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arxiv.org/abs/2511.09124

FTQC 
application 
needs

https://arxiv.org/abs/2511.09124
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FeMoCo resources estimation trend

The Grand Challenge of Quantum Applications by Ryan Babbush, Robbie King, Sergio Boixo, William Huggins, Tanuj 
Khattar, Guang Hao Low, Jarrod R. McClean, Thomas O'Brien, and Nicholas C. Rubin, arXiv, November 2025.

https://arxiv.org/abs/2511.09124
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positioning QEC vs FTQC

fault tolerance quantum computing (FTQC)
• support logical gates on a universal gate set.
• avoid error propagation and amplification.
• fault-tolerant results readout. • qubit connectivity.

• physical qubit operations fidelities 
(>99.9%).

• error correction codes.
• cost of deterministic or heralded 

photon generation (for photon qubits).
• logical gates implementation.
• error syndrome detection.

error correction
on logical qubits 

(QEC)

error rate ≈10-4 to ≈10-18

tens to thousands 
physical qubits per 

logical qubits
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QEC/FTQC software + hardware components

logical memory qubits

single-qubit 
Clifford logical  

gates

two-qubit 
logical  gate 

(*)

magic-state 
preparation (T) and 

teleportation

qubit connectivity

real-time error syndrome 
detection and correction

leakage error 
correction

spatially correlated 
errors correction

qubit physical gate fidelities >99.9% at scale

scaling QPU with interconnect and gate teleportation + circuits partitioning

purple supporting software components
green QEC support.
blue FTQC logical gates support.
grey QEC and FTQC hardware enablers.

qubit fast non demolition measurementqubit control calibration

(*) not using post-selection which 
doesn’t scale with deep circuits.

resource estimations

(cc) Olivier Ezratty, 2026

compilation-transpilation-optimization

lattice surgery or 
transversal gate

Pauli frame tracking

magic state cultivation

surface and color codes

other qLDPC codes

leakage 
reduction unit

gap engineering 
(hardware design in 

superconducting qubits)

erasure 
error 

correction

post-selection (not scalable)

asynchronous generation

error suppression and detection

conversion to 
Pauli errors

code switchingstabilizers

H and S gates

concatenated codes

defect 
errors 

correction

qubit loss 
errors 

correction

code patchingatom 
replenishment

flag qubits (used also in 
other circumstances)

to
o
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x

Pauli error 
correction

logical gates

hardware support

software support

gates and readout speed

SWAP handled 
in compiler

magic state distillation
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how FTQC ressource estimates work

# physical qubits / logical qubit

physical qubits 
fidelities

physical qubits 
connectivity

error correction 
codes and FTQC 
implementation

>99.9%

computing time     +      total # of physical qubits
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physical gate and 
readout times

QEC classical
overhead

physical qubits and computing time estimates

depends on hardware + software

# of logical qubits and gates + logical qubit fidelities

depends only on the algorithm

compiler, transpiler and 
optimizer efficiency

energetic costs

algorithm breadth (N) and depth (D)

T 
gates

#

logical qubit 

error rate  <
𝟏

𝑵×𝑫

logical
qubits # (N)

  u its

circuit depth 
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local vs non-local QEC codes

qubit connectivity

non-Clifford gates

non-local codes

nearest neighbors 
(Google, electron spins)

local codes

non-local, either bounded (IBM 
Loon) or not bounded (ions, atoms)

T-state factory + lattice surgery to T 
state teleportation

T-state factory + transversal 
teleportation

Clifford logical gate
in the classical compiler with Pauli 

frame tracking, lattice surgery
with transversal logical gates

QEC time overhead proportional to code distance constant

physical gate speed ≈ 10 ns to 300 ns 
(superconducting qubits)

≈ 10 ms to 100 ms 
(when shuttling ions or atoms)

typical QEC codes surface codes (Google) qLDPC variants, gross code (IBM)

circuit speed ratio 1 (superconducting) 1/10 (atoms/ions)   or   <1 (superco)
(cheaper hardware with atoms / ions)
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C1, C2, C3 are 
subcircuits made 
with Clifford 
gates (X, Y, Z, H, 
CNOT, SWAP).

Z rounded shapes 
on one side are 
multiqubit ZZ 
measurements 
(the second qubit 
not always being 
represented).

blue: non-destructive joint two-qubit 
Pauli measurement (XX or ZZ).

generates non-Clifford 
logical operations/states

orange: CNOT and single-
qubit measurement.

circuit implementation
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FTQC blueprints

https://arxiv.org/abs/2411.10406 (91 pages)

https://arxiv.org/abs/2604.19481 (110 pages)

https://arxiv.org/abs/2506.03094 (68 pages)

https://arxiv.org/abs/2511.08508 (60 pages)

speaker: Olivier

key messages

• one of the key energetic question is about 

FTQC systems. They may consume significant 

energy and power.

• This is becoming an engineering question as 

some vendors are publishing interdisciplinary 

blueprints covering physics, QEC/FTQC and 

software. They are not yet embedding en 

energetics in their blueprints, but you can infer 

a lot with their resource estimations.

https://arxiv.org/abs/2411.10406
https://arxiv.org/abs/2604.19481
https://arxiv.org/abs/2506.03094
https://arxiv.org/abs/2511.08508
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new FTQC resource estimates

https://arxiv.org/abs/2602.11457

https://arxiv.org/abs/2603.28627v1

https://arxiv.org/abs/2604.06319

https://arxiv.org/abs/2603.28846

speaker: Olivier

key messages

• QC industry vendors or specialized companies 

also update resource estimates, mostly to 

break RSA-2048 or ECC keys.

• Resources are decreasing significantly thanks to 

progress in error correction and fault-tolerance.

• But it creates some pressure on the quantum 

physics operations with constraints on qubit 

fidelities and connectivity.

https://arxiv.org/abs/2602.11457
https://arxiv.org/abs/2603.28627v1
https://arxiv.org/abs/2604.06319
https://arxiv.org/abs/2603.28846
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FTQC space-time trade-offs
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what

why

• build new science and engineering.

• create full-stack methodologies and standards to 

evaluate, optimize, and benchmark quantum 

technologies energy consumption.

• change the rules of the game.

• ICT energy consumption is growing fast.

• most quantum technologies will add an incremental 

energetic cost to existing ICT.

• it is time to work on this as quantum technologies 

and applications are designed.

• ethical and responsible innovation imperative.

key messages

• remind folks of the meaning of the QEI.

• emerging scientific and engineering field.

• highlight our scientific societal responsibility.

• need a wealth of scientific tools and methods.

• paraphrase JFK: we don't do it because it's 

easy!

how

• QEI scientific board (8).

• QEI community (>700 participants from 81 countries).

• QEI workshops (2023 in Singapore, 2025 in Grenoble, 

2026 in Barcelona, 2027 in Lisbon).

• QEI IEEE standards WG.

• ≈30 industry partners including IBM, Quandela, etc.

quantum-energy-initiative.org/ 

QEI 2025 (Grenoble) and 2026 (Barcelona)

https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
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pillars

• quantum thermodynamics and energetics.

• classical information thermodynamics.

• solid-state physics, quantum optics, quantum 
control, and quantum interfaces.

• quantum information theory and protocols: 
communications, algorithms, QEC/FTQC 
fundamentals.

• quantum metrology and sensing.

• QEC/FTQC full-stack implementation.

• quantum devices manufacturing.

• enabling technologies scaling.

• quantum network and QPU interconnect 
infrastructure.

• quantum software engineering and 
FTQC-HPC integration.

• quantum sensors.

ecosystem

• IEEE QEI standard.

• benchmarking standards.

interdisciplinarity
hardware + software
resource estimates

• ethics and sustainability.

• policy makers outreach.

engineering
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• economic impact analysis.

• help projects funding.

science and
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the initial call

prxquantum 3.020101

prxquantum 2.040335 arxiv 2112.04022

a first full-stack methodology

standardization

expanding work on FTQC

in preparation

https://sagroups.ieee.org/qei/

benchmarking

arxiv 2403.12205

a nascent academic field

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040335
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040335
https://arxiv.org/abs/2112.04022
https://arxiv.org/abs/2112.04022
https://sagroups.ieee.org/qei/
https://arxiv.org/abs/2403.12205
https://arxiv.org/abs/2403.12205
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https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/

looming energetic challenge

key messages

• So, how about energy and power 

consumption?

• How about some energetic quantum 

advantage?

• At this point in time, it's too early to tell.

• But we have the first estimates of power 

consumption of upcoming FTQC systems.

• They are aligned with the largest HPC power 

consumption.

• So, if every HPC center buys one FTQC system, 

they may nearly double their energy 

consumption.

https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
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first FTQC vs HPC power estimates
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estimate base power for various FTQCs and actual for existing largest HPCs WW 
and NISQ QCs. HPC source: https://www.top500.org/lists/top500/2025/11/ and 

Nvdia. FTQC sources: vendor data or data reconciliation.

https://www.top500.org/lists/top500/2024/06/
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accounting for all energetic costs
superconducting & spin qubitsions and neutral atomsphotons

dilution cryostat – 15mK to 1 K

4 K compressor cooling (water/air)

room temperature electronics and controls, including QPU interconnect
FPGA, ASICs, AWG, mux/demux, DAC/ADCs, tone pulses generation, direct RF synthesis

photonic circuits controls

4 K compressor for dilution, vacuum chambers, photon sources, photon detectors

low-temperature passive dissipative electronics
cables, attenuators, filters

low-temperature active electronics
JPA, TWPA, HEMT, cryo-CMOS, SFQ/RQL, mux/demux

ultra-vacuum pumps vacuum pumps

lasers

SLMs, AODs
CCD/CMOS 

sensors

cooling (water/air)

gate calibration, tuning control electronics and photonics

quantum level 
costs

classical part of quantum algorithms (qubit type independent)

pre-processing
• quantum circuit generation (data 

encoding, block encoding, ansatz).
• code compiling and optimizing or 

minor embedding in analog 
modes.

during processing
• qubit drive and readout.
• circuit shots drive.
• conditional circuit execution.
• error syndromes decoding (FTQC).
• classical optimizer (VQA).

post-processing
• collecting and processing circuit 

sampling results.
• quantum error mitigation & 

suppression (NISQ).
• any additional classical processing.

coherent gate 
operations
reversible

readout and reset
irreversible, increases 

entropy

engineered 
dissipation
controlled

uncontrolled losses
noise sources
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classical computing costs to consider

quantum circuit 
generation

real time error 
detection (FTQC)

circuit compiling
circuit shots post-

processing

• transpiling and 
optimization

• error correction and 
fault tolerance 
conversion (FTQC)

• circuit partitioning

• problem reformulation
• includes data encoding 

in an input vector or an 
oracle

 

 
                 

 

 

 

 
 
 
 
  

problem structure 
problem data

classical bits

• controls multiple circuit 
execution

• distributed workloads

batch manager

value of interest
• ground state
• excited state
• index value

physical circuitlogical circuit

calibration

classical 
computing 

tasks
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+ + + + = 90

+ + + + = 70

from baseline estimates to optimizations

baseline resources

reductionist optimizations

holistic optimizations

◆ include all active components.

◆ using existing state of the art 
technologies.

◆ sum-up the energy and power 
contribution of each 
component.

◆ optimize the consumption 
of individual components 
in the stack, without 
introducing more noise on 
the processor.

◆ interdependent 
optimizations.

◆ typically, introduce tradeoffs 
between spending less 
energy and introducing more 
noise.

examples:

◆ improve cryogenic efficiency.

◆ reduce cable heat conduction.

◆ reduce the algorithmic cost 
without degrading its accuracy.

examples: 

◆ moving control electronics 
at cryogenic temperatures.

◆ multiplexing control signals.

◆ moving atoms to implement 
two-qubit gates and QEC.

◆ changing qubit temperature.
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key takeaways

◆ FTQC relies on solving a wealth of scientific and technical challenges.

◆ progress is faster on reducing algorithm costs than on the hardware.

◆ FTQC power consumption may become significant, depending on the 
qubit type.

◆ energetic costs spread over control electronics/photonics, cryogenics and 
classical error syndromes detection.

◆ standardization needed on the basics of energy/power evaluations, which 
can enable optimizations.
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discussion

get the slides now!
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