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What is possible to demonstrate 

with quantum processors today?

- Qiskit Leap research team -
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John Martinis group (2015)

IBM 16-qubit processor (2018)

How to design a 

quantum processor?



How to design a classical processor How to design a quantum processor?
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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
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Quantum
Hamiltonian

Gates & time-
evolution analysis

Quantization
Methods

Zlatko Minev, IBM Quantum

Layout

Fabrication
Quantum 
processor

Quantum device design: layers & abstractions
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Open source 



Qiskit Metal scQubits

Open source 

qiskit.org/metal

Open source 

scqubits.readthedocs.io



A hardware designer’s wish list 

10APS March Meeting 2022

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
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Layout

Fabrication

Example with Qiskit Metal

icon: wanicon

“Classical”



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

14

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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Render your design as a GDS file

21





E&M
Simulation

Zlatko Minev, IBM Quantum

Layout

Fabrication

Render your design in an EM Solver

   For example: Ansys HFSS

icon: wanicon

“Classical”
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Quantum
Hamiltonian

Quantization
Methods

E&M
Simulation
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Layout

Fabrication



Zlatko Minev — Qiskit Global Summer School 2020   (27)Drawing: Zurek, Physics Today (1991)

Quantum Analysis



Simple example
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qubit

resonator

?



Modeling step 1: Classical E&M approximations
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Physical (linear) model

qubit

resonator

Eigenmodes

Ĥ0
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Quasi-lumped models

Impedance



Modeling step 2: Quantize

Zlatko Minev, IBM Quantum (30)

Ĥtot = Ĥlin + Ĥnl
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There’s a description for 
every job!

Ĥ0
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Zlatko Minev 
IBM Quantum

lumped
quasi-lumped

full-wave

energyimpedance

quasi-static

more speed

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, accuracy 

Landscape of quantization methods
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Quantization methods library 
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Quantization methods library: Tutorials
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Tutorials: Quantum analysis library 
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S, Z, Y
Impedance
Scattering

arXiv:1204.0587 ...

Tutorials: Quantum analysis library 
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Eigenmode

Minev arXiv: 1902.10355
Minev arXiv: 2010.00620

Tutorials: Quantum analysis library 
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Capacitive

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. 



Example of step 2 with EPR
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Physical (linear) model

qubit

resonator

Eigenmodes

energy stored 

in junction

½ L i2

!! Ĥfull
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Non-linear device 
params

!"

energy stored 

in substrate

D[
p

â]
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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
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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%





Cloud-based WebApp
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Community

Education 

Workforce development
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…

IBM 5Q Tsuru U Tokyo Chalmers 8Q

TU Delft Fluxonium Measured

Simulated

T.  McConkey & co.
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Use by researchers, continued

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
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23 hours 
video 
tutorials
29+ videos

Active user base and content

900+ users
4,500+ Q&A

47 tutorials
+ 27 demos/qiskit-metal

/qiskit-nature

/qiskit-optimization

/qiskit-finance

193

155

122

112

133

139

82

82

GitHub

60+ user session
users + devs working groups

...

Est. ½- 1/3 of quantum hardware people

https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal
https://github.com/Qiskit/qiskit-metal


Zlatko Minev, IBM Quantum (49)

Building it together

@zlatko_minev

Open source

Call for community participation

Education
tutorials

 courses?
 summer schools with hands on (see QGSS 

2020 Z. Minev from Introduction to Quantum 
Computing and Quantum Hardware)

 ...



zlatko-minev.com

Overview of Quantum Hardware Design
Energy, Circuits, and Metal: Qiskit Metal

Thank you!

@zlatko_minev qiskit.org/metal

IBM Quantum

Zlatko K. Minev



EXTRA



IBM Quantum

Thank you!

qiskit.org/metal

Call for community participation

Open source 

Education
eg. Summer school lectures by Z. Minev from

 Introduction to Quantum Computing and Quantum Hardware
 ...

Building together

@zlatko_minev
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EPR theory vs. experiment

image: makc76 
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Quantum Device Design
Make it easy!

Quantum

Engineering

API 

UI 

Layout

Open 
source

qiskit.org/metal

Classical 
developer

Enabling innovation 
of quantum computer 
hardware & analysis
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Fueling the fire 
of innovation
Make it easy!

Classical 
developer

Enabling innovation 
of quantum computer 
hardware & analysis

qiskit.org/metal



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)



“Quantum phenomena
  do not occur in a Hilbert space, 
  they occur in a laboratory.”

Asher Peres


