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Let’s get to know each other ©

1. Have you ever used a
guantum device?

2. Analyzed/designed/ma
de one?

..................
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Designing
qubits

THE BIG PICTURE
before calculations
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Physical and abstract circuits and Hilbert space

qubit

Zlatko Minev

Video: Google



How to design a classical processor

Classical hierarchy of abstractions

Nature

Laws of physics

Lumped circuit abstraction
Digital abstraction
Logic gate abstraction

Memory abstraction

( Circuits and )
electronics
( Digital lngic) @ysim)

Abstraction layers
Effective models
Modularity
General simulators
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How to design a quantum processor?

IBM 16-qubit processor (2018)

John Martinis group (2015)
Zlatko Minev,ZBvkQuetitvenwy



Zlatko Minev



Quantum device design: layers & abstractions

Fabrication
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guantum device
design

Automation in Practice: Qiskit Metal + Community

+ advanced talk (today) : )gz
+ workshops (tomorrow) s
+ maintainer’s meeting discussion

Qiskit | g™
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Tutorials: Quantum analysis library
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Example designs from the
community, folks like you!

SCQUIIBb
A NGO\
NQCP i =
\//
NIELS BOHR INSTITUTE

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)

Zlatko Minev



Example designs from the
community, folks like you!

NQCP SQuID

Lab
A NGO\
o
\//
NIELS BOHR INSTITUTE

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)

Zlatko Minev



Example designs from the
community, folks like you!

SQuID

NQCP &S

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

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

1 mm~ EHT = 5.00 kV Signal A= SE2 Image Pixel Size = 10.46 ym 9 Apr 2025
| l WD =23.1 mm Mag= 11X Stage at T= 64.3° Adamz‘fe_BOO'/OfQAO?_mE!g'cmP" DeSign:

- Christopher W. Warren, PhD

Affiliations:

- SQuID Lab, Niels Bohr Institute, University of Copenhagen
QISKIL |idein? 1 - Novo Nordisk Quantum Computing Programme (NQCP)

Metal Zlatko Minev




Example designs from the
community, folks like you!

SQuID
NQCP €=

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

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

400 pm~ EHT= 5.00kV  Signal A= SE2 Image Pixel Size = 8.510 ym 9 Apr 2025 NQCP
|_| WD =23.1 mm Mag= 13X Stage at T= 64.3° Adamite_B00T079A0T_ 1 e NsTTuTE DeSign:

- Christopher W. Warren, PhD

Affiliations:

- SQuID Lab, Niels Bohr Institute, University of Copenhagen
Qiskit | deagy™ - Novo Nordisk Quantum Computing Programme (NQCP)

Zlatko Minev



Example designs from the
community, folks like you!

SQuID
NQCP =

NIELS BOHR INSTITUTE

Christopher. W. Warren
Niels Bohr Institute
Verified email at nbi.ku.dk

quantum computing quantum simulatic
quantum information

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

1 mm~ EHT = 6.00 kV Signal A= SE2 Image Pixel Size =25.20 ym 9 Apr 2025 NQCP

|_| WD =23.1 mm Mag= 44X Stage atT= 694° Adamite_B00T079A07_(OBHFeormINSTIUTE DeSign:

- Christopher W. Warren, PhD

Affiliations:

- SQuID Lab, Niels Bohr Institute, University of Copenhagen
Qiskit | fezgn™ " - Novo Nordisk Quantum Computing Programme (NQCP)

Metal Zlatko Minev



) Example designs from the
FWWT ; community, folks like you!
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Example designs from the community, folks like you!

QuTech / Technische Universiteit Delft 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

Intermediate chip design.
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The tinal design consists of an S-shaped feedline routed between two launchpads. Eight res
nator Apacitively compor this 9 x 9 mm device is
mpler by a copl ne. The s T of th
full & and single re in Figur

|
l. ‘ . Zlatko Minev



Example designs from the community, folks like you!
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Stage 1.
Layout+
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/«k Layout

Fabrication




Regularity is our_greatest ally in chip,
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quantum device
design

Qiskit

& e & qiskit.org

@ Qiskit Qiskit Documentation Learning Resources Slack Support

0.0.4

Q, Search Docs

Single transmon- Single transmon- Star-shaped qubit
floating grounded flux lines

Contriblitor aude Single Transmon - Single Transmon - Floating
Grounded (xmon)

Tutorials

Interdigitated Transmon Single Transmon -
Qubits Grounded (xmon) flux lines

Circuit Example Library




guantum device
design

Device Library Qiskit

Qubits Resonators

Simple coplanar
waveguide (CPW)
meander

Single transmon- Single transmon- Star-shaped qubit
floating grounded flux lines

Qubit Couplers

Direct
coupler

Bus resonator
coupler

CPW
launch pad 5

Tunable

Readout line Charge line

coupler (MIT)




guantum device
design

Device Library Qiskit

Code

giskit metal.glibrary qubits
gl = qubits.TransmonPocket ('Ql’, options=dict(...))

Single transmon-
floating

Synced GUI

giskit metal MetalGUI
MetalGUI()



Fine-tune and automate parameters

B
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Connecting quantum components dynamically




o @® L

Load Save Delete all Replot Rebuild New QComponent

QComponents
View
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No QComponents to show.
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smile = draw.shapely.geometry.Point (0, 0) .buffer(0.8)
cut sq = draw.shapely.geometry.box (-1, -0.3, 1, 1)
smile = draw.subtract(smile, cut sq)

face draw.subtract (face, smile)

face draw.subtract (face, eye r)
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State of the Art

Methods
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Simple example

resonator

X )

Zlatko Minev(33)



Step 2: Landscape of quantization methods

quasi-static full-wave
lumped quasi-lumped impedance
L'J. T ‘fﬂ IJ*[’ ) 1]
o a
7 a

fast more information, complexity, accuracy

scQubitsx—  QUCAT pyEPR !
See Friday Workshop! QuTiP H<C Q[\Iqsel;ﬁ el

Yurke & Denker (1984), Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et Minev (201 8)
Devoret (1997), Burkard et Gely et al. (2019), Parra-Rodriguez et  al. (2012), Solgun et al. Minev et al. (2020)
al. (2004), Koch et dl... al. (2019), Minev et al. (2021), ... (2014, 2015, 2017) ... Flatko Minev



Modeling step A: Classical E&M approximations

Physical (linear) model Eigenmodes Quasi-lumped models

i é A
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Quasi-Lumped Element
Oscilator Models
(LOM)

daT (1\/ > quant-ph > arXiv:2103.10344

Help | Adv
Quantum Physics

[Submitted on 18 Mar 2021]

Circuit quantum electrodynamics (cQED) with modular quasi-lumped
models

Zlatko K. Minev, Thomas G. McConkey, Maika Takita, Antonio D. Corcoles, Jay M. Gambetta

arXiv:2103.10344

Image copyright:
ZKM unless otherwise noted




Example

Zlatko Minev (37)



Physical layout zoom in

Zlatko Minev(38)



ldentifying systems

II Simple building blocks
Well-understood in isolation

Zlatko Minev(39)




Dressed subsystem Hamiltonians

i

Zlatko Minev(40)




Subsystem & cell partitions

celly

Zlatko Minev(41)



Simulating a cell

device layout

—

extractor model

Model Simulation Results Automation N

=4 Model
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Extracting cell parameters

netlist & simulation
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Maxwell capacitance matrix

o n 9 ns T4
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C3ss —Csq4

Cux
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Cell & composite-system network

full network model
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Reduction to dressed subsystems
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Physical Hardware € Modular Systems

Zlatko Minev(46)



Summary: Physical Hardware € Modular Systems

~ A

dressings of parameters due to couplings
non-perturbative

non-local

constraints

non-dynamical degrees of freedom (Ding et al.)
quasi-distributed structures

AZ? diamagnetic contributions (Malekakhiagh et al.)

- 3-jct. flux qubit

- 0-Tt qubit
Jens Koch ?

ra— i NEW
Peter Groszkowski | c°s(2¢) qubit
L oscillator | Kerr oscillator

NEW

-transmon (fixed | tunable) ‘ ’
- fluxonium

Hyys = ZH

small,
known

building blocks

]:[int — Z: Z hgnmﬁnén

Zlatko Minev(47)



Image copyright:
ZKM unless otherwise noted

The End:
Quasi-Lumped Element
Oscilator Models
(LOM)

daT (1\/ > quant-ph > arXiv:2103.10344

Help | Adv
Quantum Physics

[Submitted on 18 Mar 2021]

Circuit quantum electrodynamics (cQED) with modular quasi-lumped
models

Zlatko K. Minev, Thomas G. McConkey, Maika Takita, Antonio D. Corcoles, Jay M. Gambetta

arXiv:2103.10344



Energy-
Participation Ratio
(EPR)

arXiv.org > quant-ph > arXiv:2010.00620

Quantum Physics

[Submitted on 1 Oct 2020]
Energy-participation quantization of Josephson circuits

Zlatko K. Minev, Zaki Leghtas, Shantanu O. Mundhada, Lysander Christakis, loan M. Pop, Michel |
Devoret

Image copyright:
ZKM unless otherwise noted




Hamiltonian of a distributed system

Linear system

P e

Non-linear dipole

3 4
(I)j. (I)j. -
1 %
ng Cj4



Decomposition of a general circuit

-
-
e
B =
———
T
—————
-
-
T
e
e

second quantization in eigen basis of linearized circuit



Hyi, eigen modes

Cavity mode (7.0 GHz) Qubit mfde (‘inearized, 5 GHz)

i

substrate substrate

|EC| contours

junction

\\

cavity
outline nsmon/pads
X/
0 IS I V1ax T Max

E-field magnitude Currmmmwe

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



Energy participation of the junction

Qubit mode (linearized, 5 GHz)

Pm =

junction

transmon pads

O NN B M ax

Current-density magnitude

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



Quantum operator

What is zero-point fluctuation of the phase of
junction | due to mode m¢

M
~|Dil= > |bmsl(al, + am)

S
JL




EPR bridge from classical to quantum

What fraction of the energy of mode m
is stored in junction ¢

for j>1, root requires sign bit s, = £1

Drawing: Zurek, Physics Today (1991)



Step 3: Hamiltonian

Qubit/cavity anharmonicity

” QlSklt I Mol resonator o p hwfi/ c
= N q/c q/c
qubit SEJ
C m Qubit-cavity dispersive shifty
— -
\_J U - X =Pyl mqwc
= c
C AR,
Transition
spectrum a, a, Xqc

< > > Qubit Lamb shift
L, i A

— — ol
¢ = Q¢ — 5Xqc

Hs: for simplicity, showing up to O(¢®) in RWA ~latko Minev



Hamiltonian: Universal constraints & EPR monogamy

Y
@ &
o

0 .- - - gquantum device
) QISkIt I eeien resonator
i i e
qubit
:_n/
./ \J
Transition Quantum parameters are
not independent
spectrum aq Clq
<€ > € >
j ‘ / L ‘.‘_
L4
wg4-A,

Hs: for simplicity, showing up to O(¢®) in RWA

ZPF are not
P independent of
each other

knot: clikr

Zlatko Minev



EPR iS monogCImOUS Commandments of EPR

I. All modes and all dipole are created equal
II. Each dipole has exactly 1 EPR it must dilute among modes
ITII. Each mode receives exactly 1 EPR units

EPR 0< Pmj < 1 EPR is bounded
FECTTey , M
Non-linear dipole N | Z . e : Every dipole
P O | >< —0 lpm] 1 forjefl,....J} comes w/ 1 unit of EPR
g : m=
J
_ Every mode accepts at
Mode 0 < Z Pmj = 1 formedl,...,M} most 1 total unit of EPR
J=1
M For a dipole, its EPRs
. o/
Orthogonality Z SmjSmj\PmjPmjs =0 for j # j across all modes are

— orthogonal

Zlatko Minev



Example of step 2 with EPR

Physical (linear) model Eigenmodes Non-linear device
Iy I params

energy stored 2
[ injunction p] Hfull
ANG

Dissipation
budget

P1 — D[Vkal

energy stored
in substrate

Zlatko Minev



Overview of energy-participation approach

classical f: ' -'eiement L?lILUIth . M iterate
linearized eigen-solutions
. model , ,
\ eigen-analysis ™ 4 ™\
A elgen e e -
FE, EPR | Huu =) Wwh, — ikim)a),am
e - mbLt — — — — 4
W PmijisSmj o= 5
) 7 P | ~tBm A0n
| Em(7), Hm(7) Ph + Capl]alia;
N a,B. _ mn
- S
general Complete. qu.ant um
Josephson description
device Energy-participation ratio (EPR) approach:
- describes any order and strength non-linearity
- describes arbitrary (composite) non-linear inductive devices
- first-principle derivation
* Nigg, Paik, et al., PRL (2012), - zero approximations (aside from truncation of modes)
Bourassa et al. (2012), - fully automated in Qiskit Metal & in pyEPR
Solgun et al. (2014, 2015, 2017), ... Practical limits: Fock and mode basis truncation due to computing power
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Lossy energy-participation ratios (EPRs)

4 " 1 1 q q ™
LelpaEls bulk Pt = 770 | Brax @ Einaxdv
elec Vi
cap,sur 1 i€ = 2
1F surface pmlp’ g 5 lzll% Fmax| ds,
\_k’; elec SllI‘fl /
l in r 1 )\ d 2
/IndUCtlve bulk m?’su f — 01 R Hmax ||| ds 7 \
gmag 4 surf;
‘i, ol I 1 S, o
— N — surface D, = Z% y H 1 Hpyaxdo .
mag .
- 1 Aot - 2
seam rlrzgi,seam _ 0 l,ul% HmaX,J_| di |
k gma,g 4 seam;j
4 Radiative WinEm (0) A
external Qo = = I
(.}_o LRI,
v J

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), ...



; “é’% Charge dispersion with EPR

Vv Charge dispersion
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EPR theory vs. experiment

arXiv.org > quant-ph > arXiv:2010.00620

Quantum Physics

[Submitted on 1 Oct 2020]
Energy-participation quantization of Josephson circuits

Zlatko K. Minev, Zaki Leghtas, Shantanu O. Mundhada, Lysander Christakis, loan M. Pop, Michel H.
Devoret

Zlatko Minev



Theory vs. experiment: agreement over 5 orders of magnitude

Predicted energy (MHz)
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WG: Minev et al. (2013, 2016)
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Planar devices &
comparison to other methods

d I‘(lv > quant-ph > arXiv:2103.10344 Help | Adv

Quantum Physics

[Submitted on 18 Mar 2021]

Circuit quantum electrodynamics (cQED) with modular quasi-lumped
models

Zlatko K. Minev, Thomas G. McConkey, Maika Takita, Antonio D. Corcoles, Jay M. Gambetta

Zlatko Minev



Measured vs. predicted: qubit-readout cross-Kerr

— y:x
A LOM (quasi-static)
@® EPR (eigenmode)

Predicted y (MHz)

Marker size indicates
Measured y (MHz) error bars.
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Measured vs. predicted: qubit-readout cross-Kerr
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Putting it toget

Automation
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Resonators

Composite Bi-Partite Systems

Qubit Couplers
Input-Ouput Coupling
Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Conduct

ES Qiskit

Quantization methods library

quasi-static full-wave
uasi-lumped i ener
lumped q P impedance gy
vEE [Fow]
Yurke & Denker (1984), Devoret Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et al Minev (2018)
(1997), Burkard et al. (2004), Koch et  Gely et al. (2019), Parra-Rodriguez et al. (2019), (2012), Solgun et al. (2014, 2015, 2017) Minev et al. (2020)
al... Minev et al. (2021), ... A
more speed more information, accuracy

Zlatko Minev
IBM Quantum
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Resonators
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Overview B
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Q3D and pyEPR solution matrix.
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Tutorials: Quantum analysis library
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Small Quantum Chips

Design Flow
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API| References

Overview
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Eigenmode
Energy-participation quantization of Josephson — — . ~ .

Zlatko K. Minev &, Zaki Leghtas, Shantanu O. Mundhada, Lysander Christakis, loan M. Pop

& Michel H. Devoret

npj Quantum Information 7, Article number: 131 (2021) | Cite this article
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Tutorials: Quantum analysis library
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Libraries s on in QC
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API References

Overview
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GUI Quantum Physics

R Circuit quantum electrodynamics (cQED) with modular quasi-lumped models

Zlatko K. Minev,* Thomas G. McConkey, Maika Takita, Antonio Corcoles, and Jay M. Gambetta
IBM Quantum, IBM T.J. Walson Research Center, Yorktown Heights, US

WIP: General capacitive analysis code
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Automated with
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Qiskit Metal render & electromagnetic analysis

For example: Ansys HFSS Q3D

design.render(...) [NEES——_
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Sub-Circuit Analysis
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Exploring a transmon qubit
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Zlatko Minev — Qiskit Global Summer SchoolZ284 NBH¢v




Automated analysis and reports

metal.analysis.lumped_model.analyze('Ql')
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Qubit frequency & anharmonicity
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Building it together: Open Source Community

Gates & time-

R Open source

Qi [ k it I :::::;‘rl.m‘ device
+

Call for community participation!
Contact us!

You?
e 6 ©o
Sadman Ahmed Eli Levenson-Falk  Jens Koch T.C. Thann B. Joecker C. Warran
Shanto
Lab work with Dr. Murat Sarithan, Sadman Shanto, and more!
@zlatko_minev w zlatko-minev.com/blog Zlatko Minev
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Tight-binding model {%
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Simple non-linear dipole: Josephson junction

Zlatko Minev, IBM QZlatiu mi(e4)



Composite-circuit non-linear dipole
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General non-linear dipole

Energy function

E; Z Cip (%)p (expansion not

necessary)

series with respect to operational equilibrium point 5 0kV 4.3mm x8.00k SE(U) 5.00um
SEM image: Frattini & Sivak; seezARb (2047



Bias conditions
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; “é’% Charge dispersion with EPR

Vv Charge dispersion
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