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Quantum device characterization
Extract information about a 
quantum device from 
observation 

IDENTIF IC AT IO N

LEA R NI NG

EST IMATIO N

CERTIF IC ATI ON

BENC HMARK ING

VALI DATION

Learn as much as feasible  
… use as much as possible! 



Building trust 


Benchmark fabrication & inform design 


Understand noise and errors 


Calibrate control & tune-up 


Noise mitigation 


Noise-aware compilation / algorithms

Theory Experiment

… use as much

as possible! 



Complexity

Classical computer

Information gain

MEASURES OF COMPLEXITY
Memory Runtime

Sample complexityMeasurement 
complexity 

Number of measurement settings 

(Number of state copies / channel invocation)

Communication

Timing

Complexity

Kliesch, IR. PRX Quantum 2 (2021)Eisert, Hangleiter, Walk, IR, Markham, Parekh, Chabaud, Kashefi. Nat. Rev. Phys. 2 (2020),
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Quantum characterization and randomness and non-stabilizerness 

Quantum Information & Computation, 2016 

2-design

2-design

2-design

2-design

3-design

4-design

3-design3-design

Clifford 4-design
Clifford 4-design

Clifford 4-design

Clifford 4-design
3-design

Informational completeness & tightness 

Optimal measurement setting 

Single-shot estimators
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Classical shadows & IC POVMs
{Πx = |x⟩⟨x | , x ∈ 𝔽 n

2} ρ
{Πx,g ∝ g |x⟩⟨x |g†, x ∈ 𝔽 n

2, g ∈ G}

A positive-operator valued measure (POVM) is 
informationally complete (IC) if 

is invertible.
S = ∑

g,x

|Πx,g)(Πx,g |

 a unitary 2-designG

S =

1
1

d + 1
⋱

1
d + 1

Tight frames and 2-designs

Here …  sub-set of the Clifford group! G

[Scott 2006]



Classical shadows … surprisingly efficient 

̂o(g, x) = (O |S−1 |Πx,g) ∈ 𝒪(d)

𝔼[ ̂o(g, x)] = (O, ρ)1) Measure  on state  

2) Calculate and average

{Πx,g} ρ

By construction … 

Theorem: For and  a 3-design,  
.

O = |ψ⟩⟨ψ | G
Var[ ̂o] ∈ 𝒪(1)[Huang, Kueng & Preskill 2020]

Protocol: [Scott 2006], … 

𝒪(d)

Global Clifford rotations



Classical shadows … what could possibly go wrong?
Noisy-frame operator:

S̃ = ∑
x,g

|Πx,g)(Πx,g |Λ(g)
Gate-dependent noise!

𝔼[ ̂o] = (O, ρ) + (d + 1)(O0 |S − S̃ |ρ)

Large bias?!?

(d + 1)(O, ρ) (O0 |S − S̃ |ρ)
 Biased estimator:

e.g. naive bound :

bias ≤ (d + 1) max
g∈G

∥ id − Λ(g)∥⋄

bias ∼ κ(d) × implementation error

κ(d) ∈ 𝒪(1)
“stable” “Really instable”

κ(d) ∈ Ω(d1/c)
“instable”

otherwise

Definition :



Instability … 
O = |H⟩⟨H |⊗n |H⟩ ∝ |0⟩ + eiπ/4 |1⟩

and   local Clifford unitaries.G

There exist  

gate-dependent noise such that 

Λϵ(g) = (1 − ϵ) id + ϵΛ(g)

bias = κϵ κ ∈ Ω(d1/4)

Let with Fidelity estimation 
with local shadows. 

such that  

with 

“Really instable”



?Are there classes of  
stable shadow estimation 

settings

Maybe less magic, please.



Stability …

This bound is tight. Similar control over the variance.

Lemma: , it holds 

, 

with  and  quantum channels.

G ⊂ Clifford

S̃ = 1
d ∑

a∈𝔽 2n
2

sa |σa)(σa | Λ̄a

sa ∈ (0,1] Λ̄a

1
d ∑

a∈𝔽 2n
2

sa |σa)(σa |Λ̄a

Ideal Pauli-diagonal channel

“Stabiliser Renyi 1/2-entropy”

Definition :

Theorem: , it holds 

 

G ⊂ Clifford

bias ≤ ∥O∥st max
g∈G

∥ id − Λ(g)∥⋄bias max
g∈G

∥ id − Λ(g)∥⋄

Implementation error ϵScaling function κ(d )

Stable settings, e.g.
Pauli observables  

Stabiliser states 

Bounded-degree local 
Hamiltonians



And ‘robust’ classical shadows? they are robust, right?
S̃ = ∑

x,g

|Πx,g)(Πx,g |Λ(g) = ∑
x,g

|Πx,g)(gΛ†(Πx)g† |
Gate-independent left  noise!

S =

1
p̃

⋱
p̃

⟹
Symmetry is preserved 

under noise!

Idea: Empirically estimate parameter  using fidelity 
estimation for  trusted input state.  

p̃
[Chen et al. 2021]

‘Robust’ classical shadow protocol

There exist gate-dependent noise such that 

biasrobust shadow ≥ ⟨O0⟩Ω(deϵ)
Λϵ(g) = (1 − ϵ) id + ϵΛ(g)

“Really instable”
Requires Pauli-spikiness of effective noise and 
support of observable to conspire! 

Stable, e.g. for Pauli-isotropic noise

However!



More robust classical shadows … 

Robust super-shallow circuits 

p̃a

Compressive Gate-set tomography  
for robust shadows

(S
−

S̃)
⋅1

0



Consistent under-rotation … 
-pulse  

implementation of 
fidelity estimation on 
single qubit

π /2 shots105



Summary arXiv:2310.19947

‣ Semi-device dependence / robustness is important 

‣ In case you were worried, classical shadows are 
surprisingly robust for ‘non-magic’ observables 

‣ Mitigation can sometimes even do harm for gate-
dependent noise 

‣ Noise assumption might be to simplistic! 
More studies with gate-dependent noise & beyond!

St
ab

ilit
y 

of
 c

la
ss

ic
al

 s
ha

do
w

s 
 

un
de

r g
at

e-
de

pe
nd

en
t n

oi
se




