
Disposition : Titre

Noise tailoring
for error mitigation and for 
diagnosing quantum computers

Kyrylo Snizhko

CEA Grenoble

TQCI seminar on Quantum Benchmarks
24.06.2025, Paris



Noise in quantum computers is detrimental

PRResearch 6, 013142 (2024)

ibm_lagos ibmq_ehningen
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Simulating quench dynamics in the BCS model

𝐿 = 3 qubits/Cooper pairs

Perrin, Scoquart, …, KS PRResearch 6, 013142 (2024)

9 noisy CNOT gates per Trotter step

99% accurate CNOTs
⇒ 1% error per CNOT

⇒ 9% error per Trotter step
⇒ expect complete noise

after ~𝟏𝟏 steps

https://link.aps.org/doi/10.1103/PhysRevResearch.6.013142
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Mitigating the noise and seeing the crosstalk

Perrin, Scoquart, …, KS PRResearch 6, 013142 (2024)

⇐ expect complete noise
after ~𝟏𝟏 steps

https://link.aps.org/doi/10.1103/PhysRevResearch.6.013142
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Mitigation: noise estimation circuit (NEC)

Example: Assume 𝑁-qubit, global depolarizing noise:

Multiplicative error removed by running circuits with only the 
CNOT skeleton:

Urbanek et al., PRL 127, 270502 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.270502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.270502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.270502


Mitigation: noise estimation circuit (NEC)

Example: Assume 𝑁-qubit, global depolarizing noise:

Multiplicative error removed by running circuits with only the 
CNOT skeleton:

Noise estimation circuit
=

Trotter step circuit without single qubit gates

Urbanek et al., PRL 127, 270502 (2021)

෠𝑂
mitigated

=
෠𝑂
measured

ℱNEC
~

෠𝑂
measured

1 measured
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Simplifying the noise structure:
randomized compiling (RC)

• General noise:

• Randomized compiling to get Pauli noise

Kern et al., Eur. Phys. J. D 32, 153 (2005)
Wallman, Emerson, PRA 94, 052325 (2016)
Hashim et al., PRX 11, 041039 (2021)
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Crosstalk!

Yields depolarizing noise on 
the neighbouring qubit !

Crosstalk RC (cRC) average

Perrin, Scoquart, …, KS PRResearch 6, 013142 (2024)

RC (no NEC):

https://link.aps.org/doi/10.1103/PhysRevResearch.6.013142
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RC + NEC = improved results + error characterization

Perrin, Scoquart, …, KS PRResearch 6, 013142 (2024)

⇐ NEC used for all curves

Stack of techniques

Direct estimation
of spillover crosstalk
by RC vs cRC
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Probabilistic error cancellation (PEC)
reduction (PER)

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

https://doi.org/10.1103/PhysRevLett.119.180509
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How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

Sample 𝜎𝑖 , 𝜎𝑗 = 𝑃𝑎
Get target noise channel

https://doi.org/10.1103/PhysRevLett.119.180509
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How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

Problem: need to sample

quasiprobability distribution 𝑞𝑎
tailor

Sample:

෤𝑝𝑎
tailor =

𝑞𝑎
tailor

𝛾
,

 𝛾 = σ𝑎 𝑞𝑎
tailor > 1

Sample 𝜎𝑖 , 𝜎𝑗 = 𝑃𝑎

Take the sign 𝑞𝑎
tailor into account when calculating the Monte-Carlo average 

Multiply the average by 𝛾𝑛CNOT ⇒ exponentially costly to keep a fixed error bar
(sign problem)
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How do PEC and PER work?

Multiply the average by 𝛾𝑛CNOT ⇒ exponentially costly when reducing noise

Possible solution: increase noise (avoid quasiprobability distributions!)
E.g., IBM “quantum utility” experiment:

Kim et al., Nature 618, 500 (2023)

https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3
https://www.nature.com/articles/s41586-023-06096-3


RC + NEC = improved results + error characterization

Perrin, Scoquart, …, KS PRResearch 6, 013142 (2024)

⇐ NEC used for all curves

NEC requires global 
depolarizing noise
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Why not change the noise shape?

Perrin, Scoquart, KS unpublished

NEC requires global 
depolarizing noise



Noise tailoring (NT) protocol

Perrin, Scoquart, KS unpublished



Choosing the target noise

Perrin, Scoquart, KS unpublished

Our target: depolarizing noise.

𝒩𝑑
∞ 𝜌 = 1 − 15𝜆𝑑 𝜌 + 𝜆𝑑෍

𝑖=1

15

𝜎𝑖
2−qubit

𝜌𝜎𝑖
2−qubit

෠𝑂
mitigated

=
෠𝑂
measured

ℱNEC
~

෠𝑂
measured

1 measured

The effect of finite circuit («trajectory») sampling:

෠𝑂
mitigated

= ෠𝑂
mitigated

∞
+
𝛾𝑛CNOT

ℱNEC
[Sampling errors]

Choose 𝝀𝒅 to minimize
𝜸𝒏𝐂𝐍𝐎𝐓

𝓕𝑵𝑬𝑪

Reason: NEC mitigation



Classical simulations of NT

Perrin, Scoquart, KS unpublished

Noise extracted from actual
IBM quantum computer (ibm_hanoi, 27 qubits) 

10000 “trajectories”

∞ “trajectories”



Classical simulations of NT

Perrin, Scoquart, KS unpublished

Choose 𝜆𝑑 to 

minimize
𝛾𝑛CNOT

ℱ𝑁𝐸𝐶

Choose average 𝜆𝑑



NT on an actual quantum computer 

Perrin, Scoquart, KS unpublished

amplified 
by

𝛾𝑛CNOT

ℱ𝑁𝐸𝐶

Coherent errors (RC undersampling)

Non-Markovian errors
(time correlations, leakage etc.)
and single-qubit errors



How to estimate accuracy
at infinite sampling on a quantum computer?

Bootstrapping

Perrin, Scoquart, KS unpublished

NT: CS infinite sampling

NT: CS 104 trajectories

RC+NEC (no NT)
NT on a real machine

NT on a real machine
(extrapolation to
infinite sampling)



Conclusions

Thank you for attention!

Noise tailoring to
characterize (small) but important sources of noise
(residual coherent; single-qubit & non-Markovian)

RC vs cRC to
characterise crosstalk

Application-based benchmarking
gives insight about error sources



How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

Sample 𝜎𝑖, 𝜎𝑗
Get target noise channel
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Noise channel representations

𝜒-matrix representation:

𝜌 → ℇ 𝜌 =෍

𝑎,𝑏

𝜒𝑎𝑏𝑃𝑎𝜌𝑃𝑏 with n-qubit Pauli matrices 𝑃𝑎 ∈ 𝐼, 𝑋, 𝑌, 𝑍 ⨂𝑛qubits

Pauli noise: 𝜒𝑎𝑏 = 𝑝𝑎𝛿𝑎𝑏, σ𝑎 𝑝𝑎 = 1

Pauli transfer-matrix (PTM) representation:
𝜌 = 𝜌𝑎𝑃𝑎             (or 𝜌𝑎 =

1

2
𝑛qubits

Tr 𝑃𝑎𝜌 )

𝜌𝑎 → ෍

𝑏

𝐸𝑎𝑏𝜌𝑏

PTM:  𝐸𝑎𝑏 =
1

2
𝑛qubits

Tr 𝑃𝑎ℇ 𝑃𝑏

Pauli noise: 𝐸𝑎𝑏 = 𝑓𝑎𝛿𝑎𝑏

Connection
(Walsh-Hadamard transform):

𝑝𝑎 =
1

4𝑛qubits
෍

𝑏

−1 𝑃𝑎,𝑃𝑏 sp𝑓𝑏

Symplectic inner product:

𝑃𝑎, 𝑃𝑏 sp = ቊ
0, if 𝑃𝑎𝑃𝑏 = +𝑃𝑏𝑃𝑎
1, if 𝑃𝑎𝑃𝑏 = −𝑃𝑏𝑃𝑎



How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

𝐸target = 𝐸tailor × 𝐸gate

⇒ 𝐸tailor = 𝐸target × 𝐸gate −1 = 𝑓𝑎
tailor𝛿𝑎𝑏

𝑝𝑎
tailor =

1

4𝑛qubits
෍

𝑏

−1 𝑃𝑎,𝑃𝑏 sp𝑓𝑏
tailor ℇ 𝜌 =෍

𝑎

𝑝𝑎
tailor𝑃𝑎𝜌𝑃𝑎
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How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

𝑝𝑎
tailor =

1

4𝑛qubits
෍

𝑏

−1 𝑃𝑎,𝑃𝑏 sp𝑓𝑏
tailor ℇ 𝜌 =෍

𝑎

𝑝𝑎
tailor𝑃𝑎𝜌𝑃𝑎

Problem: 𝑝𝑎
tailor can be negative
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How do PEC and PER work?

Temme, Bravyi, Gambetta, PRL 119, 180509 (2017)
Berg, Minev, Kandala, Temme, Nature Physics 19, 1116 (2023)

𝑞𝑎
tailor =

1

4𝑛qubits
෍

𝑏

−1 𝑃𝑎,𝑃𝑏 sp𝑓𝑏
tailor ℇ 𝜌 =෍

𝑎

𝑞𝑎
tailor𝑃𝑎𝜌𝑃𝑎

Sample: ෤𝑝𝑎
tailor =

𝑞𝑎
tailor

𝛾
,       𝛾 = σ𝑎 𝑞𝑎

tailor > 1

Take the sign 𝑞𝑎
tailor into account when calculating the Monte-Carlo average 

Multiply the average by 𝛾𝑛CNOT ⇒ exponentially costly to keep a fixed error bar
(sign problem)
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How do PEC and PER work?

Multiply the average by 𝛾𝑛CNOT ⇒ exponentially costly when reducing noise

Possible solution: increase noise (avoid quasiprobability distributions!)
E.g., IBM “quantum utility” experiment:

Kim et al., Nature 618, 500 (2023)
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Quantum utility?

Kim et al., Nature 618, 500 (2023)

SIGBOVIK 2024 proceedings, page 199
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Cost of increasing sampling?

Perrin, Scoquart, KS unpublished

Time (hours)

The computation time
is dominated by 
classical generation of trajectories

(Can be much improved 
with adjusting the way of 

storing circuits?)

Note: noise evolves in time: need to be fast enough



Solution to the portability issue: QLM/Qaptiva

https://qlm35e.neasqc.eu/
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Solution to the portability issue: QLM/Qaptiva

https://qlm35e.neasqc.eu/
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Solution to the portability issue: QLM/Qaptiva

https://qlm35e.neasqc.eu/

Qaptiva (paid) — advanced simulation
+ (in the future) access to quantum hardware

https://qlm35e.neasqc.eu/


Solution to the portability issue: QLM/Qaptiva

https://myqlm.github.io/

https://myqlm.github.io/


Solution to the portability issue: QLM/Qaptiva

https://myqlm.github.io/

myQLM = my Quantum Learning Machine

myQLM (free) — gate-based programming 
and noiseless simulation

Lots of examples

https://myqlm.github.io/

	Title
	Diapositive 1 Noise tailoring for error mitigation and for diagnosing quantum computers

	RC+NEC+BCS
	Diapositive 2 Noise in quantum computers is detrimental
	Diapositive 3 Simulating quench dynamics in the BCS model
	Diapositive 4 Mitigating the noise and seeing the crosstalk
	Diapositive 5 Mitigation: noise estimation circuit (NEC)
	Diapositive 6 Mitigation: noise estimation circuit (NEC)
	Diapositive 7 Simplifying the noise structure:       randomized compiling (RC)
	Diapositive 8 Crosstalk!
	Diapositive 9 RC + NEC = improved results + error characterization

	PER
	Diapositive 10 Probabilistic error cancellation (PEC)      reduction (PER)
	Diapositive 11 How do PEC and PER work?
	Diapositive 12 How do PEC and PER work?
	Diapositive 13 How do PEC and PER work?

	NT - idea
	Diapositive 14 RC + NEC = improved results + error characterization
	Diapositive 15 Why not change the noise shape?
	Diapositive 16 Noise tailoring (NT) protocol
	Diapositive 17 Choosing the target noise

	NT - classical simulations
	Diapositive 18 Classical simulations of NT
	Diapositive 19 Classical simulations of NT

	NT - quantum experiments and sources of noise
	Diapositive 20 NT on an actual quantum computer 
	Diapositive 21 How to estimate accuracy at infinite sampling on a quantum computer?             Bootstrapping

	Conclusions
	Diapositive 22 Conclusions

	Backup: PEC&PER details
	Diapositive 23 How do PEC and PER work?
	Diapositive 24 Noise channel representations
	Diapositive 25 How do PEC and PER work?
	Diapositive 26 How do PEC and PER work?
	Diapositive 27 How do PEC and PER work?
	Diapositive 28 How do PEC and PER work?
	Diapositive 29 Quantum utility?

	Backup: NT - Computation cost
	Diapositive 30 Cost of increasing sampling?

	Backup: QLM/Qaptiva
	Diapositive 31 Solution to the portability issue: QLM/Qaptiva 
	Diapositive 32 Solution to the portability issue: QLM/Qaptiva 
	Diapositive 33 Solution to the portability issue: QLM/Qaptiva 
	Diapositive 34 Solution to the portability issue: QLM/Qaptiva 
	Diapositive 35 Solution to the portability issue: QLM/Qaptiva 


