





Total Investments (m$)

There is no doubt that there Is investment interest
N Quantum Startups

Total: S1.5B

479

M sen:
W Instr
M aua
M Quar

Quantum Computing Hardware:
, S950M

. Quantum Software: S300M
A i 2
Quantum Communication/Internet:
) . S200M
ey |

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019  2020% *as of 30/06/2020

s

ome  World

English Edition * | Print Edition | Video | Podcast:
US. Politics Economy Business Tech Markets Opinion Li WSJ.Magazine ~ Search

oooooooooo

Quantum-Computing Startup IonQ Plans Public Debut in $2 Billion SPAC
Merger

lonQ is competing against several big tech companies set on commercializing the technology



Superposition (of qubits) Entanglement (strange correlations)

classical guantum
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+pon1111111111 We know the state of the system as a
whole, not the individual pieces

Quantum circuits are probabilistic in nature A quantum computer explores all possible
configurations. Simultaneously!
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probabilistic outcome

Classical Quantum







Quantum Computer potency follows a double exponential law on the
number of Qubits

Generation
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Hartmut Neven: Observed that quantum computers are gaining
computational power at a doubly-exponential rate

If Quantum Computing delivers on its promise then there could be a threat to the
security of a network
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Do we see this as a threat or an opportunity?
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Network

Different types of Quantum Computer are
good at different things




Quantum State and No Cloning

A quantum state is a mathematical entity that
provides a for the
outcomes of each possible on a
system.

There is a “No cloning” theorem

@—/—9 ©

A gquantum state cannot be measured nor
copied without the state being destroyed

Entanglement

A term to describe the quantum state of two or more
particles that cannot be described independently from
each other

Entangled particles separated by a great distance remain
entangled (Einstein’s “spooky action at distance”)

R —— &

Different kind of particles (matter or flying qubit) can be
entangled together



https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Measurement_in_quantum_mechanics

Quantum State and No Cloning

A quantum state is a mathematical entity that
provides a for the
outcomes of each possible on a
system.

There is a “No cloning” theorem

@—/—9 ©

A gquantum state cannot be measured nor
copied without the state being destroyed

Entanglement

A term to describe the quantum state of two or more
particles that cannot be described independently from
each other

@ Y)ne @

Entangled particles separated by a great distance remain
entangled (Einstein’s “spooky action at distance”)

e

Different kind of particles (matter or flying qubit) can be
entangled together



https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Measurement_in_quantum_mechanics

Assuming we can generate two remote entangled particles in particular state
“Maximally entangled Bell state” (EPR pairs)

Entangled pair

quantum physics enables the possibility to transfer (teleport) a quantum state via
local operations and transmissions of 2 classical bits

Qubit to
transmit
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Assuming we can generate two remote entangled particles in particular state
“Maximally entangled Bell state” (EPR pairs)

Entangled pair

quantum physics enables the possibility to transfer (teleport) a quantum state via
local operations and transmissions of 2 classical bits

Two bits over classical channel
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Assuming we can generate two remote entangled particles in particular state
“Maximally entangled Bell state” (EPR pairs)

Entangled pair

quantum physics enables the possibility to transfer (teleport) a quantum state via
local operations and transmissions of 2 classical bits

Teleported
qubit







Once we have multiple maximally entangled pair segments,

Entangled pair Entangled pair Entangled pair

A «>» A B «> B C =0 C

It IS possible to get end to end entanglement via local operation and classical
trasmission.
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Once we have multiple maximally entangled pair segments,

Entangled pair Entangled pair Entangled pair

A «>» A B «> B C =0 C

It IS possible to get end to end entanglement via local operation and classical
trasmission.

Entangled pair
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Long distance teleportation - chaining segments with quantum
regeneration

Quantum
Quantum Quantum Data Center

regen 4’ regen 4’
&)

Quantum networking needs
appropriate Entanglement Distribution Rate for teleporting

path switching achievable performing entanglement swapping on the appropriate
quantum memory.

Optical
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Sourabh Kumar, ikolao Lauk and Christoph Simon

Towards long-distance quantum networks with superconducting processors and
optical links (2019)

https://arxiv.org/pdf/1812.08634.pdf

Note: we can envision routing done also optically but
memory would be anyhow required somewhere to
perform entanglement swapping quantum regeneration.







Matter qubits:
Error during programming of initial states
Coupling with environment causing decoherence

Limited lifetime (us, ms)

Quantum Gate accuracy:
Operation error

Flying qubits:
Photon losses

Fidelity: a value between O and 1 that is a measure of the
'closeness” of two quantum states.




Entangled pair (Fc> Fa, Fy)

Entangled pair generation rate Erieg "
With high fidelity and purity O ==

EntanEIed pair (Fp)

Classical comunication

Quantum Error Correction

Protects against decoherence, quantum noise photon V4
loss

Good idea but requires even more Qubits Data Qubit

Errors

Syndrome
Measurement

Network Synchronisation Ancilla Qubits

Entanglement requires wave functions to overlap in time
- detected via Bell State Measurement
)

Wavelength, synchronization and polarization alignement —m
- . [0

must be controlled tightly o
lg)

Once available entanglement must be consumed before T 'y
decoherence destroy it. E;Q} Quantum channel

Comunication over

Quantum memory coherence - Qubits have a shelf life e e







Literature aligning around 3 possible
quantum regen “generation” using
HEG, purification and QEC to
address either/or losses or
operation error.

QEC offers the advantage of faster
transmission but regen distances
limited below 3dB.

Third generation regenerator will be
more suitable for short distance
quantum network

QR - Quantum Regenerator

HEG - Heralded Entanglement Generation
HEP - Heralded Entanglement Purification
QEC - Quantum Error Correction

First Generation QR Second Generation QR Third Generation QR

- ! -
Loss Error HEG (two-way signaling) HEG (two-way signaling) QEC (one-way signaling)
Operation Error HEP (two-way signaling) QEC (one-way signaling) QEC (one-way signaling)

1. Create entangled pairs over L, | 1. Prepare encoded states |0> and |+> | 1. Encode information with a block of
between adjacent stations 2. Use teleportation-based non-local qubits that are sent through a lossy

2. At k-th level, connect two pairs over CNOT gates to create encoded Bell channel
L, and extend to L, ;=2L,, followed by pairs between adjacent stations. 2. Use QEC to correct both loss and
HEP. 3. Connect intermediate stations to operation errors

3. After n nesting levels, obtain high- create long distance encoded Bell | 3. Relay the encoded information to the
fidelity pair over L,,=2"xL, pair next station; and repeat steps 2 & 3.

Characteristic
Cost Coefficient
. () . Poly(Leo) PolyLog(Ly,) PolyLog(Ly,,)

Seraman Muralidharan, et al: Optimal Architectures for Long Distance Communication (2016)



https://www.nature.com/articles/srep20463

@l Quantum trasducer

( Quantum memory

‘!} Optical BSM

@S BSM

- Will manage regen of different generation/technologies:

- Direct transmission with QEC or teleporting via entanglement pairs generation and
eventually purification.

- In case of teleporting: of o s o

. Fidelity and use of purification affect the s

entanglement rate need. y &N
- A “pseudo” path routing is selected via Q/ oo Q
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Program/App

Problem to solve: universally interpret
programs for classical/quantum
computation
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Problem to solve: Quantum networking
between quantum computers

V Classical Compute

Problem to solve: How can
Quantum data centres be virtualised
(in resources and management)

Problem to solve: Cost effectively extend
the rate and range over which Quantum
communications can take place
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