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§ 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

Syllabus, etc. 4



Logistics 5

§ Tuesday:  3h lectures with breaks
§ Wednesday:  1h lecture/testimonial

2h homework/questions
§ Evaluation

• Weekly homework (50%)
• Final written exam (50%)



Recommended textbooks 6

§ 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



§ Fundamentals of quantum computing
§ Qubit realization & control
§ Cryo-CMOS components
§ Scalable quantum computers
§ Quantum communication, sensing, and metrology

Quantum Computing Syllabus (Week 1-7) 7



Quantum computing 8

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 
quantum mechanics 



2012 Nobel Prize 9



The Quantum Hype 10

QuArC at Microsoft Research
Station Q @ UCSB
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Investments in Quantum Computing

§ Big players and startups
§ $140M in Canada alone (2018)
§ Extrapolated to €1T worldwide for the next decade

12



Commercial Quantum Computers? 13



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)

14

IBM Q System

Google’s Sycamore chip
Credit: Erik Lucero



Some of the Proposed Applications 15

Health
Quantum chemistry

Internet SecurityEnergy
Room-temperature 
superconductivity

Source: L. Vandersypen, ISSCC 2017



More Exotic Applications 16



§ Basic concepts
§ Qubits & superposition
§ 1-qubit measurement
§ 1-qubit gates
§ 2-qubit systems
§ 2-qubit measurement

Fundamentals of Quantum Computing (1) 17

Chapter 1-4



Basic Concepts

18



72 Scientific American February 2001

FOUNDATIONS of quantum
mechanics were laid in the
period 1900–1926, including
seminal contributions from
the seven physicists shown at
the right. Over its century of
development, quantum me-
chanics has not only pro-
foundly advanced our under-
standing of nature but has
also provided the basis of nu-
merous technologies. Yet some
fundamental enigmas of quan-
tum theory remain unresolved.

MAX PLANCK
(1858–1947)

ALBERT EINSTEIN
(1879–1955)

NIELS BOHR
(1885–1962)

QUANTUM
MYSTERIES

by Max Tegmark and John Archibald Wheeler

100 Yearsof

Atomic Bomb
(1945)

Transistor (1947)Discovery of Superconductivity (1911)

1900s 1910s 1920s 1930s 1940s

100 Years of Quantum Mysteries

Planck Explains 
Blackbody Radiation (1900)

Einstein Explains 
Photoelectric Effect

(1905)

Bohr’s Theory of 
Atomic Spectra

(1913)

Bose-Einstein 
Condensation Predicted

(1924)

Quantum Electrodynamics 
and Renormalization

(1948)

Pauli Exclusion 
Principle (1925)

Heisenberg Uncertainty 
Principle (1927)

Dirac Equation 
for the Electron (1928)

Anti-Electron 
Discovered
(1932)

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

Local Realism 
(1935)

Superfluidity 
Discovered

(1938)

Schrödinger Equation; 
Copenhagen Interpretation (1926)
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The First Quantum Revolution

M
. Tegm

ark
&

 J.A
. W

heeler, 2001

“In a few years, all the great physical constants will have been approximately
estimated, and . . . the only occupation which will then be left to the men of
science will be to carry these measurements to another place of decimals.”
As we enter the 21st century amid much brouhaha about past achieve-

ments, this sentiment may sound familiar. Yet the quote is from James Clerk Maxwell
and dates from his 1871 University of Cambridge inaugural lecture expressing the
mood prevalent at the time (albeit a mood he disagreed with). Three decades later, on
December 14, 1900, Max Planck announced his formula on the blackbody spectrum,
the first shot of the quantum revolution.

This article reviews the first 100 years of quantum mechanics, with particular fo-
cus on its mysterious side, culminating in the ongoing debate about its consequences
for issues ranging from quantum computation to consciousness, parallel universes
and the very nature of physical reality. We virtually ignore the astonishing range of
scientific and practical applications that quantum mechanics undergirds: today an es-
timated 30 percent of the U.S. gross national product is based on inventions made
possible by quantum mechanics, from semiconductors in computer chips to lasers in
compact-disc players, magnetic resonance imaging in hospitals, and much more.

In 1871 scientists had good reason for their optimism. Classical mechanics and
electrodynamics had powered the industrial revolution, and it appeared as though

www.sciam.com Scientific American February 2001     73

LOUIS DE BROGLIE
(1892–1987)

ERWIN SCHRÖDINGER
(1887–1961)

MAX BORN
(1882–1970)

WERNER HEISENBERG
(1901–1976)

As quantum theory
celebrates its 100th

birthday, spectacular
successes are mixed

with persistent puzzles

Laser Invented (1960)
Bose-Einstein 
Condensates Created
(1995)

1950s 1960s 1970s 1980s 1990s

Discovery of Z Particle
(1983)

MRI Scan (1973)

Bohm’s Pilot 
Wave Interpretation
(1952)

Relative State 
or Many-Worlds 

Interpretation
(1957)

Bell’s Theorem
on Local Hidden

Variables
(1964)

Theory of 
Superconductivity

(1957)

Tau Lepton
Discovered
(1975)

Experiments Exclude 
Local Hidden Variables
(1982)

High-Temperature
Superconductors

(1987)

Top Quark 
Discovered (1995)

Quantum 
Teleportation Theory

(1993)

Fractional Quantum
Hall Effect (1982)

Hints 
of Higgs 
Particle?

(2000)

Decoherence Theory
(1970)

Electroweak
Unification
(1973)
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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



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
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Decoherence theory reveals that the tiniest interaction
with the environment, such as a single photon or gas mole-
cule bouncing off the fallen card, transforms a coherent den-

sity matrix very rapidly into one that, for all practical purpos-
es, represents classical probabilities such as those in a coin
toss. The Schrödinger equation controls the entire process.

DECOHERENCE: HOW THE QUANTUM GETS CLASSICAL

IDEA: Tiny interactions with the surrounding environment rapidly dissipate the peculiar quantumness of superpositions.
ADVANTAGES: Experimentally testable.Explains why the everyday world looks “classical” instead of quantum.
CAVEAT: Decoherence does not completely eliminate the need for an interpretation such as many-worlds or Copenhagen.

DECOHERENCE

CLASSICALQUANTUM

Interaction with Environment

Face  Down

QUANTUM UNCERTAINTY

DENSITY
MATRIX

Face  DownFace Up

Interference

HeadsTails

CLASSICAL UNCERTAINTY

COHERENT SUPERPOSITION

The uncertainty of a quantum superposition (left) is differ-
ent from the uncertainty of classical probability, as occurs

after a coin toss (right).A mathematical object called a density
matrix illustrates the distinction. The wave function of the
quantum card corresponds to a density matrix with four peaks.
Two of these peaks represent the 50 percent probability of

each outcome, face up or face down. The other two indicate
that these two outcomes can still, in principle, interfere with
each other. The quantum state is still “coherent.”The density
matrix of a coin toss has only the first two peaks, which con-
ventionally means that the coin is really either face up or face
down but that we just haven’t looked at it yet.

COIN TOSS

Face Up

DENSITY
MATRIX
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Coherence / Decoherence
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Entanglement

Definition: two particles are entangled if the quantum 
state of one particle cannot be described independently 
from the quantum state of the other particle.

Intuition: measuring the quantum state of one particle 
implies knowledge of the quantum state (e.g. 
momentum, spin, polarization, etc.) of the other 
entangled particle using the same projection.

25



Quantum Algorithms 26



DiVincenzo Criteria for Quantum Computing

1. A scalable physical system with well characterized qubits.
2. The ability to initialize the state of the qubits to a simple fiducial state.
3. Long relevant decoherence times.
4. A “universal” set of quantum gates.
5. A qubit-specific measurement capability.
6. The ability to interconvert stationary and flying qubits.
7. The ability to faithfully transmit flying qubits between specified 

locations.

27



Solid-State Qubits 28

Semiconductor quantum dots 

Superconducting circuits Impurities in diamond

Semiconductor-superconductor hybrids

Image source: L. Vandersypen, 2017



Quantum-Classical Interfaces

§ Carrier frequency: 100 MHz – 15 GHz, 70 GHz
§ Pulses: 10 – 100 ns

[DiCarlo]

[L.Vandersypen]

Control

Read-out

Quantum bits (qubits)

Quantum 
processor

(≪ 1 K)

Classical
controller

29



Quantum –Classical Architectures

© H. Homulle 2016

30



Today’s Solution 31

Image: Google Bristlecone. Taken from: J.C. Bardin et al., 
“An Introduction to Quantum Computing for RFIC 
Engineers” , RFIC Symposium 2019



Qubits & Superposition

32



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>. 

§ A vector notation is also used

| ⟩0 ≐ 1
0

| ⟩1 ≐ 0
1

33

Dirac bra-ket notation



Concept of Superposition

§ Superposition of states is represented as follows

| ⟩𝜓 = 𝛼!| ⟩0 + 𝛼"| ⟩1
where

𝛼!,# ∈ 𝐶

𝛼! $ + 𝛼# $ = 1

| ⟩𝜓 ≐ 𝛼!
1
0 + 𝛼"

0
1 = 

𝛼!
𝛼"

34

𝛼! is a probability amplitude

𝛼! " is the probability of finding the 
qubit in state | ⟩𝑖 when measured



Bloch Sphere
§ A single 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

| ⟩𝜓 = 𝑒#$ cos
𝜃
2
| ⟩0 + 𝑒#% sin

𝜃
2
| ⟩1

35

𝜃: polar angle
𝜑: azimuth
𝛿:	global	phase	(ignored	in	the	Bloch	sphere)	



§ A quantum state | ⟩𝜓 ≐
𝛼!
𝛼# is normalized iff 𝜓 𝜓 = 1,

Normalization 36

Note:

ψ ψ : self inner product or self overlap

𝜓 𝜓 = 𝛼!∗ 𝛼"∗
𝛼!
𝛼" = 𝛼!∗𝛼! + 𝛼"∗𝛼"

= 𝛼! ' + 𝛼" '



§ Two quantum states | ⟩𝜓 ≐
𝛼!
𝛼# and | ⟩𝜓% ≐ 𝛼!%

𝛼#%
are 

mutually orthogonal iff

𝜓 𝜓( : inner product or overlap

Orthogonality 37

Note:

𝜓 𝜓( = 𝛼!∗ 𝛼"∗
𝛼!(

𝛼"(
= 𝛼!∗𝛼"( + 𝛼"∗𝛼"( =	0



38

| ⟩0
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| ⟩1



Clifford States

§ Cardinal states, also 
known as stabilizer states

40

| ⟩1

| ⟩0



Clifford States

§ Cardinal states, also 
known as stabilizer states

41

1
2
| ⟩0 + 𝑖| ⟩1

| ⟩1

| ⟩0



Clifford States

§ Cardinal states, also 
known as stabilizer states

42

1
2
| ⟩0 + 𝑖| ⟩1

| ⟩1

| ⟩0
1
2
| ⟩0 − 𝑖| ⟩1



Clifford States

§ Cardinal states, also 
known as stabilizer states

43

1
2
| ⟩0 + 𝑖| ⟩1

| ⟩1

| ⟩0
1
2
| ⟩0 − 𝑖| ⟩1

1
2
| ⟩0 − | ⟩1



Clifford States

§ Cardinal states, also 
known as stabilizer states

44

1
2
| ⟩0 + 𝑖| ⟩1

| ⟩1

| ⟩0
1
2
| ⟩0 − 𝑖| ⟩1

1
2
| ⟩0 − | ⟩1

1
2
| ⟩0 + | ⟩1



Altering a Quantum State

§ By performing a measurement
§ By using a gate

45



1-Qubit Measurement

46



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!

47



Example 50

Source: 
Leo DiCarlo



1-Qubit Gates

51



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

§ Example:

§ This is a π-rotation wrt X axis

52

y

z

x

|0ñ

|1ñ



Unitary Transform

§ 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

53

Û is a unitary operator when: ÛÛ † = Û †Û = Î  
†= conjugate and transpose

(1)



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!

54

ψout =CBA ψin



Standard Transformations 55

Source: 
Leo DiCarlo

Also known as 𝜎&

Also known as 𝜎'

Also known as 𝜎(



Example 56

| ⟩𝜓#) ≐ 1
0

| ⟩𝜓*+, ≐ 0 1
1 0

1
0 =	 01

y

z

x

|0ñ

|1ñ

5𝑋 5𝑋- = 0 1
1 0

0 1
1 0 = 1 0

0 1 = 7𝐼 Unitary operator



Some Properties 57

Source: 
Leo DiCarlo



X-Rotation Examples 58

Source: 
Leo DiCarloWhat happened to normalization? 

Well, usually we tend to forget it.



The Hadamard Gate 59

Source: 
Leo DiCarlo



2-Qubit Systems

62

Chapter 4



2-Qubit Systems

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

63

| ⟩Ψ ≐ 𝛼"": ⟩11 + 𝛼"!| ⟩10 + 𝛼!"| ⟩01 + 𝛼!!| ⟩00 ≐

𝛼!!
𝛼!"
𝛼"!
𝛼""

𝛼!!, 𝛼!", 𝛼"!, 𝛼"" ∈ 𝐶

𝛼!! ' + 𝛼!" ' + 𝛼"! '+ 𝛼"" '= 1



Entanglement

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

64

| ⟩Ψ = | ⟩𝜑 ⊗ | ⟩𝜓 ≠ | ⟩Ψ = | ⟩𝜑 ⊗ | ⟩𝜓 + | ⟩𝜑′ ⊗ | ⟩𝜓′

Unentangled = separable = product

Entangled = non-separable = non-product

| ⟩𝐴 ⊗ | ⟩𝐵 =
𝑎##𝐵 𝑎#$𝐵
𝑎$#𝐵 𝑎$$𝐵



Bell States

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

65

Source: 
Leo DiCarlo



Entanglement Check

§ Write the state of two qubits as follows:

Where 

66

| ⟩Ψ = α| ⟩0 ⊗ | ⟩𝜓 + 𝛽| ⟩1 ⊗ | ⟩𝜓′

𝛼 '+ 𝛽 '= 1 and | ⟩𝜓 , | ⟩𝜓′ are normalized

If | ⟩𝜓 = | ⟩𝜓′ then, they are separable

else, they are entangled



Example

§ Write the state of two qubits as follows: 

67

"
.
| ⟩00 + '

.
| ⟩01 + '

.
| ⟩10 + /

.
| ⟩11

= "
.
| ⟩0 ⨂ "

.
(| ⟩0 + 2| ⟩1 ) + '

.
| ⟩1 ⨂ "

.
(| ⟩0 + 2| ⟩1 )

= "
.
(| ⟩0 + 2| ⟩1 )⨂ "

.
(| ⟩0 + 2| ⟩1 )

Not entangled!



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):

§ Remember, the number of Hilbert states N =2n !!

68

| ⟩3 =| ⟩1 ⨂: ⟩1 = | ⟩11

| ⟩2 =| ⟩1 ⨂: ⟩0 = | ⟩10

| ⟩0 =| ⟩0 ⨂: ⟩0 = | ⟩00
| ⟩1 =| ⟩0 ⨂: ⟩1 = | ⟩01



2-qubit Superpositions / Entanglement 69

= | ⟩1 ⨂
1
2
(: ⟩0 + | ⟩1 )"

'
(| ⟩2 +| ⟩3 )= "

'
(| ⟩10 +| ⟩11 )

=
1
2
(: ⟩0 + | ⟩1 )⨂

1
2
(: ⟩0 + | ⟩1 )

"
'
(| ⟩0 +: ⟩1 + | ⟩2 +| ⟩3 )= "

'
(| ⟩00 +| ⟩01 + | ⟩10 +| ⟩11 )



2-Qubit Measurement

70



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!

71



1-qubit Measurement Details
§ Every measurement is associated with an operator I𝑀 called hermitian

operator.
§ The eigenvalues λi of the hermitian.
§ Post-measurement state of the qubit is |λi> the eigenstate of the hermitian.
§ The probability of the result being λi is computed as |<λj|ψ>|2 the squared 

overlap between input state and eigenstate.

72
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Source: 
Leo DiCarlo
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2-qubit Measurement: the Generalized Born Rule 74

Source: 
Leo DiCarlo

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



Example 75

Source: 
Leo DiCarlo



Example (2) - Measuring both Qubits 76

Source: 
Leo DiCarlo



Example (2) - Measuring both Qubits 77

Source: 
Leo DiCarlo



§ We can show that the statistics of the readout outcomes do not depend on 
the order of the measurements.

§ Interesting properties:

Readout of a n-Register 78

Source: 
Leo DiCarlo

J𝑚" = Ψ 7𝐼 L𝑀" | ⟩Ψ
J𝑚' = Ψ L𝑀' 7𝐼 | ⟩Ψ
𝑚'𝑚" = Ψ L𝑀' L𝑀" | ⟩Ψ



Thank you
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