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What is a real qubit?

How can you design, control, 
and measure a real qubit?

Easy?
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IBM Quantum

On the road ahead

* Road image: based on Freepik

Qubit in the cloud

Qubit from atom / oscillator

cQED: Transmon qubit

Classical circuits & the LC Transmon qubit

Unveiling the 
quantum oscillator
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This Lecture

Introductory and skill reaffirming

Don't need to know much going in, but we will go far

Examples: simplest, most practical examples 

Step by step

Ask questions!

Tightly integrated work by Dr. Thomas McConkey!

qiskit.org/metal -> docs -> videos -> E02

Icons here by FreePik. Dangerous bend symbol based on Donald Knuth.

Advanced 
material



Qubit

From Idea to Reality

THE BIG PICTURE 
before calculations
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“Quantum cloud”

Laptop image: rawpixel.com; Photos: IBM
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“Quantum phenomena do not
occur in a Hilbert space, they 
occur in a laboratory.”

Asher Peres



Quantum community

Lab / cloud facility

Cryogenic environment

Quantum-device chip

…

Quantum in the cloud or lab
Superconducting qubits

Laptop image: rawpixel.com; Photos: IBM
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Operation at 

15 mK (-273.13 °C)
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readout

qubit

qubit

qubit

qubit

qubit

…

readout

…

readout

readout

readout
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Quantum Device Design

Physical layout

Electromagnetic analysis

Quantum Hamiltonian 
analysis

Qubit Hilbert space

Superconducting circuits

Zlatko Minev, IBM Quantum (13)



Drawing: Zurek, Physics Today (1991)

Zlatko Minev — Qiskit Global Summer School 2020   (14)



Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (15)



Concept Layout Fabrication

Quantum Analysis

Hamiltonian

Electromagnetic
Analysis

Complexity, Information, Accuracy

Risk, Cost, Time, Resources

Quantum chip design flow

Zlatko Minev — IEEE QCE20 (16)IBM Confidential



Concept Layout

Quantum Analysis

Hamiltonian

Complexity, Information, Accuracy

Risk, Cost, Time, Resources

Electromagnetic
Analysis

Quantum chip design flow

FabricationDRC

LVS
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Qubit

From Idea to Reality

Concepts 
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Artificial atoms

capacitor inductor
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Energy

Radius
Magnetic flux

Energy Harmonic oscillatorAnharmonic d.o.f. and spin
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Energy

Magnetic flux

Energy

anharmonicity 

non-linear 
inductor

Anharmonic oscillatorAnharmonic d.o.f. and spin

Radius
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Anharmonic
oscillator

Physical layoutIdealization of
qubit

|1⟩

|0⟩
|1⟩

|0⟩

Idealization Physical reality

Physical circuit 
model

Big-picture connections
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Circuit Quantum 
Electrodynamics 

(cQED)

Macro
overview
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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.
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cQED Ingredients

Circuit elements Microwave oscillators

Combine … 
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cQED Ingredients

* Low energy dynamics. Microwave image: vectorpocket; Nobel photograph: Jonathunder; Josephson photograph: Nobel Foundation archive.

Superconductivity

Nominally zero intrinsic dissipation and heat

Nominal temperature far below energy level splitting

Non-linear, robust Josephson tunnel junction effect

Small dissipation

Isolation from environment

Low temperature 

Nonlinearity 

Large vacuum fluctuations 



Spectrum image: Inductiveload, NASA

Frequency (Hz)

Wavelength (m)

Wavelength 

scale

Effective 

temperature

Order of 

magnitude
10-2 K 0.5 K, 10 GHz, 3 cm



A few introductory reviews

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 quantum 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

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

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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Circuit Quantum 

Electrodynamics

Introduction
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To do quantum,

start with classical

Classical oscillator
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Transmon qubit
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Transmon qubit

Substrate

Dielectric

Qubit pad

Metal

Qubit inductor

Non-Linear
e.g., Josephson Junction
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Transmon qubit: charge

Net positive charge Net negative charge

~ 1012 mobile e−
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Electric field and voltage

Electric field

Voltage
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Charge and capacitance

Capacitance

For a good discussion, see ”The Feynman Lectures on 

Physics Vol. II Ch. 22: AC Circuits." Caltech.

Constitute relationship
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Charge and currentConservation of charge

Universal relationship

Initial conditions

Caution: Passive 
sign convention
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Magnetic flux and inductance

Magnetic flux

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

Faraday’s law of induction

Universal relationship

Initial conditions

Inductance

Constitute relationship
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Power and energy

Instantaneous 
power flowing 
to component

Energy stored in
(delivered to)
component

Universal

Zlatko Minev — Qiskit Global Summer School 2020   (38)



Electromagnetic oscillator

capacitor

inductor

inductance 
value

capacitance value

ground

node of the circuit
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The LC classical harmonic oscillator

Graph: Minev; Spring-mass: Svjo
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Unveiling the quantum

Quantum harmonic oscillator
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Drawing: Zurek, Physics Today (1991)
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The classical and quantum oscillator

Classical Quantum
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Photo: F. Schmutzer
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The LC quantum harmonic oscillator

Graph: Minev; Spring-mass: Svjo
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The LC quantum harmonic oscillator

…
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forbidden region
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Ladder operators and matrix representation

Image: Griffiths, D.J.

annihilation creation general hopping
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Wavefunctions of the quantum oscillator

Energy 

Classically forbidden 

region
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Wavefunctions of the quantum oscillator

Energy /

Scaled 
wavefunction 

amplitude

Classically forbidden 

region
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Wavefunctions of the quantum oscillator

Energy /

Scaled 
wavefunction 

amplitude

Classically forbidden 

region
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Pop-up question

The flux and charge operators are Hermitian 
observables. 

How can some expectations, such as 

be imaginary? 

Or, others be negative…?
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Advanced questions

Will discuss 

answers on my 

blog sometime 

soon
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Transmon Qubit

Introduction
Zlatko Minev — Qiskit Global Summer School 2020   (54)



The transmon as a non-linear oscillator

Josephson 
tunnel junction

Non-linear inductor
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Josephson tunnel junction

generalized
magnetic 
flux

SEM image: L. Frunzio

Circuit image: Minev et al., EPR to appear (2020)
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Classically 

forbidden region

Reduced magnetic flux Φ/"0

0 #-#

EJ

-EJ

The Transmon qubit

Image: Minev et al., EPR to appear (2020) Zlatko Minev — Qiskit Global Summer School 2020   (57)

≈ 3.3 × 10−16 Wb



Semi-classical intuition: phase space picture
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The Transmon qubit
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Classically 

forbidden region

Reduced magnetic flux Φ/"0

0 #-#

EJ

-EJ
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The Kerr Hamiltonian of the transmon

E
n

e
rg

y

Classically 

forbidden region

Reduced magnetic flux (Φ/"0)
0 #-#

EJ

-EJ

1st order correction to energy: and to eigenstates: 

To first order perturbation theory the eigenstates do not change! Only the energy changes. Dispersive.  

Solution known (SHO) New from nonlinearity
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Exploring a real transmon qubit

E
n

e
rg

y

Classically 

forbidden region

Reduced magnetic flux (Φ/"0)
0 #-#

EJ

-EJ

Experimental parameters
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Solution known (SHO) New from nonlinearity



Dispersive, states didn’t change to 1st order
“Lamb shift” due to ZPF

Exploring a real transmon qubit

E
n
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Classically 

forbidden region

Reduced magnetic flux (Φ/"0)
0 #-#

EJ

-EJ

Parameters used in figure (of a measured qubit)
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Quantum fluctuations of the transmon qubit

E
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Reduced magnetic flux (Φ/"0)

0 #-#

EJ

-EJ
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Energy diagram and transition spectrum

Energy levels Transition spectrum

ω
q

…
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The Transmon qubit: restricting Hilbert space

E
n

e
rg

y
Φ/"0

0
0

Restrict to qubit subspace of |0> and |1>
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Qubit Pauli X and Y 
operators

The Transmon qubit: restricting Hilbert space

E
n

e
rg

y
Φ/"0

0
0

Restrict to qubit subspace of |0> and |1>

Qubit Pauli Z 
operator

Fock number 
operator
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Make easy?

Zlatko Minev, IBM Quantum (68)



Docs & tutorials
qiskit.org/documentation/metal

Tutorial videos
YouTube – see docs

Slack    
#metal (qiskit workspace)

Live weekly tutorials
You are here J - or check slack
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Open source
qiskit.org/metal



readout
transmission 

line

junctions

I-O coupling

qubits

Regularity is our greatest ally in chip design

Reuse

Fine-tune

Automate

Extend

Block
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Qubits Resonators

Qubit couplers

Device example library

Input-output couplers Design flow examples

Composite systems / 
small chips / ...

...

...
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Zlatko Minev, IBM Quantum (74)
qiskit.org/metal

from qiskit_metal.qlibrary import qubits

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

from qiskit_metal import MetalGUI

MetalGUI()

Zlatko Minev — IEEE QCE20 (74)
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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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Example chip in 

Qiskit Metal GUI

direct & bus 

coupling 
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Can I make my own qubit?
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Analysis

Zlatko Minev — IEEE QCE20 (84)
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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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Automated with

Ansys HFSS

(example external 

classical simulation 

software)
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Ansys HFSS
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Capacitive simulation

Zlatko Minev, IBM Quantum (95)

extractor model

Automated withdevice layout
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More designs



Sub-Circuit Analysis

Best practices

Native optimized curves

Smaller mesh RAM
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More complex quantum chips – see next tutorial
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Wait... 

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



Exploring a transmon qubit

E
n
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Classically 

forbidden region

Reduced magnetic flux (Φ/"0)
0 #-#

EJ

-EJ
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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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Use cases
Devices made with Qiskit 

Metal
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First quantum-hardware hackathon
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First quantum-hardware hackathon

BIG BIG THANKS TO   Yuri, Samanvay, Hanhee, 

Junye & team!!  

Thomas, Dennis, Metal coaches, ...
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Devices 
made with 
Metal

IBM 5Q Tsuru
U Tokyo 
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Qiskit Metal rendered qubit into Ansys® HFSS™

An 8-qubit chip designed by C. Warren, Amr Osman, and 
Bylander team (Chalmers) with the help of Qiskit Metal



Experimental results of the Chalmers device designed with Qiskit Metal

Data courtesy of C. Warren & Amr Osman (Bylander, Chalmers)
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Docs & tutorials
qiskit.org/documentation/metal

Tutorial videos
YouTube – see docs

Slack    
#metal (qiskit workspace)

Live biweekly tutorials
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20+ Live tutorials & videos

qiskit.org/metal



Minev, Z., Lec. 16-22, Introduction to Quantum Computing and Quantum Hardware, 

url: qiskit.org/learn/intro-qc-qh (2020)

Summer School Lectures



Minev, Z., Lec. 16-22, Introduction to Quantum Computing and Quantum Hardware (2020)

qiskit.org/learn/intro-qc-qh
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Next steps

Tightly integrated work by Dr. Thomas McConkey!

qiskit.org/metal -> docs -> videos -> E02

Check out references, problems given in the lecture, 
dangerous bends

Break away from the rules of today

IBM Quantum

Thank you!

Zlatko K. Minev

@zlatko_minev zlatko-minev.comqiskit.org/metal



“It is by logic that we prove,

but by intuition that we discover.”

Henri Poincaré

Photo by Eugène Pirou
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