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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 
quantum mechanics 
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The 2012 Nobel Prize
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Status of Quantum Algorithms
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The Quantum Hype

QuArC at Microsoft Research
Station Q @ UCSB
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The Quantum Hype
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Some of the Proposed Applications

Health
Quantum chemistry

Internet SecurityEnergy
Room-temperature 
superconductivity

Source: L. Vandersypen, ISSCC 2017
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Recent News
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What is D-Wave



The Quantum Bit

Also known as qubit
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Definition

 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>. 

 Superposition of states is represented as follows
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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
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Qubit Implementations

 Different substrates make them more
or less amenable to integration in 
standard processes
 Different dimensions make them more
or less scalable to large arrays
 Readout techniques make them compatible with 
classical electronics resp. electro-optics techniques

Semiconductor quantum dots 

Superconducting circuits

Impurities in diamondSemiconductor-superconductor hybrids

Image source: L. Vandersypen, 2017
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Salient Properties of Qubits

 Coherence time…................................µs – ms 
 Fidelity of operations…........................ 99-99.999%
 Miniaturization capability …................. nm – mm
 Scalability…....................................... 106 – 109

 Differentiating factor between technologies: scalability to large arrays, 
implying requirements on

 Size/pitch of qubits
 Yield
 Reliability
 Coherence
 Control
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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.



1-Qubit Quantum Gates

Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 18 of 81



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 19 of 81

Notations
Recall:
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Normalization

 Note:

ψ ψ : self inner product or self overlap
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Orthogonality

 Note:

ψ ψ ' : inner product or overlap
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Qubit States on Bloch Sphere

 Vectorial representation: up = |0>, down = |1>
 X-Y plane: maximum superposition state

 Clifford or stabilizer states
 Used for maximum parallelism
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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

y

z

x

|0

|1
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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

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

(1)



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 25 of 81

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!

ψout = CBA ψin



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 26 of 81

Standard Transformations

Source: 
Leo DiCarlo
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X-Rotation Examples

Source: 
Leo DiCarlo
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Hadamard Gate

Source: 
Leo DiCarlo
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Hadamard Gate

Source: 
Leo DiCarlo



Measuring Qubits
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The Concept

 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!
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The Concept (2)

 Every measurement is associated with an operator      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.

M̂
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Example

Source: 
Leo DiCarlo
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Example (2)



2-Qubit Quantum Gates
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2-Qubit States

 When we go from a single qubit to two qubits, we write the new ensemble, 
for instance, as

 With 2 qubits the possible states are 22=4
 When superposition is achieved, then 4 states can occur simultaneously
 Example:

 Suppose we had 100 qubits, then we would need 2100 = 1.26×1030 states to fully 
describe the system

 In superposition, these states would exist simultaneously

0 → 0 ⊗ 1 = 01
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2-Qubit States

 How to describe two-qubit system in a Bloch sphere?
 Not possible
 One needs an alternative representation
 Try two Bloch spheres!
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Entanglement: Definition
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Entanglement: Meaning & Effects

 If the state of one qubit is measured, then the state of the other qubit is also 
projected in the same way.

 Entanglement is used, besides quantum computing, in 
 Quantum key distribution (QKD) for secure communications
 Quantum imaging for image quality improvement
 Astronomy and astrophysics
 Etc.

 Example:
 Entanglement can inform sender (Bob) and receiver (Alice) of an attempt to 

tamper with information encoded in photons sent over an unsecure channel (by 
Eve)



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 40 of 81

2-Qubit Gates: C-NOT
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2-Qubit Gates: Controlled-Phase

NOTE:
This gate has no 
equivalent in 
classical gates. 
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2-Qubit Gates: Important Properties

 C-NOT & one-qubit rotations are universal: any unitary operation on any 
number of qubits can be compiled into a quantum circuit using C-
NOTs and one-qubit rotations

 C-PHASE, C-PHASE+one-qubit-rotations are also universal
 C-NOT and controlled-phase can be interchanged by way of Hadamard

transformations
 Note that a chain of Hadamard is the identity; other gates can also be 

collapsed 
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3-Qubit Gates: Toffoli Gate

 The Toffoli gate is a combination of C-NOT and control-phase gates
 Other names:

 Controlled-Controlled-X (C-C-X)
 Controlled-Controlled-Not (C-C-NOT) 

Alternative symbol:
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Toffoli Gate as 1- and 2-Qubit Gates 

 The Toffoli gate can be decomposed in 1-qubit gates (Hadamard, +π/2, 
±π/4) and 2-qubit gates (C-NOT)

 Below the decomposition is shown:
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Another 3-qubit Gate: C-C-Phase

 C-C-phase gate can be decomposed in 1-qubit gates (Hadamard, +π/2, 
±π/4) and 2-qubit gates (C-NOT)

 Below the decomposition is shown:



Quantum Fourier Transform
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Quantum FT

UQFT = 1
2

1 1
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Quantum FT (2)

 Complexity: O(n2) since it requires n(n+1)/2 gates.
 Below is a re-write of the QFT based on Hadamard and rotation gates
 One can prepare all the qubits in superposition state so as to achieve FT of all 

variables in one shot (quantum parallelism)
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Example: Quantum Arithmetic

 Quantum equivalents of conventional arithmetic modulo 2 can be 
implemented from basic 2-qubit gates

 Examples of quantum sum & carry are shown here:



Examples of a Quantum Algorithm

Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 50 of 81



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 51 of 81

Steps to Run a Quantum Algorithm

1. Prepare qubits in maximal superposition
2. Encode a function in a unitary using 1- and 2-qubit gates
3. Process
4. Measure

Note that entanglement and disentanglement between qubits is reuired in 
steps (2) and (3)

Note that during the whole process (except measurement), we need to ensure 
quantum coherence!
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Encoding a Boolean Function

Source: 
Leo DiCarlo
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Encoding a Boolean Function (2)

Source: 
Leo DiCarlo
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Encoding a Boolean Function (3)

Source: 
Leo DiCarlo
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Other Famous Algorithms

 Deutsch problem and quantum/classical solution
 for solving inverse problems

 Grover’s quantum algorithm
 for sorting and other problems

 Shor’s algorithm
 for prime decomposition
 This algorithm could put RSA encryption out of commission (or at least require 

major changes to the RSA mechanism)
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Deutsch Problem

 Classical version: you are given a black box with two Boolean inputs and 4 
possible functions. You need to find which one it is.

 Quantum version: you are given a black box with one of the 4 functions 
encoded in a Unitary. You need to find which function has been encoded.

 All possible functions are shown here:

INVBUF NAND NOR
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Deutsch Problem (2)

 Classical solution: Call the function twice to see if it’s balanced or not.
 Quantum version: Encode the mystery function in the Unitary, as follows:



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 58 of 81

Deutsch Problem (3)

 Execute with only one call of the Unitary function:
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Search Problem – Grover’s Algorithm

 The problem
 Find if x* among 4 possible options: 00, 01, 10, 11
 Mathematically, function f(x) will return 1 if x=x*, 0 otherwise 

 The solution
 Classically, it takes 2.25 attempts, on average, to find the correct result
 With Grover’s algorithm only one call of the function will give the result!

 The Unitary to use is (let x*=11, in this case):

U f =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1


















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Search Problem – Grover’s Algorithm (2)

 Execute with only one call of the Unitary function:
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Search Problem – Grover’s Algorithm (2)

 Grover’s algorithm grows (number of 
calls) with the square root of the 
number of bits

 The best classical algorithm still has 
a higher complexity
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Shor’s Algorithm Justification

 Let us look at RSA (Rivest, Shamir and Adleman) protocol
 Bob takes 2 prime numbers p, q and computes N=pq. He chooses e coprime

with (p-1)(q-1). He announces N, e.
 Encryption of M: based on e
 Decryption of P: based on d such that 

(de) mod((p-1)(q-1))=1 

 To crack RSA you need to find p and q from
N, which is hard!

 This is the goal of Shor’s algorithm

Bob
(e)

Alice
(d)

Van M
eter 2006



Tutorial: Basics of Quantum Computing
© 2018 IEEE 
International Solid-State Circuits Conference 63 of 81

Example 

 N=15, p=3, q=5
 (p-1)(q-1)=8
 e = {3,5,7}; let e=3 (e.g.), then d=3
 1-to-1 alphabet for encryption and decryption is hereafter:
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Shor’s (Period Finding) Algorithm Concept

 Uf is chosen as indicated
 QFT and H are used 



Future Challenges
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Development of a Practical QC
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Development of a Practical QC (2)
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Development of a Practical QC (3)

 Qubits are fragile and tend to loose coherence quickly
 Using a classical controller it is possible to perform a real-time error 

correction to ensure that the qubits remain coherent
 The classical controller is also used to execute quantum algorithms in a 

sequence that is determined by the compiler

[DiCarlo]

[L.Vandersypen]

Control

Read-out

Quantum 
processor

( 1 K)

Classical
controller

Quantum bits (qubits)
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The Quantum Stack

 Similarly to classical processors that, 
over the years, developed several 
layers separating the user from the 
hardware, so the QC is developing a 
unique stack

 The stack performs several tasks: 
compilation, error correction, execution, 
etc. 

 The stack is structured as follows:
 Top: quantum algorithms
 Middle: quantum assembly (QASM) and 

quantum instruction set architecture 
(QISA)

 Bottom: classical analog/digital 
electronics that interfaces with qubits
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Conventional Classical Controller

 Classical controllers are implemented 
as arbitrary waveform generators 
(AWGs) operating at room temperature

 Ad hoc signals are transferred to the 
qubits electrically (DC,…, RF signals) in 
gradual steps from 300K to 20mK

 At each temperature step the signal is 
attenuated and the noise equivalent 
temperature is reduced (thermalization)

 The readout is performed in the 
opposite direction, whereas low noise 
amplifiers are placed at low 
temperature (typically 1K) and readout 
electronics at room temperature

Courtesy of T. Watson (Vandersypen Lab)
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Cryogenic Classical Controller
 Goal: perform qubit control as close as possible to the quantum processor
 Pros:

 Compactness
 Scalability
 Reliability

 Risks:
 CMOS operation may be altered beyond repair
 Noise performance may be insufficient
 Packaging may be difficult

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

Electronic
Readout
& control

T = 20 mK T = 4 K

Electronic
Read-out
& control

T = 300 K

[Ristè et al. 2014-15]

5-qubit computer
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Cryogenic Classical Controller
 Control

 Initialization
 Errors due to non-ideality of qubits

 1-qubit, 2-qubit operations
 Errors due to imperfect control and noise

 Readout
 Measure the quantum state

 Errors of measurement 

y

z

x

|0

|1

y

z

x

|0

|0 + |1
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Fidelity

 Qubit rotations in reality are not perfect due to errors, noise and other non-
idealities

 Intuition: fidelity relates to the distance of the final state wrt the intended 
state. See simulation of a qubit rotation 
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Fidelity vs. Power

 Fidelity is usually expressed as a percentage, ofter referred to as x9’s (e.g. 5 
9’s = 99.999%)

 Higher fidelity usually requires high power, which is budgeted, espcially at 
low temperatures (e.g. µW of thermal absorption at mK, while W at 4K)

Fidelity
(99.9%)

Power
(~ 1 mW/qubit)

1-qubit gate:
Oscillator phase noise

Timing accuracy
…

2-qubit gate:
Voltage drift
Timing jitter

…

Qubit read-out:
Amplitude noise

...
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Scaling Up

 Large numbers of qubits are sought
 The issue is how to control and readout a 

qubit if a dozen wires per qubit are 
required

 Possible solutions:
 Use imaging sensor readout as inspiration
 Deep-sub-volt logic enabled by cryo-

operation
 Sub-threshold operation to minimize power

 Challenges:
 Power budget
 Complexity of interconnect
 Yield and uniformity issues 

∂∂∂
∂

∂

∂

∂

20m
K

4K
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Scaling Up

∂∂∂
∂

∂

∂

∂

20m
K

4K
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Conclusions

 We have introduced the basic concepts of quantum computing and quantum 
bits

 We have outlined the metrics for qubits
 The anatomy of a quantum computer and of a quantum algorithm has been 

presented in detail, along with examples
 We have discussed the challenges for future large scale quantum 

computers, including
 Scalability 
 Reliability
 Yield

 We have outlined a possible path to a real machine
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Thank You

http://aqua.epfl.ch
http://qutech.tudelft.nl
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