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Stellenbosch University and SUN Magnetics

» QuantumEDA group at Stellenbosch University

- SUN Magnetics
+ Spin-off company from Stellenbosch University
* InductEx, Tetrahenry and JoSIM

eeeeeeeeeee

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 63, Mar. 2026. Presentation given at ISS 2025, Nagasaki, Japan, Dec. 2025. @1 anemarre Q@ SUNMagnetics

uuuuuuuuuuuu



Introduction

* From the 1990s to around 2015, superconductor IC design tools
a loose collection of in-house modules for low-level design with
no application to large-scale system design.

- For many years a number of review and roadmap papers [1-3]
highlighted a lack of S-EDA tools and tied that to low IC
complexity.

« Unfunded academic tool development was not producing usable
tools.

+ Circuit complexity at around 10,000 JJs held back by manual
design.

[1] K. Gaj et al., IEEE Trans. Appl. Supercond. 9.1, 1999, pp. 18-38
[2] H.J.M. ter Brake et al., Phys. C 439.1, 2006, pp. 1-41
[3] Coenrad J. Fourie and Mark H. Volkmann, IEEE Trans. Appl. Supercond. 23.3, June 2013.
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Introduction

In 2013, IARPA launched the Cryogenic Computing Complexity (C3) Programme to develop SFQ
processors and memory.

At this time, the state-of-the-art for S-EDA tools was little better than a decade earlier [4].
C3 finally exposed the limitations inherent to a lack of capable S-EDA tools [5].

|ARPA launched the SuperTools programme in 2016 (after a seedling programme) to develop
these tools.

- Two teams funded:
* ColdFlux team (USC, UStell, YNU, USMB, NEU, UFlorida) - academic.
+ Synopsys - commercial.

- Enabled the results shown in these papers [6][7].

[4] Coenrad J. Fourie, IEEE Trans. on Appl. Supercond. 28.5, Aug. 2018, Art. no. 1300412
[5] Marc A Manheimer, IEEE Trans. Appl. Supercond. 25.3, June 2015, Art. no. 1301704
[6] Coenrad J. Fourie et al., IEEE Trans. Appl. Supercond. 29, Aug. 2019, Art. no. 1300407
[7] Coenrad J. Fourie et al., IEEE Trans. Appl. Supercond. 33.8, 2023, Art. no. 1304926

ot @% SUNMagnetics

{ stellen
w

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 63, Mar. 2026. Presentation given at ISS 2025, Nagasaki, Japan, Dec. 2025. e




SuperTools Objectives

+ The SuperTools objectives were spread over four areas, aided by
fabrication and test feedback.

Area 1l
Logic design - RTL synthesis, architectures and verification.
& logic synthesis

+ Analogue design and layout synthesis.

+ Physical design and test.

Area 2
Analog design
& layout synthesis |

« Technology CAD and cell library design.

* Project goals, starting from a baseline of 10,000 JJs or 1,000 gates
that could be synthesized, verified and laid out with existing tools,
were ambitious:

* Phase 1: 100,000 JJs; 10,000 gates.
« Phase 2: 1M JJs, 100k gates.

- Phase 3: 10M JJs, 1M gates; with 64-bit RISC processor synthesis and
simulation possible, and tight margins on clock skew and simulation
error (later amended to 1M JJs, 100k gates).

Area 3
Physical design
& verification

Fab & Test
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ColdFlux - Technology CAD

- FLOOXS/FLOOSS simulates 8 fabrication processes in 2D.

 Extrusion of 2D TCAD slices to create quasi-3D (2.5D) models of devices and
circuit components.

Device Describe
layout device

(" Fabrication /:F'/
process
L measured data

Katana Fabrication )
process

Build device [¢/5 rules/manuals y,

fab sequence i 7 v

fi I t -

om ayou Model extractor QuickSunds

Find surfaces, FLOOXS Get i del Get i del

remesh, et]jmodel |¢/» etjjmodel |¢/»

weld, cowb o [</> (RCSJ) (Werthamer)

extrude 3D

*.geo .Cir Ixt
InductEx & TetraHenry
Compact SPICE
Extract </> _ model B
parameters .Cir .model jexjj(...) 0 00 05
[8] MITLL SFQ5ee process Josephson junction[9
(top) cross-section and (bottom) FLOOSS

[8] Coenrad J Fourie 2020 J. Phys.: Conf. Ser. 1590 012040 TCAD result
[9] Sergey K. Tolpygo et al., IEEE Trans. on Appl. Supercond., 26.3, Apr. 2016, Art. no. 1100110 )
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ColdFlux - Physical (Back-end) Tools

Schematic entry
</> Compact SPICE » TimEx / AQFPTX
model B Timing extraction and
.model jex (... Fabrication @ Verilog HDL model v
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- Tools developed: ! P st
JoSIM —
* JoSIM N Eﬁc_tjcfl smulation | :)'(rt
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vii .cir
+ JoSIM Tools — Buid RDD Exractcombact 5]
¢ .cir y PV environment < .gds
¢ I N d UCtEX- LVS JoSIM Tools g IF’r:z\rar{n(eter;zetQD .py' SPIRA |c)|(|r
»| [ayout (.py - )
. Margin/yield analyzer Synthesize layout |df
imi th built-in LVS
- TimEx/AQFPTX NETE e A
E </>| |la«—] B @ - </>
¢ S PiRA ¢ Build .toml
KLayout
* Tools expa nded: B Cell layout InductEx-LVS . o
.gds| Layout-vs-schematic Lixi
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I nd UCtEX Generate IXI geometry 2
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ColdFlux - Digital Systems (Front-end Tools)

» qPALACE suite that includes

- RSFQ logi hesi -
Q 0gi1C S nt esI1S gg?@ﬂoural @ ConverterRSFQ qGDR Die2Sim JoSIM / WRSpice
. ¥ IConvert RCSr\IlilgS-type Routing Veriiﬁclation including Verification <>
ogic to -type TX delay, timin —_—
+ Technology mapping I e o IR 1
e > > < /> v/i 4 {D
o iVerilog + GTKWave t
 Clock h ——
OC Synt eS]S Functional verification iVerilog + GTKWave
1 v Verification &
. e B i </>
» Placement, and 5 ¢y aPlace ! " B
Gate placement = —T {D
. orm
° R l l >
Out] ng tOO S . A OrIan </> Static Timing Analysis
qSyn /Yosys / ABC
oo </>
| Logic synthesis InductEx & TetraHenry
Cell B > </> > Chip scale EM
library e ﬂ > vetification
< Ground plane &=
g = < plane
o ety Y \ current analysis
CTS / gHC2LC / qCDC X
g - = DieSynth Tape-out M
Clock synthesi
Y .oc .syn. ests Synth Passive TX lines fan
qEC ooxrn </> éﬁlc:) ﬁc!;l Ds;ructures
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[8] Coenrad J Fourie 2020 J. Phys.: Conf. Ser. 1590 012040

9&5 SUNMagnetics

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 63, Mar. 2026. Presentation given at ISS 2025, Nagasaki, Japan, Dec. 2025.



AQFP example workflow

Semi-custom design flow and environment using established cell library.

-------------------------------------------------------------------

Simulation, === ==\, SystemVerilog
data processing| = A 4 ) == |models, timing models
SCHPLS \ s GA-based & testbenches
place-and-route Digital simulation
e (optional)
——

Cell library Simul i Design rule checks) s
(OA format) imulation, optimization, verification ) (Assura format)| ==
¥ v Y
Physically-aware Physically-aware . Layout check
START System yscherﬁr—ltic yc';:ntimsi,zed P e [Epen Physical ’ &
Overview design schematic generation placement on chip GDS generation
A A A

-------------------------------- dluu.uu."n"""uu““uu.uun.gu"-nu““uu“.uuu""n"u---‘

Vﬁ:ﬁg%‘:g - Post-synthesis & E Chip arrival & Chip
design retiming testing fabrication
Technology file A

& design scripts :

— Cell library = | Measurement
=== I(Liberty format) = |sCripts

Circuit database, configuration files,
D Cadence Virtuoso environment . Open-source software D In-house at Yokohama National University models, scripts, etc. developed in this
work (or in previous works)

[10] Christopher L Ayala et al., Supercond. Sci. Technol., 33, 054006, 2020
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Example workflow with Synopsys Tools

[11] A. Inamdar et al,.
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IEEE Trans. on Appl. Supercond., vol. 31.5, Aug. 2021, Art no. 1301907
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SuperTools Results - JoSIM

» Design complexity demonstration: 10000 T————————— 100
» Large clock distribution network: 1000 {  —e—Memory L
* Subcircuit count: 41 00 - _
- Component count: 23,592,967 s B
- JJ count: 3,670,017 £ [ 1 &
- Inductor count: 14,680,070 . -
- Resistor count: 5,242,880 01 1 oo
» Current source count: 2,097,154 0,01 - - - - - 0,001
. 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

* Time: 5697.73 s 1) count

* Memory: 64,821,724 kB

 Clock frequency demonstration:

* Input pulse train provided to a 8-bit shift register at 100 GHz
demonstrating successful throughput in transient simulation.

P
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SuperTools Results: Flux Trapping Analysis

- Experimentally confirmed. Predicted (simulation) and measured discrete jumps
in I for a SQUID agree [12][13].

Experiment 1 Experiment 2 Experiment 3
Moat 1: 18 pm x I pm, d=2 pm Moat 1: 18 pm x 0.8 pm. d= 0.8 pm Moat 1: 8 pm x 2 pm. d=0.8 pm
Experiment 1 Experiment 2 Experiment 3
Moat 1: 18 pm x 1 pm, d=2 pm Moat 1: 18 pm x 0.8 pm, d= 0.8 pm Moat 1: 8 pum x 2 pm, d = 0.8 pm e Stpmilated
0d,
a L e P
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. | |
3 450 I I A A EI)[ 3 450 = 3 450
g e g 8 L 3% P
= + = E
: S ! 4 S . S
Experiment 5 IR ARG CEE . 0 [ — -
Moat 1 and 2: 6.2 pm x 0.8 pm, Py ;
Experiment 4 d=0.8 pm. SOUTH of inductor 7 : 4001 T se, ! aool | |l |||
Moat 3 and 4: 7.2 pm x 0.8 pm, g - —1—=% - 1
Moat 1 t0 3: 5 pm x 0.8 pm, d= 0.8 pm d = 0.8 um, NORTH of inductor = P t s
7 I A _i 6%
= 50
] 0 = H = ' = TTOTTT]
o 350 1 1 1 L 1 L L 1 \ 350 L L 1 1 1 1 1 L 1 1 1 350 1 L L L L 1 1 1 1 L L
© 1 =l 3 \I—!_!—I‘ 4 0.0 O.fl 08 12 16 0.0 0.4. 08 12 16 20 00 04 .0.3 12 16 20
r 2 3 © O Coil current (mA) Coil current (mA) Coil current (mA)
—] ‘—‘1 ‘—‘2 —=

[12] K. Jackman, C. J. Fourie, Supercond. Sci. Technol., vol. 33, 105001, 2020
[13] C. J. Fourie and K. Jackman, IEEE Trans. Appl. Supercond, 31, no. 5, 2021
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SuperTools Results: Compact Models in EM Environment

On-chip shielding structures Bias current |

e Bias current lims

Bias current =p

lBuFFERITL - <Vin>
<Vout> €= _ ¢« VCO
bias current
20 . . . ; ; ; ; ; 15 ; ; ; ; 6 ; ; . ; ; ; . .

— No shield
- - - On-chip shield 4 r

15

—— No shield
- -- On-chip shield|| 10 |

10

Working circuit 1 5t Working circuit

A
. ps 0
Zero-field bias current
0 | [

Zero-field bias current
operational range

Magnetic flux density (uT)

. operational
S T Zero-field bias current 2 | ]
operational range

-10 \ 1 s — No shield

A -0 L .

\ 4 t , - - - On-chip shield A

A 8\ -m=Tue L g
st B e 1 | By ™ ~" By
20 . . . L ommmmetT . -10 . . . . -6 L L L L L L L L

08 085 09 095 1 105 11 115 12 0.8 0.9 1 1.1 1.2 0.8 085 09 09 1 105 11 115 12 125
Normalized bias current
[14] C. J. Fourie, K. Jackman, IEEE Trans. Appl. Supercond., vol. 29, 1301004, 2019
f Lo . { Stellenbosch @)A . |
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SuperTools Results: SQUIDs and Gradiometers in Field
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SuperTools Results: SQIF Analysis

- Developed desigh automation tools for extracting high-fidelity models for superconductor
integrated circuits.

* Tools can be used for compact models of 2D SQIF arrays.
» Compact models include all mutual inductances.

. o . . 1800 T \ I \ ‘
- Support external magnetic field excitations. s AL
i o
- Compatible with existing circuit simulators: JoSIM, WRspice, etc. .,. . .~ V|~
,: \‘ 1 Y 1 { | \\ /I 1 'l \‘.
« Streamlines SQIF design and evaluation process. 1500 o 2N/ b s |/ A
S 1400 W oo A A
= AN Y
1200 vV A2 ' " “‘ / “ If N
i\
1100 f
1000 U ll
lil = = =11x4 SQIF (Bias Type A1)
900 = 11x4 SQIF (Bias Type A2) |
v 11x4 SQIF (Bias Type B)
800 :

-80 -60 -40 -20 0 20 40 60 80
Field [4T]

VB-response of 4x11 SQIF array with different biasing techniques.
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SuperTools Results: Packaging and Shielding analysis

 Full chip-in-package with shields, wire/bump bonds
+ Use IXI/mesh exports to include enclosure effects
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SuperTools Results: InductEx-LVS

LVS for superconducting layouts:
Compares layout topology <« schematic netlist
Device recognition: JJs, resistors, inductors, vias, interconnect
Goal: catch connectivity mistakes early (especially multi-layer stacks)

VDD

ﬁNet Labels

GND
% % 2/

Device Labels

Circuit Layout Schematic

L&

v

Device / Connectivity
Extraction

v

Layout netlist

Schematic Synthesis

_)

Schematic netlist

Verification Results

Compare Errors:

- Unmatched nets/pins/devices
- Missing nets/pins/devices

- Vertex degree mismatch
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Evolution of InductEx

Single Inductance network Land M network  +J,B/H-field +TTH +Fluxons, +Compact
inductors no M; sub-gate gates ~10 gates ~10gates  external H model extr.
(10 - 30 mins) (1-30 hours) (1-2hours) (1-2hours) (20s-2 min)
+FFH +E-fields,  +Package
~10 gates C, chip-scale, modelling

_ (20s-2min) permability (5- 10 min)

»
2004 2007 2010 2013 2016 2019
10K segs 20-30K segs 50-100K segs 200K segs 1M segs >10M segs
Speed >
X 2,000X
Segments >
10K 10,000K

[20] Coenrad J Fourie, J. Phys.: Conf. Ser., 1590 012040, 2020
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S-EDA Tools in Quantum Computing

Recently, a strong shift in SCE IC development from high performance or energy-
efficient computing towards quantum computing applications.

Some tools exist to design and simulate qubit systems.
 Qiskit from IBM to desigh and simulate at the qubit level.
» Abstracts away the hardware complexities.
* Provides a high-level interface to simulate qubit systems and quantum algorithms.

However, at the electronics level, no clear tool kit yet. For superconducting interfaces
to qubits; especially to superconducting qubits (with Josephson junctions):

- Sonnet used with SC material parameters to analyse microwave structures.
« HFSS with Qiskit Metal can handle superconducting qubit structures (e.g. transmon qubits).

Some of these tools approximate superconductors as PEC, neglecting kinetic
inductance. Few can handle trapped flux.

llenbosch ) .
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Example Usage of Open-source Tools

1). Create/Alter Design 2). Mesh Design

SQDMetal [15] - open-source Python API
used for the design and simulation of
superconducting quantum devices

+ Qiskit Metal [16] — an open-source

framework for the design of superconducting
quantum chips and devices.

==
Qiskit

\/ \/

quantum device
design — [ |

« Gmsh [17] — an open-source finite element
mesh generator for creating 3D meshes and
models.

4). Visualise Fields ’

3). Simulate Design

_— o o - Palace (Parallel Large-scale Computational
m, Re{f} (GHz), Im{f} (GHz), Q, .

2. oa00000006-00, Sisnesiecs, | ies1s4705e.05, L4 as7e106610005, Electromagnetics) [18] — an open-source
— electromagnetic solver.

= =
T A R S

NS
/

— I S =
— S 15l
R\ S N\ O

\J \J + ParaView [19] — an open-source visualization
I ParaView and post-processing tool.

[15] David Sommers et al., Nov 2025, arXiv:2511.01220

[16] “Qiskit metal,” (2025), https://github.com/qiskit-community/qiskit-metal.

[17] C. Geuzaine and J.-F. Remacle, International Journal for Numerical Methods in Engineering.
[18] “Palace,” (2025), https://awslabs.github.io/palace/stable/.

[19] “Paraview,” (2025), https://www.paraview.org/.
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S-EDA Tools in Quantum Computing

* Requirements:

 Support for aluminium cross-type junctions in single
and multilayer processes; 3D modelling.

 High calculation precision to design, analyse and
improve:
- High-Q resonators frequency.
+ Coupling to qubits.
» Cross-talk.
* Numerical methods to model and calculate noise in

representative IC structures (such as flux noise in
inductors; spin-reversal).
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Post-SuperTools: JoSIM

- Development of JoSIM-Pro
» Performance-tuned commercial version of JoSIM.

- Electrostatic Gate-Tunable Josephson Junctions in JoSIM (Gatemons) [20]

Resonator Ringdowns (Stacked, Common Time Axis)

144 Hann-windowed Resonator Spectra
el N
oA T 0 Vg = 0V: fo = 8.748 GHz
A e S S Vg =20V wn
: g § % V4= 5V: f,=7.576 GHz
10 € -201 i
S X ; ﬁVg,':lr V: fy = 6.185 GHz
e b e Vg =15V r l : ||
B ; ®  _40 - *vg = 15 Viiff=h.374 GHz
£ " rlii'.l ! Hih ATTTE it g 0 S Vool S
S 64l il lii | Hrr ¢ . i | ! = =
i ! || 1ﬂ|1|“|||| lhm";;ﬂi’]l"l]"l{ l“'ﬂuﬂl U‘J‘J‘”-, flj rli"“\f‘flf‘?"\i\f AR ALRLY Vg=10V o 3 ,l 1 ! -—= Vg=5V Vg =20V
i ~ 60 J : ! —= Vg =10V
v B 60 : 1 g
E ‘ ;!iﬁ: ||l|':'1"|r \ ||"1iarlﬂsl=5||'| ,\ ,h"p LTI . % : !’
° ¥ u"“: g i gt uml',,' 'lﬂ."r"u"“‘,,",, IALAMAMAMARARANALAY] Vg = 5 V v Vg =20 V: fo= 0 2'77 (3 z
= ] |.|,. 'u T L b1l 5 Q
2 RN 2 -80 :
=
0 [h Vg=0V S :
< I
-100 .
-2 : . L
T T T T T T T T
I T T T T 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
0 2 4 6 8 Frequency (GHz)

Time (ns)

[20] J. A. Delport and O. Chen, IEEE Trans. Appl. Supercond., doi: 10.1109/TASC.2025.3617516.
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Post-SuperTools: CheckNet

I
I
AC Bias Line Trapped Fluxon
+ Compact model theory used to develop CheckNet ™
X +F1 m
+ Automatic Identification of Magnetic Couplings ; i
4 L
o . . 1
- Build the full inductance matrix L L, ’
+ Flag missing/invalid couplings; highlight strong/weak links - - \-/ -
] ] e
« Use graph views to spot unintended paths Ground Plane Moats
Layout of AC-biased RSFQ shift register
@
Y A——— Iy By Ty Uy Bz Ty T Uow  Toy  Tma O T
LF] ::: Ll Ll ° 4‘11.4 J[l.(i i‘[LT “‘,\[I.Fl -“[IJI A[LJ‘.Z A[I.J:i 4\[]..]4 J‘[I.:\[ -“[l..r
Le L, Ly L4 My Moz M p L Ms_jo My y3 My g4 L4 M, ,
" L4 L4 -”4‘0 3[4‘7 x”4.1-'1 x‘[;‘n L4 x”4.,/:3 l\[44./4 L4 i‘[u
L6 Lu ° 4‘[():F1 x‘[u..n qu.J-z x”u.,l:s J[G..u L4 A“[(j..r
L, Br Mys Megn Mo Mus o My My,
L Ly Mgy Mprg2 Mprgs Mprgy Meoy Mpig
Lj: Ly Mpgo Mpgs Mpgs Mpay Mp,
Liss B  Mapm Mypa Mpw M,
Ljs L3 M3 .54 ° Mjys.,
Lja Ly Muny Myya
Lm Ly Mo
Ly, L,

Graph representation of circuit diagram

Full inductance matrix with valid couplings (dots indicate invalid couplings)
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Post-SuperTools: Frequency-dependent characteristics

- Electro-magnetoquasistatic (EMQS)/Full-wave models

- S-parameter extraction of band-pass filter with air-
bridges and multiple dielectric layers

Amplitude (dB)
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8 1 12 14
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Post-SuperTools: Frequency-dependent characteristics

- EMQS/Full-wave: resonators

« Adaptive frequency sampling
 high-Q resonators and superconducting transmission lines with very sharp resonances

Amplitude (dB)
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Ongoing Research

* Flux pinning and the effect on frequency response;
+ for large-scale layouts in complex 3D structures.

%

Order parameter while current is applied

Thermal Models
J

Electromagnetic
Field Gradients
J

Magnetic field from microstrip current, simulated with InductEx.
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ngoing Research: Automated Hamiltonian Extraction

Desired Program
design config
specs file

Query SQUaDDS
database for
0.000202 design

Best match
from database

Generate design
using Qiskit Metal

InductEx PALACE

Generate GDS, IXI, LDF and CIR Generate mesh, ports and config
files. Add paths and ports file using SQDMetal
-00022_
-0.0023
Simulate capacitance, inductance, Simulate capacitance and preform
S-parameters and field values Eigenmode analysis

Extract and post
process data

Electostatic data Eigenmode data

Quantum Analysis
Energy
Participation
Ratio Method

%{g,; € L LOM Hamiltonian EPR Hamiltonian
: - o ! Hamilionian

00011s
analysm

Lumped Oscillator
Model

Design and simulation
report

Desired circuit
characteristics?
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Domain/level Application Availability

Physical
Physical

Physical

Physical

Digital system

Digital system

Quantum

Technology CAD FLOOXS

Parameter/compact
model extraction

InductEx, TetraHenry
Lmeter/3D-MLSI
StarRC (Synopsys)

Electrical simulation JSIM (JSIM_n)
JoSIM & JoSIM-Pro
WRSpice
HSPICE
PSCAN2
Layout-versus- SpiRA
schematic InductEx-LVS
verification, DRC Cadence ASSURA
Logic simulation iVerilog
NC Verilog

Synthesis, place-and- gPalace, Yosys

route In-house tools for AQFP
IC Validator/Design Compiler (Synopsys)
Qubit Design and Qiskit
simulation SQDMetal
Keysight EDA
EDA-Q
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Academic

Commercial
Academic/Free (last update 2004)
Commercial

Open-source
Open-source & Commercial
Open-source
Commercial
Free

Academic
Commercial
Commercial

Open-source
Commercial

Open-source
Academic
Commercial

Open-source
Open-source
Commercial
Open-source
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