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Mitigation & Correction

❖ Often considered as a temporary pre-FTQC solution

❖ Long term: QEM-QEC hybrids may overcome 
difficulties of QEC:  
 
QEC for strong local errors, QEM for correlated 
error, leakage error etc. 
QEC reduces QEM sampling overhead

❖ Our approach: QEM for dynamic circuits ⇒ automatically apply to QEC

QEM today and beyond.. 

QEM

QEC



Desired QEM features

❖  Bias-free - theoretical assurance for convergence 
to the ideal noiseless value

❖  Drift-resilience - performance are not degraded 
when the noise parameters change during the 
experiment (noise drifts)

What makes a good QEM method?

❖ Bias-free  

❖ Drift-resilience

Distribute shots  
over different backends or different qubit sets.

Enables arbitrary long 
runtime on the same backend 

Facilitates sampling overhead >1k

Reliable results



Our work on QEM
Scope Drift-resilinet Bias-free

Adaptive KIK [1] Gate noise ✔ For moderate noise

Layered KIK [2] Gate noise in 
dynamic circuits ✔ ✔

Pseudo twirling [3] Coherent errors 
(non Cliffords)

✔ ✔

Induced over-
rotation in PST [4]

Coherent errors 
(non Cliffords)

✔ ✔

Parity/Reset [5] mid-circuit meas. 
Prep. errors ✔ ✔*

• Layered KIK: the only gate QEM that is drift resilient & bias free (TTBOK)


• Parity/Reset: the only readout mitigation that is drift resilient & bias free  (TTBOK)

[2] B. Bar, J. P. Santos, and R. Uzdin, arXiv:2504.12457

[5] J. P. Santos, and R. Uzdin, arXiv:2506.11270 

[3] J.P. Santos, B. Bar and R. Uzdin, npjqi 10, 100 (2024) 

[1] I. Henao, J.P. Santos and R. Uzdin,  npjqi 9, 120 (2023) 

[4] T. Pandit, and R. Uzdin,  arXiv:2407.06055



Addressed by Parity/Reset 
readout mit.

 
 

 Meas.  
error
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Our end-to-end quantum error mitigation for dynamic circuits

Addressed by Layered KIK 
and Pseudo twirling

 Noisy
 circuit
 UB, j

 Ideal
 meas.Ideal 

meas.

 Noisy
 circuit

UA

❖ Layered KIK [1]+Parity/Reset readout error mitigation [2]

(non Cliffords, 
dynamical decoupling…)

(non Cliffords, 
dynamical decoupling…)

Ideal 
perp

[1] B. Bar, J. P. Santos, R. Uzdin “Layered KIK quantum error mitigation for dynamic circuits and error correction” arXiv:2504.12457


 

[2] J. P. Santos, R. Uzdin “Drift-resilient mid-circuit measurement error mitigation for dynamic circuits” arXiv:2506.11270 



Previous and new generation of the KIK gate error mitigation

K

“Adaptive KIK” [1]  three-fold noise amplification 

K
KI

Noisy circuit

Control 1

Control 2

K KI = U† + noise

  noisy evolution operator (original circuit)K

   “pulse-inverse” evolution operatorKI

‘Pulse-inverse’ circuit:

• Bias-free for moderate noise 


• Fully resilient to noise drifts


• Scalable


• Non-Clifford multi-qubit gates


• Significantly outperforms ZNE (Richardson’s)
Incompatible with mid-circuit measurements

[1] I. Henao, J.P. Santos and R. Uzdin,   
npj Quantum Information 9, 120 (2023) 

K
KI

“Layered KIK” [2] three-fold noise amplification

• Inherits all the “Adaptive KIK” advantages


• Bias-free for strong noise 


• Fully compatible with    mid-circuit measurements 

• No increase in the sampling overhead

[2] B. Bar, J. P. Santos, R. Uzdin, arXiv:2504.12457

New gen.: Layered KIK [2]Prev. gen.: Adaptive KIK [1]

K = UN
K(KIK ) j ≅ UN2j+1

Agnostic noise amplification



Mid-circuit measurement error mitigation and integration with gate QEM

p(t) = M(t)qMeasurement  
readout

Actual probability distribution  
of the qubits

Assignment matrix  
Confusion matrix 
 

❖  The readout error drifts in time ⇒ repeated calibrations. 

❖ In QEM experiments, drifts are more likely to occur due to the sampling overhead

We use a purely stochastic model for the readout error:

Drift: the change in  can be very large, but the change is slow ( > hundreds of shots)M(t)

[1] RS Gupta, E Van Den Berg, M Takita, D Riste, K Temme, A Kandala PRA 109 , 062617 (2024)

[2] A Hashim, et al. PRX Quantum 6, 010307 (2025)

[3] JM Koh, DE Koh, J Thompson arXiv preprint arXiv:2406.07611

Other approaches to MCM mitigation based on PEC:  
(sensitive to time drifts, requires shot-based sampling of quasi prob.)

To achieve drift-resilient MCM mitigation, we use agnostic noise amplification



Assume that on top of the noise value  
 
we can also measure  and ⟨A⟩M3 ⟨A⟩M5

Mitigation via amplification of measurement error

3
2 M − 1

2 M3 = 3
2 es − 1

2 e3s = 3
2 (I + s + s2/2) − 1

2 (I + 3s + 9s2/2) = I − 3
2 s2

At first, mitigation appears to be straightforward

⟨A⟩M = ⟨A⟩ideal + O(ϵ)
Step 1- Error amplification:

3
2 ⟨A⟩M − 1

2 ⟨A⟩M5 = ⟨A⟩ideal + O(ϵ2)

15
8 ⟨A⟩M − 5

4 ⟨A⟩M3 + 3
8 ⟨A⟩M5 = ⟨A⟩ideal + O(ϵ3)

How to generate  ??M2j+1

Step 2: Post-processing

1st ord. mitigation

2nd ord. mitigation

M = I + O(ϵ)



Agnostic readout error amplification via parity

Samples  
of: 

<latexit sha1_base64="hxeBVvp82m3Mcp+Exaqq0Q/TVmo=">AAACG3icbVBNS8NAEN34WetX1KOXxSLopSQi1WPRixehglWhCWWznbSLm03YnQgl9H948a948aCIJ8GD/8Ztm4NfDwYe783szrwok8Kg5306M7Nz8wuLlaXq8srq2rq7sXll0lxzaPNUpvomYgakUNBGgRJuMg0siSRcR7enY//6DrQRqbrEYQZhwvpKxIIztFLXPTingYQY94II+kIVTGs2HBV8RP0goB4NQPVKMdCiP8D9ateteXVvAvqX+CWpkRKtrvse9FKeJ6CQS2ZMx/cyDO2rKLiEUTXIDWSM37I+dCxVLAETFpPbRnTXKj0ap9qWQjpRv08ULDFmmES2M2E4ML+9sfif18kxPg4LobIcQfHpR3EuKaZ0HBTtCQ0c5dASxrWwu1I+YJpxtHGOQ/B/n/yXXB3U/Ua9cXFYa56UcVTINtkhe8QnR6RJzkiLtAkn9+SRPJMX58F5cl6dt2nrjFPObJEfcD6+ADLtoOk=</latexit>
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) <latexit sha1_base64="rveJnSTt0wP60lEyU7RWkxyXAR8=">AAACHXicbVA9SwNBEN3z2/gVtbRZDEJswp2GaBm0sREUjAnkYtjbzCWLe3vH7pwQjvwRG/+KjYUiFjbiv3ETr1Djg4HHezO7My9IpDDoup/OzOzc/MLi0nJhZXVtfaO4uXVt4lRzaPBYxroVMANSKGigQAmtRAOLAgnN4PZ07DfvQBsRqyscJtCJWF+JUHCGVuoWq+c3h9SXEGLZD6AvVMa0ZsNRxkfU833qUh9ULxd9LfoD3C90iyW34k5Ap4mXkxLJcdEtvvu9mKcRKOSSGdP23AQ79lUUXMKo4KcGEsZvWR/alioWgelkk+tGdM8qPRrG2pZCOlF/TmQsMmYYBbYzYjgwf72x+J/XTjE87mRCJSmC4t8fhamkGNNxVLQnNHCUQ0sY18LuSvmAacbRBjoOwft78jS5Pqh4tUrtslqqn+RxLJEdskvKxCNHpE7OyAVpEE7uySN5Ji/Og/PkvDpv360zTj6zTX7B+fgCdkWhjg==</latexit>

M3

(
1
0

) <latexit sha1_base64="88u51JESmCd0t7I79F1exQ9q3zA=">AAACHXicbVA9SwNBEN3z2/gVtbRZDEJswp3EaBm0sREUjAnkYtjbzCWLe3vH7pwQjvwRG/+KjYUiFjbiv3ETr1Djg4HHezO7My9IpDDoup/OzOzc/MLi0nJhZXVtfaO4uXVt4lRzaPBYxroVMANSKGigQAmtRAOLAgnN4PZ07DfvQBsRqyscJtCJWF+JUHCGVuoWq+c3h9SXEGLZD6AvVMa0ZsNRxkfU833qUh9ULxd9LfoD3C90iyW34k5Ap4mXkxLJcdEtvvu9mKcRKOSSGdP23AQ79lUUXMKo4KcGEsZvWR/alioWgelkk+tGdM8qPRrG2pZCOlF/TmQsMmYYBbYzYjgwf72x+J/XTjE87mRCJSmC4t8fhamkGNNxVLQnNHCUQ0sY18LuSvmAacbRBjoOwft78jS5Pqh4tUrtslqqn+RxLJEdskvKxCNHpE7OyAVpEE7uySN5Ji/Og/PkvDpv360zTj6zTX7B+fgCea+hkA==</latexit>
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<latexit sha1_base64="v6XQP4b5fa2WdDGnll1oaGIwGgk=">AAACGXicbVBNS8NAEN34WetX1aOXxSLUS0lEqseiF48VrBaaUjbbSbt0swm7E6GE/g0v/hUvHhTxqCf/jZuag1ofDDzem9mdeUEihUHX/XQWFpeWV1ZLa+X1jc2t7crO7o2JU82hzWMZ607ADEihoI0CJXQSDSwKJNwG44vcv70DbUSsrnGSQC9iQyVCwRlaqV9xfQkh1vwAhkJlTGs2mWZ8Sj3fpy71QQ0K0ddiOMKjcr9SdevuDHSeeAWpkgKtfuXdH8Q8jUAhl8yYrucm2LOvouASpmU/NZAwPmZD6FqqWASml80um9JDqwxoGGtbCulM/TmRsciYSRTYzojhyPz1cvE/r5tieNbLhEpSBMW/PwpTSTGmeUx0IDRwlBNLGNfC7kr5iGnG0YaZh+D9PXme3BzXvUa9cXVSbZ4XcZTIPjkgNeKRU9Ikl6RF2oSTe/JInsmL8+A8Oa/O23frglPM7JFfcD6+AC4poGg=</latexit>(
1
0

)

❖ We amplify the readout error by using the 
parity of consecutive measurements

M2j+1p ⟺ Parity(2j + 1)
❖ For twirled  of any size  and 

correlation we find the 
fundamental relation

M

❖ Naturally integrates we the 
Layered KIK gate mitigation 
⇒ End-to-end mitigation  

uniform ⨉3 amplification

❖ All errors are uniformly 
amplified

❖ We proved that the mitigation still works 
properly when  is not twirled.M

Experimental results available - ask me about it



Accounting for the decay effect

❖ We show analytically that by 
adding dummy measurement 
(orange) to reshape the decay 
noise scaling, it can be 
strongly mitigated.

ϵm+1+ 1
2 γ ϵm+1+O(γ2)

No dummy meas. 
error is:

With dummy  
meas.:

❖ The qubit does just sit there waiting to be measured. It degrades 
from one measurement to another.

m is the mitigation order

❖ We also have an alternative approach 
called Weighted parity that does not 
require dummy measurements 



First experimental results (1q   prep & measure)

Q92

IBMQ

❖ Like our other QEM method this method is also drift resilient

❖ Post-selection was use to remove prep. error. 

❖ We used here an alternative to dummy measurement called 
weighted parity. W parity does not involve extra measurements.

PS qubits=’000’?

Weighted parity PS
Weighted parity wihout PS
Basic parity PS
Majority vote
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ϵm+1+O(γ2)

ϵm+1+(m + 1
2 )γ

Dummy meas. parity

Majority vote

Tip by Liran Shirizly @IBM



5q experiment (prep & measure)

1st order Adaptive
Raw

0.0
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1.0

ibm_brisbane, input state 10101

Our method automatically takes correlations into account

2nd order. mit.
Raw (unmitigated)

states (comp. basis)
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Integration with other methods and scaling up: 20q on IBMQ

❖ Our approach can be integrated with more coarse method and cheaper method and 
turn them bias-free and drift resilient

❖ An example: integration with tensor product (local)  
                       matrix inversion (TP-REM)

❖ We used TP-REM from IBM website data and do not updated it.

❖ The parity remove this residual correlation and noise-drift errors.

❖ Data was collected in different days to demonstrate drift-resilience. 

❖ Inconsistent results without  
twirling suggest non-Markovian effect  
(e.g. from spectator qubits)

❖ Imperfect initial state  
(post-selection and noisy X gates) 

M−1
TP = M−1

1 ⊗ M−1
2 ⊗ M−1

3 . . .

1 2 3
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Reset-based readout mitigation
❖ Do not use parity in trapped ions. The measurement demolish the (classical) state. 

❖ Instead we developed this reset-based scheme:

❖ 10-qubit experiment on Quantinuum H1

No twirling was used
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How to mitigate (amplify) preparation errors?

circuit

circuit

circuit circuit

❖ Conditional reset: prep. error is determined by 
the measurement error.

❖ Amplify the meas. error ⇒ amplify the prep error

circuit

circuit

circuit circuit

❖ We introduce: Parity-based amplification of preparation error

drift-resilient

circuit

circuit

circuit circuit

❖ We suggest:  Unified SPAM mitigation 
get the measurement data from the terminating measurement of the previous shot.

drift-resilient
Two for the price of one!

Experimental results available - ask me about it



Additional application of the parity/reset scheme 
❖ Efficient alternative to gate-set tomography. 

❖ Removes the SPAM instead of characterizing it

❖ Qubit diagnostic during the target computation.
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Conclusions
❖ We presented an end-to-end mitigation for dynamic circuits addressing: 

 prep, gate, MCM, and terminating measurement errors.

❖ 1st drift-resilient readout error mitigation method.

❖ Our approach can be combined with other method and render them drift-

resilient and bias-free. 

❖ Ready for QEM-QEC experiments (collaborations are welcomed).

❖ Additional application of Parity/Reset error mitigation:

❖ Efficient alternative to gate-set tomography.

❖ Qubit diagnostic during the target computation.



Initial fidelity 0.273

Taylor 14

Taylor 22

Taylor 29

ST 1L 1PST 2L 1PST 2L 2P

Taylor 26

Taylor 43

ST 2L 1PST 2L 2P Unmitigated

Unmitigated

Teaser: Orders of magnitude improvement in sampling overhead

Infidelity
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Thank you for you attention!

raam@mail.huji.ac.il

PhD and postdoc openings 
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