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FA U LT  TO L E R A N C E

Recently, Microsoft & Quantinuum:

arXiv:2404.02280: “Demonstration of logical 

qubits and repeated error correction with 

better-than-physical error rates”, April 2024

On Quantinuum’s H2 machine, entangled 

logical qubits exhibit a circuit error rate of 10-5 

versus a physical circuit error rate of 8x10-3.

For the first time, successfully demonstrated 

multiple rounds of active syndrome 

extractions, a critical component of reliable 

quantum computing

Required ~350 physical two-qubit operations 

and over 75 physical timesteps

Achieving reliable quantum computing
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R E S I L I E N T  Q U A N T U M  C O M P U T I N G

Quantum Computing Implementation Levels

Level 1 | Foundational

Physical qubits

Level 2 | Resilient

Logical qubits

Level 3 | Scale

Quantum supercomputer

Quantum advantage: 

~60 physical qubits, contrived problems

Scientific advantage:

100 logical qubits, 10−8 error rate

Commercial advantage: 

1000 logical qubits, 10−12 error rate



𝑄: number of reliable logical qubits

𝑓: logical clock speed (in hertz)

𝜀𝐿: logical error rate

𝑅 = 𝑄 × 𝑓, at 𝜀𝐿 error rate

Reliable Quantum Operations Per Second (rQOPS)



Azure Quantum Resource Estimator

Target rQOPS
“What we want” 

Based on:

• Size of logical circuit we 

want to execute

• Target error of outcome

• Target run-time

Estimated rQOPS
“What we get” 

Based on:

• Hardware and systems 

architecture parameters 

• QEC scheme + distance used

© Microsoft 2024

arXiv:2211.07629
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Four Sample Applications

• Ising model

• Hubbard model

• Heisenberg model

• Quantum chemistry
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https://aka.ms/AQRE/2DIsing

• https://aka.ms/AQRE/2DIsing

• Logical resource estimates for 𝑁 × 𝑁 Ising model

• Target run-time: 2 days

Ising Model Dynamics

𝟏𝟎 × 𝟏𝟎 𝟐𝟎 × 𝟐𝟎 𝟑𝟎 × 𝟑𝟎

qubits 230 858 1886

depth 9.0 × 104 5.8 × 105 1.9 × 106

error 1.6 × 10−10 6.7 × 10−12 9.5 × 10−13

target 

rQOPS
119 2881 20399

https://aka.ms/AQRE/2DIsing
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https://aka.ms/AQRE/2DHeisenberg

• https://aka.ms/AQRE/2DHeisenberg

• Logical resource estimates for 𝑁 × 𝑁 Heisenberg 

model

• Target run-time: 1 week

Heisenberg Model

𝟐𝟎 × 𝟐𝟎 𝟑𝟎 × 𝟑𝟎 𝟒𝟎 × 𝟒𝟎

qubits 858 1886 3315

depth 6.9 × 108 1.5 × 109 2.6 × 109

error 5.5 × 10−15 1.2 × 10−15 3.8 × 10−16

target 

rQOPS
1.0 × 106 4.7 × 106 1.4 × 107

https://aka.ms/AQRE/2DHeisenberg
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https://aka.ms/AQRE/2DHubbard

• https://aka.ms/AQRE/2DHubbard

• Logical resource estimates for 𝑁 × 𝑁 Hubbard model

• Target run-time: 1 week

Hubbard Model

𝟐𝟎 × 𝟐𝟎 𝟑𝟎 × 𝟑𝟎 𝟒𝟎 × 𝟒𝟎

qubits 3315 7371 13028

depth 1.2 × 109 2.5 × 109 4.5 × 109

error 8.5 × 10−16 1.8 × 10−16 5.6 × 10−17

target 

rQOPS
6.5 × 106 3.2 × 107 9.8 × 107

https://aka.ms/AQRE/2DHubbard
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• https://aka.ms/AQRE/DoubleFactorizedChemistry

• Logical resource estimates for various molecules:

• Target run-time: 28 days

Quantum Chemistry

𝑵𝟐 Polyyne 𝑭𝒆𝟐𝑺𝟐 XVIII-cas4-fb Nitrogenase

qubits 721 1394 2109 2740 2956

depth 5.7 × 108 1.6 × 1010 1.2 × 1011 2.7 × 1011 8.6 × 1012

error 8.6 × 10−15 1.6 × 10−16 1.4 × 10−17 4.6 × 10−18 1.3 × 10−19

target rQOPS 3.2 × 105 1.7 × 107 2.0 × 108 6.0 × 108 2.1 × 1010

https://aka.ms/AQRE/DoubleFactorizedChemistry


Ratio depends on algorithm

Logical Qubits vs 
Logical Errors



rQOPS vs Logical Qubits vs Logical Error Rates

Larger systems:

Logical clock-speed 

matters most

Small systems:

Number of logical 

qubits matters most 



Target Profiles for kilo, Mega, and Giga rQOPS

kilo rQOPS

• 400 logical qubits

• logical error ≤ 10−10

• clock-speed 2.5 Hz

Mega rQOPS

• 1000 logical qubits

• logical error ≤ 10−14

• clock-speed 103 Hz

Giga rQOPS

• 3000 logical qubits

• logical error ≤ 10−18

• clock 3.3 × 105 Hz



𝑓logical =
𝑓physical

QEC−overhead

Estimating Logical Clock-Speed

Logical clock-speed depends on 

- physical clock-speed 

- overhead induced by error correction 

- and in turn target logical error rates



kilo rQOPS:

Physical clock-speed not an issue

Mega rQOPS:

QEC slowdown starts to make a difference

Giga rQOPS:

Physical clock-speed + fast QEC crucial

Architecture Profiles 
vs Target Profiles



Thank you

Try it out: aka.ms/AQ/RE

Read about AQRE: arXiv:2311.05801
Learn background: arXiv:2211.07629
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