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n Quantum Computing JiR

7 ZXKQuantum) X HY(AHY, SH SE 0I1S010 AMUS 2Ml0l= SR

e YAE0| ofd ZARAE] o|2H HAL ) AelstolA €
— 7%, A% A 29 F s FARE YRR ook Aoz, FRTIA FHE )=
UK F)E AAsk= Aol ofd
— AL (ET1E) 2 ofAlotolA 7H A Ago] AHESE LEA “Quantum
Mechanics’E& W3t &ol& IGE Fh=oA] WolzodA FT&
— =85t A9  UAH(particle)= electron(HA}), positron(FFAH, neutron(FHAD),
fermion(A@o] HHE5Ql AR & GHEAOZ “~on'C0 2 EY
X QHEPUNS ANF), TRHEF), SERZER), ST S AP 7t SLst S0 “NHF)'E
AlZot 20| 23H9] 22l
— Quantum Quanta®] E,Fo2H, EFHor EAEHZQ Fg& Quist= ZAoZ ulA|
AACNA BEE= dAR] dYA], 5% & 29531 9% I Adks AH
— A AlxE YAEO|A JEiSE Fo| opd dYste] SA|EAKBlackbody
Radiation)E Z% 3 (Planck®)7} E8]4 293t ZAo] A%
* Max Planck : S 22Kl ARIEQ| Alx
X CHERR| SX| SAF PEEIC Rayleigh-Jeans®t 2232 Rayleigh-Jeans®| AR 1FER| 028 TRIOZ HISIHOLt
KR M= 22R| 225 0K YRfet /i8S ERY/PHRIOZ M MIKITiN XS ZiiE ==

Rayleigh-Jeans®@} E&3 =Xl =AHBlackbody Radiation)?] @& Zit Hlul

Blackbody Radiation Curves 4
A Toward the
"ultraviolet
5000 K catastrophe”
.
. T .
. P— Rayleigh-Jeans Law
H 5 kT
. + C
.
E % £ &
2 . = &
@ . D + T
£ % £ 7
- o
% 1L ¥ Planck Law
- %]
L
8| o grv2 Y
el Curves agree at o8 hy
4 ‘{ very low frequencies ekl -1
—~—— Visible Light
Ultraviolet Infrared ' !
Wavelength Frequency

A5 . commons.wikimedia.org, physics.stackexchange.com
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FAEL IA SFCEIYUA], 25T ) TASet EQA 249 28, X9 &8

154 5HE 14

— (FAS) EALHAQ] BTN, qHA A
glojx9] e, ¥tz WY AfF 28* 5ol o

* HIER| FRs SH(Diffusion) U H(Field)oll 25t Zi510] 25 WP OILIR| LXE0 Of3t OILIX| Fo=z

iz EAHH2=E o]

et
&
[e)

ol
P
o,

B
OILAXI S0l o9t MITHI | &5 S5 X OIA
RN < BH/EA Yoo HEA MR IF oAl

Reverse bias

Stimulated emission

— @) A9 2= vAAoZ 3t A9 AAH(EH)o| ofd =T EE A= A
o= tEA AlEle AR 3d AY, ¥veA We] A=di(Conduction Band) A
w32, HE® a7 5o A=

HXIO| 2E 4 2t X UM M JXH S Il

gt Mzff MA X S

//////////////% E ,’izm

nduction / /
/ band / E-E
%(A/ exp( KBT)

Density of electrons, N,

% Densily of holes, N,

Valence
band

N(E)

A5 : what-when-how.com/electronic-properties-of -materials/semiconductors-electrical-properties-of -materials-
part-1/
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AR] Bk TRsAolA S8 (Superposition)@ H3(Entanglement) 52 7igo] IHy
#3897 (Schrodinger) ®8419] d(f®), TFseHE(wavefunction)S & IF5-=29] IHHOA]
siAste], E2F34 ¥=l(uncertainty principle)’t EZE1 FAF S (superposition)*, H¥

(entanglement) 7igo] o=l AFoz Zrg

* 2 HVRE YA s ofg Vist YA HEC X2 S
** John Clauser 2t Stuart Freedman(1972)
S8 X A8 8k
- 1} o| oi35]

< #EE7] DY0|o] ZH AN HY > CHAL 2749 HEl oAl >

e Measuring a Pair of Entangled Photons
COUNTER
iflis then 2 must
be blue

RADIDACTIVE
MATERIAL =
ALIVE CAT .‘- c
X / red
| 2 |
phidaital 'CYANIDE (POISON) iflis then 2 must
o \ blue be red
ved) Samved > ®© O
= = | 7

A5 : theabingtonian.com/1678/features/schrodingers-cat-groundbreaking-crazy-or-both/
208 A T3 EHE AR &9 HIERE Z83 Zo] FRIE(qubinolH, YA F

1S &85t A ¥ E F=(superdense

A} e13le] EAS &85 Ao IR AFH
- 2 FH AHZE A EE AFYGsHEAY, ¢ 3
code)Z 2 HHO| sgdoh= FHIE It 4ok 5 IAFHFE H]9

 ule Qo] 75

U HIEQ 21 FUIE Hiul
<M H|ESH YA THES HIE EH D
< FHIE > Classical Bit
7 B N Bt
|0> o 1 o o 1 1 [
- — - e, -
- =~ or
i = TP R TY S sy |0> + |1> [Either O or 1 ] [One out of 2N possible permutations ]
- ‘,l--~ \/§ Quantum Bit
7 B N Bit
4 [eoy+o11> a,10000-- - 0)+a.[1100---0)+@a [1110---0) + - + @ae|i111---1)
I PPN\ e
W W —-—
|

All of 2™ possible permutations

1) ’
FHE | - |
[BothOand 1] [

A+& : Basic Guide to Quantum Computing and Superposition (medium.com)
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7 UMl HHj(a2l F0lil S)E FS Tet 2t 2ldiSat oPult JHE S
AAHA FA O Wl A AFEE S HFT LaEEe] A+ 5

— Q15 &5 duEESE FAHEFELE df4ske Shor €alElE, ©lolE HAMZ ¢
Grover ¥&18]2 So] gt Zo|u} AL35}E Qsa]s ofx W oyt "g
FQ U L12E EX
QI2E 2 Ex|
Shor A0SR LdalE |- SYsH AL Zojol| chst 27 ol
- ] CEX SHA| i3 A|SaeA oD w2 oAl
Harrow- Hassidim - lloyd M3 HHH Al ;f”} SEH0 il XA }
=1
. T1IXAo| digdip sl 2= 2L HAH
Grover 2 gppy | DS B LSS BA
CHato| E71et48 W2 ZM 438
RANNGEE 2| X3 2| - YR IO met L2l S5

ot

A& A survey of quantum computing hybrid applications with brain-computer interface (Cognitive Robotics, , 2022)

o} AXE A=

TTT o OO0

OFR} T ZM|A(QPU: Quantum Processor Unit) 77} E6HA| 25 =

— IBM('234, 1,121709] F8E), intel(254, 1,000742] FHE) S T}okst

A=A S22 HE&F FHIE Aloi7t 7kt QPUE A+ 5

1998~2026 JiE A4 J|HE JHE 2H 0] X MY

Physical qubits

H"‘IT

History The promise
® | M qubits

1000-qubits EOEO_-'q_ubits 5000-qubits :
1000 € |000-qubits
o 1 28-qubits @ |00 qubits
B 45.qubits (Tangle Lake)
i
28-qubics ot
/ £
® 1 7-gubits @ Tundr ® Alibaba
® D-Wave ® el
10 ® | |-qubits ® 1MISIS, Russia
PsiQuantum
WACQT
® 2 qubits e
1998 2000 09 I5 16 17 18 19 20 23 25 26
L] fi iputing, Pe Theorer

eter Institute for Theoretical Physics, MIT)

Berkeley, Stanford, MIT)

A5 : yole development (2021)-www.i-micronews.comy/products/quantum-technologies-2021/
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7 I ARYHO Ms2 =d| AHIE(Logical Qubit) &)l S

FHIEE & (Physical Qubit) FHIEQ} =2 FH|E(Logical Qubit)Z F+&
— (B (physical) FH|E) o], FA & FHE F& FAQ /NE AR 2749 FA JHE
B

o

N

— (=3 (logica) FHIE) HBE 7*E HASH] A3 5L =9 FHEE AN (E
FHE+ BE(ancilla) FHIE)E F4%% IF52 1719 =3 FHE=R @45}3’—, FAEFE
B 9T AEAU FHE )= =9 FHE Fof 2

S2| FHIE XFs 9 B, FKIT S| Ojst HoKEst A
% Shor QAL YU2IE0 25KH 2,048 HIE RSA 7| U& Shi=0il 14,238709] =2| FH|EZt HQSKI(17H2)]
=2| FH|EE= 1,583702] =X 2| FH|EO)| oi), 2 28Tt Jie| 22| FHIEVL He

==

=X : How to factor 2,048 bit RSA integers in 8 hours using 20 million noisy qubits(arXiv, 2019)

2| FHIEQ} =2] FHIE Y X HX(ancilla) FHIEE 0|23t Error 2= |dl

< 22| 7HIES =2 HHIE HE >

Two ancilla qubits
will compare the states.

/\
HT
F>l
U
=5
[m
i
futok
)
rok
o
Jn
oY
M
A
0%
A4

Compares Compares
A and B B and C

No errors.

A has an error.

B has an error.
match

Match C has an error.

A& www.quantamagazine.org/how-quantum-computers-will-correct-their-errors-20211116/, https://www.telsy.c
om/it/il-qubit-logico-e-la-correzione-degli-errori-quantistici/
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http://www.quantamagazine.org/how-quantum-computers-will-correct-their-errors-20211116/
https://www.telsy.com/it/il-qubit-logico-e-la-correzione-degli-errori-quantistici/
https://www.telsy.com/it/il-qubit-logico-e-la-correzione-degli-errori-quantistici/

> N 2N ARYY AT FF2 Y AS TANISQ Era?)’

* NISQ(Noisy Intermediate-Scale Quantum) Era @ @F7t H&lE il 7 4250| JHIES &5 F7t
TR YNHREIS THelols AR "YRPH| HBEH2 B
FA A HRE FHIE @A, FHIE FHE9 g SHo R A SHAAETE
BH=e Zolstd(decoherenece) 5°] EAotal FAt ofl#] EF(QECHS ¥4 34,
olE Il YA AFE 2AE(Stack) FR7T AT F

— FA AFEH 28 FRE QPU/FRAH Aol € AEL A%t J2/FReFEA 2
/QISA/FA Aot 2]/ FALE I /FA duEe R 14

— d FA%E FHE(Perfect Qubit) AT |A9 AR FEIH(20~25) FH FHE
FE QPUR A €18|&E ASotes dA HEdles AY

s

P4 )

4 O} HZXE{ AFEH al gt at
\ y ST AR A X X T ) MY
& p
]
R} ZFEl AEH X
< ox |:|'ITE —= -4 >
| Quantum algorithms
Quantum —
computing — =
th = .
T ‘Quantum Programming Language
Architectu ]
algo;%hlrne‘i:mggr?'ivé’g{:tion S;;agnr:lrz:'ning - 4
Prograrnming languages ‘Quantum Compiler
Quantum
System Orgapization computer |:> Quantum Instruction Set Architecture
architecture
i i t
e e e
Interconnection topologies microarchitecture
control and floor planning
S — —a s Control & readout electronics

Qubit interconnect technologies Teshnolaoy | ]
building blocks i ]
Qubit storage and gate technologies Quantum Processor (lwhl!s)

< ux ZEE wd i F0| >

2035—-
2025- 2045
2030 .
2020 Unlimited Era
Quantum-at-Scale Era
Experimental Era Purposely engineered
uantum computers ¢ )
First hybrid NISQ. i a ur S to "'::ny fields with no limitations
computers for niche
Small PoC quantum apbl 76 I QUEantun

computers with no
practical applications

Millions of
logical qubits
(wide adoption and at the core
of most industries)

Technology modalities
1000s of logical,

Multiple technology - reliable qubits

modalities (adoption in high-value industries,
government, and military)

100s or 1T000s
Qubits and application physical qubits
(first commercia | applications) One mainstream

€
<60 qubits modality

(first proof of concept)

Industry players

A& : Full-stack quantum computing systems in the NISQ era: algorithm-driven and hardware-aware compilation
techniquesquantum computing(arXiv, 2022)[“¢], why you should care(kearney, 2021.1D[3}]
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s X RS2 HTHl AXF X gHl, 838, Ml d4 Jlg S2F
7dd 38 Jls

- (37 718) 24T &= A2 FHE 59 84 € dH fAE AT SA420] 8

— (Bt=A] 7]%) A9E/2A% 7|8 FHIE 22 A2 919t vhed] 34 71e< By
(Sputtering, CVD) 7|&, =3 & WA #H A3 A2 7]&o] EQ

— (3% 71e) FHIE BY 2 IR BE ARG gt FolA & F QIEEolA V&

— (A" 7|1&) FHIE Aol 9 HE0| &85+ RF A5*9 S5 4 A9 7|&

* 8= RF FkpE GHz-THzE & 32 K& 7180] 2o

Z}
A

ﬂd
o|N

A RS A28 A OllAl

£

=35 —FF

ﬁ*-
- &
o

Z+& : www.thebroadcastbridge.com/content/entry/14159/instant-answers-from-the-universe
— A B 7HA] Al&(value chain) &R ARRE 913 EiRiEA 57, SA4L 71& 5 —
FHIE A4e 9tk PRAA ALH (QPU, QM §) — FHIE Aol 917 FAIAE 74
HW — d*F d18Ee Z209s A% G SW — A €8s — #9 $-§ RoHAA
M, T8, AL B 5= d4HA, T4 AFEY S QPU
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Quantum Value Chain

The quantum value chain

Components

Cryogenics

Dilution Fridges
4K Cryo
Cryo-CMOS
Advanced Nonofab
Tier 1 Foundries
Sputtering
lon Beam Milling
Hectron Beam Lithography
Ton Impiantation
5TM Hydrogen Lithography
Chemical Vapour Deposition

Advanced Microfob:
Micro Trops

MEMS

High Performance Lasers
Singie Photon Sources
Single Photon Detectors

Sificon on Insulgtor
Silicon Nitride
Innovation

Quantum System

Superconducting

Gircuits

Trapped lons

Photonic

NV Diamonds

Atomic Vapours

Q Probe Signal Processing i Clock-Sensor- Camera
| | Prabe Interface S MagneticField |

QC Hardware
Contral Plane

e | e |

Qc Software Qc Algorithms

Framework Plotforms Algebraic

Chemicals & Materials

Life Sciences

__VIGEVOS | -Analn

e

Architecture
Lingor Algebra
R g -
vl Qs _aNNocRN | anp

| Modues .\ Controllogic M L.\ ptimisation
i . : Financial Services
M § QAOA | Quantum Walks — frawdDeterion |
- R Pring & Porticho Mg _

Q Comms Device
Nodes Packoge

: Q Networks \  QComms Protocols
i Transport toyer :

j: Network Layer

Advancad Industries

Measure ===

Channels

Vapour Cell
lon Cefl
Cold Atom Cell
Arom Interfer. §

need Sen:

Ex-Lab

A& https://www.factbasedinsight.com/quantum-value-chain-overview/, David Shaw

10
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B =2 2t I=MMQuantum Processor Unit)

> 2} ONIM= AIRIR A(Silicon Spin), @0IREH(Trapped lon), @XNE

E2HAZ(Superconductor Transmon) FHIE WAI0] F=&

© (AEE AWSilicon Spin) FHIE) AEE FAE(Quantum Dot) +2 W AR A
T= g =g A A%(Nucleus Spin) o2 YA FEE AT Gok= W4
—AgE A7 FHE ZFYAL A HAR Metal/SiO? (= Si/SiGe) AAIHO| &uhe
Azto] g R AFPHB)LE Zeeman EINE g, WA AUWMHE [t X(E ATt |
} X(down AR FE|El= @S ol8sie] PAHEEE Q1T
¥ Zeeman &1HZeeman effect) : X[7|X0| ¥Xe] ZE|= X Z2/E Z2HK|A ol= oA

— i WAz =5 AR (= (Donon)oll His 733t AP Aol AdAe] At 3ef A~xo) 7

-

=
AR 11D | EE B olgsty e AT Fuo] QleuS B9 daame] 33
o] HFEHE MWS A7lsle] g ATP(Y 32)
* MW : Microwave
SV aai@ Am 3HIE(Siicon Spin Qubitl AR )

< MOSTEZE I SifSi0® HHoMe MAAT JHEE>

KELE ARpH AT} MAALO| ZeemanZ 1}y

- A
YeBo T3

% [, ) gam

Z& : Quantum Computing Circuits and Devices(arXiv, 2019)
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— AgE 2fg FUEQ QAFY H YRR AW AH ASFAIA(Charge Sensor)©l
oJsf HA]

¥ FXp AmOl M7 |sfst HEIM XMOZ SET(Single Electron Transiston)Qt TARE EES &4610] TAt
Of A [ 1) MERH SWSI TRl AT HEHS T
A

HOHIALl AT Al M= @7 J

1

g.

W

=

5
|

L

e
L

9
‘ﬁ\
~;

Vpulse

a3

[1

- | {

" -

Single
electron r Dre ir _a

+
—*
[ 28
-
“

¥V~

A5 : Single-shot readout of an electron spin in silicon(Nature, 2010)
— AgE &1 FHES vt=A B84 AL U9 94X Aoyt d8stal, AojRd
(decohehrence)e F&0oh= thFet o] &4
% ZL(DononQl QIR0 M2 FHE AKIZH| HEZZ AE|, MOS TXO| ZAH9| 22 1X(dangling
lattice &), PIEA AMO AKXt SUX(0 T2 AKX et AEYHA FHE HEE HO5H7| st
MW QLI HEAL SC2 FTMEIC FHIES ZA0E(Decoherence) AEIZ FO|

MRIE AN FHIEQ| [l [0 ADecoherence) 22! J

<ol Hxof mME FHIE AR S Jelof IE EfE b F0P

o

V, (GHz)

<——— 100-500nM ——>

Vit : tunnel rate

<ZAHHA A2 Dangling ZE ol Al> GAb dr L= Qlg AEA D

[ 1 | )
Si0, -‘T _&I N ;‘T/
33 03 B (B (RS B
s TYYTYes
AA A AR A A S
A& : Silicon quantum processor with robust long-distance qubit couplings(Nature, 2017),
userweb.eng.gla.ac.uk/douglas.paul/SiGe /misfit.html

bulk / relaxed
Si. Ge
Ix o x

Si substrate

NTP 3=suogyoty 12



— IntelZ Qutech*3 ¥Hslo] %9 CMOSFINFET)Z|¥IY] FHE AAE AZstil
293 AHAIZE 3ms(22.3)3 671*+9] A FHE T 45(22.10)
* E2IC MOE T AEEQY,  *»* J|E Ef Al2IZ FHIE 37§ — 674

Qutech®] CMOSYIHIO] &2|2 JUIE AXt X

J
>

< HE2|E FHIE A5 <6 2|2 THIE &R £

‘ \-
e

""

High-k Metal
Gate Electrode

A% : Qubits made by advanced semiconductor manufacturing(Nature, 2022) [#}], Physicsworld [$-]

— Quantum Motion*Ak= ABkg ALHARE 9z ©d FHIE Ao AFB(21.3)31L, A2
ARH12EW FAVSE HE0] 7FsSt 1,024709] FA 129 A A4 7 (22.10)
.| Quantum Motion®l QXK 2IZ FXQt 1,0247H0] SXIWS JHM Alal= FHIE A% |

71y 2 1,024 SAH &>

#

Z
e
==
—
- ——
—
-
P
ez |
—
=
I
| =
| —

<

A& : Quantum Motion
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(o1& EW (Trapped o) FHIE) AZ Aol i 029 2714 ofuix] dpaz P

ARE 17Y

— Z5(Ca) = °olHE(Db)E T A oA E&iKVaporized)Zt FAlo HolAE
Hof 25 A7]*(Oscillating Electric Field, T+
=g #F2)

2ol 0|28k HejE AT F F
RP)Z 78 4AE oleg 2w ez

* O|2E0| &&= &A= Sr, Hg, Al, In, Cd 80| /U=
%2 Qx|

** HlE 0|22 28 ZHHEZE M2 ~10um HYlQl 7+

012 Ed FUIE 48 XY

e 0O00QO0O00 O

end view

A= : Quantum Computing Circuits and Devices(arXiv, 2019), Quantum Computing with Trapped Ion Hyperfine

Qubits(Quantum Information Processing, 2004)
— 2849 o= d&f "N A71FS A7HHyperfine Qubiste] of|qA] &9 &
(Zeeman effec)= FHIEE QIIAGstAY, o]0 #o|AE ZRAHOptical Qubit)st

A5
OIOIHI2IHyperfine) & Jloptical)l A0 FHIE AXt HIUXI =HA

<Hyperfine Qubit> <Optical Qubit>

EP]”J —
he
& P 854nm

1 le) e r

3 866nm

’%: 393nm

397nm
ﬁf‘
BN \ IAW_: 12.6 GHz
2 . .
— % S, P, D : orbital

A+ Quantum Computing Circuits and Devices(arXiv, 2019), Ion Trap Quantum Computing with Ca+

Ions(Quantum Information Processing, 2004)

NTP ¥=suo1gyote



— ol Ef FHIES FA HHIE AEshe HEAR] A2 FHolA AR ot A= W

(Stimulated emission)Z CCD(charge coupled device)E =9 A=
¥ SE MEf(excited state)dl U= FHIEN sHHol= 201N Fo42 XA=EHES {Eotl! 0/ CCD2
HESH=E 2

CCDHMIME STt 2t Hi HE OllAl

e ¥a
| Vv

<) i) «)

A= : A Programmable Five Qubit Quantum Computer Using Trapped Atomic Ions(Shantanu Debnath, Doctor
of Philosophy, 2016)

— HZ, 239 Fx9 ol2E Hi AL SPD(Single Photodetector)s &85}
FASHE AEots A7 IS

2K X9 OI2E# &l B2 31t PDOl ME Akl

< 2AHe Ex9| OIEEE" 7,;! > < CHel 3%t PDE XMESH O|2EH™ & >
\\\\\\\\\u 1717/} (b) £, B

:§ / X o f /
S 4 rf SNSPD
§ : —— microwave

= ' 0 < :

! = A D
%:,

rf A W
=00 pm pm @

A= : Trapped—Ion Quantum Computing: Progress and Challenges(arXiv, 2019)(#}), State Readout of a Trapped
Ion Qubit Using a Trap-Integrated Superconducting Photon Detector (Phys. Rev. Lett. 126, January 2021)(-%-)

— 7iE o] tig] Flo]A XAe]| gt FHIE Alo] HHALZ ARBA] FFHIE S| mE gAY
3 QIEHlo]AOptical Interface) +&0] W3, oo whE LU}t ol EHY o] A v}t
g

—ol2 E¥ H o F=TToptical waveguide)@t 1 o8 (grating) AZHE FZ
stof o]2Z Aojst= HF 2 A7 Y F

NTP 3=si gty 15



012 Hoig &

SRt HE(coupler) 71X 2

2 0l2SY & N3 7E ]
< o9 J2ol8 HEY #EE FASH X8 0[2 Ho] KAl >
":—g (b) @ Ion

Chip substrate

SORE

0|=0 1]

o5 £ M3 d: RF 1712 93t HjM
e: 0|2H0{&E &= it2Hoptical wavegwde )2k Z120]8 7{Z2f(grating coupler) T
f. el X} PD, h & g: BGA, | & W22 2

H

o= T

&t Ao Z(microchannel*)
* A Practical Implementation of Silicon Microchannel Coolers for High Power Chips(IEEE 2005 SEMI-THERM Symposium)
N

A& : Trapped—Ion Quantum Computing: Progress and Challenges(arXiv, 2019), Engineering of microfabricated

ion traps and integration of advanced on—chip features(Nature Reviews/Physics, 2020)

NTRP 3=suoamiy
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—lonQ+ °|ZEYZ 1/l Jo & TSI 259 vF o|2EH J Fd= {8 AT
Zo]a, X SD(Software Defined) ¥A Z2ZAA 7S 98] AOM*o]A AOD™**
S =Y, 284 AE o9 FolA FAfo| &&

* AOM : Acoustic Optical Modulator, ** AOD : Acoustic Optical Deflector

lonQ2l JiE ==Y XX AODVI=E METH YOI ' £E 8

<lonQe & 28 >

< AODOf of3t JHE 0|2 &[0|Af ZAL>

Bench m

&

-
A

INDIVIDUAL
ADDRESSING ——
BEAMS e

Chip 2003

scale
Rackmount

25 ¢ IonQ

— Honeywell® FIE 92 Sio) ABume] oleEP TR T2S(grid) 22 P42 o}
£ 722 33 47 3

Honeywell®| lon Trap ZZMIA] 25

Noisy Intermediate-Scale Quantum (NISQ) Era 2030
2020 Fault-Tolerant Quantum Computing
Model H1 Model H2 Model H3 Model H4 Model H5
Linear Racetrack Grid Integrated Optics Large Scale
=
Multi-layer fab Photonic devices lon-trap tiling

v demonstrated designed and tested strategy developed
10 > 40 Qubits = Massive scaling of physical qubits and computing power
2Q Fidelity: 299.5% . . . )
All-to-all connectivity * lon trap fabrication in Honeywell's foundry

Conditionalquantum logic = Key enabling technologies already demonstrated for generational upgrades
Mid-circuit measurement

Qubit reuse

A5 : Honeywell
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(Superconductor Trasmon* Qubit) FFH|E) AL CPB**(Cooper Pair Box)Ul
o

EAR
o]

X (Cooper Pair) 259 FAATHIZ FAAHHE QIF

HF ol

¥ Transmon : Transmission Line Shunted Plasma Oscillation
** CPB(Cooper Pair Box) : ZM& Hgtg Mol TR(REH-ZHTAH-REA)2 2T
| =)

FHUES NEYSH! Us =N 3128 SZE(Mot FHIE(Charge QubitZ2 22| X7|=
— SQUID* F#+x(z4<¢ AY &H(osephson Junction Effect)*?] FZ3HAnharmonic) LC
SRFZ9] oA F£9& &&

* SQUID : Superconducting Quantum Interference Device
[

AHE A0 RERIE FOIE MEIF 52 By

or

= FAEEE =2

et
" ZHA HE 21

— SQUID & Y S5 #5)of] RF/Microwaves Q1716}o] sl ofjufx

=

Transmon X

<Transmon +Z>

Josephson junction
(£=3]

SQLND
[1=}]

Az >

|29} EBIAZ (Transmon) L A OHX] =9 =

<LC 3%Is
Anharmonic
Harmonic / 3)
3
13)
12) Jwss = wor \2)\ /.
10) Jeor 10) [ won
=g HiZ0z YA O|LX| X017t SO A|EZt OFH 227+ EHe
S Mef M2 ¥ 27}

> FHIE MN0| EAAS TR0l U

> b MES| E YA SH 7HEl RFOl ofslf FHIE SE7F SE o

ol

—

< Transmon S7}3|2 >

L8

A5 An Introduction to the Transmon Qubit for Electromagnetic Engineers(arXiv, 2021)/Quantum Computing

Circuits and Devices(arXiv, 2019)
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— EfiAE FH|E HE2 RF/Microwave?] FHIE Alojlo]] FAVIH 4= #8371 53l

QWislol it el BE

EMAR FHIE HZE 9/ 2TIResonator) OIA )
Qubit drive
Readout Flux
input ‘”mﬂ ﬂﬂ I‘I bias
Readout : '
Readout |
outped reao-n:tur

Transmon

Qubit Drive : YXI AME| HOE & RF/MlIcrowaveZE @17t
Flux Bias : EdlAZ= ZF FIO H|Of

Readout Input @ Xt SEf &S 2o RF/MicrowaveE 217t

A& : An Introduction to the Transmon Qubit for Electromagnetic Engineers(arXiv, 2021)

— EfYAE FH|EE= Silicon/lon Trapp FHIEC] Hg] 3H EAJo] #WE (~ 100ns) LA
AP|E F&o| Aoy}, H2 AukS ASARE AT AE 9AE A% A4~ 20mK)2

TFHIEZ AEFS A5 fiet =214 A A%t 5o] 9

~ T Ao} 980 RFY) Q7ke Q1 FH|E AB7He] ofst ofeiE fuslel, o) WXsh]

AT T PR ERATI SYETVL HE AT ANE WEEAM, 22

* ST 1 24ns, BT 1 99.99%

SMAZ FHIE ZES A ZXI|Resonator] OIAI

Supercondctor (Al, Nb, Ta, etc.)

Substrate (Silicon or Sapphire)

A5 : Double-transmon coupler will realize faster, more accurate superconducting quantum
computers(phys.org, ‘22.9)
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— IBM, “2097FA] ¥WYRY] Qubit QPUZNEZ I3t 2twfiS Ustal(21.2), 433719
Qubit QPU(Osprey, “22.11)5 7i+

IBM JHE =W X OJHE & =01

T
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| >
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(@)
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F

Control and readout
resonator (x7)

Qubit (x7)

Bus resonator (x2).
These enablea
two-qubit gate.

<BM QPU 7h&t 2=04>

Development Roadmap IBM Quantum
Executed by IBM @ On target

2019 2020 2021 2022 2023 2024 2025

Run quantum Demonstrate Run quantum Dynamic circuits for  Frictionless Call 1K+ qubit Enhance quantum
circuits on the and prototype applications increased circuit development services from workflows through
IBM cloud quantum 100x faster on variety, algorithmic with quantum Cloud API and HPC and quantum
applications the IBM Cloud complexity workflows built investigate resources
in the cloud error correction

Model Quantum application services

developers Optimization | Natural Science | Finance | Machine Learning ...

Algorithm Prebuilt Qiskit Runtime and Classical integration

Epyslopuie Error mitigation | Circuit knitting | Circuit Embedding | .... Error correction

Kernel giskt T
developers Runtime circuits Circuits for sampling | Circuits for time evolution | Circuits for ...

Quantum Falcon Hummingbird E Eagle E Osprey @ Condor Beyond
systems 27 qubits 65 qubits 127 qubits. 433 qubits 1121 qubits 1K - 1M+ qubits

> &> @

IBM Cloud Circuits Programs Applications

= —

2019 plople] 2021 2022
Falcon Hummingbird Eagle Osprey
27 Qubits 65 Qubits 127 Qubits 433 Qubits

A5 hpcwire.com/2021/12/13/ibm-breaks-100-qubit-qpu-barrier-marks-milestones-on-ambitious-roadmap/,
https://mewsroom.ibm.com/2022-11-09-IBM-Unveils-400-Qubit-Plus-Quantum-Processor-and-Next-Generation-I1B
M-Quantum-System-Two
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- AT SO WE(Ta) dule] ERARS FAH FHE AR s — s AT
AFZAI} A&HoF WH(21 ~ 22.1)

* HO|A YAYE 1Sk (Beijing Academy of Quantum Information Sciences) @ 0.5ms('22.1),
D2IAEMEW 0 0.3ms('21.1)

HIOIE STH™E ISk JHE & 9%

A+& : Towards practical quantum computers: transmon qubit with a lifetime approaching 0.5 milliseconds (npj,
2022.1)

8 FHE o= Az ~7 FHE w2 SHEMLS AT EdlXE FHE
AL o|2EF] FHIE, Auks{coherence) AEGAIIES 2]y} o|E] FHIEV] 7

— LY /o) LE/ERAL BF &Y FHE ol Fudo] EAKE, wEA] FH
o Hgos AR FHE VU P4 ARLo] $UL Ao oy

Sllicon/lon Trap/Transmon Qubit 24! Hinl

& Silicon Qubit lon Trap Qubit Transmon Qubit
KIZAEH O Mol ofL X 3 i
Qubit Electron/Nuclear A A | —°° H la"‘ml} | oA ZHEHQ| Mot oEf
, 12 GHz (171Yb+),
Qubit Energy 28 GHz 411 THz (40Ca+) 5 GHz
Readout}4] spin-charge conversion optical pumping resonator
NG RF/Microwave Optical Fields RF/Microwave
THIE , . .
245t wiA exchange-interaction trap vibrational modes resonator
—jl\—éo:la J_,—i‘"AO}‘EH; ; A ot o
2% aseia X | WEY ZERA XS A 4E WE ST
CST Microwave, Ansys-HFSS Ansys-HFSS
=x /élj = . .
T 1= TCAD, COMSOL COMSOL AWR Microwave Office

Z+&: Quantum Computing Circuits and Devices(arXiv, 2019)
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B AAEE ! Alo] BIAIOIE 9ot Bt ot

® WHoZ 2HE EAAR/O|REY FHE, Jr|HoRL AR AU FUE Jlue]
n2AM7} e A
—AolE SRSEe} By Suolq Aol Au FulEe] AT viEA] 49 A&He

WHo] B o]REW U AT EAAE FHES 5T SR BAY Ao AY

2 RUHIE 3™ LA WIE A2 Hlul

7= o[2EH EE R 3
TAS|HA X|ZAIZE ~50s, (1.5h*) 50 ~ 200 ps 1~10s 150 ps
Gate HElT ~09.9% 99.4 90 99
Gate SEHET 3~50 10 ~ 50 1ns 1 ~ 10ns

Y Hol= S St s o

A& Quantum Computing: A Taxonomy, Systematic Review and Future Directions(arXiv, 2020)
* Single ion qubit with estimated coherence time exceeding one hour(Nature communication, 2021)

o A AFFL Fs /12 Hoto] §E EY Y| Hokz BY At s
A7t wa

— ot ARE FHEolE dArEe o wEA|, An, sW, A8 I, BT, 4T /1% 5ol
BgHoE Bestng s|zustt FeAAo] Fuld Aol Ba

STt ARE 71X GIAl

Optics rack

Trap rack

Control
electronics

PC & network
Wavemeter &
vibration controller

Laser controller

Fiber distribution & Trap dc
switching
Stabilization module

Trap rf

729 nm splitting
module

AOM amplifiers

Trap module

A= : wikipedia

O FA AFE 7Ie2 MY 27] dAEH, XEHolal EG= dAYo] E8

— A AFY 7IeS> A LarEE, FHIES] FTolHEA ABA, FHIE A 5 B2 AR Vs
oA £d=lojof T A7} AHASH AEl R T Q1 AutETt A7 AQ1 TEoA AX]|o]
]
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