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Why Colors Are Discrete

# Energy Discrete energy levels
Electrons occupy only certain energy levels. 13)
When they drop between levels, 4
they emit photons with specific energies. AE-, \NNN>-@ a’_“e)ph"ton
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The energy of the emitted photon

E hoton — hV — AE equals the energy difference
between the levels.




Atomic energy levels and transitions
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Qubit from Atom

Anharmonic degree of freedom
and spin

Isolated from environment and
thermal bath

Low-loss

Level diagram allows for qubit-
specific control and readout

There are always more than
two levels

Zlatko Minev



Artificial atoms

capacitor

inductor
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Anharmonic d.o.f. and spin
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Qubit

From |Idea to Reality

THE BIG PICTURE
before calculations




Qubit: idea

Energy levels Hilbert space Quantum cloud?
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Images: Left/Middle: Minev, arXiv:1902.10355; Right: Google Quantum Al Zlatko Minev
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Example
IBM Architecture
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Video: Google

Example Google Architecture
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Example Google Architecture

Video: Google Zlatko Minev



Physical and abstract circuits and Hilbert space

readout

qubit

Video: Google Zlatko Minev



Summary of flow

cQED qubit in the cloud
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* Laptop image: rawpixel.com; Photos: IBM
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Circuit Quantum Electrodynamics

(cQED)

Macro
overview

-
P
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There are two kinds of physicists:

Those who believe all of physics is spins.

Those who believe all of physics is oscillators.

Zlatko Minev



cQED Ingredients

Circuit elements

Microwave oscillators

Combine 1‘5}

Zlatko Minev



cQED Ingredients

---------------------------------------
.
*

o Small dissipation
)( | Isolation from environment
o Low temperature
Nonlinearity
Large vacuum fluctuations
............. AT —
Superconductivity

Nominally zero intrinsic dissipation and heat
Nominal temperature far below energy level splitting

Non-linear, robust Josephson tunnel junction effect

* Low energy dynamics. Microwave image: vectorpocket; Nobel photograph: Jonathunder; Josephson photograph: Nobel Foundation archive. Zlatko Minev
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107° 0.5x10 ° 107° 107" 10712

&

Wavelength (m)

Wavelength
scale
Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei
Frequency (Hz)
hw = kgT
Effective
temperature —
JI 1K 100 K 110,000 K 10,000,000 K
- —b?2 *C =173 *C 9,727 °C ~10,000,000 °C
——’ \\ ----——_~_
Order of 0.5K, 10 GHz, 3 cm T

magnitude

|
© :@1’
%S

[ ;x; 1)
I )

|0)
6 Spectrum image: Inductiveload, NASA




A few introductory reviews

And many more... check online or ask us for specific topic

Qiskit Textbook (2020; more chapters coming)

Blais, A., Grimsmo, A. L., Girvin, S. M., & Wallraff, A. (2020)
Circuit Quantum Electrodynamics (arXiv:2005.12667)

Kjaergaard, M., Schwartz, ... Oliver, W. D. (2020)
Superconducting Qubits: Current State of Play
Annual Reviews of Condensed Matter Physics 11, 369-395

Krantz, P., Kjaergaard, M., Yan, F., ... & Oliver, W. D. (2019)
A guantum engineer’s guide to superconducting qubits
Applied Physics Reviews, 6(2), 021318

Corcoles, A. D., Kandala, A., ... Gambetta, J. M. (2019)
Challenges and Opportunities of Near-Term Quantum
Computing Systems. Proceedings of the IEEE, 1-15.

Wendin, G. (2017)
Quantum information processing with superconducting
circuits. Reports on Progress in Physics, 80(10), 106001

Gambetta, J. M., Chow, J. M., & Steffen, M. (2017)
Building logical qubits in a superconducting quantum computing
system. Npj Quantum Information, 3(1), 2

Girvin, S. M. (2011) Circuit QED: superconducting qubits coupled
to microwave photons. Quantum machines: measurement and
control of engineered quantum systems, 113, 2.

Clerk, A. A., Girvin, S. M., Marquardt, F., & Schoelkopf, R. J. (2010)
Introduction to quantum noise, measurement, and amplification
Reviews of Modern Physics, 82(2), 1155-1208

Clarke, J., & Wilhelm, F. K. (2008)
Superconducting quantum bits. Nature, 453(7198), 1031-1042

Devoret, M. H. (1997)

Quantum Fluctuations in Electrical Circuits.
In Fluctuations Quantiques/Quantum Fluctuations (p. 351)
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Where are all my slides?

= O zlatko-minev / zlatko-minev-quantum-repository Q. Type[/]to search 8 - - .
Zlatko Miney,
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[1 Files zlatko-minev-gquantum-repository / content - educational /| &
¥ main i + | Q & zlatko-minev Initial Commit 7t ;
_ Zlatko’s Blog
Q Go tofile t
Name Last commit message
> B _web Casual notes, tutorials, and thoughts on
| > content - educational quantum computing. Organized by
> W content - research talks "0 Career Talks Initial Commit categories:
> [ content - tech notes - ; g zou g
. A Intro to Noise Mitigation - Near-T... Initial Commit - .
S | | d es ! 0) .gitignore o K Tutorial + Lecture - Summer
D S m "0 Intro to Pauli Twirling (Tutorial) Initial Commit school style lectures / tutorials
D README.md 28 Intro to Quantum Error Mitigation ... Initial Commit e @ Tech Note - Useful derivations
[ _configyml M Intro to Quantum Noise (Qiskit GL... Initial Commit and technical notes
[ index.html . o N .
% Intro to Quantum Noise (Qiskit Gl... Initial Commit e 4 Talk Slides - Research paper
% Intro to Quantum Noise (Qiskit GI... Initial Commit talks, slides, videos
8 Superconducting Qubits 101 - Qu... Initial Commit e  Non-Tech - Non technical blog
[ A Prelude To Practical Quantum ... Initial Commit

zlatko-minev.com/blog

Zlatko Minev


https://www.zlatko-minev.com/blog
https://www.zlatko-minev.com/blog
https://www.zlatko-minev.com/blog

Circuit Quantum
Electrodynamics




To quantum,

start classical

Classical oscillator




Transmon qubit
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Transmon qubit

Substrate Qubit pad

Dielectric Metal

Qubit inductor

Non-Linear
e.g., Josephson Junction

Zlatko M
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Transmon qubit: charge

Net positive charge Net negative charge

~ 1012 mobile e~

Q € [—o0, 00

| S
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Electric field and voltage

v =- [ B0 di@

NG Voltage

v € [—00, 00]

Q)

Electric field /

Zlatko Mlinev



Charge and capacitance

For a good discussion, see "The Feynman Lectures on Physics Vol. Il
Ch. 22: AC Circuits." Caltech.

Constitute relationship

Q(t) = Cv (1)

Capacitance

C € (0,q

Zlatko M

linev



Conservation of charge
Universal relationship

d .
EQ (t) =i (:)

Q(t)Z[mi(T) dr

Initial conditions

Q(~o0) =

i € [—00, 00]

Charge and current

Caution: Passive s
convention

Zlatko M
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Magnetic flux and inductance

Faraday’s law of induction Constitute relationship
Universal relationship A
t . ® (t) = Li(t)
D (t) = / v (r) dr ~ D
— o0

Inductance

d .
L € (0,00)

—® () =v ()

Initial conditions

®(—o00) =0

Magnetic flux

For kinetic inductors,

~98% of qubit inductive energy is not
in stored magnetic fields, but in
kinetic inductance

¢ € [—o0, 0]
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Power and energy

Universal

SEW=p(t)=v ()i

RN o oo

Energy stored in Instantaneous 2
(delivered to) power flowing to ( : ) R £ (®) = —
component component Ecap () = QC(I) ina (®) 2L
; 5
Q) =2 (@) = 5L¢7
S (t) - p (T) dT (’* ‘l’( 2(‘1 i[‘lf
— O
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Electromagnetic oscillator

cap

Y

acitance value node of the circuit

<«— jnductor

zapacitor

<—— ground
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Oscillator analogy

| — Velocit
(p ;h;, ® (t) Velocity
o
— , ®(t) Deviation from equilibrium

Equilibrium position

Coé+L1d=0 r=0, ®=0

b =— g(I), Wo =

Resonance

frequency Spring: Svjo
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The LC classical harmonic oscillator

Energy

- G

Position: ® — z
Mass: C —m

Momentum: @ — p
Spring constant: L~! — k

2 P2
H@®,Q)= o+ o7

Graph: Minev; Spring-mass: Svjo
Zlatko Minev




“It 1s by logic that we prove,
but by intuition that we discover.”

Henri Poincareé

Photo by Eugéne Pirou
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Hamiltonian dynamics and phase space

with L=C=1
:_%:_@
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Complex action-angle variable

’H(@a@)‘%%ﬁt;i(a*a + aa’™) E = hwq (n + %) a(t) =4/ ﬁ (@ () +iZQ (t)]

Classical analog of the
bosonic ladder operator

a(t) = a(0) e 0!




=

Unveiling the guantum

Quantum harmonic oscillator
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] )@ Wavefunctions of the quantum oscillator
q}Q

8ind ((I)) — i

\

Energy

Classically forbidden
region
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g

Energy /

Scaled
wavefunction
amplitude

Wavefunctions of the quantum oscillator

@2

Eiig (@) = 5T

\

Un (P) = (P|n)

Classically forbidden
region

0)

Zlatko Minev



] )@ Wavefunctions of the quantum oscillator

(I)Q
fnd (B) = o7 ¥n () = (2In)
\
Energy / ‘3>
Scaled. :
et o )
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region ' - ‘ 0
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The transmon as a non-linear oscillator

Josephson tunnel
junction

Non-linear inductor

Zlatko Minev — Qiskit Global Summer School 2020 (47)



Josephson tunnel junction

generaliz
magnetic
flux

Acc.y Spot Magn Det WD g

l1 II_I.I_IIZI kv 2.0 220207x% TLD 5.0 Sirio

2 4 T iage: L. Frunzio
— g (_J) _EJ P, Lo (q)fﬁ_})
2 @{} -j;! {';}[) J

Circuit image: Minev et al., EPR to appear (2020)
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The Transmon qubit
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Semi-classical intuition: phase space picture

=50 — Ej cos (®/¢o)

Zlatko Minev



A

> Exploring a real transmon qubit

o A A AAA
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Quantum fluctuations of the transmon qubit

@pr/qﬁ[} ~ 0.5 E‘J

Qzpr/2e = 1.0 _ g

" Ene rgy

Reduced magnetic flux (®/¢,)

Zlatko Minev
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How do we quantize?

resonator

~

)

Zlatko Minev, IBM Quantum (5&



Modeling step 1: Classical E&M approximations

Physical (linear) model Eigenmodes Quasi-lumped models

C Cox —Cun —Coz2 —Coz —Cos —Chs

Cig —Ciz =Ciz3 =Cuy —Cis
e ff Coyy —Cyg —Cay —Cys
) | ! Cix —Cay —Cas
i | i Ciz —Cis
| Csy

iy
o —

Impedance

L :_#J_r__

Zlatko Minev, IBM Quantum (5¢



Modeling step 2: Quantize

v \ H
tot

o S—— - v There’s a description for

every job!

Zlatko Minev, IBM Quantum (57)



Landscape of quantization methoc

quasi-static full-wave

lumped quasi-lumped impedance energy

e [ Fpd A

Yurke & Denker (1984), Devoret (1997), Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et al. (2012), Minev (2018)

Burkard et al. (2004), Koch et al... Gely et al. (2019), Parra-Rodriguez et al. (2019), Solgun et al. (2014, 2015, 2017) ... Minev et al. (2020)
Minev et al. (2021), ...

more speed more information, accuracy

Zlatko Minev




iskit.org/

Resonators
Composite Bi-Partite Systems
Qubit Couplers

Quantization methods library

Small Quantum Chips

Design Flow
guasi-static full-wave
Libraries
uasi-lumped i
All Quantum Devices lumped q p Impedance energy
API| References I | OII
X
Overview r (
QDesigns
QComponents Yurke & Denker (1984), Devoret Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et al. Minev (2018)
(1997), Burkard et al. (2004), Koch et  Gely et al. (2019), Parra-Rodriguez et al. (2019), (2012), Solgun et al. (2014, 2015, 2017) Minev et al. (2020)
Analyses al... Minev et al. (2021), ...
QRenderes ! >
Toolbox more speed more information, accuracy
QGeometry
GUI

Code of Conduct

Zlatko Minev
IBM Quantum
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Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Conduct

£ Qiskit

Quantization methods library: Tutorials



https://qgiskit.org/d

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Conduct

£ Qiskit

Eigenmode and EPR

Analyizing and Tuning a Transmon
Qubit

Driven Modal Simulation and S-
Parameters

Impedance Analysis

Analyzing a transmon and a
resonator

Sweep an option in QComponent,
get capacitance matrix from Ansys
Q3D and pyEPR

Capacitance Matrix and LOM
Analysis

Analyzing a resonator

Sweep an option in QComponent,
get Ansys HFSS eigenmode
solution matrix.

Sweep a option in QComponent,
get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

#:

>

How to Render a Metal Design
into Ansys

How to Render a Metal Design
into GDS



g/documentation/metal/tut/index.html

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Tutorials: Quantum analysis library

Design Flow
Libraries S jon in QC: t
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM weep a option in | omponent,

All Quantum Devices Analysis get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

API| References

Overview »

QDesigns

y < A7
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S,Z,Y
Impedance
Scattering

arXiv:1204.0587 ...
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Tutorials: Quantum analysis library

Composite Bi-Partite Systems

Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow

Libraries = A ;
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM weep a option in . omponent,

All Quantum Devices Analysis get Ansys HFSS driven-modal

scatter matrix, impedance matrix,
and admittance matrix.

API References

Overview

/ Eig d
Energy-participation quantization of Josephson e e s e e oo -
circuits - s e e : - 8

Zlatko K. Minev &, Zaki Leghtas, Shantanu O. Mundhada, Lysander Christakis, loan M. Pop

& Michel H. Devoret

npj Quantum Information 7, Article number: 131 (2021) | Cite this article
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Tutorials: Quantum analysis library

Resonators
Composite Bi-Partite Systems

Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow

Libraries = A ;
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM weep a option in | omponent,

All Quantum Devices Analysis get Ansys HFSS driven-modal

scatter matrix, impedance matrix,
and admittance matrix.
API References

o Capacitive

_///
QComponents F
Analyses —_—
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Tutorials: Quantum analysis library

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow
Libraries

Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM
All Quantum Devices Analysis

API References

Overview
5 :
Ehesigns ‘ﬁgp' Cornell University
QComponents N -
Analyses
QRenderes . a
N arXiv.org > quant-ph > arXiv:2103.10344
QGeometry
GUI Quantum Physics

Code of Conduc]

Circuit quantum electrodynamics (cQED) with modular quasi-lumped models

Zlatko K. Minev,* Thomas G. McConkey, Maika Takita, Antonio Corcoles, and Jay M. Gambetta
IBM Quantum, IBM T.J. Watson Research Center, Yorktown Heights, US

WIP: General capacitive analysis code
map to known building blocks: e.g.,
transmon, fluxonium, zero-pi, etc.

Sweep a option in QComponent,
get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

A2
V-

bw to Render a Metal Design
fo Ansys

pw to Render a Metal Design
to GDS




Planar devices &
compadarison to other methods

Quantum Physics

[Submitted on 2 Feb 2021]

Exploiting dynamic quantum circuits in a quantum algorithm with
superconducting qubits

Antonio D. Corcoles, Maika Takita, Ken Inoue, Scott Lekuch, Zlatko K. Minev, Jerry M. Chow, Jay M. Gambetta




Measured vs. predicted: qubit-readout cross-Kerr

8

— Y =X
A LOM (quasi-static)
@ EPR (eigenmode)
@ Z (driven)

Predicted y (MHz)

Quantum Physics Marker SIZG IndICateS
{Submitted on 2 Feb 2021}
Exploiting dynamic quantum circuits in a quantum algorithm with M easu red X (M H Z) error bars.

superconducting qubits

Antonio D. Corcoles, Maika Takita, Ken Inoue, Scott Lekuch, Zlatko K. Minev, Jerry M. Chow, Jay M. Gambetta
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Automation in Practice: Qiskit Metal + Community

quantum device + advanced talks
design + workshops

+ lunch meeting discussion maintainers
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E&M | et A/ QCompanents
/-‘ Simulation ?r J? —=H
Open source . | = \

Main View Elements
| g ' " Do r )
]

Quantum Nammo. QComponent class
rocessor " groundPlane Rectangle
#f s -

groundPiane_buffer Ractangle

ﬁ (21 TransmonPocketUTak

Fi e B4 |
H
TransmonPockatiToky

TransmonPocketUToiky

TransmonPocketUT ok,

Launch_NWwW LaunchpadWirebondM

Launch_WNW LaunchpadWirebondM

3 Launch_ESE LaunchpadWirebondM

Lraras

Eigarmacts and EPR impecance Amayai:

: |
Cupestemce it g 0V Launch_SE LaunchpadWirebondM ‘ \
FOEESHINI b Launch N LaunchpadWirebondM
B Launch_ENE LaunchpadWirebondM
. ’
o o = QComponents Libracy Pins Varables
Araiying ind Tuwg e Tanamon  Anaiyeiog & enemon and @ T Pow 0 Rerider & Metef Desgn
OQuoar

resonany "o Ay

: TransmonPocketUTokyo : giskit_meta..

& Value Parsed value
= pos_x 1.256mm 1.28
7 D ¢
€ Qiskit 2 pos_y “1.5mm 5

(=) connection_pads
How 10 Renver a AMatal Dosigr >

pad_gap 20um



N Example designs from the
: community, folks like you!

e USC Viterbi

'i School of Engineering

- Sadman Ahmed Shanto Eli Levenson-Falk
L — filter dissipator readout cavity|
) 12 20
N 10 3
5 10 g
T, 0 2
3 z
4 -10 8
3 5 z
=20
b) -06 -04 -02 0.0 0.2
5 z
<) 38
g 2 &
L
g S
53 )
-4
I eme — Zlatko Minev




Example designs from the community, folks like you!

QuTech / Technische Universiteit Delft

Figen Yilmaz, C. Andersen Lab: Fluxonium chip design
Roald van den Boogaart-Andersen Lab: Fluxonium spectrum

(eigenmode = pyEPR) to show how they extended the analysis

methods to be able to handle fluxonium qubits

Sara Buhktari-Andersen Lab: Fabricated resonator design being

measured

Quasi-lumped
25

Lumped <-:-Iement2r

25 5
P a Ty 7al ~
/ W A
— e r S~ 1
’f 15 SR -
Py
o
]
c 104
w
54
0+ ¥
00 05
Dt/ Dp
3.1. Final design
The final design consists of an S-shaped feedline routed between two luunchpads. Eight res-

ent on this 9 x 9 mm device is

QuTech / Technische Universiteit Delft

Intermediate chip design.

Zlatko Minev



- - Example designs from the
_3 community, folks like you!

—a SQuID
= ] \ a
<] N
| NIELS BOHR INSTITUTE
. 1
- 5 tunable transmon weight-4 devices
(direct coupling and Delft/ETH style)
»— — ]
Designs:
- Benjamin Joecker, PhD
g % - Thue Christian Thann, PhD Candidate

Affiliations:
- Niels Bohr Institute, University of Copenhagen
- Novo Nordisk Quantum Computing Programme (NQCP)

Zlatko Minev



Example designs from the
community, folks like you!

SQUIBb

NQCP £

NIELS BOHR INSTITUTE

Standard candle devices for tracing reproducibility

Designs:
-Thue Christian Thann, PhD Candidate

Affiliations:
- Niels Bohr Institute, University of Copenhagen
- Novo Nordisk Quantum Computing Programme (NQCP)

Zlatko Minev



Example designs from the
community, folks like you!

SQuID

NQCP &S

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

12 Tunable qubit chip; directly coupled (dubbed “Adamite”)

1 mm~ EHT = 5.00 kV Signal A= SE2 Image Pixel Size = 10.46 ym 9 Apr 2025 NQCP
|—| WD =23.1 mm Mag= 11X Stage at T= 64.3° Adamite_BO0T079A07_1HRfeommmsture De S | g n:
- Christopher W. Warren, PhD
Affiliations:

- SQuID Lab, Niels Bohr Institute, University of Copenhagen

- Novo Nordisk Quantum Computing Programme (NQCP)
Zlatko Minev




Example designs from the
community, folks like you!

SQuID

NQCP s

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

12 Tunable qubit chip; directly coupled (dubbed “Adamite”)

400 pm~ EHT= 500KV  Signal A= SE2 Image Pixel Size =8.510 ym 2025 NQCP

|_| WD =23.1 mm Mag= 13X Stage at T= 64.3° Adamite_B00T079A0T_ 1 YRffeosnsTruTe De S |g n:
- Christopher W. Warren, PhD
Affiliations:

- SQuID Lab, Niels Bohr Institute, University of Copenhagen
- Novo Nordisk Quantum Computing Programme (NQCP)
Zlatko Minev




Example designs from the
community, folks like you!

SQuID
NQCP €=

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

12 Tunable qubit chip; directly coupled (dubbed “Adamite”)

1 mm~ EHT = 5.00 kV Signal A= SE2 Image Pixel Size =25.20 ym 9 Apr 2025 NQCP
| | WD =23.1 mm Mag= 44X Stage at T= 69.4° Adarnite_B00T079A0T_OFRFeomnsTIuTE De S |g n:

- Christopher W. Warren, PhD

Affiliations:
- SQuID Lab, Niels Bohr Institute, University of Copenhagen

Qiskit | i dea - Novo Nordisk Quantum Computing Programme (NQCP)

design

Metal Zlatko Minev




Example designs from the community, folks like you!

IBM 5Q Tsuru U Tokyo

QCompanents

Name QComponent class

groundPlane

groundPlane_butter

Launch NW
Launch WNW
Launch_ESE
Launch_SE
Launch N

Launch_ENE

QComponents Library Pins Variables
04 : TransmonPocketUTokyo - giskit.meta
Value
pos_x 1.25mm
pos_y 1.5mm
connection_pads
pad_gap
inductor_width
pad_width
pad_height
pocket_width
pocket_height
orientation
hiss_inductance
hiss_capacitance
hfss_resistance
hiss_mesh_kw_jj
q3d_inductance

- Edit Source
{0.4415, 1.1502) A last point (0.1813, 0.4854)

A
4]

*=MARCH

MEETING2021

MARCH 15-19 ONLINE

CEC/ICMC

VIRTUAL CONFERENCE FIVIN G 2k}

Cryogenics+Through « Collaboration

21

Chalmers 8Q

TU Delft Fluxonium

Fluxonium (teaser)

Capacitor pads

Josephson junction

Designed with Qiskit Metal

High kinetic inductor

Simulated

G

D4

[
o

Ground plane

foz/2

| Measured

172 = foaf2 — for = —113MHNz

T &7 4B
Frequency [GhHz)

45 50

Flux line

Readout resonator

3
TUDelft

IEEE International Conference
on Quantum Computing
and Engineering — QCE21
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Quantum Metal 0.7.4 (6 o

Quantum Metal (formerly Qiskit Metal)

Quantum Device Design & Analysis (Q-EDA)

Get Started
Installing Quantum Metal

Quick Start

quantum device
design

Tutorials

Tutorials v
QComponent Gallery

Example Designs v

Videos & Education

oo Lty Pre Varows

Ecosystem Eigenmode B P

Capacitive
Built on / with Quantum Metal
Concepts

Roadmap

Quantum Metal Workflow

Methods O il

antization Methods Overview i
Ruantatio il Impedance |
Frequently Asked Questions Scattering

API Reference

Quantum Metal | Open source - Community-maintained quantum EDA

Overview
QDesigns v Design and analyze superconducting quantum chips with a Python API + optional GUI that plugs into your favourite EDA tools. No Qt
66 t required — works headlessly in any Jupyter notebook or plain Python script.
omponents e
ADzlyzes v # Install € Tutorials * Component Gallery - Community
QRenderers v

Get started in 60 Hands-on notebooks Browse every Join the Discore Zlatko Minev

\ Toolbox Azl 000 | N smmmsma o BRI o S un et s e e e



400

300

GitHub Stars
N
o
o

100

@ Star History

® qiskit—community/qiskit—-metal

202 2022 2023
Date

2024

Try it now — zero install

O Open in Colab | & launch 'b_in_der () Open in Codespaces

Feature matrix — what each install gives you, at a glance:

import qiskit_metal

gm.view{design) (headless matplotlib)
Build designs + components from glibrary
GDS export

LOManalysis , LOM math, capacitance

reductions

MetalGuI desktop app

HFSS [ Q3D renderers —

Feature lite [gui]

</ < < I </ <]

LI < < T < I < < <]

EPR analyses (EigenmodeSim
LumpedElementsSim)

gmsh mesher (foundation for Elmer / Palace) — -

s

2025 2026
X% star—history.com

(< J < I < I < <.

B @

[ansys]

< < I < < <]

|

[mesh]

[full]

<]

(<N < T < I < < T <1 < <]
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O Tip

Extras compose — combine them with comma-separated names:

pip install "quantum-metal[gui,ansys]" i# MetalGUI + HFSS/Q3D

Feature matrix — what each install gives you, at a glance: pip install "quantum-metal[gui,mesh]”  # MetalGUI + gnmsh
Feature lite [gui] [ansys] [mesh] [full]

import giskit_metal
gm.view(design) (headless matplotlib)
Build designs + components from qlibrary
GDS export
LOManalysis , LOM math, capacitance
reductions
MetalGUI desktop app — — —
HFSS / Q3D renderers — — =
EPR analyses (EigenmodeSim, _ _ B
LumpedElementsSim)
gmsh mesher (foundation for Elmer / Palace) — — —

Zlatko Minev



& Qubits

Josephson Junction
Dolan

The base "J]_Dolan”
inherits the
“QComponent” class.

jj_dolan

Star Qubit

A single configurable
circle with multiple pads.

StarQubit

Transmon Cross Flux
Line

1

The base
TransmonCrossFL class.

TransmonCrossFL

Josephson Junction
Manhattan

The base “J1_Manhattan”
inherits the
“QComponent” class,

jj_manhattan

Transmon Concentric

@c=

The base
TrasmonConcentric class .

TransmonConcentric

Transmon Interdigitated

The base

“TransmonInterdigitated™

inherits the
“QComponent” class.

TransmonInterdigitat
ed

SNAIL (Superconducting
Nonlinear Asymmetric
Inductive eLement)

A SNAIL
(Superconducting
Nonlinear Asymmetric
Inductive eLement).

SNATL

Transmon Concentric
Type 2

The base
TrasmonConcentric class

TransmonConcentricTy
pe2

Transmon Pocket

The base TransmonPocket
class.

TransmonPocket

Squid Loop

—

The base “SQUID_LOOP"

inherits the
“QComponent” class.

SQUID_LOOP

Transmon Cross

The base TransmonCross
class.

TransmenCross

Transmon Pocket 6

Transmon pocket with 6
connection pads.

TransmonPocketé

Built on Quantum Metal

These projects use Quantum Metal directly — they consume QDesign objects, extend the QComponent library, or build workflows on
top of Metal as their foundation:

£ SQuADDS
LFL-Lab @ USC - MIT

Validated qubit-design database + physics-based
parameter interpolation. Search the DB, interpolate to your
target Hamiltonian, generate the design in Quantum Metal.

Published in Quantum journal (Sept 2024). Includes an MCP
server for Al agents.

@ ML_qubit_design
Fermilab + Northwestern

ML-based inverse design — predicts Quantum Metal design
parameters from target qubit, resonator, coupler, and
Hamiltonian properties using multi-layer perceptrons.

" pypalace
Northwestern

Python toolkit for AWS Palace — Quantum Metal gmsh
export, JSON config builders, mesh utilities, LOM analysis.

© SQDMetal
SQDLab @ UQ - Apache 2.0

Simulation wrapper for QDesign — AWS Palace / COMSOL
workflows. Eigenmode, capacitance, driven, inductance.
Accepts Quantum Metal QpDesign objects directly.

= Qiskit-Metal-to-Litho
Onri Jay Benally - CC-BY-4.0

End-to-end workflow from Quantum Metal design through
electron-beam lithography. Quantum Metal + PHIDL +
GDSTK + CuPy + KLayout + Blender. Headless Colab install
scripts. Fab-facing process docs (EBPG / BEAMER). Real
fabricated chip examples.

This list grows with the community. If you're building on Quantum Metal in a research project, an internal tool, an educational
notebook, or a startup, we'd genuinely love to know — open an issue and we'll add you.

Zlatko Minev



The important thing is not to stop questioning. Curiosity
has its own reason for existence.

One cannot help but be in awe when he contemplates
the mysteries of eternity, of life, of the marvelous
structure of reality.

It is enough if one tries merely to comprehend a little of
this mystery each day.

Albert Einstein

YW @zlatko _minev zlatko-minev.com
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