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Superconducting Qubits — Exciting Time!
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Computing Development Timeline

Classical Computing (Electronic)

18 cores 32 cores
Integrated 2K transistors 5.5M transistors 5.5B transistors 19.2B transistors
Vacuum tube ENIAC Transistor TX-0 circuit i4004 Pentium Pro Xeon Haswell Epyc GPU
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Quantum simulator Shor’s algorithm Quantum annealing Cloud-based Quantum
proposed & CSS error correction & adiabatic QC QCs Advantage
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Computing Development Timeline

Classical Computing (Electronic)

Integrated
Vacuum tube ENIAC Transistor TX-0 circuit
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Quantum computing is transitioning from
scientific curiosity to technical reality.

2K transistors
i4004
(1971)

Quantum Computing

5.5M transistors
Pentium Pro
(1995)

18 cores
5.5B transistors
Xeon Haswell
(2014)

32 cores
19.2B transistors
Epyc GPU
(2017)

Factor 15 Few-qubit processors

Grover
(1996) (2002)
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Advancing from discovery to useful
machines takes time & engineering

&

Quantum simulator
proposed
(1981)

Materials science and fab engineering
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Shor’s algorithm
& CSS error correction
(1994-95)

(2010-2016)
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Quantum annealing
& adiabatic QC
(1998-2000)

Cloud-based Quantum
QCs Advantage
(2017) 53-qubit QCs
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How to Build a Superconducting Qubits
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Fabrication Engineering

High-coherence air-gap cross-overs
¢ Manufactured/designed qubits (optical microscope and confocal images)

« Lithographic scalability (silicon)

200-mm wafers 5-Transmon chip with Transmon capacitor Tunable transmon qubit Josephson junctions
(49 Reticles x 16 chips) readout resonators and control lines loop with junctions (aluminum)
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Engineering Improved Coherence

: ; “Moore’s Law” for T
» Remarkable improvement in T, , 2

— i o o -
Materials lifetime (us) e B
. . A £ Z
— Fabrication 4| [O 1)-based qubit 5% E
. 107 "] Bosonic encoded qubit F 2 €82
— Design X Error corrected qubit < 5 ; g g*g
]03 - = = ¢ : v ToR 45
£ - é .:‘." X t o @
2 32 = § x risVETRK
107 s - 2 E r Lt’\. L{ '8
g 5 X B t-*’s f ot
10'F 8-9- & - KR =) e
x & X ‘,L-:::::::::t" / a8 =~ 2 /
2 L E / m 8 § / Gatemon
1+ i & i - f 8 E é\/(semiconductor)
; c
1 g i - ; 5 .g &
o g «T| 2 8 3
= o
a1 u\ 7 @ ¢T7; g Gatemon
10 t @ T, z (graphene)
¢

-3 1 1 1 1 1 e
@ IQTEC e 2o|oo 2olo4 2olos 2o|1 2 20'1 6 year

Iranian Quantum umt:x,sh,z
Technologies 69
Ol oegilgS
Research Center




Improving Coherence

Magnetic-field noise

Paramagnetic/ &

nuclear spins
Environment 7

circuit modes / .

Trapped vortices

Charge
? Fluctuations

Phonons

Photons

@ I QT EC iy WDO & Welander, MRS Bulletin (2013);

: Courtesy of Yasunobu Nakamura
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Design Work-Arounds

Early qubits Capacitively-shunted Three dimensional
(charge, phase, flux) planar qubits qubits
Multilayer Planar capacitor,
Capacitor, Planar Optimized substrate 3D microwave resonator
Deposited capacitor and metal processing
dielectric <

d ~ 10,000 um
Q,,>>1,000,000

d<1pum d~30 um

Q,.~10,000

T,~1us T,~5 s T,~40 ps T,~100 ps

Energy stored in:
free space

Energy stored in:
planar capacitor gaps

Energy stored in:
JJ barrier or deposited dielectric

L J

Ll
Tradespace for high coherence & scalability
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Coherence Times

- Relaxation rate: [y =111
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Measuring T;

e How to measure? [0}t ———- Fit, T, = 85us v ue ety
° i i "‘”-‘
Excite using a X, pulse . gt
» Measure after time = during which spontaneous decay % '2'
'i
occurs *
"a.'
« Probability of measuring ground or excited state .':_.
depends on polarization ‘..’. Xn Reagdout
] on: T v
* Repeat many times! s Relaxation j+ """" >0
. . 1L
« Estimate T, by taking ensemble average 0 50 100 150 200 250
Time (us)

@ Kjaergaard, M., Yan, F., Orlando, T.P., Gustavsson, S. and Oliver, W.D., 2019. A quantum engineer's guide to superconducting
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Coherence Times

- Relaxation rate: [, = l/ 1)
I | I
 Decoherencerate: [ =—= +
R - 'I;p
« Dephasing rate: ]"(p = ]/[(ﬂ
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Measuring T,

* Send a X/, pulse to put Bloch Vector on the equator

« Since the carrier frequency wy and qubit frequency w,
may differ by dw, the Bloch Vector will precess around z-
axis, thus the oscillation of the Ramsey Experiment

* After time 7, another X=,, pulse will put the vector back on
the z-axis

« Then we estimate T, by taking the ensemble average of

measurements

hasing is usually faster than relaxation!

TERERROIVELNTNR ied physics reviews, 6(2).
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Spin Echo
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Dynamical Decoupling
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Dynamical Decoupling
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Dynamical Decoupling
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1/e decay time,

Engineered Error Mitigation:

Dynamical Decoupling

(improves the physical qubit error rate)
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Dynamical Decoupling

CPMG rotations

CPMG sequence
Kepz Y Y Yr Yr Ya Ya Yo Xns2
I | | I I A
CP sequence Nx-pulses
Xnrz Xe Xz X X Xn Xz Xe Xns2
I I | | | 1|
N m-pulses
UDD sequence
Xei2 Yo Y Yn YaXni2
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Hardware-based Noise Mitigation Techniques

 Improvements in materials and fabrication
e Substrate cleaning and annealing
e Optical surface treatments
e Quasiparticle traps
(d Design improvements
(1 Dynamical error suppression
[ Cryogenic engineering
* More efficient heat sinks
* Absorptive black material for thermal photons
e Additional cavity filters

@ Kjaergaard, M., Yan, F., Orlando, T.P., Gustavsson, S. and Oliver, W.D., 2019. A quantum engineer's guide to superconducting N
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Technologies g &

bl osiilgS

Research Center



Algorithmic noise mitigation techniques

« Zero Noise Extrapolation (ZNE)
« Machine Learning Quantum Error Mitigation
(ML-QEM)

@ Kjaergaard, M., Yan, F., Orlando, T.P., Gustavsson, S. and Oliver, W.D., 2019. A quantum engineer's guide to superconducting
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Zero Noise Extrapolation

Layerl Layer 2 Layern
o 1T H H - H e
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Moise amplification factor
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Error Mitigation with Machine Learning

I ircui Encoder Machine learning
| Circuit Features model
Q0 - H e—o :> D@)Q |:>
Ql 4 X b—e— ._ .E\- Backend properties <é> .
Q3 4 X HP—e— Execute <O>n01sy
Q4 — H —e—D— II: ::>
REES Model update ﬁ
Q6 — H —e—&b—
Noiseless simulator Error-mitigated QPU| Loss function
1NN
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Error mitigation with machine learning

c:t> XX F[jt‘> model
QPU Backend properties e
(O A guantum circuit (left) is passed
= = to an encoder (top) that creates a
e feature set for the ML model (right)
simuite | o | T | based on the circuit and the
k1N g9 M quantum processor unit (QPU)

targeted for execution. The model
and features are readily
replaceable.

ang, D.S., Sitdikov, 1., Salcedo, C., Seif, A. and Minev, Z.K., 2023. Machine learning for practical quantum error S
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Error mitigation with machine learning

S— D

Ql x| = o

i% I The executed noisy expectation

o {4~ values (O)-noisy (middle) serve as
=i e ] the input to the model whose aim is
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Error mitigation with machine learning

C et | Featurss A M0
@ i— ||| = ,\D@M To achieve this, the model is trained
EE 7 o= beforehand against target values (O)
» XL target of example circuits. These are
o {4 => obtained either using noiseless
o {3} ol s/ simulations in the case of small-scale,
z‘:j% I & e ] [ Lo tractable circuits or using the noisy QPU
o H—a ||| g %@ M In conjunction with a conventional error

] mitigation strategy in the case of large-

scale, intractable circuits. The training
minimizes the loss function, typically the
mean square error
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 Random circuits

« Trotterized dynamic of the 1D Ising spin chain

« These two classes play the role to simulate the noise on 0.0
the small scale of them

* In the study of Trotterized circuits, the performance of the Mean[ 0.166 | 0118 I 0100 _ 007 0085 0116
methods is also studied in the absence and presence of
readout error or coherent noise, in addition to incoherent
noise.

Unmitigated ZNE oLs RF MLP GNN

— B

——
Learning-based models

CQ ang, D.S., Sitdikov, 1., Salcedo, C., Seif, A. and Minev, Z.K., 2023. Machine learning for practical quantum error
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Conclusion

 Building hardware takes time. But we should enter the race now before it's
too late!

Noise is one of the main obstacles in the way of building a quantum
computer. But we are improving noise mitigation techniques every year.

Hardware noises can be addressed by improvement in materials, fabrication,
and designs.

We also came to invent dynamical suppression techniques.

Lastly machine learning has also come to enhance the quantum computing
era. -
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