computation
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Basic Concepts
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Planck Explains
Blackbody Radiation (1900)

Einstein Explains
Photoelectric Effect

(1905)

Pauli Exclusion

Bose-Einstein
Condensation Predicted

Discovery of Superconductivity (1911)

TEXAS CENTER FOR
SUPERCONDUCTIVITY,
UNIVERSITY OF HOUSTON

Schrédinger Equation;
Copenhagen Interpretation (1926)
®

Heisenberg Uncertainty
Principle (1927)

Principle (1925)

Dirac Equation
for the Electron (1928)

Anti-Electron
Discovered
(1932)

(1924)

Schrédinger’s Cat Paper;
Einstein-Podolsky-
Rosen Paper about

Local Realism

(1935)

Superfluidity

Discovered
(1938)

BETTMANN/CORBIS

The First Quantum Revolution

Quantum Electrodynamics @
and Renormalization
(1948)

Atomic Bomb
(1945)

Transistor (1947)
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The First Quantum Revolution

@ Bohm’s Pilot
(1952)

(1957)
®

(4

Theor
Supercondu
(1957)

Relative State
or Many-Worlds
Interpretation

‘Wave Interpretation

CERN

Bell’s Theorem

ROGER RESSMEYER Corbis

on Loca\l] H}dgfn Fractional Quantum
ar(l]a%is) MRI Scan (1973) @ Hall Effect (1982)

‘ Laser Invented (1960)

Tau Lepton
Discovered
(1975)
of g @Electroweak
ctivity § Unification
H (1973)
E
Decoherence Theory

(1970)

Discovery of Z Particle

(1983)

High-Temperature
Superconductors
(1987)

@ Experiments Exclude
Local Hidden Variables
(1982)

® Quantum
Teleportation Theory
(1993)

Top Quark
Discovered (1995)

JILA BEC GROUP

Hints
of Higgs
Particle?

(2000)

Bose-Einstein

Condensates Created
(1995)
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=PFL The Second Quantum Revolution

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

There is plenty of space at the bottom

- Richard Feynman

21
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The Second Quantum Revolution

= Enabling principles
» Superposition & entanglement

= Enabling methods/methodologies
* Quantum algorithms
* DiVincenzo criteria

= Enabling technologies
» Solid-state qubits
* Quantum-classical interfaces
* Quantum-classical architectures

= And...

» Deep-cryogenic refrigerators

22



EPFL Superposition
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Coherence / Decoherence
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=PFL  Entanglement




=PFL  Quantum Algorithms

C () mathnistgov tur
B £16x @etm @ physOnat |femi B ducat 2 s Qi & oa ocu @t [ s @ arduino ) papers © flet ing s mpd @re @ nephys Fio

Quantum Algorithm Zoo

This is a comprehensive catalog of quantum algorithms. If you notice any errors or omissions, please
email me at stephen.jordan@nist.gov. Your help is appreciated and will be acknowledged.

Algebraic and Number Theoretic Algorithms

Algorithm: Factoring

Speedup: Superpolynomial

Description: Given an n-bit integer, find the prime factorization. The quantum algorithm of Peter Shor
solves this in poly(n) time [82,125]. The fastest known classical algorithm requires time superpolynomial
in n. Shor's algorithm breaks the RSA cryptosystem. At the core of this algorithm is order finding, which
can be reduced to the Abelian hidden subgroup problem.

Algorithm: Discrete-log

Speedup: Superpolynomial

Description: We are given three n-bit numbers a, b, and N, with the promise thatb = a® mod N
for some s. The task is to find s. As shown by Shor [82], this can be achieved on a quantum computer in
poly(n) time. The fastest known classical algorithm requires time superpolynomial in n. By similar

~50 algorithms with quantum speedup, but most people know 2.
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DiVincenzo Criteria for Quantum Computing
1. Ascalable physical system with well characterized qubits.

Long relevant decoherence times.
A “universal” set of quantum gates.
A qubit-specific measurement capability.

The ability to interconvert stationary and flying qubits.

N o a s~ e N

The ability to faithfully transmit flying qubits between specified
locations.

The ability to initialize the state of the qubits to a simple fiducial state.

27
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Solid-State Qubits

Superconducting circuits

Image source: L. Vandersypen, 2017

Impurities in diamond

28
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- Quantum-Classical Interfaces

Quantum bits (qubits)

ntum m ,
QI Classical

processor controller
(K 1K)

= Carrier frequency: 100 MHz — 15 GHz, 70 GHz
= Pulses: 10 — 100 ns

29



cPFL

Quantum -Classical Architectures

Bzcon—Sh =
Ccolor codes
Surface code

© H. Homulle 2016

30



cPFL

Today’s Solution

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

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

_f;t éystem with ~50%
em/peratur\a g,abllpg

X -m

31
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Qubits & Superposition



Quantum Bit (Qubit) .

= A quantum bit or qubit is a quantum system in which the Boolean states
0 and 1 are represented by a pair of mutually orthogonal quantum
states labeled as |0> and |1>.

Dirac bra-ket notation

= A vector notation is also used

=) m=()



=PFL  Concept of Superposition

= Superposition of states is represented as follows

1Y) = a,l0) + a4[1)
where
@1 €EC a; is a probability amplitude

laol? + lay|? =1 |a;]? is the probability of finding the
qubit in state |i) when measured

1Y) = a ((1)) ta ((1)) - (zi)

34



=PFL  Bloch Sphere -

= Asingle qubit is represented in three dimensions
= X,Y,Z axes represent possible projections for qubit readout
= The x-y plane is important — see its importance later

— pib Q o oj Q
Y) =e c052|0)+e 51n2|1)

0: polar angle
@:azimuth
4: global phase (ignored in the Bloch sphere)

—"Bloch sphere




=PFL  Normalization
A quantum state |y) = (Zj) is normalized iff (Y|y) =1,
Wiy = (@ @) (,)) = @wa +aim
= |ag|? + |aq]?

Note:
(y|y): self inner product or self overlap



cPFL

Orthogonality

«  Two quantum states |y) = (Z(l)) and [y') = (Z‘,’) are
mutually orthogonal iff '

!

! * * a * ! * !
Wiy =@ @) (09) = oo + @i =0

1

Note:
(Y|yY"): inner product or overlap

37
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Clifford States

cPFL
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= Cardinal states, also
known as stabilizer states




cPFL

Clifford States

= Cardinal states, also

known as stabilizer states ..

-
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=PFL  Clifford States ’

= Cardinal states, also P NS
known as stabilizer states .~ ’ A

1 . / [ A L \—(|0) +i]1))
E(m) — 1)) )

"y




=PFL  Clifford States "’
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cPFL

Clifford States

= Cardinal states, also

known as stabilizer states ..
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Altering a Quantum State

= By performing a measurement
» By using a gate

45



cPFL

1-Qubit Measurement



=
=

P
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1-qubit Measurement

= We need to understand how to measure a qubit

= When a qubit in the Bloch sphere is read its wavefunction is
collapsed and a probabilistic measurement results from the

measurement

= Note that up to measurement, the state is deterministic!

V) —

A

M

N

B MJ‘>

e m:ﬂj

47
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Example

7 E=m=+l
o)

i \

/ m \
{0 el a/. 5
i 4
[ B “ly
\ T

X "
\\\

m=+1cos*(6/2)—1sin*(8/2) = cos(6) 1)

m=-1

n)

prob=a, ‘2

prob=|e,

/}v T ]l
P /
~—— L "'::’
//
m=-—1

//’ ~~~~~

wdeee=]

/ Source:
~~~~~~~ \ S Leo DiCarlo
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1-Qubit Gates
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52

1-qubit Gate

= When a gate is used the qubit is transformed and the result is deterministic
= This remains the case until it is read out

= A 1-qubit gate will rotate the qubit in the Bloch sphere
Z4 10

= Example:

v = X = Vo)

» This is a mr-rotation wrt X axis

1)
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PFL

Unitary Transform

53

= A unitary transformation is a specific rotation on the Bloch sphere

where condition (1) is satisfied

= Note that a transform requires time to be executed

’l//in> -

A

U

— "//out>

v

time

(1) Uis aunitary operator when:UU" =U'U =1

"= conjugate and transpose



Chain Transformations

= A chain transformations is written from left to right but mathematically
from right to left

= The input is on the right and the output on the left!

v.) — A B C — Wou

v

time

|?)Uout> = CBA|wzn>
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Standard Transformations

Identity

Pauli X

Pauli Y

Pauli Z

N>
[l

Also known as g,

Also known as o,

Also known as g,

Source:
Leo DiCarlo

55



=PFL - Example

Z410)
’Win> o X - ‘WOut>
i) = () \
boud = (7 9) (o)=(3) B
XXt = ((1) (1)) ((1) (1))= ((1) (1)) =1 Unitary operator



mM

PFL  Some Properties

X =X" hermitian
Xxt=yy'=2z"=1 unitary

A A

XY =iZ YX=—iZ

definition A . e o X
[4,B]= AB— BA (X, 01=2i2, [2,R]=2i7, [¥,2]=2iX
(4,B) = AB + BA (x,7}={Z,x}={F,2}=0

Source:
Leo DiCarlo



cPFL

v) — x w)

o (1o

0)+[1) +1(/0)+1)
0)=[1) -1(/0)=[1))
0)+il1) i(/0)—i[1))
0)=il1) ~i(|0)+i[1)

What happened to normalization?
= Well, usually we tend to forget it.

X-Rotation Examples

----------

e

--------

Sela

o B sl |

________

’

58

Source:
Leo DiCarlo
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=PFL  The Hadamard Gate

v) —{a}—v)
R S -
Wy 0)—1) N
0)+1) 0 gD
0)=1) I s
10)+i1)

10)~i1)

______

59

Source:
Leo DiCarlo
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2-Qubit Systems

62

Chapter 4

Quantum
Computation
and Quantum

Information /
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2-Qubit Systems

= We go from a single qubit to a 2-qubit system
= The state is fully characterized by 6 real parameters

W) = @4 [11) + a14]10) + @1 [01) + @e|00) =

oo, Xg1, X109, X171 € C

lagol? +lag1]* +lagol?+Hlaq1 =1

63
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=PFL  Entanglement

= Two qubits are entangled when their joint wavefunction cannot be
separated into a product of individual qubit wavefunctions

) =lp)@ ) # [¥)=1p)® [P)+1e) & [¥)

Unentangled = separable = product

Entangled = non-separable = non-product

M@ B =", ]

a;B



EPFL  Bell States

= States that form an orthonormal basis for the 4-dimensional
Hilbert space of 2 qubits. This basis is called the Bell basis.

(!00> 1)
(\00> )
S(01+[10))

(\01> 10)) |

The singlet.

S5

@)

— The even parity Bell states.

-l

@)

v.)
= The odd parity Bell states.

5

)

Source:
Leo DiCarlo



Entanglement Check

= Write the state of two qubits as follows:
) =al0) ® [¥) + BI1) ® [¥)
Where
la|?+|B|?=1 and |Y), |yp’) are normalized

If |y) = |yp) then, they are separable

else, they are entangled

66



=PFL - Example

= Write the state of two qubits as follows:

|OO)+—|01)+ |10)+—|11)
1 1 2 1
= \/—§|0)®ﬁ(|0)+ 2[1)) +ﬁ |1>®ﬁ (10)+ 2[1))

== (10)+ 211)® = (10)+ 2[1))

Not entangled!



=PFL Quantum Registers

= A collection of n qubits is called quantum register of size n.
= The information is stored in a register of ‘conventional’ binary form
= Example (n=2):

|0) =[0)®]0) = [00)
1) =[0)®][1) = [01)
12) =[1)®|0) = [10)
13) =[1)®|1) = [11)

= Remember, the number of Hilbert states N =2"1!



=PFL  2-qubit Superpositions / Entanglement

1 1 1
= (12) +13)= = (110) +]11)) = |1>®ﬁ<|0> +11)

%(IO) +|1) + [2) +|3))=§(|00) +[01) + [10) +|11))

1 1
_ ﬁdo) + |1))®ﬁ(|0) +11))
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2-Qubit Measurement



Reminder: 1-qubit Measurement

= We need to understand how to measure a qubit

= When a qubit in the Bloch sphere is read its wavefunction is
collapsed and a probabilistic measurement results from the

measurement

= Note that up to measurement, the state is deterministic!

V) —

A

M

N

— m=/1j

B Mj>

71



=PFL 1-qubit Measurement Details

= Every measurement is associated with an operator M called hermitian
operator.

= The eigenvalues 4; of the hermitian.
» Post-measurement state of the qubit is |1> the eigenstate of the hermitian.

= The probability of the result being 4; is computed as |<A|y>|’ the squared
overlap between input state and eigenstate.

M — m=/1j
v) {4

with probability A ‘w
where A:[,i/ =A A

72
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Example

W)=y 0)+ayll) — /N

eigenvalues

al
probabilities:
)= %)
a,
average:

i +1) : -1) 0
eigenvectors = —1)=
g 0 > 1

‘ao‘z ‘al ‘2

m=+la,’ ~1a,’
Source:

= C052 (9 / 2) - Sinz (0/ 2) Leo DiCarlo
= cos(0)
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=PFL  2-qubit Measurement: the Generalized Born Rule

‘IP> M/I\ _m:ﬂj with probability ‘aj.’z

where M‘2j> =4, Mj>

Without loss of generality, we can always write a 2-qubit state as

¥)=2ale,))

J .
where ‘/Ij> form an orthonormal basis,

‘(pj> are normalized but not necessarily orthogonal Source:

Leo DiCarlo
2
and Z‘O’j‘ =1
J

74
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’¢1>
£(0+)+[1-)) 7 —m:ij
— )

Source:
Leo DiCarlo




=L Example (2) - Measuring both Qubits

X/I\ B

H(0+)+1-) Z/I\ 4
H(0H)+[1-))
= 35(+0)+-1)
b bl
2 N2
my=+1 m,=-1
[+) =
» 0 1N AR
my=+1  my=-1 my=+1  my=-1

Leo DiCarlo



=L Example (2) - Measuring both Qubits
B
(04)+)1) z
0

H((0+)+[1-))

— /7]

p-l P‘1
B~ 5 BT 5
2 N
=11 my, =—1
10) 1)
pi=1 =0 =0 =1
AUBENG P20y N
n, =+l my=-1 my =+1 =-1
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PFL Readout of a /+Register

M, » =4
PN g Y WY
) T —m=4 M4 =212,
1 J 20175 ) T
—{ 2

= We can show that the statistics of the readout outcomes do not depend on

the order of the measurements.
» |nteresting properties:

m,m, =

iy = (P|[M,)|P)
m, = (¥|M,)|¥)
(W|M, M, )|¥)

Leo DiCarlo
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Thank you



