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Course Description

This course 1s open to all graduate students and
undergraduates. The final grades are based on:

final exam (60%),
homework and attendance of the class (20%),

a report about quantum information (20%, the

subject can be arbitrary, which 1s preferably related

to your current research project, recent progress or

your own 1deas along one specific area on theoretical

or experimental quantum information) g /’é
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Explore quantum mystery, enable quantum applications!
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Quantum Ieaps Retired research chimps Job losses undermine - | Marine ors shape

China's Micius satelite, launched in August 2016, has now validated across a record 1200 kilometers the ;- Sucinlimbo'a s, - == i . educational advancemest. ». 127 .| prey defenses; . 1173
“spooky action” that Albert Einstein abhorred (1). The teamis planning other quantum tricks (2-4). )

1. Spooky action : . 2
Light-altering crystal Micius Entangled photons were
creates entangled (500-km altitude) sent to separate stations.
photon pairs. Measuring one photon’s
quantum state instantly : .
. determines the other's, no

matter how far away

$15
16 JUNE 2017
SChencemag org

4. Global network 1 o Pair

Future satellites and

ground stations could 2. Quantum key distribution

enablea qjantum o j Micius will send strings

internet. of entangled photons
to the stations, creating

4 akey for eavesdrop-proof

communications.
(2= = = =

Pair string
- 3.Quantum teleportation
- Micius will send one entangled

. photonto Earth while keeping
_ its mate on board.When a third

Entangled photdn‘palﬁ%?ﬁ
L& from space to Earth
p pp.1LI0& 1140
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Ground-to-satellite quantum teleportation

Transmitter

Ground-to-satellite quantum
teleportation. Nature
http://dx.doi.org/10.1038/nature
23675 (2017).

J.-G. Ren et a/, Nature 549
o8- (2017) 70-73
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Programmable simulation of
quantum magnets
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- ULTRACOLD ATOMS

IN OPTIB I.LATTIGES
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Creation of an ultracold gas of
triatomic molecules from an
atom-diatomic molecule mixture
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Counterflow superfluidity in a
two-component Mott insulator

Spin-Mott
phase
CSF
(xy-
ferromagnet)

HEHEENEN spnvon

a
b

phase

CSF ;
(xy-
ferromagnet) 20 40 60

U/t

f
® [V=lF=1m=-1) : : : Two-component BHM
® M=ElF=2m.=-2) [ |0» [-1»  Spin-1Heisenberg Hﬂﬂ 1

Fig.1| Probing the CSF in optical lattices. a, In atwo-component Bose mixture, spin-Mott phase obtained from mean field theory. The solid arrow is the adiabatic
there are two phases, the so-called CSF and the spin-Mott phase. The correlated passage to the CSF phase (yellow star) used in our experiments. e, lllustration of
CSF of the two components suppresses the number of fluctuations. b, Thisisin the experimental sequence. i, ii, State preparation of the doublon-occupied spin-
stark contrast to a conventional superfluid, such as the single-component BHM. Mott chains. iii, Adiabatic passage to the CSF phase. iv, Stern-Gerlach separation
¢, We encode the two components in the two hyperfine states of ¥Rb atoms (left) and doublon-splitter operations for spin- and number-resolved detection.

which are denoted by Fand m.. State mapping between the two-component BHM f, Atypical raw picture (right) of the L = 6 chain after Stern-Gerlach separation
and spin-1Heisenberg model (right). d, Phase diagram of the two-component and doublon-splitter operations and the corresponding read-out in the

BHM. The dashed line indicates the phase boundary between the CSF phase and two-component BHM and Heisenberg model (left).

WM. ERA . M eE S aFE e
Yong-Guang Zheng et a/., &SR T ARSI AT, E O BRI £
Nature Physics 21, pages208-213 (2025) st (counterflow superfiujdity) ix—%
Brer i TR, L T XA AR
(IR T A 2 RIS . NN
Physics) . <




Generation of genuine
entanglement up to 51
superconducting qubits
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S.-R. Cao et al, Nature 619 (2023) 738-742




< Establishing a New Benchmark in
~ Quantum Computational
Advantage with 105-qubit

i At Zuchongzhi 3.0 Processor
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ERITENL

System Cores (PFlop/s) (PFlop/s) (kw)

Frontier - HPE C A ( ized 3 8,699,904 1,194.00 1,679.82 22,703

TOP10 System - November 2023
Rmax and R, values are in PFlop/s. — I
For more details about other fields,

check the TOP500 description.

R,ca Values are calculated using the
advertised clock rate of the CPU. For
the efficiency of the systems you
should take into account the Turbo
CPU clock rate where it applies. N

Finland

United States

1,123,200 561.20
7,630,848
2,752,704

Leonardo - a X h 1,824,768 238.70

https://www.top500.org/lists/top500 :
/2023/11/ v

Summit .1B b 2,414,592 200.79 10,096

680,960 138.20

485,888 188.65

00, Nvidia
DI |
United States

Sierra - IBM P 5 AC9? A POWER! 1,572,480
BM / NVIDIA / Mellanox

LLNL
United State:




MOORE'S LAW TIMELINE

Mocre's Law - the observation that computing dramatically decreases in cost
at aregular pace - is short-hand for rapid technological change. Over the past
50 years, it has ushered in the dawn of the personalization of technology and
enabled new experiences through the integration of technology into almost
all aspects of our lives.

2075: Intel introduces

WHAT CAN BE DONE, CAN BE OUTDONE

Intel continues to deliver on the promise of Moore's Law with
the introduction of powerful multi-core technologies, transistor
architecture, advances in materials science and new innovations

the 5™ generation Intel®

Core processor (1.2 biltion (M| b |

transistors).

2[]12 201 2: Intel introduces the Intel® Core i5
L Ll  processor (1 billion transistors).

CMOS tri-gate transistors in

high-volume manufacturing

2008

First implementation of
high-k/metal gate in
high-volume manufacturing

4
2““4 2004: Intel introduces Intel® ]
First ‘T‘E::f‘”;;;‘:: ?: Pentium® 4 processor with
(LI sl HT technology (125 million & inl ide,
transistors) jhs!

2002

S 00 weafar prdbeian 2007: Intel intraduces
begins Intel® Pentium® 4 pracessor
(42 transistors).

1995 ; 1995: Intel introduces

Moving from aluminium Intel® Pentium® Pro
processor

jec e 1993: Intel introduces Intel® Pentium® processor (5.5 million
(3.1 million transistors). transistors).

1991

200mm water production
begins
1989: Intel introduces

486" processor (1.2

jon transistors).

1985: Intel introduces

Moving from NMOS 386™ processor
to CMOS 275,000 transistors).
1982: intel intreduces 80286 i k

processor (134,000 transistors).

1979: Intel introduces 8088 pracessor (29,000 transistors).
1n 1981, 1BM introduces the PC using the

1977: Apple*nl 8088 and ignites the trend of

personal computer personal computing.

. introduced.

1975: Gordon Moore updated his prediction of the rate
of grawth of IC components from doubling every year to
doubling every two years.

19717 intel’s Ted Hoff invents the first microprocessor
]9708 {called the 4004, 2300 transistors).

Moving from Bipolar

10 MOS 1968: Gordon Maore and Robert Noyce leave Fairchild* to

form Intel Corp.

1965: Gerden Moore authors paper predicting the rate of growth of IC components in
Electronics magazine. His observation was later termed ‘Moore's Law’.

1965 1970 1975 1980 1985 1990 1985 2000 2005 2000 2005

For more information, please visit «

Intel, Pentium, Core, Intel386, Inte|486, the Intel logo and the Intel Inside logo are trademarks or registered trademarks of Intel Corpo- |
ration or its subsidiaries in the United States and other countries. *Other names and brands may be claimed as the property of others.
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“The number of transistors per chip
doubles within two years”

Pt
il

(Apr 19, 1965)

£
b

15}'1 I 4004
Boos

1973

To7q ' on.
‘H
Tﬁ lﬁ e Moore's Law
- Means More Performance
3BE™ Processcr

ﬁ ABE™ DX Processor
| S

Gordon E. Moore,
Co-founder of Intel




1% The accelerating pace of change...

Agricultural gooa | Industrial e
Revolution ‘_| was [~ Revolution *L-0rear
... and exponential growth

in computing power...

Computer technology, shown
here climbing dramatically
by powers of 10, is now
progressing more each

hour than it did in its

entire first 90 years

COMPUTER RANKINGS
By calculations per second
per 51,000

Analytical engine
Mever fully built,
Charles Babbage's
invention was
designed 1o solve

computational and
logical problems
[
Helkith E-H.Ta:ulm-'
Tabutator
L]
ELECTROMECHANICAL

Colossus

The electronic
computer, with
1,500 vacuum
wies, nelped the
British crack German
codes during WW I

=RELAYS=+——VACULM TUBES —= —TRANSISTORS —

The first commer-

computer, used o
tabulate the .5,
Census, occupled

1900 1920

1040

" 2048
4] +— Surpasses
braingower
! World : Human equivalent
e ] Wide = 90us —  genome o that of
Web sequenced all human
brains
comiyined
E-]
10 Surpasses
bwadn power
.
€ ... willlead of human
n 2023
to the
- -
Singularity . ’
10'®
—— Apple 1l -
At a price of $1,298,
the compact CRUARC
maching was one of Mac Pro 5
the first massively UFpaSSas
popular personal EO 00, 000,000 Erainpower t‘l'._
computers mouse in 2015
Camension
Ba00
Pentium
ec
e, 000
Power Mac G4
The first personal
computer to deliver 1
maore than 1 billion
foating-point
oparations per
second
CUOO00T
INTEGRATED CIRCUITS ——————»
T T T T
1980 2000 2011 2020 1045




120 Years of Moore’s Law

MECHANICAL RELAY "'A%B"é” TRANSISTOR INTEGRATED CIRCUIT
= ;'F*og WVIDUWA TITAN X
g GTX 450 .
8 & .o“"
Pl
% M BLUE GEWE
= & ®
g 05 W ®
Q
e i .'%
g " it
= e WHITE
=
8 7o e t PEMTIUM PC
o mm ® 5o
w MACENTOSH
— a; o e o @
3. o0 @
o '00} EMIAC L ] . 360
:g ® ' @ DECPOR1
L) 7 [ ] ' ® e®
a E‘-qs. 2 L ] ® @
S }'&0 1BM TABULATOR '

> e o
L ]
7 -‘.‘109 .l.:.mm [ ]

"0g 7905 919 915 7929 1025 1939 935 1999 945 950 1955 "9sp 955 1929 1925 980 %5 999 995 200g 2005 2019 2015 202
Year

RIS AR UL



RIS AR UL



Is Moore’s Law Ending? . .
|| Chip introduction

® Transistors per chip, ‘000 ® Clock speed (max), MHz @ Thermal design power*, w dates, selected
TrﬂI'IS"tS-tﬂl'S hﬂught p'EF 5, m . Pantium & | Xaon | |.i_'_':.|.-_| 2 i||_:|-;.-i
s l : ”|| Log scale
15 -"I‘ll 1L d 1_ ’
10 | Pentium II | D
5 F:'-:*:|I||Illli
i) i 10°
200204 06 08 10 12 15 | 486 |

rac-sgi | 386 ]

‘E

10
— 1 1 1 I 1 | T T | T 1 T T T T T T T r 1 T T T T i | | T |"'I_'I_'| T . T T T | T T T T | ]u |
1970 75 80 85 %0 95 2000 05 10 15
Sources: Intel; press reports; Bob Colwell; Linley Group; I8 Consulting; The Economist *Maximum safe power consumption
Economist, March 12-18, 2016
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IBM 7nm chip

Beyond silicon: IBM unveils world’s first 7nm chip
With a silicon-germanium channel and EUV lithography(
), IBM crosses the 10nm barrier. —July 2015
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NVLINK 2 GPU Accelerator Attacl

(o]
PenCAp| Acceleralomﬂ h

Utilize Best-of-Breed
25 GT/s Optical-Style Flexible & Modular

Signaling Technology In':::sktig::':ﬂre

30 billion transistors

savings at matched performance. (Credit: Connie Zhou)




1BM R 2nm

According to IBM, the new 2nm process is
capable of fitting 50 billion transistors on a
chip the size of a fingernail—up from the 30
billion transistors on the 5nm node.
https.//www.pcmag.comy/news/ibm-
unvells-2-nanometer-chip-process-but-
actual-proaucts-are-still-years

The potential benefits of these advanced 2 nm chips
could include:
‘ mu/ s *Quadrupling cell phone battery life, only requiring users

' G - to charge their devices every four days.
*Slashing the carbon footprint of data centers, which
account for one percent of global energy use. Changing all of
their servers to 2 nm-based processors could potentially reduce
that number significantly.
*Drastically speeding up a laptop's functions, ranging
from quicker processing in applications, to assisting in language
translation more easily, to faster internet access.
«Contributing to faster object detection and reaction time

in autonomous vehicles like self-driving cars.
—

IBM will announce a new breakthrough in semiconductor scaling,
the world’s first chip with 2nm technology. P

{k;,g,,z,ﬁ,-.,':‘.d\,-'
This new technology combines:

> Anindustry-first Boftom Dielectric Isolation to enable 12nm gate length

> A2 generation Inner Spacer dry process for precise gate control

>  EUV patterning to produce variable Nanosheet widths from 15nm to 70nm
» A novel Multi-Vt scheme for both SoC and HPC applications

Expected to offer 45% performance improvement or 75% power reduction compared to 7nm

search / M.Khare/ © 2021 [BM Corporation 1BM NDA/Embargo
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20 Oct. 2023 IBM £ Al Chip

A new chip architecture points to faster, more energy-efficient Al

The first promising set of results from NorthPole chips were published today in Science.
NorthPole is a breakthrough in chip architecture that delivers massive improvements in energy,
space, and time efficiencies, according to Modha. Using the ResNet-50 model as a benchmark,
NorthPole is considerably more efficient than common 12-nm GPUs and 14-nm CPUs. (NorthPole
itself is built on 12 nm node processing technology.) In both cases, NorthPole is 25 times more
energy efficient, when it comes to the number of frames interpreted per joule of power required.
NorthPole also outperformed in latency, as well as space required to compute, in terms of frames
interpreted per second per billion transistors required. According to Modha, on ResNet-50,
NorthPole outperforms all major prevalent architectures — even those that use more advanced

‘ ~ technology processes, such as a GPU implemented using a 4 nm process.

ttps.//research.ibm. com/b/oq/noﬁhpole-/bm-a/-ch/D

How mainframes i - , ; o/ Since the birth of the semiconductor industry,
are rewriting - N AR~ computer chips have primarily followed the same
¢ the Alplaybook T WKL > &5 (BT basic structure, where the processing units and the
i X %4 memory storing the information to be processed are
stored discretely. While this structure has allowed for
‘ simpler designs that have been able to scale well
over the decades, it’s created what’s called the von
Neumann bottleneck, where_it takes time and
energy to continually shuffle data back and forth
between memory, processing, g
devices within a chip. The work b :
Dharmendra Modha and his _
change this, taking inspiration from
computes. “It forges a completely diff#
from the von Neumann archltecture ﬁm
Modha. %02 >




........................................................

At IBM Quantum Summit 2023, IBM Quantum
Heron’ was released as IBM’s best performing
quantum processor to date, with newly built
architecture offering up to five-fold improvement in
error reduction. (Credit: Christopher Tirrell for IBM)

IBM Heron is the first in IBM's new class of
performant processors with significantly
improved error rates, offering a

over the previous best records
set by IBM Eagle.

 HERON. _
133 QUBITS
TUNABLE-COUPLER

100,000-qubit
quantum-centric
supercomputer

2033

We’ve added a new dimension to our
roadmap: the innovation roadmap, calling out
key advances required to bring about error-
2023 - 2024 - 2025 corrected quantum computing at scale. After
CONDOR i FLAMINGO | KOOKABURRA

1,121 qubits ' 1,386 qubits | 4,158 qubits demonstrating Condor, our 1,121'QUbit
) ' ‘ concept processor in 2023, we’ll now focus

HERON ) CROSSBILL
133 qubits x p ) 408 qubits i Communications
| I

—— Classical

—— Qauntum

100 mllllon gates by 2029 and aibgmrr ga“t,és( !
by 2033. ”
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An Intel wafer. Chipmakers may
find it more difficult to justify the
huge costs of developing the next
generations of chip technology.

Increased o
with up
to 4 Processor Cores

Media & Display ®
Features for Premium
4K Content Support

Intel® UHD Graphics @

Integrated Intel® ®
Wireless-AC (Wi-Fi/BT
CNVi) Support

Next Generation ®
Intel® Optane™
Memory Support

Next Generation ®
Thunderbolt™ 3
Support

Embedded

simrerrer (I
1.4

DP 1.2/HDMI 1.4
HDMI 2.0a
W/LSPCON

Thunderbolt™ 3
PCle 3.0
(+CPU DDI)

Integrated
Gigabit Wi-Fi

Optane™
Memory
PCle3.0

)
-— -
i

Intel LAN PHY

® New with Whiskey Lake U Platform

USB 3.1
(10 Gbps)

USB 3.0
(5Gbps)

® Up to 16 High-Speed
1/0 Lanes with Port
Flexibility

® Up to 16 PCle 3.0
Lanes

® Integrated USB 3.1
Gen 2 (10 Gbps)
Support

® Intel® Rapid Storage
Technology PCle* 3.0
Storage Support

© Quad-core Audio

® Modern Standby*
Support

® MIPI SoundWire*



Atlas 900 Alsk#R# Atlas 800 AlBRF &8

K- —

Atlas 200 Atlas 200 DK Atlas 300 Atlas 500
AlDmERE R FREEH 3L S Eagvig

TaiShanfiR552% BEMEARSS 2R AR

ETERBPREAT—CBIEPLIRS S, BEAAH ET RSP niEn DIRBEER, BEISIEKRER
& HHliFEE. 2t 1‘?'?3?%3(1%@%}"%—;&&3&_ AR BB MRS ST M.

AR LY ESS HhEihE

Atlas 2001 DKFFA2 Bt > Atlas 3001 Pro i > Atlas 500 A2 HIbS >
Atlas 2001 A2 IMELE > Atlas 3001 Duo HEEE > Atlas 500 Pro HEEDRRZE(EIS: 3000) >
Atlas 300V HERRHTE >
Atlas 300V Pro BSERRITF >




. N

£ BLEE9000

 JBLBE9000R F A FR T 5nm T 2 FE, 4mM153
) AR, FE/NRSTATRECE KRER . UBE90002
VS A5G SARRIR T 58, v 4s FH P 5 1)

- SGHLMAL . JELEE90004 %7 74 Cortex-A77 CPU
. R EMRM3.1GHz, R ERLSE . 24-core
ali-G78 GPU 5Kirin Gaming+ 3.05& 3 5: T, 47

B iy RS 44 b ) S R AR o BELIE9000 T
2.0 NPU, KAZE R H AATHE 7

FoE & IATRLSN.F , NPURR% SE 8l i of
ERMIRNFEIET, BYTE L.
159000 7}-Z%Kirin ISP 6.0, \Mk7H & 7k S _
ErHRR, LA S

DUS R i\

%

RIS AR UL



EEfRTE{&/HSpace-Link

BEF

HUAWEI SOUND =18

wwne =ER WRFR Fig/Pad

T LR LT S TTTTTT R
, B mnn RLLLLLLE (T ] T

RIS AR UL



FHIRBIAN

@ Mext Generation PRIMEHPC
POST FX10 CPU memory board
FU [ITSU PoRT BRI

'yl JJDLHMM pascal

DORA 3D 12968 ule o ———

/ A s & ‘
@ intel) _ ¢ "
2 XILINX.

DDRA 306
Dual Inline Memory Modules

(r- F\ICO' T

(ROIMNS )

Stratix 10 i 17 =
> . i e % 0 EX-800 Blade Server
More and ="’(’ ™ - N e s

more
products are
using TSV
technology!

30 NAND Flash

TOSHIBA
! (Non-Exhaustive list)

Focus on Memory/logic

rid Mes Cube
Acron: [

CoWoS®-S Rapid Progress

® 5 generations migration in 1 decade.

® Fast increase in interposer size, transistor
count, memory capacity and PI/SI (eDTC, etc.)

— — — —— — —

Normalized Transistor Count: '. A 2021*
1x <[ - R Gen

* Interposer area 3x
-] 3 » 8 HBM2e: 128 GB
I.I Ge"” 2019’ ‘New TSV ,
* Thick Cu interconnect: Mi

t . Interposer area 2x y, 2DTC Gen-1
[ )
2016™ .6 HBM2: 48GB  New TIM (Lid package)

+ Interposer area 1.5x

*4 HBM2: 16GB . ‘ .
» Cu C4 bumps 2021 IEEE 71st Electronic Components and Technology Conference | Virtual |

June 1 - July 4, 2021

® 2021 TSMC, Ltd 22 TSMC Property

Gen
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Spooky action at a distance

from New Scientist .



“There is plenty of room at the bottom.” (Dec 29, 1959)

It seems that the laws of physics present no barrier to

- reducing the size of computers until bits are the size of

foms, and quantum behavior holds dominant sway.”

| — —Richard P. Feynman (1985)

Nobel prize 1965
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(Classical)
Information

Information Technology

Quantum Infor mation
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Press release: The Nobel Prize in
Physics 2022

English
English (pdf)
Swedish
Swedish (pdf)

KUNGL.
VETENSKAPS-
AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

4 October 2022

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics
2022 to

Alain Aspect
Institut d’Optique Graduate School — Université Paris-
Saclay and Ecole Polytechnique, Palaiseau, France

John F. Clauser
J.F. Clauser & Assoc., Walnut Creek, CA, USA

Anton Zeilinger
University of Vienna, Austria

“for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science”

Entangled states — from theory to technology

Alain Aspect, John Clauser and Anton Zeilinger have each conducted
groundbreaking experiments using entangled quantum states, where two
particles behave like a single unit even when they are separated. Their results
have cleared the way for new technology based upon quantum information.

?



PHYSICS NOBEL FOR
‘SPOOKY' QUANTUM
ENTANGLEMENT

Award goes to three physicists whose research laid

the groundwork for guantum information science.
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Peter Shor %#,;7(1994)

Lov Grover#,%4(1997)

FERFERAKRE PRl



Deutsch Zi& & 11 &
Deutsch —Jozsa &

Ekert(E91 /iX)
Steane 2/ 447

Zoller

5.6 22t

HERIERAA



“There’s plenty of
room at the bottom”

Quantum Turing
machine

Quantum key
distribution
BB84

Quantum
Communication
Complexity
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Polarization Entanglement Source

PDC

Inary
(vertical)

BBO-crystal

ordinary
horizontal

1
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® P. G. Kwiat et al., Phys. Rev. Lett. 75, 4337 (1995)
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The DARPA Quantum Network
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NIST Quantum Communication Testbed
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Figure 3. Satellite map with the locations of the nodes of the prototype.
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Tokyo QKD network

In the era of the Internet,

e quantum world reaches
networks
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Solutions Resources News & Events

Company Contact Us

MagiQ QPN"

Ultimate Cryptography Solution for Network Security

Quantum-Safe Network Encryption

e HE) |

Centauris CN9000 Series

» High-assurance, ultra-low latency encryption




ID Quantique = /i

id Quantique (IDQ) 7£20014-% T Geneva
2 E P2 i

Centauris Layer 2 Encryptors: High speed multi-protocol encryptors

Quantum-Safe Network Encryption

Centauris CN9000 Series
ance, ultra-low latenc
ed 100Gbps ency
> Robust, scalable and simple

> Upgradeable to Quantum-Safe Security

UCT DETAILS

Centauris CN4000 Series

> High-assurance, transparent, fullline rate encryption

> Versatile, supports all Layer 2 network topologies
> Costeeffective

> Easy installation and management

PRODUCT DETAILS

Cerberis: A fast and secure solution of high speed encryption combined with quantum

key distribution. S [{] 5T AES W H
Clavis>: QKD for R&D Applications
Rigs, BEVLECRE RS, FKA OGRS

Quantum Key Distribution

&)

Random Number Generation

Centauris CN6000 Series
Clavis XG QKD System

> Robust, business-class encryption

> Addressing the most performance-intensive environments > Long range (up to 150 km)

> Ultra-reliable, defence-grade for enterprise customers

> High key rate (>100 kb/s)

2 Updradeabie to QartTFS(e:SaCuni] > Complex network topologies (ring, hub and spoke, meshed, star)
. - > Controlled and monitored centrally
PRODUCT DETAILS -

> Interoperability with major Ethernet and OTN encryptors

PRODUCT DETAILS

l

Centauris CV1000 Virtual Encryptor

> Agile, scalable solution
> Multi-Layer (L2, L3 & L4) network architectures
XGR Series — QKD Platform

> 100% interoperability with IDQ Centauris encryptors

> Cost-effective > Open QKD platform for R&D applications

> Embedded KMS for key distribution
PRODUCT DETAILS
— > Interface to external encryptors

> User-friendly interface for technology evaluation and testing

PRODUCT DETAILS

Quantum-Safe Security Quantum Sensing

Enabling Qu

Cerberis XG QKD System

Short/medium range (up to 90km)

Standard key rate (2kb/s)

>
>
> Complex network topologies (ring, hub and spoke, meshed, star)
> Controlled and monitored centrally

>

Interoperability with major Ethernet and OTN encryptors

PRODUCT DETAILS

Cerberis® QKD System

Complex network topologies (ring, hub and spoke)

Interoperability with major Ethernet and OTN encryptors

Centrally monitored solution

>
>
> Easy integration in any data centre
>
>

Multiplexing of all channels on single fibre for metropolitan area

PRODUCT DETAILS
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2019 SK Telecom Continues to
2010 FIFA tH 745 Protect its 5G Network with Quantum

Durban, South Africa — The
first use of ultra secure
guantum encryption at a world
public event, }TAES 256

SK Telecom Continues to Protect its 5G Network
with Quantum Cryptography Technologies

- SK Telecom applied Quantum Random Mumber Generator (QRNG) to the subscriber
authentication center of its 5G network

- 8K Telecom plans to apply Quantum Key Distribution (QKD) technology to the Seoul-
Daejeon section of its LTE and 5G networks to prevent hacking and eavesdropping

- 8K Telecom is playing a pivotal role in global standardization of QKD and QRNG
technologies at ITU-T.



ID Quantique

Quantique and CryptoNext

partner to deliver next-gen, et
quantum-safe messaging (

the number of This time all the

internal " one member members of the
employees) . v | is notquantum group are
’ ) safe so that < quantum-safe

the icon is and the icon is

yellow! 5 red!

|

|

be understood as |
Here at least |

The solution aims at enabling governments, enterprises and organizations of all types to manage sensitive commmunications
for specific groups of people, such as executive teams, and/or specific projects.

Telefonica, Fortinet & IDQ demonstrate the first

... Quantum-Safe IPVPN connection suitable for

& Telefolnica managed datacentre interconnect

7th October 2021

Al R Telefonica, Fortinet and 1DQ have jointly demonstrated the first
= - = ® Quantum-Safe IPVPN connection suitable for offering a fully managed

datacenter interconnection service.
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Contact Us

MagiQ QPN"

Ultimate Cryptography Solution for Network
Security
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DEFENSE TELECOMMUNICATIONS
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NETWORK SECURITY

MAGIQ QPN"

Ultimate Cryptography Solution for Network Security
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MagiQ QPN": State of the Art
Quantum Cryptography

MagiQ QPN is a market leading Quantum Cryptography solution that delivers advanced
network security and fool-proof defense against the numerous cryptographic key distribution
and management challenges.

Keys generated and disseminated using QPN quantum cryptography consist of truly random
characters that are distributed based upon the laws of quantum mechanics, which
guarantees that keys cannot be intercepted during the key exchange session. Therefore,
MagiQ QPN provides security that will remain secure against future advances in algorithms,
computational power, hardware design, and even quantum computing.

Protecting financial information is one of the highest priorities of corporations and entities involved in financial
management and securities exchange. With MagiQ QPN, financial organizations can secure their most critical
communication links to prevent intrusion and data theft. MagiQ QPN supports a variety of network architectures and

provides the cryptographic key exchange infrastructure to protect the information channels.
How it Works Who Needs It? Features & Benefits
Storage area networks offer the promise of protecting corporate assets offsite by creating electronic copies of critical
information for future retrieval. Encryption is used to protect the data link to the storage site (data in transit) and to
protect the data at the site (data at rest). QPN guarantees high-security in storage area network applications to better

Meet cUStomer secUFity, fequirerments iiow; anid for‘the fUture. The security of quantum cryptography lies in its ability to exchange the encryption keys with absolute security —
Quantum Key Distribution. By sending the key bits encoded at the single photon level on a photon-by-photon basis,

Military and Government @ R&D companies looking to protect trade secrets, quantum mechanics guarantees that the act of an eavesdropper observing a photon irretrievably changes the
_ intellectual properties, patents and business ) i i > .
Hostile forces are a real and a continuous threat to plans information encoded on that photon. Therefore, the eavesdropper can neither copy nor clone, nor read the information
government and military network security. QPN can Voice rand data: service id h d . I ey = = E 2

! providers who need to encoded on the photon without modifying it; eavesdropping is instantly detected making this key exchange
safegyard against ha(ikers anti 'un\{vanted netwqu @ secure confidential customer data and/or access P ying . _pp g Yy g Yy g
security breaches by “trusted” insiders attempting to to the network command channel uncomprom |smgly secure.
access highly-classified government and military
information. @ Large Power Grid Providers open to terrorist or

malicious hacking into the command and control i .
MagiQ QPN enables future-proof quantum security for channel interfaces Client QPN Encrypted Encrypted QPN Client
othsrindustries aswealls Ethernet Ethernet Ethernet Ethernet
—

ko @ 0 oxp

Fiber

QPN implements the BB84 protocol, invented by Bennet and Brassard in 1984. This protocol assumes that the sender
and recipient share an optical link (fiber) and a classical (non-quantum) unsecured communication channel, for
example, a standard internet link.

QPN sends photons over the fiber to create the secure keys between two QPN stations. A photon is an elementary light
particle that has measurable properties, like polarization, which can be ‘up’ or ‘down’. These can be used to encode |
and transmit a value of a bit from one QPN station to the other. The transmitting QPN station uses a truly random
number generator to come up with the value of the bit encoded on the photon.

The security of the BB84 protocol is based on the fundamental Heisenberg Uncertainty Principle, that states that
observing a photon (eavesdropping) does change its properties, i.e., in the presence of eavesdropping, the values of the
received bits will differ from the values of the bits sent. This fundamental principal eliminates the ability of any
eavesdropper to hide his/her ‘footprints on the photon.
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i | R el L e v T Applications tons generated by imperfect single-
TR photon sources —but they also allow

| H faster key generation and offer po-
i China creates quantum network iy g s e

nodes —up to some 100km, compared

with 30 km for rival technologies. In
addition, he says that the equipment
used ateachnodeis compact, cheap—
costing about<€ 50000 — and reliable.
However, Christian Moayk, project
manager of the Buropean-Union fun-
ded Secure Communication based on
Quantum Cryptography consortium,
which displayed asix-node quantum-
cryptography network in Vienna last
year (see Physics World November
2008 p10), believes the Chinese set-up
s not really a petwork because mes-
sages cannot be rerouted if faults oc-
cur. He also says that quantum key

AR A

Researchers in China claim to have
built what they say is “the world’s first
quantum cryptography snetwork for
telephony”. They have used the net-
work to send completely secure tele-
phone messages between three nodes
located in Hefei, Anhui Province, in
the east of the country. They say that
the new system is better suited to real-
world applications than ne tworks de-
weloped by rival researchers.
Quantum cryptography exploits the
principles of quantum mechanics to
create keys for encoding and deco-
ding messages with completesecurnty. distributicon in the Chinese network is
These keys are made up of the quan- ¥ integrated into the telephony appli-
tum states of subatomic particles, tum keys conssting of photons with Coded comversstion  cations and so other kinds of secure
which means that an eavesdropper varying phase areshared betweenthe The quantumnetwork  data transmission — such as document
who tries 1o observe the keyswill alter  adjacent nodes. Pan and colleagues  inHefsi, Ching exchange —would require the devel-
them and the refore reveal their pres-  claim to have used their network to  alows securs opment of new apparatus, whereas
ence. Several firms, such as Toshiba  send telephone messages inreal time  communicationdown  key exchange in the Austrian network
and the start-up firms id Quantique between three users aswellas broad- 20 m fee-optic s application independent.
and MagiQ Technologies, have built cast voice messages from one user to  cables. Chen says that quantum-key ex-
commercial quantum cryptographic  the other two (Ojpics Egoress 17 6540). change and applications are in fact
devices but usually these are imited  According to Pan's colleague Zeng- completely independent in his group’s
w sending encrypted data berween Bing Chen, the nerwork has a number network. He believes that the tech-
two fixed points. of advantages over quantum-crypto- nology could be used commercially
The Chinese network, developed graphic networks builtin other coun- within two or three years, but that the
by Jianwei Pan and colleagues at the  tries because it uses “decoy” photon size of the marke t will depend on fur-
Univessity of Science and Technology  pulses. He points out that not only do ther increasing key-generationspeeds
of China, involves three nodes con-  the decoy pulses make the network and extending the maximum distance
mected in ain by two 20 km-long more secure — by preventing eav between links.
comme rcial fibre-opticcables. Quan-  dropperssiphoning off theexcess pho- Edwin Cartlidge

Quantum Phone Calls knowledge that the message cannot be opened
by an eavesdropper, at least not without alert-
ing you to the breach. Chen et al. demonstrate
a quantum key distribution protocol in a real-
application scenario, with the quantum
R B T TR N S R T uted over a network consisting of
A TRAFERT, FTRAENT ns linked by 20 km of commercial
r. The generated keys can be used
ly in the context of encrypted real-

ephone conversations between the sep-
Sharing quantum mechanically-en zrate :

- With such a demonstration,
photons can provide a secure key v
to encrypt and send a message, sa (NS — 50

Certain conversations or transactio
meant to be private. Yet despite the
of digital communication in one fo

B P e AR Z 6 AR,

mechanics closes that loop

T.-Y. Chen et al., Optics Express Vol.
17, Iss. 8, pp. 6540-6549 (2009).
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Free-Space Quantum Communication

space quantum entanglement distribution (over 100km)
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Extended Data Figure 2 | The Micius satellite and the payloads. a, /

experimental control box. c, Ihe APT u\ﬂlru] hu\ d, [Ik npum] transmitter. e, Left \nde view ut llu optic \| transmitter uptlu hetd f, lup \ldL view of

the optical transmitter optics head.

FERFERAKRE PRl



46002 B ) R — 1A B 1815 P 48

Wanggingtue~.Gaocun
Cangzhoubei (o) (o)
Dezhou (o) -
) OD 4y Tianjin
Jinan ON9gEEa
: Yucheng
Qufu (o)
(o) Taian
Xuecheng
~ Zhuangli O Tengzhou
Junwang oo O »
O~ Fuli Xuzhou
o .
Wik Yuhui

O o /Chuzhou
Dashu a

Nanjing ’0 22 Zhenjiang
« o (o)

Jurong™ = :Danyang

Changzhou|O
(¢} Wuxi

~ (
s .
1/S/uzhou (o) Kunshan
3 .00
~ N

g S P \\
Shanghai, >

X

Beijing

DXingIong

Shanghai
@ contrgl centre O Trusted relay
e) Backbone @) All-pass optical
connection node switches

O User

Satellite
station




FIG. 18. Full view of the Micius satellite and the main payloads. (a) Photograph of the Micius satellite prior to launch. (b) Transmitter 1
for QKD, entanglement distribution, and teleportation. (c) Transmitter 2, especially designed for entanglement distribution.
(d) Experimental control box. (e) Entangled-photon source.
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Class. Quantum Grav. 29 (2012) 224011 D Rideout et al

Explorable Scales A

9

T Beyond our Solar System: Tests of
light-hours Quantum Gravity?

Envisioned;
feasibility limit for
quantum optics
tests, using future

technology

Solar system: using spacecraft to
test Quantum Gravity or Long-Range
Entanglement.

| Beacon
|
laser

“Coarse control
— ~ Joop

N

\

| | o
|| Fwoaxis |

gimbal ||
telescope

)

532nm

|

850nm
| |850n
o 1

orized &

Receiver

FIG. 23. Typical receiving ground station for the Micius satellite. (a) Two-axis gimbal telescope. (b) Beacon laser and coarse camera.
(c) One of the two layers of the optical receiver box. (d) Typical optical design of the receiver including the receiving telescope, the ATP
system, and the QKD-detection module. From Liao et al., 2017a.

|

Solar Orbit, Mars: Bell Tests, Human
Observers, Long-Range Entanglement

Long Term;

38x108 m 1km/s @ current limit of

Ground- .
launched

beacon Iigrk\‘;c

Satellite Attitude 5
maneuver
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4 / / \
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FIG. 27. Tracking and QKD processes during an orbit. From Liao et al., 2017a.

light-second w& Moon: Bell Test, Human Observers todays quantum
E optics technology
1
3.6x10" m 3 km/s GEO Satellite: Bell Test, QKD
[ 4 ® Near Term;
1x108 m 8 km/s LEO Satellite: Bell Test, QKD, Moving possible with
)‘, Observers, Quantum Networks today's
o technology
Ground based Experiments

® Current;
ground based

Figure 1. Overview of the distance and velocity scales achievable in a space environment explorable
with man-made systems, with some possible quantum optics experiments at each given distance.

C.-Y. Lu et al, Micius quantum experiments in space, Rev. Mod. Phys., 94 (2022) 035001.
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The Quantum Institute

at Los Alamos National Laboratory

O B XAt gt
CHR 5SS &
. the development of a fully

operational quantum computer
would demolish the concept of
national security. Whichever
country gets there first will have
the ability to eavesdrop on the
plans of its enemies. Although
still in its infancy, quantum
computing presents a potential
threat to global security.

Simon Singh, 7he Code Book

— — PALANL A1

\ R
Advanced computing

Manbhattan Project

A Quantum Information
Sclence and Technology

N Cold-war
deterrence

Leading the international
effort to plan the future
of quantum information

science.

Non-proliferation space technology
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Liquid-state NMR
NMR spin lattices

Linear ion-trap
spectroscopy

Neutral-atom optical
lattices

Cavity QED + atoms

Linear optics with single
photons

Nitrogen vacancies in
diamond

Electrons on liquid He
Small Josephson junctions
— “charge” qubits
— “flux” qubits
Spin spectroscopies,
impurities in semiconductors
Coupled quantum dots
— Qubits:
spin,charge,excitons
— Exchange coupled, cavity
coupled




Electron Spin Coherence in Hybrid Ferromagnet/GaAs Structures

Urown in high-mobiity MEBE maching
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« Digital FM
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* Aarhus * Melbourne

* Berkeley * MIT

» Caltech * NEC

« Cambridge * New South Wales
* College Park * NIST

* Delft * NRC

* DERA (U.K)) * Orsay

- Ecole normale supérieure » Oxford

» Geneva * Paris

» HP Labs (Palo Alto and Bristol) * Queensland

* Hitachi » Santa Barbara
* id Quantique » Stanford

« IBM Research (Yorktown Heights and » Toronto

Palo Alto) * USTC

* Innsbruck * Vienna

* Los Alamos National Labs » Waterloo

* McMaster * Yale

» MagiQ * many others...
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Demo: IBM Quantum Experience
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Quantum Computing on the Cloud

Watch a demo of how to use the world’s first quantum Hear from IBM experts about the new cloud-enabled

computing platform delivered via the IBM Cloud.

@ Watch the video

quantum computing platform.

@ Watch the video

il
K
g
Bl

IBM Quantum Computing Lab Tour

Explore a 360 degree look at the IBM Quantum Computing
Lab at the Thomas J Watson Research Center.

® Watch the video
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Willow Chip

Single-qubit gate error

Number of qubits: 105
Average connectivity: 3.47

Quantum Error Correction

(QEC, chip 1)

Random Circuit Sampling
(RCS, chip 2)

(mean, simultaneous) 0.035% 0.036%
Two-qubit gate error 0.33% 0.14%
(mean, simultaneous) [(o74) (iswap-like)
Measurement error 0.77% 0.67%
(mean, simultaneous) (repetitive, measure qubits) (terminal, all qubits)
Ti time

(mean) 68 pis 98 pis
Measurement rate 909,000

(per second) (surface code cycle = 1.1 ps) 63,000

Application performance

A 357 =214

XEB fidelity depth 40 = 0.1%

RIS AR UL



Qubit grid
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Quantum error correction below the
surface code threshold
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Note:

The numbers inside the qubit
grid refer to the row and
column index

Nature volume 638, 920-926 (2025)
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Error probability

Fig.1|Surface code performance. a, Schematicof adistance-7 (d=7) surface
code onal05-qubit processor. Each measure qubit (blue) is associated with a
stabilizer (blue-colouredtile). Data qubits (gold) formad x d array. We remove
leakage from each data qubit using aneighbouring qubit belowit, with additional
leakage removal qubitsat the boundary (green). b, Cumulative distributions of
error probabilities measured on the 105-qubit processor. Red, Paulierrors for
single-qubit gates; black, Paulierrors for CZ gates; gold, Paulierrors for data
qubitidle during measurement and reset; blue, identificationerror for
measurement; teal, weight-4 detection probabilities (distance 7, averaged for
250cycles).c, Logicalerror probability p, for arange of memory experiment
durations. Each data pointrepresents10° repetitions decoded with the neural

Quantum error correction cycle, t

Surface code distance, d

network and is averaged over the logical basis (X, and 7). Black and grey, data
fromref.17 for comparison. Curves, exponential fits after averaging p, over
code and basis. To compute £, values, we fit each individual code and basis
separately and report their average (Supplementary Information).d, Logical
error per cycle, g, reducing with surface code distance d. Uncertainty on each
pointislessthan7x107. The symbols match thoseinc.Meansford=3andd=5
are computed from the separate ¢, fits for each code and basis. Line, fit to
equation (1), determining A. The inset shows simulations up tod = 11 alongside
experimental points, both decoded with ensembled matching synthesis for
comparison. Line, fit tosimulation; A, =2.25+0.02.



Google

Our quantum
computing roadmap

Our focus is to unlock the full potential of quantum computing by developing a large-scale computer capable of complex, error-corrected
computations. We're guided by a roadmap featuring six milestones that will lead us toward top-quality quantum computing hardware and software
for meaningful applications.

MILESTONE 1 MILESTONE 2 MILESTONE 3 MILESTONE 4 MILESTONE 5 MILESTONE 6
BEYOND CLASSICAL QUANTUM ERROR BUILDING A LONG-LIVED CREATING A LOGICAL GATE ~ ENGINEERING SCALE UP LARGE ERROR-CORRECTED
CORRECTION LOGICAL QUBIT QUANTUM COMPUTER
Physical Qubits: 54 Physical Qubits: 104 Physical Qubits: 10°
Logical Qubit Error Rate: - Physical Qubits: 107 Physical Qubits: 10° Logical Qubit Error Rate: 107¢ Logical Qubit Error Rate: 107 Physical Qubits: 10°
Logical Qubit Error Rate: 1072 Logical Qubit Error Rate; 107 Logical Qubit Error Rate: 10712

4 @ ® @ @ @
2019 2023
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Scaling IBM Quantum technology

IBM Q System One (Released) (In development) Next family of IBM Quantum systems

2019 2020 2021 2022 2023 and beyond

27 qubits 65 qubits 127 qubits 433 qubits 1,121 qubits Path to 1 million qubits
Falcon Hummingbird Eagle Osprey Condor and beyond

Large scale systems

Key advancement Key advancement Key advancement

Optimized lattice Scalable readout Novel packaging and controls

Key advancement

Miniaturization of components

Key advancement Key advancement

Integration Build new infrastructure,
quantum error correction

FERFERAKRE Bl




Hybrid cloud

Secure,
heterogeneous
computational .
fabric -

Neurons

Qubits

Qubits 2 3 10 16 20 30 45 100 |280
H Bits ® Neurons ® Qubits
Classical high Al systems Quantum
performance systems
more than | more than computer systems

Classical bits required 512 1,024 |16 1 17 17 550 [authe atoms|allthe |
torepresent an onthe atoms in the
entangled state bits bits kilobytes [megabytes | megabytes | gigabytes | gigabytes | planet Earth |universe IBM Institute for Business Value

*4#&**# B’?\IJE‘ IBM Institute for Business Value



Latest news

Boost your guantum credentials with
new Qiskit v2.X developer certification

10 Sep 2025 - Gemma Dawson, Borja Peropadre, Luciano
Bello, Robert Davis

Enablement

Moderna
Read the story A

Envisioning a near-term quantum-enabled
biotechnology pipeline.

IBM =114

Learn how quantum computers empower researchers to tackle problems that once seemed

IBM Quantum Credits: Apply today for
access to cutting-edge IBM quantum
capabilities

13 Aug 2025 - Katie Harrison, Sieglinde Pfaendler, Sanskriti
Deva, Leanne Cherry, Robert Davis

Research

RIKEN & Cleveland Clinic
Read the story —>

Modeling chemistry for the future of drug
discovery.

unsolvable.

View all =

Relay-BP: The world’s fastest, most
accurate decoder for qLDPC error
correction codes

4 Aug 2025 = Leanne Cherry

CError Correction & Miiiga!ion) (Resealch)

E.ON
Watch the case study ®

Using quantum computing to help tackle
electrical grid complexity.

Read the story A

Applications are open for the Qiskit
advocate program

28 Jul 2025 - Radha Pyari Sandhir, Astri Cornish, Robert
Davis

JSR
Read the story A

Charting a new future for the global
semiconductor industry.
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Development Roadmap IBM Quantum
2016-2019 @ 2020@ 2021e 2022e 2023 e 2024 2025 2026 2027 2028 2029 2033+
Run quantum circuits Release multi- Enhancing quantum Bring dynamic Enhancing quantum Improving quantum Enhancing quantum Improving quantum Improving quantum Improving quantum Improving quantum Beyond 2033, quantum-
on the IBM Quantum Platform dimensional execution speed by circuits to unlock execution speed by circuit quality and execution speedand  circuit quality to circuit quality to circuit quality to circuit quality to centric supercomputers
roadmap publicly 100x with Qiskit more computations 5x with quantum speed to allow 5K parallelization with allow 7.5K gates allow 10K gates allow 15K gates allow 100M gates will include 1000’s of
with initial aim Runtime serverless and gates with partitioning and logical qubits unlocking
focused on scaling Execution modes parametric circuits quantum modularity the full power of

quantum computing

Platform
Data Scientist
Codeassistant %)  Functions Mapping Collection Specific Libraries General purpose
QC libraries
Middleware
Researchers
Quantum Transpiler Service %) Resource Circuit Knitting x P telligent Orchestration Circuit libraries
Serverless Manageme!
Quartum Qiskit Runtime
Physicist

IBM Quantum E Dynamic circuits Execution Modes Heron (5K) ® Flamingo (5K) Flamingo (7.5K) Flamingo (10K) Flamingo (15K) Starling (100M) Blue Jay (1B)

Error Mitigation Error Mitigation Error Mitigation Error Mitigation Error Mitigation Error correction Error correction

Early Falcon Eagle 5k gates 5k gates 7! 10k gates 15k gates 100M gates 1B gates
133 qubits 156 qubits 156 qubits 156 qubits 156 qubits 200 qubits 2000 qubits

Benchmarking Benchmarking
27 qubits 127 qubits Classical modular Quantum modular Quantum modular Quantum modular Quantum modular Error corrected Error corrected
- ‘modularity modularity

Canary  Albatross  Penguin  Prototype
5qubits 16 qubits 20 qubits 53 qubits
1333 = 399 qubits 156x7 = 1092 qubits 156x7 = 1092 qubits 156x7 = 1092 qubits 156x7 = 1092 qubits

Innovation Roadmap

Software 18M Qiskit Application ¥ [HeJEs Serverless ¥  Alenhanced ¥  Resource @  Scalable circuit Error correction
T o
Innovation E u ?rwti ] St modules Runtime ey quantum management knitting decoder
SRETENCE APLwith compilation Performance and conceptsof Prototype itioningto ~_ Circuit partitionir Demonstration of a
tomultiple targets abstract through quantum centric- i AL bl llel with classical quantum system with
Primitives h: d circuit execution reconstruction at HPC real-time error

transpilation scale correction decoder

Hardware Early
Innovation

Eagle Osprey Condor Flamingo O] Kookaburra Cockatoo Starling

Demonstr:
with MLW and

Canary  Penguin
Squbits 20 qubits

Single system
scaling and fridge
capacity

Demonstrate scaling D g trate path to to Demonstrate path to
with modular ith non nproved quality with n y improved quality
connectors 1 o o al gates

Albatross  Prototype
16 qubits 53 qubits

Crossbill

m- coupler

Heron
Architecture
based on tunable-
couplers

. Executed by IBM

@ On target

IBM Quantum / © 2023 IBM Corporation







Intel= 115
ATIMELINE OF QUANTUM COMPUTING

SYSTEM PHASE COMMERCIAL PHASE
1950s - 1990s 1990s - 2000s 2015 - 2025 2025 and beyond

ily theoretical Establishment of e pment o Y -level engineering Production use of quantum
with limited fundamer mechanisms proce ors and rudimentary or practica ntun comput tems to solve
experimentation with physical apparatus quantum computers computers re orld problems

%

Fluid Dynamics Astrophysics Materials Design



@Bl Tong breaks records for quantum computing performance »

A true quantum leap.

Introducing the first commercial trapped ion quantum
computer. By manipulating individual atoms, it has the
potential to one day solve problems beyond the capabilities of
even the largest supercomputers.

The World's Most Advanced Quantum Computer

Our quantum cores use lasers pointed at individual atoms to perform
longer, more sophisticated calculations with fewer errors than any
quantum computer yet built. In 2019, leading companies will start
investigating real-world problems in chemistry, medicine, finance,
logistics, and more using our systems.

RIS AR UL



Preliminary benchmark test results on IonQ hardware as of December 10, 2018.

Qubits

Qubits are the basic unit of information storage on a quantum computer. After they’re
initialized, logical operations—called gates—are performed on them.

Maximum loaded 160 qubits

Single-qubit gates performed on up to 79 qubits

Two-qubit gates performed on all pairs of up to 11 qubits

Error Rate

Gate fidelity is a measure of the accuracy of a single gate. Gates that manipulate one qubit
at a time are less complex and less error-prone than gates that operate on two qubits. The
following benchmarks were captured on a fully-connected 11-qubit configuration.

Average fidelities

Single-qubit gates >99%
Two-qubit gates >98%"
Powerful Connected Precise

Best fidelities
Single-qubit gates 99.97%
Two-qubit gates 99.3%"
Minimum fidelities
Single-qubit gates >99%
Two-qubit gates >96%"

" not corrected for state preparation and measurement errors.

Benchmark: Bernstein-Vazirani Algorithm

The Bernstein-Vazirani Algorithm is a basic test of the ability of a quantum computer to
simultaneously evaluate possibilities that conventional computers must calculate .one at a
time. The complexity of the test is determined by the maximum length in bits of anjoracle—

Program length: Fully-connected gqubits: 11 One-qubit gate error: <0.03%

260 two-qubit gates Addressable pairs: 55 Two-qubit gate error: <1.0%

an arbitrary number the computer must determine. “\Z) s
10-qubit oracle success rate 73.0% =
Classical computer success rate ~0.2% ?2% = -



lonQ

lonQ Aria Forte Forte Enterprise

[ Learn More J [ Learn More ] [ Learn More ]

System Availability

Commercial Availability v v v
System Sales v v
Performance

Algorithmic Qubits (#AQ) #AQ 25 #AQ 36 #T’g% 6
Physical Qubits 25 36 36
2QG Fidelity 99.4% 99.6% 2;7;;’;’:
1QG Fidelity 99.94% 99.98% 9%?98;"

Specifications
Connectivity All-to-all All-to-all All-to-all

Operating System First Gen First Gen First Gen

Acousto-Optic

Laser System Modulator

Acousto-Optic Deflector Acousto-Optic Deflector

Error Mitigation v v v




lonQ Roadmap for Large-Scale, Fault-Tolerant Quantum Computers

Built on pioneering trapped ion research, lonQ's roadmap is enabled by the nearly 1,000 patented hardware and software
breakthroughs that were developed at lonQ integrated from strategic acquisitions.

Original lonQ #AQ Roadmap
2024 2025

36 Algorithmic Qubits.

2026

64 Algorithmic Qubits 256 Algorithmic Oubits

Updated Technology Roadmap
2024 2025

36 Physical Qubits. 64 Physical Qubits 256 physical Qubits

99.96% Physical Qubit Fidelity 99.99% Physical Qubit Fidelity

12 vLogical Qubits
All-to-All Connectivity All-ta-All Connectivity <1.00E-7 Logical Error Rate

Optical Gate Operations Microwave Gate Operations

All-to-All Connactivity
1D Qubit Aray 20 Oubit Array Microwave Gate Operatians
Mid-Circuit Measurement o
PaalylOpurations Mid-Circuit Measurement

Parallel Operations

99.99% Physical Qubit Fidelity

2027

384 Algorithmic Qubits

10,000 physical Qubits
99.99% Physical Qubit Fidelity
800 Logical Qubits
<1.00E-7 Logical Error Rate
All-ta-All Connectivity

Microwave Gate Operations

20 Qubit Array

Mid-Circuit Measurement

Parallel Operations

36+ Physical Qubits 64-100+ Physical Qubits 100-256+ Physical Qubits

AI/ML | Synthetic Data Generation — More Parameters

Structural Analysis In CAE — More Mesh Peints Modeled

Simulation  Chemical Reaction Modeling — More Orbitals
AIfML  LLMFine-Tuning — Higher Accuracy
Unit Commitment In Electric Grids More Variables

Simulation  Protein Folding For Drug Discovery — Larger Peptides

AI/ML Image Change Detection

Vehicle Routing

tion  Laminar Fluid Dynamics.

Higher Accuracy
More Variables
More Complex Models

AI/ML AlAgent Assignment

Fantasy Sports Team Picking

Simulation Drug-Target Afinity Prediction With Solvent Model

More Agents.

‘2028

i 1,024 Algorithmic Qubits

20,000 Physical Oubits
99.99% Physical Qubit Fidelity
1,600 Logical Qubits
<1.00E-7 Logical Emor Rate
All-to-All Connectivity

Microwave Gate Operations

20 Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

More Dimensions Modeled

Larger Molecules

Juantu uters.
200,000 Physical Qubits
99.99% Physical Qubit Fidelity
8,000 Logical Qubits
<1.00"-12 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations.
2D Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

2,000,000 Physical Qubits
99.99% Physical Qubit Fidelity
80,000 Logical Qubits
<1.00"-12 Logical Eror Rate

All-ta-All Connectivity
Microwave Gate Operations
20 Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

AlML | Medical Imaging Analysis —— Higher Resolution

Simulation

Simulatian

Battery Materials Discovery More Complex Models

Pharma Catalysts Redesign — More Orbitals

Institutional Portfolio Rebalancing  More Assets

L Training Robotic Al Models — More Parameters
L Quantum Federated Learning — More Parameters.
Optimization Of Al Agent Action Planning More Actions.
Simulation | Materials Discavery For Advanced Medical Equipment — More Camplex Models
Simulation | Carbon Capture Catalyst Design — Larger Molecules
" | Palymorph Screening For Drug Discovery — Larger Molecules

Broad Quantum nt:
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It's Time to Start Yot
Quantum Journey
Don't be left behind. Forward-thinking organizations see quantum
as an opportunity to leap ahead of the competition. From finding
efficiencies and reducing waste to decreasing time to solution and

solving problems abandoned due to complexity, the business value
isreal.

Get Access to the Quantum Computing Industry Report @

a
a
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LISTED

NYSE

Get Business Advantage

From 25 hours of work to 2 minutes per week. 80% less
manufacturing waste. 60% return on investment. 57% reduction in
emissions. This is what quantum can do today for real-world
applications.

Explore Customer Success Stories (3)



D-Wave Product Generations

4,400+ Qubits 40,000+ Couplers 20-Way Connectivity” 40% Higher Energy Scale*
Solve more complex Dense connectivity supports Zephyr™ topology enables Caririsies o Bewr fresesalvien

1,000 D.WaveTw;-\. o computational problems compact, high-fidelity embedding of more and high-quality results

D-WaveOne N\ 52 aubit 2000 qubit problem embeddings complex problems
Number 128 qubit N
100 . J U J
of - 3
Qubits 16quhit\ ‘ ~N N
&
1 [&\ o B D-Wave 2X 2x Coherence* 4x Lower Noise™ Fast Anneal Hybrid Solver Integration
J 1000 qubit Enhances overall Reduces noise for Enables quicker, more coherent Enables scaling via quantum-hybrid

performance and drives enhanced solution quantum computations computing, with support for up to 2
faster time-to-solution stability million variables

*Compared to the D-Wave Advantage system
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Quantum Performance
for Business and Science

QUANTUM COMPUTER
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Accelerate Quantum .
Development with Ocean ‘
" Lz

The Ocean software fits between applications and the compute /_-/

resources. v
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Ocean Software
2w Mappi
b Camplaton "linea"e
Problem Suitable for QPU: Binary Quadratic Model (BQM)
Simulated D-Wave Hybrid — e

5000+ 1 Million 250+

g
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v
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Qubits Variables Applications

A world-class annealing quantum processor Built to support real-world size applications with More than 250 early applications across

design with continued growth in qubits, up to 1 million variables and 100,000 constraints domains like manufacturing, financial services,

connectivity, and coherence. via our quantum-classical hybrid solver service in and life sciences already exist using D-Wave
Leap. guantum systems today.
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Customer

D-Wave's annealing quantum computers are supporting enterprise production

Spothght applications and pioneering research and scientific breakthroughs.

Optimization

Ford Otosan created a hybrid
guantum application utilizing
D-Wave quantum technology
to optimize vehicle production
sequencing in the body shop,
reducing scheduling of 1,000
vehicles from 30 minutes

to less than 5 minutes, a 6x
improvement.

Learn more

FERFERAKRE PRl
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Research

The Jilich Supercomputing
Centre uses a D-Wave
Advantage system to facilitate
breakthroughs in quantum

Al and quantum optimization
and expects to connect it with
the JUPITER supercomputer,
Europe’s only exascale HPC
for advanced research.

Learn more

Japan Tobacco leveraged
D-Wave's quantum hybrid
workflow to improve Large
Language Model training for
early-phase drug discovery.
The quantum-enhanced
approach achieved better
learning accuracy with fewer
parameters than classical
methods.

Learn more
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A chip that traps ions is the ba:

Adrian Cho Science 2018;359:141-142
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A quantum CompLIting to-do I|St Adrian Cho Science 2018;359:141-142

Researchers have several general ideas for scientific
applications of quantum computers.

FIELD TASK

Chemistry Calculate molecules’ energies and
structures, model catalysis.

Materials Design novel materials from the
science atom up.

Nuclear physics  Calculate energies and structures of
nuclei and particles such as protons.

Particle physics Optimize search for subtle signals.

DOE Office of Science: Contributions to Quantum Computing

Support for quantum computing research originated in the Advanced Scientific
Computing Research program in 2017 and rapidly spread across the Office of
Science. The research portfolio now includes applications in nuclear and
particle physics, plasma science, chemistry, and materials. It also incl
improving the fundamental bulldlng blocks of quantum computers, develoi)
sophisticated control to make the most of any group of qubits, and compute
science research that will ultimately make quantum computers easier to use.
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Exhibit 1 - Acceleration of Investments in Quantum Computing

Funding ($millions)

2 000

1,500

1,000

500
s g 32 12 86 18

0

2011 2012 2013 2014 2015 2016 2017 2018 2019

MW Hardware W Software VC investments

Sources: PitchBook; BCG analysis.

Note: PIPE = private investment in public equity; SPAC = special-purpose acquisition company.

202258 H25H, WwLtWiAWEER (BCG) KATKIWT LMK .
{Can Europe Catch Up with the US (and China) in Quantum Computing? ¥

675

528

2020

1,700

1,500

2021

Deals completed

40

30

20

10

Top 3 investments in 2021

"

PsiQuantum
$450 million raised
(Series D)

i+l

Xanadu
$100 million raised
(Series B)

IONQ
$650 million raised
(/3 PIPE + SPAC)
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Exhibit 2 - Quantum Computing Will Create Value Across Several
Industries and Use Cases

Private landscape
Applications Value creation potential ($billions)

Low
Cryptography

($40 billion to $80 billion) EREIIpUGH CeBiton

Aerospace: Flight route optimization
Optimization Finance: Portfolio optimization
($100 billion to $220 billion) |  Finance: Risk management

Logistics: Vehicle routing/network optimization

'
1
]
i
]
1

T
|
]
1
]
]
1

B

Automotive: Automated vehicles, Al algorithms
Machine learning ! Finance: Fraud and money laundering prevention
($150 billion to $220 billion) High tech: Search and ads optimization

Other: Varied Al applications

Aerospace: Computational fluid dynamics

Aerospace: Materials development

Automotive: Computational fluid dynamics

Automotive: Materials and structural design
Simulation 1 Chemistry: Catalyst and enzyme design
($160 billion to $330 billion) Energy: Solar conversion
Finance: Market simulation (e.g., derivatives pricing)
High tech: Battery design

Manufacturing: Materials design

Pharma: Drug discovery and development

Sources: Academic research; industry interviews; BCG analysis.

Represents value creation opportunity of mature technology.
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The UK creates a
National Quantum

Technologies Program,

investing $300 million

China launches its

1 13th five-year plan,
i with projects for

guantum computing

Sources: Literature search; BCG analysis.

202248 H25H, Wi

. The EU sets up the
Quantum Flagship
| program, investing
' $1.1 billion

and communications;

| announces an |
" investment of $10

=
. billion in 2017 ‘

' The US passes the

' National Quantum

| Initiative Act, investing
' over $1.2 billion

2019

France creates a
National Agenda on
Quantum Technolog1es quantum roadmap
with a seven-year
investment of $700
million

T

Israel allocates $400
million over six years

12020

' Japan allocates about
' $270 million to a

. Russia announces

" an $800 million
| investment

& HER (BCG) KA MM AR E

Australia invests

' $100 million

' Canada announces
' an investment of

$400 million over
' seven years

France announces

' a $1.1 billion
. investment plan

i Germany unveils its
+ Quantum Computing
' Roadmap, with a $2.2

billion investment

{Can Europe Catch Up with the US (and China) in Quantum Computlng’f»




Exhibit 4 - The 2022 Quantum Computing Country Rankings

Australia

Canada

Japan
Russia
Switzerland

Tiers

L o Ve
T &

Private initiative Talent

Tier1

Front-runners and top
performers, positioned to
lead globally

Tier 2

Strongly positioned with
several strengths, likely to
play leadership roles

Tier 3

Started out well, potential
to play leadership roles

if they address some gaps

Tier 4

Specific strengths, with
potential to play major
roles in some areas

or applications
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Exhibit 7 - The US Has the Most Startups, Private Investments, and
Patents in Quantum Computing

Estimated number of companies?

100

Netherlands

60
40 I"-\
. EU)
Japan Switzerland - °
G ) Canada
20 [ Germany China &
"‘ Australia gg Israel UK
0 £ | = . // //
Russia ! ] i i
France Finland
100 200 300 600 700 1,800 1,900

Private investments ($millions)?2

Percentage of country global share of patents . 10%

202248 H25H, Wt f@aﬁlﬁ%lﬁl (BCG) kﬁﬂﬁﬁﬁn?&i
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Exhibit 8 - The EU Is Second Only to the US in Scientific and Educational
Capabilities

Scientific articles on quantum computing, by country, in 2021 (%)

20
us
15 o .
@ China EU | !
10 -
Canada UK
[  Average: 6%
Russia
. | Israel | @— Japan Germany
Finland ¢ -@
0 —France
0 Switzerland A 20 30 40
Netherlands
Australia Average: 8
Number of universities ranked in the Top 100 for quantum computing
@ Countries with policies that target guantum education Number of students in universities 250,000
Sources: EduRank; Web of Science; Literature search; BCG analysis. ',,{f//
Note: The number of articles and universities for the EU represents the sum of the individual totals for each EU country. ,/,;"/;_T
O

20228 H25H, Htim&s LR (BCG) KA RIS

{Can Europe Catch Up with the US (and China) in Quantum Computmg?\?}‘



lons trapped between gold blades serve as information-carrying gubits in a prototype quantum computer. E.
EDWARDS/JOINT QUANTUM INSTITUTE

Update: Quantum physics gets attention—and brighter
funding prospects—in Congress

By Gabriel Popkin | Jun. 27,2018, 12:30 PM

Lamar Smith, Chairman

Oge SCIENCE, SPACE, & TECHNOLOGY

National Quantum Initiative Act

The National Quantum Initiative Act establishes a federal program to accelerate quantum research and
development for the United States’ economic and national security.




A STRATEGIC VISION FOR
AMERICA’S QUANTUM
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Public sector investments in quantum technologies worldwide

FIGURE 1

Global quantum
efforts:

$4O billion

(estimate)

Canada ¢)
CAD 1.41 billion = $1.1 billion

US National
Quantum Initiative £
$3.75 billion

Denmark 49
DKK 2.7 billion
= $406 million

Netherlands =
€965 million
= $1 billion

United Kingdom &
£3.5 billion
= $4.3 billion

France ()
€1.8 billion = $2.2 billion I

Spaing
€60 million = $67 million

& Sweden
SEK 1.6 billion
= $160 million

Switzerland @
CHF 780 million = $900 million

Brazil &
BRL 60 million = $12 million

Germany @
€3 billion = $3.3 billion

4+ Finland
€24 million
= $27 million

= |srael
ILS 1.2 billion
= $390 million

India =
INR 60 billion
= $735 million

_ 1

Qatar P
$10 million

b

Thailand =
THB 200 million
=56 million

Austria =
€107 million = $127 million

= Hungary
HUF 3.5 billion
= $11 million

European Quantum Flagship @
€1 billion = $1.1 billion

Note: Not exhaustive; timelines for funding vary by country.

Sources: “Overview of Quantum Initiatives Worldwide 2023, QURECA, 19 July 2023, https:

3 South Africa
R 54 million
= $3 million

A Singapore
SGD 185 million
= $138 million

w Russia
RUB 100 billion = $1.45 billion

® China
$15 billion

». South Korea
KBW 3.05 trillion
= $2.35 billion

e Japan
JPY 80 billion
= $700 million

@ Taiwan, China
TWD 8 billion
= $282 million

JPhilippines
PHP 860 million
= $17.2 million

&Australia
AUD 893 million
= $599 million

.
@ New Zealand
$36.75 million

tum-initiatives-worldwide-2023/;

Department of Industry, Science and Resources, Australia; ETH Domain (ETH Zurich, EPFL, PSI).
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