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“Quantum cloud”

Laptop image: rawpixel.com; Photos: IBM
Zlatko Minev — IEEE QCE20 (3)



“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
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Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (6)



Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (7)

Overview of design

Energy-participation ratio (EPR)

Minev et al. arXiv:1902.10355 & arXiv:2010.00620 

(Yale)

cQED with quasi-lumped models (LOM)

Minev et al. arXiv:2103.10344

(IBM)

I just want the answer: Qiskit Metal it for me

You can design your own quantum chip!  Open-

source
(IBM)
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Quantum community

Lab / cloud facility

Cryogenic environment

Quantum-device chip

…

Quantum in the cloud or lab
Superconducting qubits
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IBM Quantum

Quantum computer made from `artificial atoms’

Zlatko Minev — IBM Quantum (10)



Quantum Device Design

Physical layout

Electromagnetic analysis

Quantum Hamiltonian 
analysis

Qubit Hilbert space

Superconducting circuits

Zlatko Minev, IBM Quantum (11)



Drawing: Zurek, Physics Today (1991)
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To do quantum,

start with classical

Zlatko Minev — Qiskit Global Summer School 2020   (13)



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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There’s a description for every job

Zlatko Minev, IBM Quantum (16)
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lumped

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



metals

dielectrics

geometry & 
topology

junctions

I-O coupling

readout

qubit

qubit-qubit 
coupling

spurious qubit 
coupling (non-local)

spurious modes
sample holderradiative dissipation 

(Purcell limit)

many-body 
Hamiltonian

frequency,
anharmonicity, …

What needs to be designed?

frequency,
coupling

loss budget due to 
dielectrics, seams, 

interfaces, …

Zlatko Minev — IEEE QCE20 (18)



Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (19)

You can design your own quantum chip!

Open source

(IBM)



Zlatko Minev, IBM Quantum (20)



Make easy?

Zlatko Minev, IBM Quantum (21)



Concept Layout Fabrication

Quantum Analysis

Hamiltonian

Electromagnetic
Analysis

Complexity, Information, Accuracy

Risk, Cost, Time, Resources

Quantum chip design 
flow

Zlatko Minev — IEEE QCE20 (22)IBM Confidential



Concept Layout

Quantum Analysis

Hamiltonian

Complexity, Information, Accuracy

Risk, Cost, Time, Resources

Electromagnetic
Analysis

Quantum chip design 
flow

FabricationDRC

LVS

Zlatko Minev — IEEE QCE20 (23)IBM Confidential



Zlatko Minev — IEEE QCE20 (24)

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



Device Library

qiskit.org/documentation/metal

...



Zlatko Minev, IBM Quantum (27)
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 (27)



Zlatko Minev, IBM Quantum (28)



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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Zlatko Minev, IBM Quantum (34)



Demo Notebook for Hybrid CPW Algorithm with Anchors

(Dennis Wang Talk in Session J30)



Example chip in 

Qiskit Metal GUI

direct & bus 

coupling 
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Can I make my own qubit?



Zlatko Minev, IBM Quantum (38)

Analysis

Zlatko Minev — IEEE QCE20 (38)



IBM Quantum

Quantum analysis library

Capacitive

arXiv:2103.10344 ...

Eigenmode

arXiv: 2010.00620

arXiv: 1902.10355

S, Z, Y
Impedance
Scattering
arXiv:1204.0587 ...



Zlatko Minev, IBM Quantum (40)

Automated with

Ansys HFSS

(example external 
classical simulation 

software)



Zlatko Minev, IBM Quantum (41)

Ansys HFSS



IBM Quantum

Qiskit Metal render & electromagnetic analysis

Short

Open

Q3DFor example: Ansys HFSS

design.render(...)



Zlatko Minev, IBM Quantum (43)

More complex designs



Sub-Circuit Analysis

Best practices

Native optimized curves

Smaller mesh RAM



Zlatko Minev, IBM Quantum (45)

More complex quantum chips – see next tutorial



Exploring a transmon qubit

E
n

e
rg

y

Classically 

forbidden region

Reduced magnetic flux (Φ/!0)
0 "-"

EJ

-EJ

Zlatko Minev — Qiskit Global Summer School 2020   (46)



Zlatko Minev — IEEE QCE20 (47)

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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Zlatko Minev, IBM Quantum (49)

Use cases
Devices made with Qiskit 

Metal
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First quantum-hardware hackathon



Zlatko Minev, IBM Quantum (51)

First quantum-hardware hackathon

BIG BIG THANKS TO   Yuri, Samanvay, 

Hanhee, Junye & team!!  
Thomas, Dennis, Metal coaches, ...



Zlatko Minev, IBM Quantum (52)

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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Zlatko Minev — Qiskit Metal Tutorial (56)

eigenmode
    

BBQ
lumped

Zlatko Minev (56)

Tutorials



Zlatko Minev, IBM Quantum (57)

Tutorial 5



Zlatko Minev, IBM Quantum (58)

Tutorial 6



Zlatko Minev, IBM Quantum (59)

Tutorial 7

Demo notebook



Zlatko Minev, IBM Quantum (60)

Tutorials so far
New analysis 

(pre-recorded)



Zlatko Minev, IBM Quantum (61)

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 (61)



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



Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (63)

Energy participation ratio (EPR)

Minev et al. arXiv:1902.10355 & arXiv:2010.00620 

(Yale)



Zlatko Minev, IBM Quantum (64)

See also Minev

Yale dissertation Sec. 4.1

(arXiv: 1902.10355)

Accepted in principle: Nature npj qi



metals

dielectrics

geometry & 
topology

junctions

I-O coupling

readout

qubit

qubit-qubit 
coupling

spurious qubit 
coupling (non-local)

spurious modes
sample holderradiative dissipation 

(Purcell limit)

many-body 
Hamiltonian

frequency,
anharmonicity, …

What needs to be designed?

frequency,
coupling

loss budget due to 
dielectrics, seams, 

interfaces, …

Zlatko Minev — IEEE QCE20 (66)



Where is the energy?

The solution of all these questions
reduces to:

Zlatko Minev, IBM Quantum (67)



What fraction of the energy of a mode !! (!")
 

is stored in the non-linear (dissipative) element?

0 ≤ 	$! , $" 	≤ 1

Zlatko Minev, IBM Quantum (68)

D[
p

â]⇢
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Zlatko Minev, IBM Quantum (69)

Ĥfull
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Hamiltonian of a linear distributed system

MX

m=1

~!mâ
†
m
âm

MX

m=1

~!mâ
†
m
âm

MX

m=1

~!mâ
†
m
âm

This is a box

Zlatko Minev, IBM Quantum (70)



There are two kinds of physicists:

Those who believe all of physics is spins.

Those who believe all of physics is oscillators.

Zlatko Minev — Qiskit Global Summer School 2020   (71)



Energy of a non-linear element

Zlatko Minev, IBM Quantum (72)

SEM image: L. Frunzio
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Reduced magnetic flux Φj /!0

0 "-"



Energy of a non-linear element

Zlatko Minev, IBM Quantum (73)
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Reduced magnetic flux Φj /!0

0 "-"

Ej(�j)
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Momentarily only



Composite-circuit non-linear dipole

Zlatko Minev, IBM Quantum (74)

E
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Reduced magnetic flux Φ/!0

0 "-"

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

Zlatko Minev, IBM Quantum (76)

linear distributed system non-linear dipole



Distributed system with non-linear dipoles

Zlatko Minev, IBM Quantum (77)

Ĥfull

⇣

�̂bare, Q̂bare

⌘
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no approximation here
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second quantization in eigen basis of linearized circuit

Distributed system with non-linear dipoles

Zlatko Minev, IBM Quantum (78)



Quantum flux operator for the non-linear dipole

Zlatko Minev, IBM Quantum (80)



Quantum operator

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

Zlatko Minev, IBM Quantum (81)

This equation is a 
basis change!!



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

Cartoon drawing: Zurek, Physics Today (1991) Zlatko Minev, IBM Quantum (82)



Qubit-cavity system example

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 (87)



Zlatko Minev, IBM Quantum (88)

Special features

Reconstruct full Hamiltonian Bias conditions



Zlatko Minev, IBM Quantum (89)

EPR monogamy & universal relations

knot: clikr

* EPR is bounded

I. A dipole brings 
1 unit of EPR
to be diluted in the modes

II. A mode accepts max 
1 unit of EPR

III.A dipole’s EPRs are 
orthogonal 

MX

m=1

pmj = 1
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Zlatko Minev, IBM Quantum (90)

EPR monogamy & universal relations

knot: clikr

=> 

zero-point quantum 
fluctuations are

not independent

=> 
design restrictions
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EPR & dissipation

D[
p
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IBM Quantum

Transmon coherence

Zlatko Minev — Qiskit Global Summer School 2020   (93)



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), …
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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) *** Jens

 - fully automated in Qiskit Metal & in pyEPR
Practical limits: Fock and mode basis truncation due to computing power



Zlatko Minev, IBM Quantum (96)

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)



Zlatko Minev, IBM Quantum (99)

planar devices & 
comparison to other methods

image: makc76 

Automated with



Zlatko Minev, IBM Quantum (100

Measured vs. predicted: qubit-readout cross-Kerr

Measured χ (MHz)
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Old lumped model

EPR (eigenmode)

y = x

Marker size indicates 
error bars.
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Zlatko Minev, IBM Quantum (101

Measured vs. predicted: qubit-readout cross-Kerr

Measured χ (MHz)
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M
H

z)
LOM (quasi-static)

EPR (eigenmode)

y = x

Marker size indicates 
error bars.

Z (driven)

7%



IBM Quantum

Quantization approaches

Full-waveQuasi-static

Agreement
for presented results

Speed

Generality

* includes dissipative params

External inputs

lumped
(LOM)

19% / 10%

fastest and 
cheapest

low

higher

eigenmode
     (EPR) 

4%

moderate

highest*

low

impedance
(Z)

7%

moderate

high

low



Physical Devices ↔ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (103)

cQED with quasi-lumped models (LOM)

Minev et al. arXiv:2103.10344

(IBM)
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Zlatko Minev, IBM Quantum (104)

Modular quasi-lumped models

quasi-lumped Desire:

fast 

modular

precise



Physical Hardware ↔ Modular Systems

Zlatko Minev, IBM Quantum (105)

Ĥ = Ĥsys + Ĥint
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Physical Hardware ↔ Modular Systems

Zlatko Minev, IBM Quantum (106)

Ĥsys =

X

n

Ĥn

<latexit sha1_base64="3AqJ8+UihZINsWMlNVX1RkyOr24=">AAACEHicbZC7SgNBFIZn4y3G22pKmyFBtAq7omgjBAVJGcFcIBuW2ckkGTIzu8zMCmHJI9jY+CA2Fl6wtbSzsfM9nE1SaOKBgY//P4c55w8iRpV2nE8rs7C4tLySXc2trW9sbtnbO3UVxhKTGg5ZKJsBUoRRQWqaakaakSSIB4w0gsFF6jduiFQ0FNd6GJE2Rz1BuxQjbSTf3vf6SCeVke9xpPuSJ2qoRvAMeirmvoCpCysGfLvolJxxwXlwp1AsX97nXwrfX1Xf/vA6IY45ERozpFTLdSLdTpDUFDMyynmxIhHCA9QjLYMCcaLayfigEdwzSgd2Q2me0HCs/p5IEFdqyAPTma6tZr1U/M9rxbp72k6oiGJNBJ581I0Z1CFM04EdKgnWbGgAYUnNrhD3kURYmwxzJgR39uR5qB+W3KPS8ZVJ4xxMKgt2QQEcABecgDKogCqoAQxuwQN4As/WnfVovVpvk9aMNZ3Jgz9lvf8AaGughQ==</latexit>
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[Ân, B̂m] = 0

<latexit sha1_base64="VDG/TE+V7zZqLsbIvHXSliy90hM=">AAACAXicbZDLSgMxFIYz9VbrrepGcBNaBEEpM6LoRqh147KCvUA7DJk004YmmSHJCMNQN76Cj+DGhSJufQt3fRvTaRda/SHw8Z9zODm/HzGqtG2PrdzC4tLySn61sLa+sblV3N5pqjCWmDRwyELZ9pEijArS0FQz0o4kQdxnpOUPryf11j2RiobiTicRcTnqCxpQjLSxvOJepztAGl554jiDmsddeAntglcs2xU7E/wLzgzK1VL36GlcTepe8avbC3HMidCYIaU6jh1pN0VSU8zIqNCNFYkQHqI+6RgUiBPlptkFI3hgnB4MQmme0DBzf06kiCuVcN90cqQHar42Mf+rdWIdXLgpFVGsicDTRUHMoA7hJA7Yo5JgzRIDCEtq/grxAEmEtQltEoIzf/JfaJ5UnNPK2a1JowamyoN9UAKHwAHnoApuQB00AAYP4Bm8gjfr0Xqx3q2PaWvOms3sgl+yPr8BUBeX1w==</latexit>

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.)

...



Method of this talk: Complex network to simple building blocks

Zlatko Minev, IBM Quantum (107)
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method 

example

Zlatko Minev, IBM Quantum (108)



Physical layout zoom in

Zlatko Minev, IBM Quantum (109)



Identifying systems

Simple building blocks

Well-understood in isolation

Zlatko Minev, IBM Quantum (110)



Dressed subsystem Hamiltonians

Zlatko Minev, IBM Quantum (111)



Subsystem & cell partitions

Zlatko Minev, IBM Quantum (112)



Simulating a cell

Zlatko Minev, IBM Quantum (113)

extractor model

Automated withdevice layout



Extracting cell parameters

Zlatko Minev, IBM Quantum (114)

Automated with

netlist & simulation Maxwell capacitance matrix



Cell & composite-system network

Zlatko Minev, IBM Quantum (115)

full network model



Reduction to dressed subsystems

Zlatko Minev, IBM Quantum (116)
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LOM theory vs. experiment
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Improved precision

Data from Minev, et al. (to appear).

Tested on 2 larger-scale processors, see Corcoles et al. arXiv:2102.01682.

Agreement:

+19%
 −10% 
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Ĥ = Ĥsys + Ĥint
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Summary Minev et al. arXiv:2103.10344

accounts for device layout

modular

maps onto known building blocks

computationally efficient 

incorporates dressings

experimentally accurate

widely-applicable to planar/quasi-planar

(not suitable for 3D)
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Superconducting quantum devices:
design & analysis

Energy-participation-ratio (EPR)
Quasi-lumped oscillator models (LOM)

& Qiskit Metal

@zlatko_minev zlatko-minev.com

IBM Quantum
IBM T.J. Watson Research Center, Yorktown Heights, NY

Zlatko K. Minev
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Thank you



Charge dispersion
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