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Huge THANK YOU to the organizers and broader team!
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Let’s get to know each other ☺ 

1. Have you ever used a 

quantum device?

2. Analyzed/designed/ma

de one?

Images: Google Quantum AI



Designing 

qubits

THE BIG PICTURE 

before calculations
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Example Google Architecture

Video: Google

qubit qubit qubit qubit qubit

readout readout readout readout readout
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Physical and abstract circuits and Hilbert space

Video: Google

qubit

readout

qubit readout
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How to design a classical processor How to design a quantum processor?

Zlatko Minev, IBM Quantum

John Martinis group (2015)

IBM 16-qubit processor (2018)

Classical hierarchy of abstractions

Abstraction layers 

Effective models 

Modularity

General simulators 

…
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E&M

Simulation

Quantum

Hamiltonian

Gates & time-

evolution analysis

Quantization

Methods

Layout

Fabrication
Quantum 

processor

Quantum device design: layers & abstractions
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E&M

Simulation

Quantum

Hamiltonian

Gates & time-

evolution analysis

Quantization

Methods

Layout

Fabrication

…

+

+

+

+

Quantum 

processor

Open source 
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Automation in Practice: Qiskit Metal + Community
+ advanced talk (today) 

+ workshops (tomorrow) 

+ maintainer’s meeting discussion

Community ecosystem driven (Apache-2.0)
github.com/qiskit-community/qiskit-metal
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Example designs from the 

community, folks like you!

5 tunable transmon weight-4 devices 

(direct coupling and Delft/ETH style)

Designs:

- Benjamin Joecker, PhD

- Thue Christian Thann, PhD Candidate

Affiliations: 

- Niels Bohr Institute, University of Copenhagen

- Novo Nordisk Quantum Computing Programme (NQCP) 
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Example designs from the 

community, folks like you!

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) 
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Example designs from the 

community, folks like you!

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

Design: 

- Christopher W. Warren, PhD

Affiliations: 

- SQuID Lab, Niels Bohr Institute, University of Copenhagen

- Novo Nordisk Quantum Computing Programme (NQCP) 
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Example designs from the 

community, folks like you!

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

Design: 

- Christopher W. Warren, PhD

Affiliations: 

- SQuID Lab, Niels Bohr Institute, University of Copenhagen

- Novo Nordisk Quantum Computing Programme (NQCP) 
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Example designs from the 

community, folks like you!

Eli Levenson-FalkSadman Ahmed Shanto
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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

QuTech / Technische Universiteit Delft

Intermediate chip design. 

“Qiskit-Metal is the best tool if 

one studies superconducting 

qubits” -- Figen Yilmaz

Example designs from the community, folks like you!
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…

IBM 5Q Tsuru U Tokyo Chalmers 8Q

TU Delft Fluxonium Measured

Simulated

T.  McConkey & co.

Example designs from the community, folks like you!



Stage 1:

Layout+

(Classical)
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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



Device Library
Qubits

Single transmon-

floating

Star-shaped qubitSingle transmon-

grounded flux lines

qiskit-community.github.io/qiskit-metal



Device Library

23

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



Connecting quantum components dynamically

pos_x
pos_y

pad_gap

pad_width

pad_height
pocket_height

orientation

inductor_width
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Can I make my own qubit?   ☺ 



State of the Art 

Methods

Image copyright:
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Simple example

Zlatko Minev(33)

qubit

resonator

?



Zlatko Minev

lumped

Step 2: Landscape of quantization methods

quasi-lumped

full-wave

energyimpedance

quasi-static

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), ...

more information, complexity, accuracy fast

See Friday Workshop!

…
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Modeling step A: Classical E&M approximations

Zlatko Minev(35)

Physical (linear) model

qubit

resonator

Eigenmodes Quasi-lumped models

Impedance



Quasi-Lumped Element 

Oscilator Models

(LOM)

Image copyright:
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arXiv:2103.10344



Example

Zlatko Minev (37)



Physical layout zoom in

Zlatko Minev(38)



Identifying systems

Simple building blocks

Well-understood in isolation

Zlatko Minev(39)



Dressed subsystem Hamiltonians

Zlatko Minev(40)



Subsystem & cell partitions

Zlatko Minev(41)



Simulating a cell

Zlatko Minev(42)

extractor model

Automated withdevice layout



Extracting cell parameters

Zlatko Minev(43)

Automated with

netlist & simulation Maxwell capacitance matrix



Cell & composite-system network

Zlatko Minev(44)

full network model



Reduction to dressed subsystems

Zlatko Minev(45)

......

... ...



Physical Hardware  Modular Systems

Zlatko Minev(46)



Summary: Physical Hardware  Modular Systems

Zlatko Minev(47)

small,
known
building blocksdressings of parameters due to couplings

non-perturbative 
non-local
constraints
non-dynamical degrees of freedom (Ding et al.)

quasi-distributed structures 
A2 diamagnetic contributions (Malekakhlagh et al.)

...

Jens Koch
Peter Groszkowski



The End:

Quasi-Lumped Element 

Oscilator Models

(LOM)

Image copyright:
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arXiv:2103.10344



Energy-

Participation Ratio 

(EPR)
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Hamiltonian of a distributed system

Linear system Non-linear dipole



Decomposition of a general circuit

second quantization in eigen basis of linearized circuit



ℋlin eigen modes

* Minev et al., in prep. (2019)      Impedances: Nigg et al., PRL (2012); Bourassa et al. (2012); Solgun et al. (2014, 2015, 2017) …

Cavity mode (7.0 GHz)

cavity

outline

஼ܧ  contours
substrate

E-field magnitude

0 Max

Qubit mode (linearized, 5 GHz)

substrate

transmon pads

junction

Current-density magnitude

0 Max



௠݌ = Energy stored in junctionInductive energy stored in mode ݉
Energy participation of the junction

* Minev et al., in prep. (2019)

Qubit mode (linearized, 5 GHz)

substrate

transmon pads

junction

Current-density magnitude

0 Max

௠݌ = 12 ௠௝2ℰ௜௡ௗ,௠ܫ௝ܮ



Quantum operator

What is zero-point fluctuation of the phase of
junction j due to mode m?



EPR bridge from classical to quantum

What fraction of the energy of mode m
 is stored in junction j?

for j>1, root requires sign bit smj = ±1

Drawing: Zurek, Physics Today (1991)



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 𝛼q𝛼q

-Δq

Zlatko Minev



Hamiltonian: Universal constraints & EPR monogamy

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

χqc

ωcωq

Transition 

spectrum 𝛼q𝛼q

-Δq

Zlatko Minev

knot: clikr

Quantum parameters are 

not independent

ZPF are not 

independent of 
each other 
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EPR is monogamous

Non-linear dipole

Mode

EPR

Orthogonality

Every dipole 
comes w/ 1 unit of EPR

Every mode accepts at 
most 1 total unit of EPR

EPR is bounded

For a dipole, its EPRs 
across all modes are 
orthogonal

Commandments of EPR 

  I.     All modes and all dipole are created equal  

  II.   Each dipole has exactly 1 EPR it must dilute among modes

  III.  Each mode receives exactly 1 EPR units



Example of step 2 with EPR

Physical (linear) model

qubit

resonator

Eigenmodes

energy stored 

in junction

½ L i2

௝݌
Non-linear device 

params

௟݌
energy stored 

in substrate

Dissipation

budget

Zlatko Minev
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Overview of energy-participation approach

* Nigg, Paik, et al., PRL (2012), 

Bourassa et al. (2012), 

Solgun et al. (2014, 2015, 2017), …

*

classical

model

calculated from 

eigen-solutions

finite-element

linearized

eigen-analysis

Energy-participation ratio (EPR) approach: 

 - describes any order and strength non-linearity

 - describes arbitrary (composite) non-linear inductive devices

 - first-principle derivation

 - zero approximations (aside from truncation of modes) 

 - fully automated in  Qiskit Metal & in pyEPR

Practical limits: Fock and mode basis truncation due to computing power



Inductive

Lossy energy-participation ratios (EPRs)

Capacitive

surface

bulk

Radiative

Pozar (1990), Martinis et al. (2005), Gao (2008), Werner, et al. (2011), Zmuidzinas (2012), Megrant et al. (2012), 

Geerlings (2013), Quintana et al. (2014), Minev et al. (2013), Brecht et al. (2015), Wang et al. (2015), Dial et al. (2016), …

surface

bulk

seam

external
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Charge dispersion with EPR

\phi

|psi|^2
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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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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.

19%

4%
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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%
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Putting it together 
Automation 



Quantization methods library 



Quantization methods library: Tutorials



Tutorials: Quantum analysis library 



S, Z, Y

Impedance

Scattering
arXiv:1204.0587 ...

Tutorials: Quantum analysis library 



Eigenmode

Minev arXiv: 1902.10355

Minev arXiv: 2010.00620

Tutorials: Quantum analysis library 



Capacitive

arXiv:2103.10344 ...

Tutorials: Quantum analysis library 



Tutorials: Quantum analysis library 

WIP: General capacitive analysis code 

map to known building blocks: e.g.,

transmon, fluxonium, zero-pi, etc. 



Automated with

Ansys HFSS
(example external 
classical simulation 
software)



Ansys HFSS



Qiskit Metal render & electromagnetic analysis

Short

Open

Q3DFor example: Ansys HFSS

design.render(...)



More complex designs
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Sub-Circuit Analysis

Best practices

Native optimized curves

Smaller mesh RAM



More complex quantum chips – see next tutorial
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Exploring a transmon qubit

E
n

e
rg

y

Classically 

forbidden region

Reduced magnetic flux (Φ/߶0)

0 ߨ-ߨ

EJ

-EJ

Zlatko Minev — Qiskit Global Summer School 2020   (86)



Zlatko MinevZlatko Minev — IEEE QCE20 (87)

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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Building it together: Open Source Community

Open source

Call for community participation! 
Contact us!

Lab work with Dr. Murat Sarıhan, Sadman Shanto, and more!

@zlatko_minev zlatko-minev.com/blog

Eli Levenson-FalkSadman Ahmed 

Shanto

Jens Koch C. Warran

. . .
B. JoeckerT.C. Thann

You?
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Is the junction phase/flux 
compact or not?

Zlatko Minev — Qiskit Global Summer School 2020   (91)
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Harmonic Approximation

Zlatko Minev — Qiskit Global Summer School 2020   (92)
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Tight-binding model 

Zlatko Minev — Qiskit Global Summer School 2020   (93)
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Simple non-linear dipole: Josephson junction

SEM image: L. Frunzio

Zlatko Minev, IBM Quantum (94)
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Composite-circuit non-linear dipole

SEM image: L. Frunzio

SEM image: Frattini & Sivak; see APL (2017)
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General non-linear dipole

SEM image: L. Frunzio

SEM image: Frattini & Sivak; see APL (2017)

Energy function

series with respect to operational equilibrium point

(expansion not 

necessary)
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Bias conditions



Charge dispersion with EPR

\phi

|psi|^2
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