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

Asher Peres




Quantum in the cloud or lab
Superconducting qubits

Quantum-device chip

Cryogenic environment

Lab / cloud facility
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Physical Devices ¢ Quantum Hamiltonian

Zlatko Minev, IBM Quantum (6)



Physical Devices ¢ Quantum Hamiltonian

Overview of design

I just want the answer: Qiskit M

etal It for me

source
(IBM)

You can design your own quantum chip! Open-

Energy-participation ratio (ER

'R)

Minev et al. arXiv:1902.10355 & arXiv:2010.00620

(Yale)

cQED with quasi-lumped models (LOM)

Minev et al. arXiv:2103.10344
(IBM)

Zlatko Minev, IBM Quantum (7)
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Quantum in the cloud or lab
Superconducting qubits

Quantum-device chip

Cryogenic environment

Lab / cloud facility

“ Laptop image: rawpixel.com; Photos: IBM
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" Quantum computer made from “artificial atoms

Zlatko Minev — IBM Quantum (10)



Quantum Device Design

Superconducting circuits

Qubit Hilbert space

Quantum Hamiltonian
analysis

Electromagnetic analysis

Physical layout

Zlatko Minev, IBM Quantum (11)
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To do quantum,

start with classical

Zlatko Minev — Qiskit Global Summer School 2020 (13)



Summer School Lectures

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

»> Youlube

I«

url: giskit.org/learn/intro-qc-gh (2020)

Magnetic flux and inductance

Faraday’s law of induction

Universal relationship

!

oD (t) / v(7T)dr
. ~

Magnetic flux

For kinetic inductors,

~98% of qubit inductive energy is not
in stored magnetic fields, but in

Sl It can be related to the voltage across

»| o 4539/50:21 @ & (5 05 1



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

For more information, review the Introduction to Quantum Computing and
Quantum Hardware lectures below

Superconducting Qubits I: Quantizing a Harmonic Oscillator, Josephson .
. Lecture Video Lecture Notes
Junctions Part 1

Superconducting Qubits I: Quantizing a Harmonic Oscillator, Josephson !
. Lecture Video Lecture Notes
Junctions Part 2

Superconducting Qubits I: Quantizing a Harmonic Oscillator, Josephson '

: Lecture Video Lecture Notes
Junctions Part 3
Superconducting Qubits II: Circuit Quantum Electrodynamics, Readout and

Calibration Methods Part 1

Lecture Video Lecture Notes
Superconducting Qubits II: Circuit Quantum Electrodynamics, Readout and |
_ _ Lecture Video Lecture Notes
Calibration Methods Part 2
Superconducting Qubits II: Circuit Quantum Electrodynamics, Readout and

o Lecture Video Lecture Notes
Calibration Methods Part 3

4 P »l o) 48:03/50:21 @ erEOS]
Zlatko Minev — IEEE QCE20 (15)




There's a description for every job
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Landscape of quantization methods

quasi-static full-wave
uasi-lumped i
lumped G P impedance energy
I I = | II
@ﬁ LHRIC L
fast more information, complexity, accuracy
QISkIt ggzingt:m device
Metal
Yurke & Denker (1984),  Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa Minev (2018)
Devoret (1997), Burkard Gely et al. (2019), Parra-Rodriguez et al. (2012), Solgun et al. Minev et al. (2020)

et al. (2004), Koch et al... et al. (2019), Minev et al. (2021), ... (2014, 2015, 2017) ... Zlatko Miney, [BM Quantum (17)



What needs to be designed?
/unctions _—geometry & qubit frequency, \
\ topology /<§\\\\\‘ \\ anharmonicity, ...

metals %

= SpurIOUS \§des
s.aml3|e$§)lder

_ Platko Min ey — IEEE QCE20 (18)



Physical Devices ¢ Quantum Hamiltonian

You can design your own quantum chi

=l

Open source
(IBM)

Zlatko Minev, IBM Quantum (19)



You Don't Have To Be A Rocket (Or
Quantum) Scientist To Design A

Quantum Computer Chip Using IBM’s
New Tool Called Qiskit Metal

Paul Smith-Goodson Contributor
M@R Moor Insights and Strategy Contributor Group ©
Cloud

Analyst-in-residence, Quantum Computing

quantum dewce
QISkIt des|gn -

Qiskit Metal | quantum device
design is now open

Intuitively, almost everyone can appreciate how difficult and knowledge-intensive it is

to design, develop, analyze, and simulate a quantum computer chip. Without years

Zlatko Minev, IBM Quantum (20)
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Quantum chip design Complexity, Information, Accuracy
ow Risk, Cost, Time, Resources

Concept Hamiltonian A Layout Fabrication

W

Quantum Analysis Electromagnetic
4N A Analysis
il

_%;J-

IBM Confidential Zlatko Minev — IEEE QCE20 (22)
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design

Complexity, Information, Accuracy

Quantum chi ' ' ion,
flow ' ' -

Risk, Cost, Time, Resources

Concept

W

IBM Confidential

Quantum Analysis

Hamiltonian Layout

Project

= Metal ue

Fabrication

Electromagnetic
Analysis

€3

Zlatko Minev — IEEE QCE20 (23)



quantum device
design

Qiskit

Let's layout, analyze, ano
optimize a four-qubit chip...

Open source
giskit.org/metal

Zlatko Minev — IEEE QCE20 (24)



Regularity is our greatest ally in chip design

/

feaddut el e
g 1) s$io

Reuse

Automate

Extend



Tec > Ood Vet | Quaran Tade Tualen & Aradsh 0 4002 = o

Qiskit Metal | Quantum Device Design &
Analysis (Q-EDA) 0.0.2
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Circuit Example Library

Qubits

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

‘Small Quantum Chips
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—————— g

Qiskit

guantum device
design




Create a transmon qubit

from giskit metal.glibrary import qubits

ql = qubits.TransmonPocket('Q1l’, options=dict(...))

from giskit metal import MetalGUI
MetalGUI()

giskit.org/metal

Zlatko Minev — IEEE QCE20 (27)



Z file Edit View Run Kemel Tabs Settings Help
% MyFirstMetaLipynb

B + X0O 0O » = C Code

[1]):  dmport giskit _metal as metal
Imetal_heading Welcome to Qiskit Metal!




Fine-tune and automate parameters

N = | & .
s ® %

Load Save | Delete all Replot Rebuild
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Dynamically —connected quantum devices




- @ ;. GDS HFSS Q3D
New QComponent GDS HFSS Q3D

Load Save Delete all Replot Rebuild
{1 Main View Elements
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View
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F
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Name QComponent class

No QComponents to show.

Create components from the QLibrary.

Edit component

Name Value Parsed value

Options \
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/

Help \ /

Select a QComponent to edit

from the QComponents window

W . EditSource

(xy) = (2.7059, -0.9543) A last point (2.4398, -0.9640)




Load Save Delete all Replot Rebuild New QComponent

QComponents
View =
L Do 1}

Name QComponent class QCompo

Q1 TransmonPocket giskit_metal.component:
Q2 TransmonPocket giskit_metal.component:
Q3 TransmonPocket giskit_metal.component:
Q4 TransmonPocket giskit_metal.component:

cpw1 RouteMeander giskit_metal.component:

Edit component

Name Value Parsed value

Select a QComponent to edit

from the QComponents window

Qiskit Metal: Quantum Creator
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Main View

@

Elements
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Load Save Deleteall Replot Rebuild New QComponent
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View
1 Do
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Q1 TransmonPocket qiskit_metal.component:
Q2 TransmonPocket qiskit_metal.component:
Q3 TransmonPocket qiskit_metal.component:
Q4 TransmonPocket qiskit_metal.component:

cpw1 RouteMeander qiskit_metal.component:

Edit component

Name Value Parsed value

Select a QComponent to edit

from the QComponents window

Design Dock
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Main View

Elements




Demo Notebook for Hybrid CPW Algorithm with Anchors o | CPW Hybrid Auto and AStar.ipynb
(Dennis Wang Talk in Session J30)
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l

(x,y) = (0.7968, -0.1598) A last point (0.1577, 0.0949)

(x,y) = (0.7958, -0.1598) A last point (0.1577, 0.0949)



Metal Design  Plot
|4
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Can | make my own qubit?

[ %] &

smile = draw.shapely.geometry.Point (0,
cut sq = draw.shapely.geometry.box (-1,
smile = draw.subtract(smile, cut sq)
face draw.subtract (face, smile)

face draw.subtract (face, eye r)

face = draw.subtract (face, eye 1)

face

0) .buffer (0.8)

=03y Lz L)

Zlatko Minev, IBM Quantum (37)
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arXiv: 2010.00620

Quantum analysis library e 100210955

/__ Capacitive

= @

Digenmode and EPRipynb
“ . [rar.
" " e w
) P ! » !

Eigenmode

arXiv:2103.10344 ...

S,Z,Y
Impedance
Scattering

arXiv:1204.0587 ...




Automated with

e e tum devi
Qiskit | auertumderie ? o st

(example external
| classjcal simulation
software)

Zlatko Minev, IBM Quantum (40



- metal.analysis.lumped_model.analyze('Ql')

[Vim]

0.7083
l 0.6611
0.6139

0.5667
0.5194
0.4722
0.4250
0.3778
- 0.3305
0.2833
0.2361
0.1889
0.1417
0.0944

0.0472
0.0000

l

Ansys HFSS

Zlatko Minev, IBM Quantum (41



Qiskit Metal render & electromagnetic analysis

For example: Ansys HFSS Q3D

+ % Q3DDesign2*

% Q1_c_connector_pad
1.Q1_pad_bot
%.Q1 _pad_top
% Q2_c_connector_pad
L. Q2_pad_bot
Q2 pad_top

& Mach

IBM Quantum




More complex designs
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Vietal  Sub-Circuit Analysis
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More complex quantum chips — see next tutorial

I Quantum (45



9> Exploring a transmon qubit

Energy
/
/

. k \ \ ’/
Classically N

forbidden region
_E’J

RS
-TT 0 T
Reduced magnetic flux (®/¢,

Zlatko Minev — Qiskit Global Summer School 2020 (46)



Automated analysis and reports

Qubit frequency & anharmonicity FE simulation convergence

metal.analysis.lumped_model.analyze('Ql')

Alpha (blue), Freq (red) [MHz]

i 125
- | ‘54002 10° 4 - 100
N .
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5 | g W
| SN 5200 g | =
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-0.5 1 s 80
4 m‘ e
-1.0 1 0il
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0 4 ik
..20 < et 5
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-2.5 -40
=30 4 ) | =80 - I
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=35 — - 0 5 10 15

o
0
o
%

Analysis pass number Zlatko Minev — IEEE QCE20 (47)
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guantum device
design

Qiskit

Use cases
Devices made with Qiskit
Metal

Zlatko Minev, IBM Quantum (49)



M M guantum device
QISkIt design

Korea Hackathon — Metal Projects

Project 1A : Metal - Designing a simple qubit chip

Abstract
The designing of a simple two qubit system using Qiskit Metal.

Description

Using Qiskit Metal, design a single plane, two-qubit chip using superconducting qubits, which are
coupled together with a coplanar waveguide (CPW) bus resonator (capacitively), and with each qubit
having a CPW readout resonator. The readout resonators should be capacitively coupled to transmission
line(s) which connect to launcher pads for wire bonds. All gcomponents should be selected from those
available in the glibrary,

A simple model of the potential layout is shown below,

HE EH B

The project members are to determine the actual physical layout, with the below target parameters in

Project 1B : Metal - Designing a simple qubit chip

Abstract
The designing of a simple two qubit system using Qiskit Metal.

Description

Using Qiskit Metal, design a single plane, two-qubit chip using superconducting qubits, which are
coupled together with a coplanar waveguide (CPW) bus resonator, and with each qubit having a CPW
readout resonator. The readout resonators should be coupled to transmission line(s) which connect to
launcher pads for wire bonds. The qubits should be newly written gcomponents, as should the
capacitive couplers. Only the CPW transmission line gcomponents can be from the available glibrary,

The project members are to determine the actual physical layout, with the below target parameters in
mind.

Parameters Target Value Parameters Target Value
Freq_Q1 5.5 GHz Freq_readout_Q1 7.5 GHz
Freq_Q2 5.7 GHz Freq_readout_Q2 7.7 GHz
Anharmonicity (Ec) 300 MHz X 400 kHz

K 2 MHz
Freg _bus 6.6 GHz
8

mind.
Parameters Target Value Parameters Target Value
Freq_Q1 5.5 GHz Freq_readout_Q1 7.5 GHz
Freq_Q2 5.7 GHz Freq_readout_Q2 7.7 GHz
Anharmonicity (Ec) 300 MHz X 400 kHz

K 2 MHz

Freg bus 6.6 GHz
8

The project members can also decide on the chip size, though should consider issues such as, potential
box/substrate modes, or cross talk between the different components on the chip. It can be assumed
wirebonds are available to be added where desired.

Members

The project members can also decide on the chip size, though should consider issues such as, potential
box/substrate modes, or cross talk between the different components on the chip. It can be assumed
wirebonds are available to be added where desired.

Members

Deliverables I

e The design notebook.
* Documentation showing the successful simulation/analysis of the chip design meeting the

dacirad naramaotare

I vIs i I I I



Qiskit| i First quantum-hardware hackathon
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| 1] -~ Q. ‘
[ ‘ % GDS HFSS Q3D
° ° : a1 O &
I S k I t q uantum d evice Load Save Delete all Replot Rebuild Build History New QComponent GDS HFSS Q3D
deSIgn QComponents (%) Main View Elements
View == [l
i Do w ' @ . i

e
i
Name QComponent class
* : & groundPlane Rectangle
e V I C e S ==» groundPlane_buffer Rectangle
ﬁ Q1 TransmonPocketUTok)
: Q2 TransmonPocketUToky
I I l a e W I t I'l Q3 TransmonPocketUToky
'5 Q4 TransmonPocketUTok)
M ‘ Launch_NW LaunchpadWirebondM
e t a Launch_WNW LaunchpadWirebondM
3 Launch_ESE LaunchpadWirebondM
Launch_SE LaunchpadWirebondM
Launch_N LaunchpadWirebondM
Launch_ENE LaunchpadWirebondM

QComponents Library Pins Variables

Q4 : TransmonPocketUTokyo : qiskit_meta...

g Name Value Parsed value
B pos_x 1.25mm 1.25
IBM 5Q Tsuru &= =

% connection_pads

X pad_gap 20um 0.02
inductor_width  20um 0.02

O y O - pad_width 435 um 0.435

g pad_height 90um 0.09

i pocket_width 650um 0.65
pocket_height 650um 0.65
orientation 180 180.0
hfss_inductance 10nH 10nH
hfss_capacitance 0 (0]
hfss_resistance 0 (0]
hfss_mesh_kw_jj 7e-06 7e-06
q3d_inductance 10nH 10nH

S e A ~

(x,y) = (0.4415, 1.1502) A last point (0.1813, 0.4854)




guantum device
design

Qiskit

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

Qiskit Met2




Magnitude - S21 (dB)
) w \ ) =3 - .

A
)

Experimental results of the Chalmers device designed with Qiskit Metal
Data courtesy of C. Warren & Amr Osman (Bylander, Chalmers)
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Regularity is our greatest ally in chip design

</
eadout ; \

/ transmission

O

Reuse \ N
line \ e \ ALY
W\ ~ N
Fine-tune \\\\\ : \ Q \'\qxpits
\ AN WA < \\\\\\
Automate \\\\\\\ \\“ : \\ Q‘\ { \\\\\\
{ ‘ ==
Extend I-O coupling e \\\ \ \\\d\\\\\\\\\‘
\) \\ \\\\\\\ \ \ \ \\\\\\
! junctions

B CapNInterdigital CoupledLineTee

Base classes for inheritance (won't instantiate)
Couplers Coupling between different transmission-lines
Lumped Capacitive/Inductive elements
Qubits Information
Sample Shapes Geometries sand-box
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Tlines Two pins transmission lines
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There's a description for every job Quantum analysis n%m'mear
e ————————————————————————— ( inductor

A e S ) \ ’ v
Htot Anharmonic d.o.f. an

Htot. = I;[sys + Hint

Htot = Hlin An Hnl

Electromagnetic oscillator
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Qiskit Metal E05.1 - Analysis - Capacitance and Frequency Control

Qiskit Metal E05.2 - Analysis - Eigenmode and Energy Participation
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Qiskit Metal E05.4 - Analysis - Summary EPR Quantization with Code Example

Qiskit Metal E05.5 - Analysis - Finish Eigenmode Start Impedance Analysis

Qiskit Metal E05.6 - Analysis - Extracting S Parameters for a Hanging Resonator

Zlatko Minev, IBM Quantum (60)



End-to-end automation Flexible & extensible Light-weight interoperability

YA )

H -

7

Experimentally tested Library of components

& .
d O |

giskit.org/metal ' Zlatko Minev — IEEE QCE20 (61)
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Building together

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 OQiskit Textbook

qiskit.org/metal

. @zlatko_minev




Physical Devices ¢ Quantum Hamiltonian

Energy participation ratio (EPR)

Minev et al. arXiv:1902.10355 & arXiv:2010.00620
(Yale)

Zlatko Minev, IBM Quantum (63)



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
Accepted in principle: Nature npj qi

See also Minev
Yale dissertation Sec. 4.1 i a e
(arXiv: 1902.10355)

Zlatko Minev, IBM Quantum (64)



What needs to be designed?
/unctions _—geometry & qubit frequency, \
\ topology /<§\\\\\‘ \\ anharmonicity, ...

metals %

= SpurIOUS \§des
s.aml3|e$§)lder

_ Platko Min ey — IEEE QCE20 (66)



What needs to be designed?

e S opolosy | e e . The solution of all these questions
metals : » ; % X \ \\\ |
dielectrics many bOdy ‘\\\ \\\>3\kub|t qublt reduces to,
' coupling

/ \\\\ Hamlltonxén \\ / \\\\\

W
readout N W \Spurrous qubit

frequency, \\\ oss budget\due to coupi hg (non-local)

, ; lelectrlcs seams,
coupling

A
AL mte rfaces, - - \\\\\\\\\

T P Sl Where is the energy?

\ ‘ rad:atB dlSSlpatlon sample holder
e T

sell limit)

Zlatko Minev, IBM Quantum (67



What fraction of the energy of a mode p; (p;)

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

0 < pj)pl <1

/\

Hiun VKa|p

Zlatko Minev, IBM Quantum (68



Zlatko Minev, IBM Quantum (69)



Hamiltonian of a linear distributed system

This is a box

M
» Z ﬁwm&jﬁn&m
m=1

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

Energy

Classically
forbidden
region

- 0 T
Reduced magnetic flux @;/¢,

Zlatko Minev, IBM Quantum (72)



Energy of a non-linear element

Momentarily only Ei(P;) = g (®;) + g (D)

Energy

- 0 T
Reduced magnetic flux @;/¢,

Po = h/2€ Zlatko Minev, IBM Quantum (73)



Composite-circuit non-linear dipole

w— Ej(@j; @F) = & (<I>j)1+ £ (®;)
‘ Rk -

- 0 T
Reduced magnetic flux ®/¢,

SEM image: Frattini & Sivak; see APL (2017) ¢o = h/2e  zlatko Minev, IBM Quantum (74)



So far

inear distributed system non-linear dipole

Zlatko Minev, IBM Quantum (76)



Distributed system with non-linear dipoles

j@)\ H ((I)barea Qbare)

5

J change basis

A / A A
Heqy ((I)eigena Qeigen)

J change basis

A

// A A "‘
Ho (am, am) o
no approximation here

M J X
> heomal,am + Y (B;/60)
m=1 =1

Zlatko Minev, IBM Quantum (77)



Distributed system with non-linear dipoles

second quantization in eigen basis of linearized circuit 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?

M
------- . |By]= Z Omj| (@, + am)

1

m

This equation is a
basis change!!

Zlatko Minev, IBM Quantum (81)



EPR bridge from classical to quantum

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

¢mj =pmj;—£

for j>1, root requires sign bit s,,; = +1

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



Qubit-cavity system example

Transition
spectrum C(q

L,

q 'Aq

Hesr: for simplicity, showing up to O(p®) in RWA

Qubit/cavity anharmonicity

hw?
_ q/c
/e =Py 3R,

Qubit-cavity dispersive shifty

hwqwe

Xqc =PqPc— 1+ — AF,

Qubit Lamb shift

_ !
A, = ay 5 Xqc

Zlatko Minev, IBM Quantum (87)



Special features

(a)
-

We Wy

Reconstruct full Hamiltonian

(b)
% Wp2

We Wy

GoaiE16o

(d)
-

We @ w

alale &,

T

Bias conditions

Zlatko Minev, IBM Quantum (88)



EPR monogamy & universal relations

. . M
I. Adipole brings 1
1 unit of EPR E :Pmy =
to be diluted in the modes m=1
J
II. A mode accepts max 0< E Pmj <1
1 unit of EPR ,
J=1
M
ITI.A dipole’s EPRs are , , : -
orthogonal Z Smj SmJ’\/pmemJ/ =0
m=1
* EPR is bounded ) < Pmj <1

knot: clikr Zlatko Minev, IBM Quantum (89)



EPR monogamy & universal relations

=>

zero-point quantum
fluctuations are
not independent

=>
design restrictions

knot: clikr Zlatko Minev, IBM Quantum (90)



EPR & dissipation

Zlatko Minev, IBM Quantum (92)



Transmon coherence

@ Jay Gambetta

Breaking through the millisecond barrier with our single
junction transmon @|BMResearch

T, M6

—
—
~—
o

T,: 1100.6 + 60.5 ps, ¥*: 0.9

1000 1500 2000 2500 3000 3500
us




Lossy energy-participation ratios (EPRs)

s » 1 1 = = A
Capacitive ulk PP = R [ Ef S Enaxdu,
gelec 1 Vv
. 2

_I I_ surface p;jlp’surf = L he R Erax| ds,
‘\K" gelec 1 surf; /
/Induc:tive bulk pind,S‘”’f — L Ao R H i ds \

mi gmag 4 surf; S |

ind,bulk ) o H* HH

— T — surface  p,_; = A max dv .

- 1 Aot —» 2
seam piﬁ?’seam — O°F g Hmax L‘ dl ,
K 8mag 4 seam; ’
" Radiative & (0) b
external (—— 1” =
i
v )

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), ...



Overview of energy-participation approach

) fi —=teTmeTnt catcutat
classical

S , RM jterate
linearized eigen-solutions
model : :
eigen-analysis 4 )
A FE. EPR Hgiii = ZI (w;n — ilﬁ?m)l(AlIn&m
= -~ - m Lr=—r=r—ad
Z . wm_’ PmijsSmj o
) R o,B. _ jmun
B -\ Y
general i R A Y complete quantum
Josephson Q - description
device l e | 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) *** Jens
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



EPR theory vs. experiment

VLS

Zlatko Minev, IBM Quantum (96)



Theory vs. experiment: agreement over 5 orders of magnitude

Predicted energy (MHz)

4

10 T

[ sample

R9C1
R2C1
R7CA1
R3C1
R3C2
DT3

10°

10’

10°

10°

Measured energy (MHz)

10

R:  Minev et al. (2018)
WG: Minev et al. (2013, 2016)
DT3, DTW: Minev et al. (2019)




planar devices &
comparison to other methods

Quantum Physics

[Submitted on 2 Feb 2021]

Exploiting dynamic quantum circuits in a quantum algorithm with
superconducting qubits

Antonio D. Corcoles, Maika Takita, Ken Inoue, Scott Lekuch, Zlatko K. Minev, Jerry M. Chow, Jay M. Gambetta

TV S S——

Zlatko Minev, IBM Quantum (99)



Measured vs. predicted: qubit-readout cross-Kerr

A Old lumped model
@ EPR (eigenmode)

Predicted y (MHz)

Marker size indicates
Measured y (MHz) error bars.

Zlatko Minev, IBM Quantum (10



Measured vs. predicted: qubit-readout cross-Kerr

—_— Y =X
A LOM (quasi-static)
@ EPR (eigenmode)
@ Z (driven)

Predicted y (MHz)

Marker size indicates
Measured y (MHz) error bars.

Zlatko Minev, IBM Quantum (10



Quantization

B
B
RS
»
-
-
=
s
-
-

Agreement
for presented results

External inputs

Speed

Generality

Quasi-static

lumped
(LOM)

g

19% / 10%

higher

fastest and
cheapest

low

approaches
Full-wave
Impedance eigenmode
(2) (EPR)
ot
| [
7% 4%
low low
moderate moderate
high highest*
PYEPR ¢!

*includes dissipative params



Physical Devices ¢ Quantum Hamiltonian

cQED with quasi-lumped models (LOM)

Minev et al. arXiv:2103.10344
(IBM)

Zlatko Minev, IBM Quantum (103)



Modular quasi-lumped models

quasi-lumped

e

Desire:
fast
modular
precise

Zlatko Minev, IBM Quantum (104)



Physical Hardware < Modular Systems

Zlatko Minev, IBM Quantum (105)



Physical Hardware < Modular Systems

~ A

dressings of parameters due to couplings

/\\\\\ non-perturbative
\

g non-local

\\\\\\\ constraints

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

= 1A? diamagnetic contributions (Malekakhlagh et al.)

Z small,
Sys H known
building blocks

ﬁint — 2: 2: hgnmﬁnén

| =0
| =0

Zlatko Minev, IBM Quantum (106)



Method of this talk: Complex network to simple building blocks

-transmon (fixed | tunable)

- fluxonium
- 3+jct. flux qubit

Jens Koch G qubit

P S #+NEW
Peter Groszkowski— €0s(2¢) qubit
- oscillator | Kerr oscillator

1

Zlatko Minev, IBM Quantum (107)

NEW




method

example

Zlatko Minev, IBM Quantu m (108)



Physical layout zoom in

N

Zlatko Minev, IBM Quantum (109)



| dentifying systems

dL“

Simple building blocks
Well-understood in isolation

Zlatko Minev, IBM Quantum (110)



Dressed subsystem Hamiltonians

Zlatko Minev, IBM Quantum (111)



Subsystem & cell partitions

L

ce111

IBM Quantum (112)

Zlatko Miney,



Simulating a cell

device layout

—

Model Simulation Resuits

extractor model

=48 Model
=-45 Solids
=4 cold
@57 Boxl
=3 Sheets
=3 SignalNet
i @m-E CL
! [ Rectangled
@3 Rectanglet
-3 Rectanglel0
=@ ThinConductor
-3 Gnd0
-3 QPadl
-3 QPad2
-1z, Coordinate Systems
@, Global
& Planes
=2 Lists

Automation N
r/

Zlatko Minev, IBM Quantum (113)



=/ Y4

AT

Extracting cell parameters

netlist & simulation

Maxwell capacitance matrix

no 151 no ns T4 (5

no( Cos —Co1 —Co2 —Cpz —Cos
Ciz —Ci2 —Ci3 —Cus

2 Coxy, —Caz —Coy
n3 Csz. —C3q4
Cax

Zlatko Minev, IBM Quantum (114)



Cell & composite-system network

full network model
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Zlatko Minev, IBM Quantum (115)



Reduction to dressed subsystems

Zlatko Minev, IBM Quantum (116)



LOM theory vs. experiment

Quantum Physics

[Submitted on 2 Feb 2021]

Exploiting dynamic quantum circuits in a quantum algorithm with
superconducting qubits

Antonio D. Corcoles, Maika Takita, Ken Inoue, Scott Lekuch, Zlatko K. Minev, Jerry M. Chow, Jay M. Gambetta

Zlatko Minev, IBM Quantum (119)



Improved precision

A

-.\]

-[(A naive |[Agreement | A
® full -10% JA A

O

Predicted x4 (MHz)

v
Qo

|

4 5 6 7
Measured x,, (MHz)

Data from Minev, et al. (to appear).
Tested on 2 larger-scale processors, see Corcoles et al. arXiv:2102.01682. Zlatko Minev, IBM Quantum (120)



Summary Minev et al. arXiv:2103.10344

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. Watson Research Center, Yorktown Heights, US

accounts for device layout

modular
maps onto known building blocks

computationally efficient

incorporates dressings P

* experimentally accurate (‘QJ

widely-applicable to pIanar/quéSiQpIanar

‘V.'"'V e H, H (not suitable for 3D)

-
oS S A A | B A
PG T T | Tt

cell Zlatko Minev, IBM Quantum (121)




Superconducting quantum devices:
design & analysis

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

Zlatko K. Minev

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

YW @zlatko minev zlatko-minev.com



Thank you

Zlatko Minev, IBM Quantum (123)



Charge dispersion

P Charge dispersion
= 6.50 GHz : :
u‘,’ ” 0.012 obtained from SHO basis
a''= 322.00 MHz :
40000
Ozpe = 0.45 = »':0010
= . -
% 0 < 0.008
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: \ 8 20000 e & 0.006
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& 10000 z
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& — new0
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a) external voltage bias

- "ﬁ’%

YV

10.2 Voltage-biased transmon 83

The Hamiltonian of a transmon qubits subject to a voltage bias, coupled by a coupling capacitance C. and
shunted by a capacitance C, is

3 2

(Q +Cc®s (t)) Cr
2(Ca+C.)

where the canonically conjugate flux and charge variables are ® and @, resp, such that their Poison bracket

is {®,Q}, = 1, Ey is the Josephson junction tunneling energy. and @, (t) is the voltage source flux bias, deter-

mined by the voltage source. The voltage of the source is v, = @, (t), and the 'offset charge' is hence Qg = Cevy,

or in terms of cooper pairs, in units of 2¢, n, = Q,/ (2¢); for consistence with other literature, we will choose the
orientation such that there is a minus sign to the offset charge. Letting the total effective transmon capacitance

beC=C,+C,,
H—_- (Q_Qy) Q2

2c 2C;
Note that there are now two partially counterbalancing constant terms in the Hamiltonian; however, the terms
can vary in time,
Suppose that we fix the offset charge somehow and re-write the Hamiltonian in terms of a and a'. Define:

H(®,Q) = 5 84 ()" — E;cos (®/00) , (10.1)

— Ecos (/o) . (102)

D= é = Q Ng = 9-2
P ¢0 ) O % ] g.* % )
¢o _ €
E_] EC P ZC )
Z(]—\/L/C wo = 1/VLC,
h B
Dzprp = EZO ) Qzpr = EZ() Y
d =dgpp (é' + é) ; pzpr = Pzpp/do ,
Q =1Qzpr (&f = l-l) . figpr = QZPF/ (23) .
In terms of these
n 2
,_(@-a) @
H= 7 E — Ejcos (®/d0)
= Hl'm 5 Hnl F Hlin.olst B
where
' Q2 _(1,2
= 4E(7'n -+ EJ‘P 1
1
= hwo (a a+ 2) A
" Q2 1
Hy s | —
lin,ofst Q * D) (C Cc) )
=|—-8Egn n +4Ecn (1 — Cg)
c
% .
Hy = -Ej3 [cos (@) + §tp2] ‘

Note that in this form H,,, actually has a constant cos (z) = 1 — 2?/2+ 2% /4! + O (2°).

—SEcng’fl
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Wavefunctions in the flux basis @, (@, ng = 0.00)

10

A KX VA T)
/\VAV A
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Wavefunctions in the flux basis ¢, (@, ng = 0.25) Coupling matrix |((§)|2 (normed) Eigenvalue number m
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gquantum device

design

u Medium

Starting Today, Anyone Can Design Quantum Hardware with

Qiskit Metal is the first electronic design automation (EDA) tool specifically for
guantum computers, aimed to help the community innovate and ..

1 week ago

Nextgov

Program Lets Users Design Their Own Quantum Computers

It's all possible because of the new Qiskit Metal program from IBM, which is
part of their effort to bring open-source tools to the world of quantum ...

6 days ago

w= ZDNet

Quantum computing: IBM's new tool lets users design
quantum chips in minutes

Qiskit Metal is an open-source platform that automates parts of the design
process for quantum chips. Image: IBM Quantum. Building the ...

1 week ago

Open source EDA tool simplifies quantum device
design

March 29, 2021 // By Rich Pell

:0

QUANTUM
ZEITGEIST

NATIONAL LABORATORY

LeBigData

IBM Qiskit Metal permet a n'importe qui de concevoir une
puce ...

IBM annonce la disponibilité générale de la plateforme open source Qiskit
Metal, permettant de concevoir facilement des puces pour ...

1 week ago

F=] AG Connect

IBM: Ontwerp nu je eigen kwantumchip

IBM heeft een opensourceplatform - genaamd Qiskit Metal - geintroduceerd
waarmee iedereen die dat wil, kwantumhardware kan ontwerpen.

1 week ago

[m Computer World by IDG
Nova ferramenta da IBM permite que os usuarios projetem
chips quénticos em...

A IBM anunciou a disponibilidade geral do Qiskit Metal, plataforma de codigo
aberto que automatiza partes do processo de design de chips ...

6 days ago

BROOKHIVEN

Quantum Computing Report [
Where Qubits Entangle with Commerce \



1.)

2.)

3.)

Analyst Notes:

You Don't Have To Be A Rocket (Or
Quantum) Scientist To Design A S
Quantum Computer Chip Using IBM’s @ s oo
New Tool Called Qiskit Metal

Considering all its advantages, Qiskit Metal should be a clear long-term
winner for IBM and the quantum community.

By reducing the complexity of chip design, IBM has eliminated a significant
parrier that may make quantum attractive to more people.

Qiskit Metal makes it possible for young K-12 students to have an
understandable hands-on learning experience with quantum computing.
Metal can turn an impossible task into a fun learning experience. A positive
early learning experience with Metal could result in thousands of future
quantum researchers.



