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Quantum noise characterisation 

● Necessary to characterise the effect of this noise on the 
quantum process:
○ Where? 
○ What kind?
○ How much? 
○ When? 

● Different techniques characterise with various levels of 
information gained



Techniques for characterising noise in Q-systems 

* Helpful scale courtesy of S. Flammia talk at QIP 2017
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Randomized benchmarking I: The basics  
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Randomized benchmarking I: The basics  

Key Observations:

1) Averaging over a (specific) finites set of unitaries is equivalent with 

averaging over all unitaries.

2) Averaging over all unitaries reduces a general error channel to the 

simplest form to characterise. 



Randomized benchmarking I: The basics 

Requirements: 

- Quantum gate-set sampled 
from: a unitary 2-design 
(Clifford)

- Ability to efficiently invert a 
sequence of gates

- Noise is (for standard RB) gate 
and time-independent 

Benefits: 

- Takes into account errors from 
state preparation and 
measurement (SPAM) 

- Efficiently scalable in system 
size and number of samples 

- Less measurement settings as 
we measure whether system 
has returned to initial state : no 
unknown final state



Randomized benchmarking I: The basics 
The Pauli group: 

Clifford group (for one 
qubit):

Rotations of the bloch sphere 
that permute           . There are 
6 possibilities of where      can 
go and 4 possibilities where     
can go. The whole Clifford 
group for one qubit : 6 x 4 = 24 
elementary gates.



Randomized benchmarking II: The protocol
● Choose a random sequence      of length    from the 

Clifford group 
● Apply the imperfect sequence to initial state        and a 

final operator that inverts the preceding sequence 

● Measure if the state returned to         and repeat this R1 
times to estimate the survival probability

● Now run the same length with a different sequence of 
gates in the same way (for R2 sequences) to obtain the 
average survival probability  



If          is a pure state, then we can get the squared overlap 
between the initial and final state of our system (the fidelity) for 
each sequence with the following: 

Randomized benchmarking II: The protocol

Survival probability:



Randomized benchmarking II: The protocol 
● If the errors are gate and time-independent then the 

average survival probability is:

● We fit the results from the protocol average 
fidelity/survival probability (     ) against sequence 
length (   ) to find  

● From this we can find the value of the average error 
rate, 

Fit 
parameters 

Dimension of the 
Hilbert space: 



Randomized benchmarking II: Early 
experimental results  

E.Knill et al (2007) : 0707.0963

● 4 different sequences 
indicated by different 
symbols

● Average fidelity for each 
sequence and sequence 
length (number of comp 
gates)



Randomized benchmarking III: Why does it 
work? 

Unitary 2-design : 
Averaging over a 2-design is equivalent to averaging over all unitaries 

Depolarising channel: 



Randomized benchmarking III: Why does it 
work?

(for one error channel) 

(additive and length-independent)



Randomized benchmarking III: Why does it 
work?

● Product of two depolarising channels: 



Randomized benchmarking III: Why does it 
work?



Randomized benchmarking III: Why does it 
work?



RB Extensions: Gate/time-dependent noise 
E. Mageson et al (2011): 1009.3639 

● Tested two types of noise: unitary error with 
depolarising noise & unitary error with amplitude 
damping 

● Fit to the multi-parameter model: 

Findings: If the variation in the errors is not too strong, i.e. 
errors deviate only by a small amount from weighted 
average of errors, then obtain efficient and reliable estimate 
of r for realistic noise

Measure of 
gate-dependence 



RB Extensions: Beyond the Clifford group 
Ellen Derbyshire, Jorge Yago Malo, Andrew Daley, Elham Kashefi, Petros Wallden (2019)

● Use native gates of an analog quantum simulator to extend RB to 
analog setting:

Analog randomized benchmarking

- Disordered (randomly 
scrambled) Hamiltonians 

- Systematically invert unitaries
- Preliminary results 



Thank you! 


