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raw algorithm fidelities requirements
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50 100 0.02000% 99.98% 99.30%

133 300 0.00251% 99.9975% 99.6%

433 1000 0.00023% 99.9998% 98%

1121 2000 0.00004% 99.99996% N/A

but… QEC cost discrepancy
between Clifford and non-

Clifford gates

https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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badgood

state of the art
easy to emulate classically

useful NISQ 
requirements
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qubit errors sources
many body interactions

calibration

signals jitter thermal noise
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electromagnetic noise
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rays

vacuum 
quantum 
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gravity

back-action
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how to improve qubit fidelities? *

manufacturing reduce crosstalk

tune qubit parameters
bosonic qubits

use different primary gates improve control signals quality

materials
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* using here the example of superconducting qubits
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John Preskill @ Q2B SV 2023

What we have now. NISQ is valuable for scientific exploration. 
But there is no proposed application of NISQ computing with 
commercial value for which quantum advantage has been 
demonstrated when compared to the best classical hardware 
running the best algorithms for solving the same problems.

What we can reasonably foresee. Nor are there persuasive 
theoretical arguments indicating that commercially viable 
applications will be found that do not use quantum error-
correcting codes and fault-tolerant quantum computing.
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physical qubit

logical qubit
error rat   ≈0.1%

error rate <10-8 to <10-15

https://arxiv.org/abs/1202.2639 

logical qubits and FTQC

fault tolerance
avoid error propagation and amplification

implement a universal gate set
fault-tolerant results readout tens to thousands qubits

error correction code
threshold, physical qubits overhead, 

connectivity requirements, syndrome 
decoding and scale

+

https://arxiv.org/abs/1202.2639
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threshold and break-even

break-even
logical qubit error rate lower than 

physical qubit error rate. pL < p, 
depends on pth, p and d
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number 𝑛𝑞 of 

physical qubits 
per logical

qubit

𝑛𝑞 = 2𝑑2
− 1

surface code 
distance 𝑑

d =
1 + 𝑛𝑞

2

ratio between physical qubit 
error rate 𝑝 and surface code 

error threshold 𝑝𝑡ℎ (about 1%)

logical qubit 
error rate 𝑃𝐿

required number of 
physical qubits is

infinite when 𝑝 = 𝑝𝑡ℎ

𝑃𝐿≈ 0.03 𝑝/𝑝𝑡ℎ
𝑑𝑒 𝑑𝑒 = 𝑑/2 if 𝑑 is even

𝑑𝑒 = (𝑑 + 1)/2 if 𝑑 is odd

threshold
physical qubit fidelity needed to create logical qubits with 
better fidelities. at threshold, # of required physical qubits 
for surface codes is infinite! practically needs p/pth < 10%
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existing logical qubits above break-even

it slightly outperforms a distance-3 logical qubit 
but with providing a higher error rate (2.1%) 
than the underlying physical qubits (0.7%).

Sycamore 72-qubit processor
single distance-5 logical qubit – July 2022

logical 2-qubit gate error rates at 7% 
with distance-7 surface code while 

physical qubit error rate is 0.5%.

Harvard-MIT-QuEra 48 logical qubits – 
December 2023
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s=scale factor, 1.0 for tested device.
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# qubits for QEC-FTQC?

𝒏𝑻 = # of T gates
in algorithm

logical qubit error

rate  <
𝟏

𝒏𝑻

# physical qubits / logical qubit

physical qubits 
fidelities and 

threshold

physical qubits 
connectivity

error correction 
code

>99.9%

dynamically adjusted against the algorithm size

algorithm breadth
and depth
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favored QEC codes per qubit types

cold atoms trapped ions superconducting silicon NV centers photons

surface codes Yes Yes Yes Yes

color codes Yes Yes

QLDPC Yes Yes Yes

Stabilizers Yes

Bacon-Shor Yes

Steane Yes

Bosonic codes Yes Yes (GKP)

MBQC based Yes

electrons superconducting & spins photonsatoms
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some advanced QEC enabling techniques

biased noise with bosonic qubits 
qubits self-correct bit flip errors and 

QEC is involved to correct phase flips. 
Flip-error reduction is exponential 

when phase-error cost is linear 
[Alice&Bob, AWS].

qLDPC codes
constant depth, lower overhead, but 
nonlocal syndrome measurements 

required requiring n-to-n qubit 
connectivity or movable qubits [IBM, 
     & o   QuEra  Qua t  uu   …].

erasure conversion
dominant errors occur at known 

locations are easier to detect and 
correct. E.g. with dual-rails 

superconducting qubits and some 
cold-atoms setups.
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some QEC/FTQC challenges

uncorrelated and crosstalk errors scaling QEC and FTQC across QPU interconnects

enabling technologies scalability 
and energy consumption

long distance coupling 
speed-losses trade-offs

syndrome decoding 
speed and scale
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needed for chemical simulations, financial portfolio 
optimizations, break RSA 2048 keys

unusable zone 
due to qubit 

noise

(cc) Olivier Ezratty, 2023-2024

≈              ub t 

> 4000 logical qubits

not goodgood

potentially
useful NISQ

bosonic qubits 
potential
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source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June 2019 (47 slides) + Olivier Ezratty additions, 2021-2024.

condensed
matter

simulation

Shor 2048 
integer

factoring

complex
chemical

simulations

logical qubits requirements

pricing
derivatives

VQE, QAOA, 
QML

NISQ FTQCtopological
data analysis

(TDA) FTQC QML
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source: Even More Efficient Quantum 
Computations of Chemistry Through Tensor 

Hypercontraction by Joonho Lee, Craig Gidney 
et al, July 2021 (62 pages). 

https://journals.aps.org/prxquantum/pdf/10.
1103/PRXQuantum.2.030305 

     …

2,142 logical qubits

4M physical qubits

4 days computing time

“   u  t    t      u   
state of active-space models 
of FeMoCo.”

compute     C … energy ground state

https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.030305
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.030305
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LNO battery simulation

simulation of LiNiO2 batteries

from 75K to 3M logical 
qubits and 91M to 6G 
physical qubits 

computing time from one 
year to 2,739 years

source: Fault-tolerant quantum simulation of 
materials using Bloch orbitals
Nicholas C. Rubin et al, February 2023 (58 
pages).
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discussion
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