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100+ years of quantum mechanics 
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History of superconducting quantum circuits
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Superposition in macroscopic systems

Dead and Alive E. Schrödinger 1935

Macro-realism vs. Quantum mechanics

Schrödinger’s paradox

Superconducting 
loop

Flux quantum

A. J. Leggett 1980

Macroscopic quantum coherence



Josephson effect

Cooper-pair tunneling
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Macroscopic quantum tunneling

J. M. Martinis, M. H. Devoret, and J. Clarke. PRB 35, 4682 (1987).
R.F. Voss and R.A. Webb (IBM), PRL 47, 265 (1981); D.B. Schwarz et al. (SUNY), PRL 55, 1547 (1985).

Saturation of escape rate at low temperature



Single-electron devices
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V. Bouchiat et al. Phys. Scr. T76, 165 (1998) Saclay



Superposition of charge-number states in Cooper-pair box

PRL 1997
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Superconducting quantum bits

 Artificial two-level system in circuits
 Coherent control of macroscopic system

YN, Pashkin, Tsai, Nature (1999); YN, Nature Electronics 8, 92 (2025).

φ

Chiorescu, YN, Harmans, Mooij, Science (2003)

Charge qubit Flux qubit



Superconducting qubit – nonlinear resonator

I

LC resonator Atom
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Superconducting 
qubit

• Superconductivity ⇒ low-loss
• Josephson effect ⇒ Strong nonlinearity
• Macroscopic size ⇒ Strong coupling



Circuit QED: cavity QED and waveguide QED

Cavity QED

Atom + 0D mode (discrete) 

Strong coupling

Waveguide QED
Atom + 1D mode (continuum)

“Strong coupling”

Mode matching, interference

O. Astafiev et al. Science 327, 840 (2010)

A. Blais et al. PRA 69, 062320 (2004); A. Wallraff et al. Nature 431, 163 (2004), Yale

Microwave 
quantum optics



Possible decoherence sources

phonons?

photons?

magnetic-field noise?

charge fluctuations?

paramagnetic/nuclear spins?

trapped vortices?

charge/Josephson-energy fluctuations?

quasiparticle
tunneling?

environment 
circuit modes?



Coherence time of superconducting qubits

W. D. Oliver and P. Welander, MRS BULLETIN 38, 816 (2013) MIT-LL
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Towards quantum error correction 
Logical error suppression with surface code

Google Quatum AI, Nature 638, 920 (2025) K. Wang et al. arXiv:2505.09684 (Zhejiang U)

qLDPC code



Challenges for the future

Number of physical qubits

Fidelity

• Fabrication uniformity
• Connectivity
• Wiring
• Heat load
• Control electronics

• Decoherence
• Thermalization
• External noise
• Crosstalk
• Control pulse shaping
• Tunable coupling
• Readout backaction
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Multi-chip modules

Modular units
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• Error correction code
• FTQC architecture
• Algorithm
• Application

Cold 
atoms

Trapped 
ionsSuperconducting

100 μs 1 ms10 μs
Necessary coherence time 

for 100-ns-long 2Q gate



Superconducting quantum processor unit @RQC

Coaxial cables

Contact probes

Flip-chip cover

Al package

Superconducting 
bump contact

Superconducting 
through silicon vias

Integrated qubit chip

2D integration with 3D wiring



Square lattices of 
fixed-frequency 
transmons
Nearest-neighbor 
capacitive coupling

Unit-cell structure

Supercondcuting qubit chip



0.2 μm2 μm

Unit-cell structure
Readout resonator (λ/4)

0.5 mm

Purcell filter
(λ/2 resonator)

Josephson
junction

Qubit

Yellow: TiN
White: Al
Gray: Si
Black: TSV

Capacitive
coupler



Backside

Unit-cell structure
Readout resonator (λ/4)

Purcell filter
(λ/2 resonator)

Josephson
junction

Qubit

Yellow: TiN
White: Al
Gray: Si
Black: TSV

Capacitive
coupler

ResonatorQubit GND 0.5 mm

Design parameters (example)
• ωq/2π ~ 7.7–8.9 GHz (fixed)
• α/2π ~ −350 - −450 MHz
• ωr/2π ~ 10.1–10.4 GHz
• κr/2π ~ 10 MHz
• gqr/2π ~ 140 MHz
• gqq/2π ~ 10 MHz



Packaging with vertical access



Magnetic shields for JPAs

Magnetic shield for 
64Q package

Control 
lines

HEMT 
amplifiers Input 96 lines*

Output 16 lines
Total 112 lines 

(1.75 line/qubit)

 16 low-temperature 
HEMT amplifier 

 16 impedance-matched 
Josephson parametric 
amplifier (JPA)

 Magnetic shield

 Radiation shield at 10 mK

*Qubit control 64
Readout signal input 16
JPA pump 16

Readout 
lines

Cryostat for 64Q system
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144Q system



Individual Purcell filter
+ Intrinsic notch filter 

4-fold multiplexed 
simultaneous readout

High-fidelity qubit readout on a 2D-integrated chip

1 cm
16Q device 4Q unit-cell

100 μm

Transmon qubit

P. A. Spring et al. PRX Quantum 6, 020345 (2025)



High-fidelity qubit readout with dedicated Purcell filters

P. A. Spring et al. PRX Quantum 6, 020345 (2025)

Histograms from 
4x104 simultaneous 
56-ns measurements

Assignment & QND fidelity 
pulse sequences

QND

Assign

F. Swiadek et al. (ETH)
PRX Quantum 5, 040326 (2024)

Spring ’24 Kurilovich ’25

• Fast readout in 56 ns, repeatable in every 100 ns
• Assignment fidelity 99.91%, QND fidelity 99.67%
• Leakage error ~0.01%/readout
• QND infidelity dominated by induced qubit relaxation



High-fidelity gate with double-transmon coupler

R. Li et al. PRX 14, 041050 (2024)
(Theory) H. Goto, Phys. Rev. Appl. 18, 034038 (2022); 

K. Kubo et al. Phys. Rev. Appl. 22, 024057 (2024) 

Tunable coupler consisting of double transmons and 
a Josephson-junction loop
between two fixed-frequency data transmon qubits

in collaboration with



High-fidelity CZ gate with double-transmon coupler

R. Li et al. PRX 14, 041050 (2024); see also Phys. Rev. Appl. 23, 064069 (2025)

• Fast (48-ns) adiabatic flux-bias pulse for CZ gate
• CZ gate fidelity 99.90% 
• Leakage error    0.03%
• Stable for 12 h



Summary

Macroscopic quantum coherence
• Superposition in quantum systems with a large number of degrees of freedom

Superconducting qubits
• Artificial two-level systems in macroscopic-scale electrical circuits

Quantum computers
• Platform for precise control and measurement 

of (open) quantum systems with a large number of degrees of freedom
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