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Technical Problem:

Excessive Power Bill

⚫ Scale up of superconducting quantum computers is encountering 
technological challenges

⚫ Google’s milestone 6 is a million qubits in a structure that looks bigger 
than 10 meters of A380 fuselage (possible hidden slide)

⚫ IBM’s roadmap mentions “millions of qubits”

⚫ But more is needed: a well-known quantum factoring paper calls for 20 
million raw qubits

⚫ Problem 1: No technology can run a million cables into a cryostat

⚫ Problem 2: Excessive power bill for cryo-CMOS controllers at 4 K

⚫ IBM and Intel have cryo-CMOS controllers at 25 mW/qubit 4 K

⚫ Multiplying by a million and then 200× cryocooler overhead gives 5 MW

⚫ At $1/watt-year,† the power bill will be $5M/year for a million qubits and 
$100M/year for 20 million qubits

⚫ Rebooting Computing could hold conferences and publish results 
contributing to a solution

†12¢/kWH × 8766 hrs/year → $1.05/W-year
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*  Rebooting computing redefined computing-related R&D priorities in response to the end of Moore’s law.

* The new priorities directed attention toward  reversible logic,  Josephson junction (JJ) electronics, 

quantum computing, and other approaches.

* Reversible logic and JJs did not thrive for the reasons shown by the  symbols, but quantum computing has 

attracted substantial investment and is now undergoing scale up [1-2] in preparation for commercialization.

* Yet new data this year [3-4] shows that scale up of quantum computers will be dependent on reducing the 

dissipation of classical electronics, which is Moore’s law. This would cause Rebooting Computing to “loop”  --

and IEEE might be able to “Reboot Computing” for decades into the future.

* The second reboot would be different. The first reboot targeted consumer electronics and included an 

unstated assumption everything would operate at room temperature, but the second pass would include 

cryogenic operation.
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Backup 0:

RCS 4 Summary Report

Source:

3.1

Historical interest only.

The report is not online at present.

Original file: RCS4 ver M 8.pdf attached to an email Sun, Jan 10, 2016, 9:39 

AM from Erik DeBenedictis with subject “RCS 4 report -- ready for wider 

review,” and starting with:

Hello Committee:

I'm attaching a draft RCS 4 report that that has made it through me, Dave, 

and Alan.

4



logiclogic

devicedevice

FUFU

MicroarchitectureMicroarchitecture

ISAISA

ArchitectureArchitecture

APIAPI

LanguageLanguage

AlgorithmAlgorithm

Differing Levels of Disruption in Computing Stack

Adiabatic,

Reversible,
Unreliable Sw
Cryogenic

Neuromorphic

Approximate

Stochastic

Quantum,

Sensible Machines

LEGEND: No Disruption Total Disruption

New switch,3D

Backup 1: Slide from the founding 

days of Rebooting Computing











3.2

*  This is a modified version of Erik DeBenedictis’ diagram.

* “Computing,” defined by the stack , needed a “reboot” so the Rebooting 

Computing Initiative was going to consider R&D in the “thermometers” to the 

right.

* The path of minimal disruption would be a “new switch”  that would allow 

Moore’s law to continue its exponential path of improvement with little 

disruption. In retrospect, Moore’s law slowed but continues in a weakened 

form.

* Rebooting Computing Initiative also considered reversible logic, Josephson 

junction (JJ) electronics , but they did not thrive.

* However, quantum computing, and “Sensible Machine” (which is Artificial 

Intelligence and neural nets)  have become forward-looking research 

priorities.
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3.3

* For quantum computers to scale up will require a substantial improvement 

in the energy efficiency of classical electronics. At a high level, this is the 

same problem that Rebooting Computing solved, but for a different 

technology stack  and different potential solutions .

* Some of the potential solutions are the same as the original reboot, such 

as “Adiabatic, Reversible, Cryogenic” (now “Cryo-CMOS, reversible and JJ-

SFQ” )

* However, other aspects of quantum computing require new categories of 

technology, such as quantum error correction codes .

* Just as with the first reboot, continuation of the status quo would enable 

quick exit if qubits could be improved could lead to a disruptive third reboot if 

the non gate-model quantum computer were to give way to another type 

(quantum annealer, etc. ).
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Paradigm shift

⚫ Previously, physics informed engineers of the temperatures

⚫ In future, temperatures will be selected by an optimization algorithm

Details of the Second Reboot
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 The new central component is a quantum power model [1], which is a set of equations that take (a) qubit parameters, (b) 

classical control parameters, (c) parameters for passives, such as superconducting cables, and (d) algorithm (or 

application) parameters and generate from these a model of a specific quantum computer. The equations also optimize 

the design, such as by identifying the best temperature of the qubits, control electronics, etc. The model will report such 

factors as number of qubits and power/energy to execute the algorithm.

 The equations must be calibrated to the current state of the art, which is possible with the recent chips from Intel [2], IBM

[3], and Microsoft [4]. There is a less mature SFQ approach as well [5].

 The power model deals with the future by scenarios A, B, and C, which are defined by power levels for control electronics 

similar to the published chips. (It should be noted that scenarios A, B, and C are defined only for signal generation 

power, whereas a future iteration should have other parameters as well.)

 The opportunity for Rebooting Computing is to find improvements over the cryo-CMOS that reach the power levels of 

scenarios A, B, and C. Benchmarks on the improvements could then be plugged into the power model.

 The approach could also lead to a quantitative roadmap, essentially the quantum equivalent of the ITRS/IRDS “More 

Moore” roadmap. (More on this in a later slide.)
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Hybrids and

Technology Teamwork

⚫ Rebooting computing was organized like a horse race

⚫ Horses were named New Switch, Reversible, SFQ, … (see hidden slide)

⚫ Horse with best performance parameters, get research funding by 

reduction in budget for the losing horses; teaming would not help

⚫ Different approach in production (Smartphones)

⚫ Horses are CMOS, DRAM, Flash, RF, etc.

⚫ Smartphone manufacturer wants a team of horses that can expand the 

total money supply

⚫ Quantum computers now have a goal, so Rebooting Computing 

could use the teaming approach
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⚫ Horse 1: You can make a transistor chip

⚫ And people have done this

⚫ For detail, see ; transistor are small

⚫ Horse 2: You can then evaporatively
deposit JJ/SFQ circuits

⚫ Would not look like this; layers reversed

⚫ However, there is a size disparity
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⚫ JJ/SFQ circuits are intrinsically fast
and low power

⚫ Can we use these horses in a team?
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Semi- Superconductor Hybrid 

for Waveform Playback

Design concept
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Signal generation is currently the pacing subcomponent for superconducting qubit quantum computers. The 

diagram is a potential hybrid implementation, which will be described in terminology similar to a memory 

subsystem.

*  Data is stored in transistors whose principal feature is that they are small and hold a lot of data per unit of 

chip area. However, they must be run slowly to be energy efficient, but the low speed is offset by a wide 

width, 128 bits in this case.

*    The overall system architecture then reduces the data width by interleaving and increases its speed, 

which can proceed through multiple stages [1].

*  At some point the information must be transferred to the superconducting JJ devices. Since transistors and 

JJs can be fabricated on the same chip, such as on different layers, the physical transfer mechanism is a 

standard via. There are circuits for changing signal voltage levels (which need further refinement).

*  Ultimately, the narrow, fast data stream can be turned into an analog waveform by a Digital-Analog-

Converter (DAC) [2] or some other method [3].

* The novel feature is that the width and speed of the stream when it crosses the interface from transistors to 

JJs will affect the effectiveness of the resulting system. If the signal is too fast, the semiconductors will 

dissipate too much power, but if the signal is too wide, the number of JJs required will consume too much 

chip area. 
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Quantum Roadmap

We now have a basis for an ITRS/IRDS-like roadmap

⚫ Start with 25 mW/qubit and use framework to quantify how much 

each advance reduces the power of a quantum computer 
Description 2022 2025 2030 2035 units 

General factors      

Cryo-CMOS baseline power/qubit at 4 K 25 25 25 25 mW 

Cooling overhead to 4 K, large scale 200 200 200 200 W/W 

Cryo-CMOS (not including this work)      

Process technology factor      

    Example: 22FFL to GAA 3 nm   5 5 × 

Design optimization factor      

    DAC, DSP improvements   10 10 × 

    Rearchitect    5 × 

Power per qubit @ 4 K 25,000 25,000 500 100 μW 

Million qubit control system power 5,000 5,000 100 20 kW 

Reversible logic (addon for this work)      

    Circuit improvement over cryo-CMOS 1 25 50 100 × 

Power per qubit @ 4 K 25,000 1,000 10 1 μW 

Million-qubit control system power 5,000 200 2 0.2 kW 

 










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The ideas presented above could be used to create a quantum roadmap:

In a format similar to ITRS/IRDS, time moves horizontally and each column is a 1-D spreadsheet that computes 
a figure of merit for a point in time.

 Represents unchanging values or values decided humans based on intuition. In this case, the 25 mW in the 
published papers [1] [2] will be used as a baseline.

 Moore’s law may have slowed, but it has not stopped. So, modest improvements in semiconductor 
parameters are included and will have a multiplicative effect (actually division) on the overall figure of merit. 
These advances would not be part of quantum computing R&D activities, but quantum computers would benefit.

 An examination of [1] and [2] indicates that their design includes test structures (e.g. an instruction processor) 
that were useful in at the time but which could be removed in a production implementation. This is listed as 10×. 
A later set of improvements listed as 5× is on the roadmap too.

 Reversible logic could be an advance as well, which the authors estimate has the potential for a 100×
improvement, but this improvement may not appear all at once, so the row shows a growing sequence.

 The ultimate roll up is the product of the first two lines  divided by the values in the other lines    (and 
multiplied by a million).

This point of the roadmap is that it combines improvement from many sources over time to yield a power 
reduction from 5 mW to 200 W, the former being a major corporate investment and the latter being reasonable 
for a single employee.
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Summary

Technical material in this talk

⚫ There is now a quantitative 

basis for roadmaps and 

benchmarks

⚫ Power prediction framework: 

Marco Fellous Asiani’s thesis

⚫ Qubit controller chips: Intel, 

IBM, Microsoft; SeeQC

⚫ Quantum computers of 

growing size: Google, IBM, etc.

⚫ Source of new component 

technologies

⚫ Zettaflops, Hypres (us)

⚫ Rebooting Computing

Potential follow on activity

⚫ IEEE has could support 
brainstorm type activity, which 
could be ICRC

⚫ The prediction framework 
could become the basis of a 
roadmap like ITRS/IRDS

⚫ Benchmarks could be created 
for subfunctions

⚫ Chip area and dissipation for 
the hybrid waveform playback 
using a reference waveform
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Leave Behinds and Additional 

Information

The submitted paper and this PowerPoint (with hidden 

slides and references) are posted at

https://www.zettaflops.org/ICRC-22

It is a WordPress site, so you can go to zettaflops.org and 

use the site’s navigation

Zettaflops, LLC and Hypres have applicable technology
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