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Large-scale Superconductor Electronics: 
Opportunities and Challenges

Abstract: Technology roadmaps for superconductor electronics (SCE) and quantum computing are under development 
within the framework of the International Roadmap for Devices and Systems (IRDS). Application needs are drivers for IRDS 
roadmaps. Most important for the future of superconductor electronics are large-scale applications requiring more than one 
million switching devices per chip. Potential large-scale applications are evaluated in areas including digital signal processing, 
quantum computing, neuromorphic computing, and digital computing. Technology improvements required to meet the 
expected needs are assessed along with time scales for development. 

Speaker bio: Dr. D. Scott Holmes chairs the Cryogenic Electronics and Quantum Information Processing (CEQIP) International Focus 
Team (IFT) for the International Roadmap for Devices and Systems (IRDS). He previously supported the Intelligence Advanced Research 
Projects Agency (IARPA), including the SuperTools program to develop electronic design automation (EDA) tools for superconductor 
circuits and the Cryogenic Computing Complexity (C3) program that developed technologies for energy-efficient superconductor 
computing. He served as a DARPA program manager in the Microsystems Technology Office (MTO). Earlier career experience includes 
large-scale superconductor systems development at what is now the Air Force Research Laboratory, sensor and measurement system 
development at Lake Shore Cryotronics, and a decade as a Learning Strategist with an international clientele. Areas of interest include 
superconductor electronics and novel computing technologies. Professionally, Holmes is a member of the IEEE Council on 
Superconductivity as a representative of the Electron Device Society. Holmes received a BSME from MIT and two master’s degrees and 
a joint Ph.D. from the University of Wisconsin–Madison.
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2nd International Workshop on
Quantum, Cryogenic and Superconductive Computing (QUEST 2025)
2025-10-27=29, Yokohama, Japan
https://www.quest2025.org/

18th Superconducting SFQ VLSI Workshop (SSV 2025)
2025-10-29=30, Yokohama, Japan
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IRDS Technology Roadmaps:

Cryogenic Electronics and 
Quantum Information Processing (CEQIP)

2023 IRDS CEQIP Report + 2025 Update
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The IEEE International Roadmap for Devices and Systems (IRDS, https://irds.ieee.org/) includes several International Focus Teams (IFTs) engaged in technology roadmapping for computing and information processing. The Cryogenic Electronics and Quantum Information Processing (CEQIP) team that I lead formed in 2018.
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IRDS CEQIP Report

• IRDS IFT Cross-team and Collaborative Alignments
• Coverage

• Superconductor Electronics (SCE)
• Roadmap (partial)

• Cryogenic Semiconductor Electronics
• Quantum Information Processing (QIP)

• 2023: First Roadmap for superconducting QC
• 2026(?): Roadmap development for ion trap QC

• Summary slides by area:
• Difficult Challenges: Near- and Long-term
• Technology Assessment Updates
• New Technology Requirements
• Breakthroughs in Technology, Research

• Recommendations and Plans

• Appendix: Team Members
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2023 Update and 2025 Update (2024 skipped)

https://irds.ieee.org/editions

2025 in 
progress
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Sticky Note
The most recent IRDS Cryogenic Electronics and Quantum Information Processing (CEQIP) report was published in 2023 (see link). The CEQIP report covers three main areas, for which technology roadmaps are developed when both need and resources are available. The 2025 update report is still in progress and is currently expected to become available in early 2026.
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Power Devices

Trans-
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Clocked 

Gates

Switch

count
RSFQ: rapid single flux quantum I dc – 1 1.9E+04 1.3E-07 JLR  2.5E+04

LR-RSFQ: inductor-resistor RSFQ I dc – 1 5.7E+04 4.4E-09 JLR  3.6E+01

LV-RSFQ: low-voltage RSFQ I dc – 1 5.7E+04 4.4E-09 JLR  4.9E+03

ERSFQ: energy-efficient RSFQ I dc – 1 9.5E+03 0 * JLR  6.8E+03

eSFQ: efficient SFQ I dc – 1 1.9E+04 0 JLR  2.6E+03

Self-timed SFQ I dc – 1 1.9E+04 1.3E-07 ‡ JLR  6.0E+02

DSFQ-LV: dynamic SFQ, low volt. I dc – 1 2.9E+04 1.7E-08 ‡ JLR  2.3E+01

TSFQ: temporal SFQ I dc – 1 5.7E+04 4.4E-08 ‡ JLR 

xSFQ: alternating SFQ I dc – 2 2.9E+04 8.8E-08 ‡ JLR 

HFQ-LV: half flux quantum (0-0-π) I dc – 0.5 4.8E+05 1.1E-09 JLP  1.6E+01

HFQ: half flux quantum (all-JJ: 0, π) I dc – 0.5 8.5E+04 5.9E-09 JLP 

nTron: nanowire cryotron I dc – - 6.5E+03 LN  3.2E+01

hTron: heater-cryotron nanowire I dc – - >1E+9 LNR  1.6E+01

FPL: fast phase logic
I dc –
I ac ~

1
1

?
>1E+9

? JLP
JLPT









SSBF: sustainable ballistic fluxon 
I dc –
I ac ~

1
1

?
>1E+9

? JL
JLT




 −

SFQ-AC: AC-powered SFQ I ac ~ 1 >1E+8 JLRT P  8.1E+05

RQL: reciprocal quantum logic I ac ~ 2 >1E+8 JLRT LP  7.3E+04

PML: phase mode logic I ac ~ 1 >1E+8 JLRT LP 

PCL: pulse conserving logic I ac ~ 1 >1E+8 CJLRT L 

AQFP: adiabatic quantum flux param. I ac ~ - >1E+8 JLRT LP  2.1E+04

RQFP: reversible QFP I ac ~ - >1E+8 JLRT LP  2.8E+01

QPSJ: quantum phase slip junctions V dc – - >1E+9 0 CQ  2.0E+00

Superconductor Digital Logic Families

Other 
metrics?

• Area

• Logic depth

• JJ per gate

• Scalability
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2025 Table CEQIP-4

▸Searching for a winning combination
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Douglas Scott Holmes
Sticky Note
Superconductor digital logic families are tracked in the CEQIP section on Superconductor Electronics (SCE). Currently, there are many digital logic families or circuit implementations, as shown in this table. Green highlights indicate new logic implementations.

Most important for large-scale applications is the ability to scale to circuits with at least 100 million (1E+8) switching devices. The green cell (SFQ-AC) shows that the largest demonstrated logic circuit has nearly one million (1E+6) switching devices. Red or yellow cells indicate logic approaches considered unable or difficult to achieve this complexity goal. 

Metrics and methods to compare digital logic approaches remain under development. Note that the QPSJ logic family looks attractive, but no substantial circuits have been demonstrated as a scalable fabrication process remains to be developed for the switching elements. 

In summary, superconductor digital logic is still searching for a logic approach with a winning combination of properties.
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Roadmap: Fab for Superconductor Electronics (SCE)

• 2025 Roadmaps
• Interconnect (CEQIP-5)

• Digital circuits (CEQIP-19)

• Superconductor MCM (-20)

• Future
• Update needed!

• Move from first availability
(IRDS standard) to second
commercial producer?

• Add potential solutions and
timelines
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2025 update in progress

2025 Table CEQIP-19 (preliminary)

ITRS 2011 Executive 

Summary, Fig. 3

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.

https://rebootingcomputing.ieee.org/
Douglas Scott Holmes
Sticky Note
CEQIP roadmaps include fabrication for superconductor electronics and others listed here. The roadmaps seek to provide guidance for technology development. An example in this table is the transition from 200 mm to 300 mm substrates and fabrication processes. While 2028 seems very close, IBM recently announced that it now fabricates its superconductor circuits for quantum applications at a 300 mm foundry [1].

Technology roadmaps produced by other ITRS and IRDS teams typically identify the year of achievement by the second commercial company to provide the technology in a product. This is challenging for the small and emerging markets covered by CEQIP. Alternative definitions are under consideration.

[1] https://ny-creates.org/ibm-announces-all-future-chips-on-the-ibm-quantum-development-roadmap-to-be-fabricated-at-ny-creates-albany-nanotech-complex/
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Quantum computing: Still a race with several contenders 
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Natural qubits Synthetic qubits

Qubit: Trapped ion Neutral atom Photonic Superconducting Quantum dot Topological N-V diamond

Basis Electron spin of 

ionized atoms 

Internal states of 

atoms trapped in an 
optical lattice

Optical photons in 

waveguides

Nonlinear oscillator 

circuits containing 
Josephson junctions

Impurity dopants in 

a semiconductor

Majorana particles 

in nanowires

Spin state of N atom 

+ vacancy defect in 
diamond

Etransition

(= hf, kBT)

1 – 700 THz
50 – 30,000 K

~ 4 MHz
~ 200 μK

100 – 200 THz
4,800+ K

2 – 10 GHz
0.1 – 0.5 K

10 – 50 GHz
0.5 – 2.5 K

?
300 – 800 THz

15,000+ K

Tsystem 1 – 300 K 4 – 300 K 1 – 300 K 0.01 – 0.05 K 0.1 – 1 K ? 1 – 300 K

Pros Long lifetime, low 

gate error

Many qubits, 2D, 

maybe 3D

Linear optical gates, 

photonic IC

Fast gates, adjustable, 

easy fabrication size

High density, CMOS 

compatible

Lower errors Room temperature 

operation?

Cons Slow gates, vacuum, 
many lasers

Hard to control 
individual qubits, 
noise, high errors

Superconducting 
single photon 

detectors

T noise, variability, 
large size, mK
temperatures

T noise, low 
temperatures, high 

errors

Device? 
Magnetic field?

Variability, 
detector?

System temperatures vary by approach

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.

https://rebootingcomputing.ieee.org/
Douglas Scott Holmes
Sticky Note
Quantum computing is an area monitored by CEQIP.
Approaches to quantum computing fall in two groups: those that use natural qubits, such as atoms or photons, and those that use synthetic qubits. System temperature ranges vary by approach and are lowest for superconducting qubits. In general, each approach has advantages and disadvantages.
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Searching for a winning combination (QC edition)
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Automobile analogy, circa 1900

Gasoline

Electric

Steam

▸The eventual winner was
not obvious at the time.
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An analogy for the quantum computing race might be the state of the automobile industry in 1900. At that time there were three different approaches to powering automobiles, each with advantages and disadvantages. The eventual winner was not obvious at the time. 
And while gasoline (internal combustion) engines won out at the time, we are now switching to electric engines. Whether such an extended analogy applies to quantum computing is anyone's guess at this point.
Sources: 
- Steam: http://codex99.com/photography/images/annex/stanley_1898_lg.jpg
- Electric: https://www.willbyers.com/blog/history-of-electric-cars > early-electric-car-SCHENECTADY-MUSEUM-HALL-OF-ELECTRICAL-HISTORY-FOUNDATION-CORBIS.jpeg
- Gasoline: https://clickamericana.com/wp-content/uploads/Vollmer-Forecarriage-Victoria-1899.jpg
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Limits for superconducting qubit control (1)

• XQsim: quantum control processor (QCP)
simulator (open-source, cross-technology)

• Scalability analysis
• Maximum number of qubits subject to

constraints (delay, power, area)

• Did not include QC interface

9

Where are the breakpoints?

[1] Byun +, “XQsim: modeling cross-technology control
processors for 10+K qubit quantum computers,” 2022,
doi: 10.1145/3470496.3527417.

Error decoder

1e-3 Phys. error rate

15 Code distance

QECOOL: Baseline error decoder

Physical quantum gate latency

14 ns 1-qubit gate

26 ns 2-qubit gate

600 ns Measurement

Refrigeration and wiring

1.5 W 4 K power budget

620 cm2 4 K area budget

31 mW, 10 Gb/s coaxial cable 300-4 K

Clock frequency

1.5 GHz CMOS @ 4 K or 300 K

21 GHz RSFQ or ERSFQ @ 4 K

Qubits controllable (limiting factor)

1,700 CMOS @ 300 K (heat leak)

9,800 partial CMOS @ 4 K (delay)

4,600 partial RSFQ @ 4 K (power)

59,000 partial ERSFQ @ 4 K (power)

? AQFP @ 4 K (?)

CMOS @ 4 K scalability analysis [1, Fig. 17b] 

FTQC system overview [1, Fig. 1] 

QCP
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Sticky Note
Each technological approach to qubit control has limits. Finding the breakpoints is an important step in technology roadmapping. The block diagram shows components of a fault-tolerant quantum computer system. (1) Quantum control processor (QCP) components in the gray zone can be located between room temperature (~300 K) and ~4 K. A study [1] analyzed the scalability for a system with a 4 K power budget of 1.5 watts. The limits of different control approaches were determined subject to limiting factors of heat leak down the wiring from 300 K, delay (computation time), and on-chip power dissipation. Note that at the scaling limits found, only part of the QCP components were located at 4 K.
Note: Two of the authors (Byun and Min) are CEQIP members.
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  4 K CMOS control limit

Superconducting Qubit Trends
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Historical: 2025 Figure CEQIP-8 

IBM: https://research.ibm.com/blog/ibm-quantum-roadmap-2025

Google: https://www.cnet.com/tech/computing/quantum-

computer-makers-like-their-odds-for-big-progress-soon/

External
~ 300 K (RT)

Semiconductor
~ 4 K

Control:

Superconductor

~ 4 K
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Douglas Scott Holmes
Sticky Note
To create a superconducting qubit roadmap, we start with historical trends and add projections from various sources. Note that the trend through 2023 followed Moore's law, whereas projections by IBM and Google are more aggressive. An approach under consideration is to set the rate of increase at 2× per year through for the next few years. 

The control system types and transition ranges are shown on the right. The breakpoints may well change over time. For example, cryo-CMOS is expected to become more energy efficient over time, so the 4 K CMOS control limit is expected to rise. The limit could also rise due to increases in refrigeration capacity. A technology transition is expected when the number of qubits reaches the 4 K CMOS control limit (gold line). If the qubit trend follows the roadmap (green line), the transition from 4 K CMOS semiconductor to superconductor control is expected in about 2030. Note that there is considerable uncertainty in this date. If the trend follows Google's projection, the crossover would occur in 2026, but if the trend follows Moore's law, the crossover would occur after 2035.

Sources: 
● 2025_IRDS_CEQIP.pdf > Figure CEQIP-8 ‘Superconducting Qubit Trends’
● 2025_IRDS_CEQIP_Tables.xlsx > tab: CEQIP_24

Douglas Scott Holmes
Sticky Note
Note: IBM's technology roadmap released in November of 2025 projects a slower qubit growth rate going forward. Such changes will be considered and could affect future CEQIP technology roadmaps.

https://thequantuminsider.com/2025/11/12/ibm-reveals-new-quantum-processors-software-and-algorithm-advances/
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Superconducting QC Roadmap
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Metric 2022 2024 2026 2028 2030 2032

Qubit growth factor 2 2 2 2 2 2

Qubit count 2.32E+02 9.28E+02 3.71E+03 1.48E+04 5.94E+04 2.38E+05

Qubit type Transmon Transmon Transmon Transmon Transmon Transmon

Coherence time T2* [s] 1.00E-03 2.00E-03 4.00E-03 8.00E-03 1.60E-02 3.20E-02

2-qubit gate time t_2g [s] 2.83E-07 2.00E-07 1.41E-07 1.00E-07 7.07E-08 5.00E-08

Operations to error (T2*/t_2g) 3.54E+03 1.00E+04 2.83E+04 8.00E+04 2.26E+05 6.40E+05

Cycle time [s] 3.54E-06 2.50E-06 1.77E-06 1.25E-06 8.84E-07 6.25E-07

2-qubit gate error rate, median (p_2Q) 5.00E-03 2.50E-03 1.25E-03 6.25E-04 3.13E-04 1.56E-04

Gate depth (1/p_2Q) 2.00E+02 4.00E+02 8.00E+02 1.60E+03 3.20E+03 6.40E+03

Error correction code Surface Surface Surface Surface Surface Surface

Qubits per logical qubit 17 49 161 337 577 881

Logical qubit count (max.) 14 19 23 44 103 270

Logical qubit error rate p_log 2.31E-02 2.53E-03 1.52E-05 5.72E-09 1.34E-13 1.97E-19

Control type, temp. [K] CMOS, 300 CMOS, 300 CMOS, 300 CMOS, 4 CMOS, 4 SCE, 4

SCE control complexity [JJ] 4.72E+05 1.89E+06 7.55E+06 3.02E+07 1.21E+08 4.83E+08

2025 Table CEQIP-24
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Douglas Scott Holmes
Sticky Note
A first cut roadmap for superconducting quantum computing is under development, with a first release in the 2023 CEQIP report. This version shows assumes a qubit count growth rate of 2x per year through at least 2032.

As shown previously, transitions in qubit control from room temperature CMOS to 4 K CMOS in about 2028 and to superconductor electronics (SCE) in about 2032. The SCE control circuit complexity expected at the transition is about half a billion Josephson junctions (JJs), which is far beyond the ~ 1 million JJ state of the art. SCE technology will require significant development to be ready for such a transition.
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FTQC: Alternatives to the Surface Code
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There is more than one way to achieve fault tolerance!

[1] Q. Xu, “Towards Practical Fault-Tolerant Quantum Computing,” Ph.D. dissertation,
The University of Chicago, Chicago, IL, USA, 2024. doi: 10.6082/uchicago.12363.

FTQC approaches [1, Fig. 1.1]

Fault-tolerant quantum computing (FTQC)

Planar surface codes
+ physical qubits
+ nearest-neighbor couplings
+ depolarizing noise

New fault-tolerant schemes

Tailored topological codes qLDPC codesBosonic 
codes

Autonomously-
protected 
squeezed cats

Four-legged cats 
with universal 
fault-tolerant 
gadgets

For 
biased 
noise

For catastrophic 
correlated errors

Low-overhead 
implementation 
in neutral-atom 
arrays

Baseline fault-tolerant scheme
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Douglas Scott Holmes
Sticky Note
A reminder that surface codes are also not the only approach to fault-tolerant quantum computing. The superconducting QC roadmap in the 2023 CEQIP report used only portions of the baseline fault-tolerant scheme within the box with an orange border.
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Superconducting cat qubits are promising

• Bit-flip lifetime (44 minutes)
is much longer than time between
cosmic ray impacts

• Phase-flip lifetime (420 ns) is short

• One dominant error type
• enables use of more efficient

quantum error correction (QEC) codes,

• which can greatly reduce the number of
physical qubits per logical qubit
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Reducing one error type is significant

S. Jezouin, Alice & Bob, 2025-09-25,

https://alice-bob.com/blog/just-out-of-the-lab-a-cat-qubit-that-jumps-every-hour/
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Douglas Scott Holmes
Sticky Note
Alternatives for superconducting quantum computing include the type of qubit used. Cat qubits are one example that might enable the use of more efficient quantum error correction (QEC) codes, which could greatly reduce the number of physical qubits required to make a single logical qubit.

[2] Quantum News, 2025-09-29, https://quantumzeitgeist.com/alice-bob-cat-qubits-achieve-hour-long-bit-flip-resistance-nearing-2030-roadmap-goals/
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Douglas Scott Holmes
Sticky Note
Digital accelerators are a class of applications more basic than those for quantum computing support, so I will refer to them as application area 1.
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Digital accelerators (ASICs)

• Characteristics:
• Computation intensive

• Integer arithmetic, few bits

• Feed-forward data flow
(no or few feedback loops)

• Memory-light: minimal
RAM usage
(acceptable: moderate
sequential access memory)
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Favorable for early applications

1. Ono+, 2017, doi: 10.1109/TASC.2017.2667398

2. Gonzalez-Guerrero+, 2022, doi: 10.1145/3503222.3507765

3. Tannu+, 2019, doi: 10.1145/3310273.3321561

4. Byun +, 2022, doi: 10.1145/3470496.3527417

5. Razmkhah+, 2025, doi: 10.48550/arXiv:2508.21265

Application Ref.
Circuit 
family

~ JJ count, 
min.

Sensor readout 1E+2

Array readout (8×8) 1E+4

DSP: digital signal processing
• FFT (8 b, 64 pt)
• FIR (256 taps, 16 b)

1
2

RSFQ
U-SFQ

1E+5
2E+5

Bitcoin mining 3 RQL 3E+6

QC support (2.4E+5 qubits) 4 ERSFQ 5E+8

Homomorphic encryption 5 RSFQ 1E+9
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https://doi.org/10.1145/3470496.3527417
https://doi.org/10.48550/arXiv.2508.21265
Douglas Scott Holmes
Sticky Note
Digital accelerators are examples of application specific integrated circuits (ASICs) that are favorable for early applications due to characteristics that match well with the capabilities of digital superconductor electronics. 

The table includes digital accelerators with Josephson junction (JJ) counts ranging from currently realizable to out of reach for the near term. Needed are other examples to motivate development over the next few years. One example might be larger and more useful DSP circuits.



Large-Scale Digital Computing (LSDC)
Application area 3
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Vision for digital superconductor computing

• SPU: Superconductor Processing Unit
• 4 HD JSRAM chips, 24 MiB total,

4(144 mm2), ~4(5E+8 JJ)
• 1 HP JSRAM chip, ? MiB total, 1(144 mm2)
• 1 compute core, 1(144 mm2), ~5E+7 JJ
• 1 control + switch, 1(144 mm2), ~5E+6 JJ
• 64 SPUs, ~ 2E+9 JJ/SPU

• SNU: Superconductor Network Unit
• 16 HD JSRAM chips, 3.4 GiB total,

16(144 mm2) , ~16(5E+8 JJ)
• 1 control + switch, 1(144 mm2), ~5E+6 JJ

• 48 SNUs, ~8E+9 JJ/SNU

• Totals
• Chips: 64(6) + 48(17) = 1200
• Area: 1200(144 mm2) = 172,300 mm2

• JJs: 64(2E+9) + 48(8E+9) = ~5E+11
• New technologies: 5+ (fab, logic, memory,

power, TSV, ?)
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“Data Center in a Shoebox” (IMEC)

[1] A. Herr, Q. Herr, 2024, doi: 10.1109/MSPEC.2024.10551792

Public: https://spectrum.ieee.org/superconducting-computer

[2] J. Kundu et al., “A system level performance evaluation for superconducting 
digital systems,” 2025. doi: 10.23919/DATE64628.2025.10992879

[2, Fig. 3]
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Douglas Scott Holmes
Sticky Note
A vision for digital superconductor computing is IMEC's "data center in a shoebox." My estimate is that such a computing system would require about 5E+11 JJs along with about 5 new technologies. While it will be years before such a system is realizable, it provides a worthy end goal and the components make useful stepping stones along the way.



Brain-inspired Computing (BIC)
Application area 4

18

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



IEEE Rebooting 
Computing

2025-10-19 QUEST-SSV, DS Holmes

Neuromorphic Circuits using Superconductor Electronics

• Natural spiking behavior of
Josephson junctions

• Pulses travel on striplines
without the RC time
constants that typically
hinder spike-based
computing

• Possibly tolerant to
variations in component
parameter values
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A more natural fit?

Fig. 3a. Spiking in biological neurons [1]

[1] Schneider+ “Supermind,” SuST, 2022, doi: 10.1088/1361-6668/ac4cd2

Time

V
o
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g
e

~1 mV

~2 ps

Fig. 4a. JJ neuron circuit [1]
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Douglas Scott Holmes
Sticky Note
Neuromorphic, or brain-like, circuits might be a more natural fit for superconductor electronics. The characteristics of neuromorphic circuits seem to match the natural spiking behavior of Josephson junctions. The ability to move signals rapidly over passive transmission lines (PTLs) allows communication without the RC time constants that typically hinder spike-based computing using semiconductor electronics. Neuromorphic computing also might be more tolerant to variations in component parameter values.  Needed are design methodologies for neuromorphic computing circuits and demonstrations at larger scale.

Douglas Scott Holmes
Sticky Note
Sample references: [1] M. Schneider, E. Toomey, G. E. Rowlands, J. Shainline, P. Tschirhart, and K. Segall, “Supermind: A survey of the potential of superconducting electronics for neuromorphic computing,” Supercond. Sci. Technol., vol. 35, no. 5, Art. no. 053001, May 2022, doi: 10.1088/1361-6668/ac4cd2.  [2] S. Khan et al., “Superconducting optoelectronic single-photon synapses,” Nat. Electron., vol. 5, no. 10, pp. 650–659, Oct. 2022, doi: 10.1038/s41928-022-00840-9. Available: https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=934612  [3] M. M. Islam, S. Alam, M. S. Hossain, K. Roy, and A. Aziz, “A review of cryogenic neuromorphic hardware,” J. Appl. Phys., vol. 133, no. 7, Art. no. 070701, Feb. 2023, doi: 10.1063/5.0133515. 

[4] Z. Liu, S. Chen, P. Qu, G. Tang, and H. You, “Towards superconducting neuromorphic computing using single-flux-quantum circuits,” IEEE Trans. Appl. Supercond., vol. 35, no. 3, Art. no. 1301414, May 2025, doi: 10.1109/TASC.2025.3544687.

[5] E. B. Golden, V. K. Semenov, and S. K. Tolpygo, “Development of a neuromorphic network using bioSFQ circuits,” IEEE Trans. Appl. Supercond., vol. 35, no. 5, Art. no. 1400307, Sept. 2025, doi: 10.1109/TASC.2025.3538699.
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Brains and neurons are complex

• Components
• Se : synapse, excitory

• Si : synapse, inhibitory

• D : dendrite

• N : nucleus or soma

• T : transmitter (EO)

• → : axon (waveguide)
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Example: Optoelectronic implementation

Shainline, “Optoelectronic intelligence,” APL, 2021, doi: 10.1063/5.0040567

photons →

photons →

photons →

By LadyofHats - Own work. Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=3970826
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Douglas Scott Holmes
Sticky Note
Brains and neurons are complex, and the components are different from those in conventional digital processors. The example shown here includes components for an optoelectronic implementation, in which photons are used to communicate between superconductor neuromorphic processing elements.
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Superconducting optoelectronic networks (SOENs)

• Neurons: SCE

• Interconnects: photonic

• Picture:
• Simple neuron with 6

synaptic inputs and a
photonic output

• 8 JJs per synapse
• 3 JJs per dendrite
• 2 JJs per soma
• + transformers, SSPDs, ...

• = ~100 JJ/neuron?

• Goal:
• 1000+ synapses per neuron

21

Example from Great Sky AI

discoverexpedition.usc.edu/outreach/#seminarseries > Shainline 

Shainline, “Optoelectronic intelligence,” APL, 2021, doi: 10.1063/5.0040567

In
In

In

In

In In

Out
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Douglas Scott Holmes
Sticky Note
The superconducting optoelectronic network example from Great Sky AI shows that the JJs account for only a small fraction of the components or chip area. An optimistic estimate is that the circuit has roughly the area equivalent of 100 JJs per soma or synapse.

This means that a single neuron with 1000 synapses would have an area equivalent to (1 + 1000)*100 = 100100 JJs. A typical neuron is thus dominated by synapse area and component count.

Better area estimates are clearly needed.

Douglas Scott Holmes
Cross-Out

Douglas Scott Holmes
Inserted Text
JJs per soma or synapse



IEEE Rebooting 
Computing

2025-10-19 QUEST-SSV, DS Holmes

Superconducting optoelectronic networks (SOENs)

• 300 mm wafer
• 1E+6 neurons

• 1E+9 synapses

• 1E+10 (+) = ~ 1E+11 JJs

• 65× human brain SynOp/s

• System (1000 wafers)
• 1E+9 neurons

• 1E+12 synapses

• 1E+13 (+) = ~ 1E+14 JJs

• 1E+12 parameter model

• ~ 1 m3
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Jeff Shainline, Great Sky AI

discoverexpedition.usc.edu/outreach/#seminarseries > Shainline
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Douglas Scott Holmes
Sticky Note
The SOEN concept is to produce units with about one million neurons and one billion synapses on a 300 mm wafer. A system would consist of 1000 interconnected wafers. Highlighted are the optimistic JJ count equivalents.



Roadmap and Conclusions
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Application needs and timeline

24

Drivers for technology roadmaps

Application
Circuit 
family

~ JJ count, 
min.

Sensor readout 1E+2

Array readout (8×8) 1E+4

DSP: digital signal processing
• FFT (8 b, 64 pt)
• FIR (256 taps, 16 b)

RSFQ
U-SFQ

1E+5
2E+5

Bitcoin mining RQL 3E+6

QC support (2.4E+5 qubits) ERSFQ 5E+8

Homomorphic encryption RSFQ 1E+9

Large-scale digital computing
• Memory chip (1 MB)
• Data center in a shoebox

PCL
PCL

1E+8
5E+11

Brain-inspired computing (BIC)
• SOEN, 300 mm
• SOEN, full system

SFQ
SFQ

1E+11
1E+14

1.E+06

1.E+09

1.E+12

2025 2030 2035 2040

JJ count

Bitcoin

1 MB mem

QC sup

HE

SOEN1

LSDC

SOEN

▸How fast can we ramp fab?
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Douglas Scott Holmes
Sticky Note
The application needs and JJ count estimates can be used to create a timeline. The table includes the application requirements. These appear as horizontal (blue) lines in the plot of JJ count versus year on the right. Starting from the present fabrication capability of about 1E+6 JJs per circuit, different rates of improvement can be added (dashed lines). Intersections between fabrication capability (dashed line) and requirements (blue lines) determine the year of earliest availability. The plot shows dates for a yearly increase in JJ count by a factor of 2, which would be challenging.

The key question: how fast can we ramp up fabrication?
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Conclusions

• Opportunities

• Stepping-stone applications are available

• Markets exist

• Challenges
• Logic: Searching for a winning logic family

• Memory: better solutions are needed!

• Design tools for architecture exploration, SNNs, temporal logic

• Fabrication: How fast can we ramp up?

• Testing: turnaround time, capacity

• Roadmaps
• Provide metrics, goals, and timelines to guide R&D and to evaluate alternatives

25

Large-scale Superconductor Electronics:  Opportunities and Challenges
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Douglas Scott Holmes
Sticky Note
In conclusion, large-scale superconductor electronics has significant opportunities and several challenges. Technology roadmaps can provide useful guidance in the form of technology needs (goals), metrics, and timelines.
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For more information

• International Roadmap for Devices and Systems (IRDS)

• https://irds.ieee.org/

• Cryogenic Electronics and Quantum Information Processing (CEQIP)
• https://irds.ieee.org/editions/2023/20-roadmap-2023-edition/129-irds -2023-cryogenic-

electronics-and-quantum-information-processing

• https://doi.org/10.60627/042b-j892

• Chair: D. Scott Holmes, d.scott.holmes@ieee.org

• D. S. Holmes, “Superconductor electronic device technology roadmapping within the IRDS,”
IEEE Electron Devices Society Newsletter, pp. 6–11, Apr. 2022.
https://eds.ieee.org/images/files/newsletters/Newsletter_Apr22.pdf
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2025 
CEQIP 
Members
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2024-2025 

Changes

Name Area Organization Region

Asenov, Asen Cryo-Semi University of Glasgow, UK Europe

Byun, Ilkwon Cryo-Semi, QIP-QC Kyushu University, Korea Asia

Cuthbert, Michael Cryo, QIP National Quantum Computing Centre, UK Europe

DeBenedictis, Erik QIP-QC Zettaflops, USA Americas

Delfanazari, Kaveh QIP-QC University of Glasgow, UK Europe

Fagaly, Bob SCE-App Tristan Technologies  (retired), USA Americas

Fagas, Giorgios QIP Tyndall National Institute, Ireland Europe

Febvre, Pascal SCE-Fab Université Savoie Mont Blanc, France Europe

Filippov, Timur SCE-Log HYPRES, USA Americas

Fourie, Coenrad SCE-EDA Stellenbosch University, South Africa Africa

Frank, Mike SCE-Log, -Rmap Sandia National Laboratories, USA Americas

Gupta, Deep SCE, Cryo-Semi SEACORP, USA Americas

Herr, Anna SCE Snowcap Compute, USA Americas

Herr, Quentin SCE Snowcap Compute, USA Americas

Holmes, D Scott [Chair] SCE, Cryo-Semi, QIP University of Southern California, USA Americas

Humble, Travis QIP-QC Oak Ridge National Laboratory, USA Americas

Leese de Escobar, Anna SCE-App, -Bench Technology Vector Inc., USA Americas

Min, Dongmoon Cryo-Semi, QIP-QC Sungkyunkwan University, Korea Asia

Mueller, Peter QIP-QC-SC IBM Zürich, Switzerland Europe

Mukhanov, Oleg QIP-QC, SCE-Log SEEQC, USA Americas

Nemoto, Kae QIP The National Institute of Informatics (NII), Japan Asia

Papa Rao, Satyavolu SCE-Fab, QIP SUNY Polytechnic, USA Americas

Pelucchi, Emanuele QIP-QC Tyndall National Institute, Ireland Europe

Plourde, Britton QIP Syracuse University, USA Americas

Soloviev, Igor SCE Lomonosov Moscow State University, Russia Europe

Tzimpragos, George SCE-Logic, -Metrics, -Rmap University of Michigan, USA Americas

Van Horn, Andrew QIP-QC Duke University, USA Americas

Weides, Martin SCE, QIP University of Glasgow, UK Europe

Yoshikawa, Noboyuki SCE-Log, -Bench Yokohama National University, Japan Asia

You, Lixing SCE SIMIT, CAS, China Asia

15: Americas

10: Europe + Africa

5: Asia

==========

30 total
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