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High-level modules?

Chou et al. Nature 561, 368 …

Gold et al., npj  QI 7, 142           IBM …

Zhou et al. arXiv:2109.06848 …

…

U Sussex …Murali et al. Comm. of ACM v65-3, 101 …

(A somewhat random sampling of modules)

3D su-con

2D / 2.5D su-con

Ions

Photonic

Xanadu …
Awschalom et al. PRX Quantum 2, 017002 …

“Quantum interconnects”*

Bombin et al. …
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Classical hierarchy of abstractions Quantum?

Abstraction layers 

Effective models 

Modularity

General simulators 

…
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How to design a 

quantum processor?
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E&M
Simulation

Quantum
Hamiltonian

Gates & time-
evolution analysis

Quantization
Methods

Zlatko Minev, IBM Quantum

Layout

Fabrication
Quantum 
processor

Quantum device design: layers & abstractions



E&M
Simulation

Quantum
Hamiltonian

Gates & time-
evolution analysis

Quantization
Methods

Zlatko Minev, IBM Quantum

Layout

Fabrication

…

+

+

+

+

Quantum 
processor



A hardware designer’s wish list 
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Modular

Divide and conquer: 
take advantage of 
known building 
blocks; modular 
software use case

Full Stack

A streamlined 
framework that 
allows designers to 
go from hardware 
design to gates 
simulation  

Speed

Good trade-off 
between speed and 
accuracy. Not every 
device requires 
hours of full wave 
simulations



Qiskit Metal scQubits



Example with Qiskit Metal

Zlatko Minev, IBM Quantum (13)
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Layout

Fabrication



readout
CPW resonator

junctions

I-O coupling

qubits

Regularity is our greatest ally in chip design

Reuse

Fine-tune

Automate

Extend

Block



Device Library
Qubits

Single transmon-

floating

Star-shaped qubitSingle transmon-

grounded flux lines

qiskit.org/documentation/metal



Device Library

17

Qubits

Single transmon-

floating

Star-shaped qubitSingle transmon-

grounded flux lines

Resonators

Simple coplanar 

waveguide (CPW) 

meander

Qubit Couplers

Tunable 

coupler (MIT)

Direct 

coupler 

Bus resonator 

coupler

Input – Output Coupling

CPW 

launch pad
Readout line Charge line



Device Library

Single transmon-

floating

from qiskit_metal.qlibrary import qubits

q1 = qubits.TransmonPocket(’Q1’, options=dict(…))

from qiskit_metal import MetalGUI

MetalGUI()

Code

Synced GUI



Fine-tune and automate parameters

pos_x

pos_y

pad_gap

pad_width

pad_height
pocket_height

pocket_width

orientation

inductor_width



Dynamically –connected quantum devices
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Render your design as a GDS file

23





Can I make my own qubit?   J 



E&M
Simulation

Zlatko Minev, IBM Quantum

Layout

Fabrication



Render your design in an EM Solver

 Example: Ansys HFSS

27
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More complex quantum chips – see next tutorial



Quantum
Hamiltonian

Quantization
Methods

E&M
Simulation

Zlatko Minev, IBM Quantum

Layout

Fabrication
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lumped
quasi-lumped

full-wave

energyimpedance

quasi-static

more information, complexity, accuracy fast

Yurke & Denker (1984), Devoret 
(1997), Burkard et al. (2004), Koch et 

al…

Minev (2018)
Minev et al. (2020)

Nigg et al. (2012), Bourassa et al. 
(2012), Solgun et al. (2014, 2015, 2017) 

…  

Malekakhlagh et al. (2017, 2019), Gely et al. 
(2019), Parra-Rodriguez et al. (2019), Minev et al. 

(2021), ...

Quantization methods landscape
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Tutorials: Quantum analysis library 
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Tutorials: Quantum analysis library 
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S, Z, Y
Impedance
Scattering

arXiv:1204.0587 ...
quanutm analysis part WIP

Tutorials: Quantum analysis library 
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Capacitive

Jay’s code 

arXiv:2103.10344 ...

Tutorials: Quantum analysis library 
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Tutorials: Quantum analysis library 

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

arXiv: 2010.00620
arXiv: 1902.10355

Tutorials: Quantum analysis library 
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Sweeps

with
Z S Y impedance, scattering params
eigenmode / EPR 
capacititive / lumped model

Tutorials: Quantum analysis library 
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lumped
quasi-lumped

full-wave

energyimpedance

quasi-static

more information, complexity, accuracy fast

Yurke & Denker (1984), Devoret 
(1997), Burkard et al. (2004), Koch et 

al…

Minev (2018)
Minev et al. (2020)

Nigg et al. (2012), Bourassa et al. 
(2012), Solgun et al. (2014, 2015, 2017) 

…  

Malekakhlagh et al. (2017, 2019), Gely et al. 
(2019), Parra-Rodriguez et al. (2019), Minev et al. 

(2021), ...

Quantization methods landscape



Composite system

Partition device 
to subsystem 

building blocks 

Qubit subsystem

transmon
fluxonium

3-junction flux 
qubit

0-π qubit
...

Resonator subsystem

Single-side loaded 
transmission line 
resonator

Minev et al. arXiv:2103.10344 

Quasi-lumped circuit model:

40APS March Meeting 2022
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Qiskit Metal lumped-oscillator model 
framework 

Layout
Electromagnetic 

simulation
LOM analysis

Hamiltonian 
analysis

Gates and time 
evolution 

simulation



Physical layout
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Alice readout resonator

Layout Electromagnetic 
simulation

LOM analysis
Hamiltonian 

analysis 
Time evolution 

simulation

Bob readout resonator

Transmon Alice Transmon Bob



Physical layout
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Alice readout resonator

Layout Electromagnetic 
simulation

LOM analysis
Hamiltonian 

analysis 
Time evolution 

simulation

Bob readout resonator

Transmon Alice Transmon Bob

Cell0 Cell1



Simulating a cell
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LOM analysis
Hamiltonian 

analysis 
Time evolution 

simulation

Transmon Alice

Cell0

Electromagnetic 

simulation
Layout

Automated with

extractor model



Extracting a cell parameters 
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LOM analysis
Hamiltonian 

analysis 
Time evolution 

simulation

Electromagnetic 

simulation
Layout

Automated with

Maxwell capacitance matrix

extractor model



Extracting a cell parameters 
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LOM analysis
Hamiltonian 

analysis 
Time evolution 

simulation

Electromagnetic 

simulation
Layout

extractor model
Matrices and graph 

theory!!



Apply quasi-lumped model to composite system
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Electromagnetic 
simulation

Hamiltonian 
analysis 

Time evolution 
simulation

Layout LOM Analysis

!"!"#$%
!"&'&

!"&'&_)%*'+!,')
!"!"#$%_)%*'+!,')

!"&'&,	&'&_)%*'+!,')
!"!"#$%,	!"#$%_)%*'+!,')

!"!"#$%,	&'&

Minev et al. arXiv:2103.10344 



Diagonalizing the composite Hamiltonian 
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Hamiltonian 

analysis
Electromagnetic 

simulation
LOM analysis

Time evolution 
simulation

Layout

Groszkowski et al. arXiv:2107.08552 



Quantum
Hamiltonian

Gates & time-
evolution analysis

Quantization
Methods

E&M
Simulation

Zlatko Minev, IBM Quantum

Layout

Fabrication



From Hamiltonian to experiment simulation 
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Time evolution 

simulation
Electromagnetic 

simulation
LOM analysis

Hamiltonian 
analysis 

Layout

Qiskit Pulse/Dynamics
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Device layout to gate simulation in one 
integrated workflow

Layout
Electromagnetic 

simulation
LOM analysis

Hamiltonian 
analysis

Gates and time 
evolution 

simulation
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Planar devices & 
comparison to other methods

image: makc76 

Automated with
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Measured vs. predicted: qubit-readout cross-Kerr

Measured χ (MHz)

P
re

d
ic

te
d

 χ
 (

M
H

z)
LOM (quasi-static)

EPR (eigenmode)

y = x

Marker size indicates 
error bars.

Z (driven)

7%



Summary

54APS March Meeting 2022

Full Stack Speed Modular

Qiskit Metal quasi-lumped model 
design framework

qiskit.org/metal/

github.com/Qiskit/qiskit-metal

#metal

qiskit.org/documentation/metal/tut/
Open Source
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lumped
quasi-lumped

full-wave

energyimpedance

quasi-static

more information, complexity, accuracy fast

Yurke & Denker (1984), Devoret 
(1997), Burkard et al. (2004), Koch et 

al…

Minev (2018)
Minev et al. (2020)

Nigg et al. (2012), Bourassa et al. 
(2012), Solgun et al. (2014, 2015, 2017) 

…  

Malekakhlagh et al. (2017, 2019), Gely et al. 
(2019), Parra-Rodriguez et al. (2019), Minev et al. 

(2021), ...

Quantization methods landscape



Simple example

Zlatko Minev, IBM Quantum (56)

qubit

resonator

?



Example of step 2 with EPR

Zlatko Minev, IBM Quantum (57)

Physical (linear) model

qubit

resonator

Eigenmodes

energy stored 

in junction

½ L i2

!! Ĥfull

<latexit sha1_base64="JMVSJM6AB0SxnFgTcQDfLgjQo98=">AAAB/XicbVDLSgMxFM3UV62v8YEbN8EiuCozouiy1E2XLdgHtMOQSTNtaJIZkoxQh+KvuHGhqFt/wC9w58ZvMdN2oa0HAodz7iXnniBmVGnH+bJyS8srq2v59cLG5tb2jr2711RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF5nfuuWSEUjcaNHMfE46gsaUoy0kXz7oDtAGlb9Lkd6IHkaJoyNfbvolJwJ4CJxZ6RYPqx/09fKR823P7u9CCecCI0ZUqrjOrH2UiQ1xYyMC91EkRjhIeqTjqECcaK8dJJ+DE+M0oNhJM0TGk7U3xsp4kqNeGAms5Bq3svE/7xOosMrL6Ui TjQRePqRuQ/qCGZVwB6VBGs2MgRhSU1WiAdIIqxNYQVTgjt/8iJpnpXc89JF3bRRAVPkwRE4BqfABZegDKqgBhoAgzvwAJ7As3VvPVov1tt0NGfNdvbBH1jvP5evmQg=</latexit>

Non-linear device 
params

!"

energy stored 

in substrate

D[
p

â]

<latexit sha1_base64="qL5M2g/jn4QDQmw5TtvjyYI/wzQ=">AAACDnicbVDJSgNBEO1xjXGLevTSJAQEIcyIosegHjxGMAtkhlDT6SRNeha7a4Qw5Au8ePBHvHhQxKtnb/kbO8tBEx8UPN6roqqeH0uh0bZH1tLyyuraemYju7m1vbOb29uv6ShRjFdZJCPV8EFzKUJeRYGSN2LFIfAlr/v9q7Fff+BKiyi8w0HMvQC6oegIBmikVq7oBoA9BjK9HjZdfa+Qun2IY6BuD5CCR13Vi1q5gl2yJ6CLxJmRQjnvHj+PyoNKK/fttiOWBDxEJkHrpmPH6KWgUDDJh1k30TwG1ocubxoaQsC1l07eGdKiUdq0EylTIdKJ+nsihUDrQeCbzvHxet4bi/95zQQ7F14qwjhBHrLpok4iKUZ0nA1tC8UZyoEhwJQwt1LWAwUMTYJZE4Iz//IiqZ2UnNPS2a1J45JMkSGHJE+OiEPOSZnckAqpEkYeyQt5I+/Wk/VqfVif09YlazZzQP7A+voB+3yfCA==</latexit>

Dissipation
budget



Step 3: Hamiltonian

Heff: for simplicity, showing up to O(φ6) in RWA

Qubit/cavity anharmonicity

Qubit Lamb shift

Qubit-cavity dispersive shifty

χqc

ωcωq

Transition 

spectrum !q!q

-Δq

Zlatko Minev, IBM Quantum (58)



Step 3: Hamiltonian: Universal constraints & EPR monogamy

Heff: for simplicity, showing up to O(φ6) in RWA

χqc

ωcωq

Transition 

spectrum !q!q

-Δq

Zlatko Minev, IBM Quantum (59)

knot: clikr

Quantum parameters 
are not independent



Zlatko Minev — IEEE QCE20 (60)

Automated analysis and reports
Qubit frequency & anharmonicity

cross-Kerr χ coupling (MHz)

FE simulation convergence

Analysis pass number

Linear g coupling (MHz)
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EPR theory vs. experiment

image: makc76 



Theory vs. experiment: agreement over 5 orders of magnitude

WG DTW

R DT3

R:     Minev et al. (2018)

WG: Minev et al. (2013, 2016) 

DT3, DTW: Minev et al. (2019)
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Use in the community



Qiskit -Metal is being used by researchers, cont’d.

IBM Quantum / © 2021 IBM Corporation

QuTech / Technische Universiteit Delft
Figen Yilmaz-Andersen Lab:  Fluxonium chip design

Roald van den Boogaart-Andersen Lab:  Fluxonium spectrum (eigenmode = pyEPR) 

to show how they have extended the analysis methods to be able to handle 

fluxonium qubits

Sara Buhktari-Andersen Lab: Fabricated resonator design being measured

QuTech / Technische Universiteit Delft
Intermediate chip design. 

“Qiskit-Metal is the best 

tool if one studies 

superconducting qubits” 

-- Figen Yilmaz



Zlatko Minev, IBM Quantum

…

IBM 5Q Tsuru U Tokyo Chalmers 8Q

TU Delft Fluxonium Measured

Simulated

T.  McConkey & co.
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Devices 
made with 
Metal

IBM 5Q Tsuru
U Tokyo 



Devices  made with  Metal - IBM 5Q Tsuru U Tokyo 

67

IBM Quantum / © 2021 IBM Corporation

GDS Export



Recent work at APS MM

IBM Quantum / © 2021 IBM Corporation

APS March Meeting 2022

Session A36: Superconducting Qubits: cQED Design Tools

https://meetings.aps.org/Meeting/MAR22/Session/A36.3


Conferences Education
Qiskit Metal 

Communities



26 live tutorials
19+ hours 

Last 6 month: public launch & adoption

800+ users
4,000+ Q&A
From 250+ unique usrs

47 tutorials
+ 21 demos

/qiskit-metal

/qiskit-nature

/qiskit-optimization

/qiskit-fianance

133

84

70

57

81

72

52

41

GitHub

IBM Confidential

https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal
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Why the Vision of Qiskit Metal

End-to-end automation Flexible & extensible Light-weight interoperability

Experimentally tested Library of components Cutting edge resources

qiskit.org/metal Zlatko Minev — IEEE QCE20 (71)



IBM Quantum

Thank you!

qiskit.org/metal

Call for community participation

Open source 

Education
See summer school lectures 16-21 by Z. Minev from

 Introduction to Quantum Computing and Quantum Hardware
 and the  Qiskit Textbook

Building together

@zlatko_minev



IBM Quantum

So, how do I get started?

See github readme, or slack channel for link

IBM Quantum / © 2021 IBM Corporation



zlatko-minev.com

Overview of Quantum Hardware Design
From Fab-it to Qubit — Qiskit Metal

@zlatko_minev qiskit.org/metal

IBM Quantum

Zlatko K. Minev



Quantum

Physical 

hardware/fab

Hamiltonian

level

Gate model 



Simple overview example

Zlatko Minev, IBM Quantum (76)

qubit

resonator

?



qiskit.org/documentation/metal



Zlatko Minev, IBM Quantum (78)

More designs
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Automated with

Ansys HFSS

(example external 
classical simulation 

software)



Zlatko Minev, IBM Quantum (80)

Wait... 

so how do I know what can do / 
to do?



Zlatko Minev, IBM Quantum (82)

Higher abstraction layers &
Analysis

Zlatko Minev — IEEE QCE20 (82)



Modeling step 1: Classical E&M approximations

Zlatko Minev, IBM Quantum (83)

Physical (linear) model

qubit

resonator

Eigenmodes

Ĥ0
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Ce↵
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Ĥ1
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Quasi lumped models

Impedance



Modeling step 2: Quantize

Zlatko Minev, IBM Quantum (84)

Ĥtot = Ĥlin + Ĥnl
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Ĥtot

<latexit sha1_base64="F0F6n4OGwqAiYA5SqCnA16cijb0=">AAAB/3icbVDLSsNAFJ3UV62vqNCNm2ARXJVEFF2WuumyBfuAJoTJdNIOnTyYuRFKzMJfcePCB27d+wXu3PgtTtoutPXAwOGce7lnjhdzJsE0v7TCyura+kZxs7S1vbO7p+8fdGSUCELbJOKR6HlYUs5C2gYGnPZiQXHgcdr1xte5372lQrIovIFJTJ0AD0PmM4JBSa5etkcY0kbmpnaAYSSCFCLIMlevmFVzCmOZWHNSqZVb3+yl/tF09U97EJEkoCEQjqXsW2YMTooFMMJpVrITSWNMxnhI+4qGOKDSSaf5M+NEKQPDj4R6IRhT9fdGigMpJ4GnJvOQctHLxf+8fgL+lZOyME6AhmR2yE+4AZGRl2EMmKAE+EQRTARTWQ0ywgITUJWVVAnW4peXSeesap1XL1qqjTqaoYiO0DE6RRa6RDXUQE3URgTdoQf0hJ61e+1Re9XeZqMFbb5ziP5Ae/8BLkWakA==</latexit>

Ĥtot = Ĥsys + Ĥint
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There’s a description for 
every job!

Ĥ0
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Ce↵

<latexit sha1_base64="oG6oU6lvT5oG0aGmHpg6cu+/ZRk=">AAAB9XicbVDLSgMxFL3js9ZXVXDjJlgEV2VGFF2WduOyBfuAdiyZNNOGJpkhyShl6H+4caGIO/En/AJ3bvwW08dCWw8EDufcyz05QcyZNq775Swtr6yurWc2sptb2zu7ub39uo4SRWiNRDxSzQBrypmkNcMMp81YUSwCThvBoDz2G3dUaRbJGzOMqS9wT7KQEWysdFvutAU2fSVSGoajTi7vFtwJ0CLxZiRfPKx+s7fSR6WT+2x3I5IIKg3hWOuW58bGT7EyjHA6yrYTTWNMBrhHW5ZKLKj200nqETqxSheFkbJPGjRRf2+kWGg9FIGdHGfU895Y/M9rJSa88lMm48RQSaaHwoQjE6FxBajLFCWGDy3BRDGbFZE+VpgYW1TWluDNf3mR1M8K3nnhomrbKMEUGTiCYzgFDy6hCNdQgRoQUPAAT/Ds3DuPzovzOh1dcmY7B/AHzvsPtCuWWw==</latexit>

Ĥ1

<latexit sha1_base64="KODZu1tMlDJZT66s2Z7mtcvLusc=">AAAB73icbVDJSgNBEK2JW4xbVPDipTEInsKMKHoM8ZJjAmaBZAg9nZ6kSc9id40QhvyEFw+KePXgX/gF3rz4LXaWgyY+KHi8V0VVPS+WQqNtf1mZldW19Y3sZm5re2d3L79/0NBRohivs0hGquVRzaUIeR0FSt6KFaeBJ3nTG95M/OY9V1pE4S2OYu4GtB8KXzCKRmp1BhRJpet08wW7aE9BlokzJ4XSUe1bvJc/qt38Z6cXsSTgITJJtW47doxuShUKJvk410k0jykb0j5vGxrSgGs3nd47JqdG6RE/UqZCJFP190RKA61HgWc6A4oDvehNxP+8doL+tZuKME6Qh2y2yE8kwYhMnic9oThDOTKEMiXMrYQNqKIMTUQ5E4Kz+PIyaZwXnYviZc2kUYYZsnAMJ3AGDlxBCSpQhTowkPAAT/Bs3VmP1ov1OmvNWPOZQ/gD6+0HAgaTAA==</latexit>
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Ansys HFSS



IBM Quantum

Qiskit Metal render & electromagnetic analysis

Short

Open

Q3DFor example: Ansys HFSS

design.render(...)
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More complex designs



Sub-Circuit Analysis

Best practices

Native optimized curves

Smaller mesh RAM
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