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Outline of Talk 

• Quantum error detection of zero temperature 
energy relaxation (T1) 

– Why it is relevant 

– What we can do 

 

• Simple/currently realizable 2-qubit algorithms to 
experimentally verify quantum error detection 

– Our proposed protocol 

– Expected visibility of effect 
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Research Question 

Is there anything that experimentalists can do now 
which will increase the storage fidelity of a qubit 

subject to T1? 
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5 qubit Steane code (arbitrary single qubit error) will ideally protect against T1 

4 qubit Lueung code (T1) will ideally protect against T1 

Both are too complicated for now 

In SC qubits 𝑇1 ≈ 𝑇ϕ 

In memory resonators 𝑇1 > 𝑇ϕ 

Relevancy 



Our First Impulse 
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A bit flip looks like a 
more difficult error 

process than T1 

 0   0  
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Repetitive coding 
protects against bit 

flips 
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THEREFORE… 
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Our Realization 
NO WAY! 
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Bit-flips and T1 are very different 
quantum processes and need very 
different quantum algorithms to 
protect against them. 

ALTHOUGH… 

repetitive coding does 
allow the state of an 
unknown qubit which is 
subject to T1 to be 
selectively preserved 

 ψ  

 ψ  

 φ  

select 

reject 

Repetitive coding can be used for 

Quantum Error Detection 



What We Did 
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 ψ  
 0  

Error 
Syndrome 

 0  

 1  

= Independent zero temperature energy relaxation of each qubit 

 ψ  
 0  
 0  

Error 
Syndrome 

 0  

 1  

 0  

 1  

 0  

 0  
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 1  

 ψ  
 0𝑁  Error 

Syndrome 
 0𝑁  

𝑒𝑙𝑠𝑒 

We analyzed  
 

the probability of 
these syndrome 
measurements 

 
and  

 
the fidelity of the 
main qubit after 
selection of only 

these cases 

select 

select 

select 
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strength of decoherence  

       Results - Two Qubits 
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𝒊𝒈𝒏𝒐𝒓𝒆 
syndrome 

𝒔𝒊𝒏𝒈𝒍𝒆 𝒒𝒖𝒃𝒊𝒕 

 ψ  
 0  

Two qubits 
Equal decoherence strength 

𝑝 = 1 − 𝑒−𝑡/𝑇1  

𝒒𝒖𝒂𝒏𝒕𝒖𝒎  
𝒆𝒓𝒓𝒐𝒓  

𝒅𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 

𝐹 ψ = ψ ρ𝑓𝑖𝑛𝑎𝑙 ψ  
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strength of decoherence  

       Results – N Qubits 
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𝟐 

𝒔𝒊𝒏𝒈𝒍𝒆 𝒒𝒖𝒃𝒊𝒕 N qubits 
Equal decoherence strength 

𝑝 = 1 − 𝑒−𝑡/𝑇1  

𝒒𝒖𝒂𝒏𝒕𝒖𝒎  
𝒆𝒓𝒓𝒐𝒓  

𝒅𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏 

𝐹 ψ = ψ ρ𝑓𝑖𝑛𝑎𝑙 ψ  

 ψ  
 0𝑁  

𝟑 
𝟒 
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Research Question 

Is there a simple algorithm that experimentalists can do 
now which will increase the storage fidelity of a qubit 

subject to a controllable error? 



Simple 2-qubit error detection/correction 
| 

|0 

“error” 

rotations 
meas 

 tomography 

( | 0 |1 ) | 0 cos ( | 0 |1 ) | 0 sin ( |1 | 0 ) |1i                    

X-rotation of main qubit by arbitrary angle 2: 

Y-rotation of main qubit by angle 2: 
needs X-correction 

Y-rotation of ancilla qubit by angle 2: 

no correction needed (insensitive) 

0: good  

1: either discard (only detection) 

    or correct (if know which error) 

Ry(/2) Ry(-/2) 

( | 0 |1 ) | 0 cos ( | 0 |1 ) | 0 sin ( |1 | 0 ) |1                    

needs Y-correction 

( | 0 |1 ) | 0 cos ( | 0 |1 ) | 0 sin ( | 0 |1 ) |1                     

needs Z-correction 
Z-rotation of ancilla qubit: 

( | 0 |1 ) | 0 ( | 0 |1 )(| 0 |1 )
i
e
             
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strength of decoherence  

       Results – X rotation of main qubit 
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𝒔𝒆𝒍𝒆𝒄𝒕 𝟎 
QED 

𝑝 = 1 − 𝑒−𝑡/𝑇1  

𝐹 ψ = ψ ρ𝑓𝑖𝑛𝑎𝑙 ψ  

𝒔𝒆𝒍𝒆𝒄𝒕 𝟏 

𝒊𝒈𝒏𝒐𝒓𝒆  
𝒔𝒚𝒏𝒅𝒓𝒐𝒎𝒆 

nsT 4501 

nsT 250

Duration of simulated 

procedure = 150ns 
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Conclusions 

• Error Detection of zero temperature energy 
relaxation 

– Repetitive coding works for QED of T1 

– Two qubits are sufficient to realize algorithm 

• Simple/currently realizable two qubit algorithms 
to experimentally verify quantum error detection 

– The protocols work ideally 

– It is plausible to experimentally demonstrate this 
using current technology in superconducting qubits 



There are three fidelities of interest: 

1) Detection – fidelity of main qubit when ancilla 

is found in 0 

2) Correction – average of two cases weighted 

by probability of finding ancilla in 

corresponding state (0 or 1) 

1) Fidelity of main qubit when ancilla is 

found in 0   

2) Fidelity of main qubit after correction 

operation (applied by classical 

computer) when ancilla is found in 1 

3) Ignore – average of two cases weighted by 

probability of finding ancilla in corresponding 

state (0 or 1) 

1) Fidelity of main qubit when ancilla is 

found in 0   

2) Fidelity of main qubit when ancilla is 

found in 1 

nsT 4501 

nsT 250

Duration of simulated 

procedure = 150ns 

Time required is 3 single qubit 

rotations and 2 Cz’s, plus 

state prep and tomography 
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Parameters used for simulation 

1T  T   Ideal process         

det 1ideal ideal
corrF F 

2cosideal
ignoreF 

(2 ) / 

corrF

ignoreF

detF
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strength of "error" rotation (φ/π) 

QED: Select 0 

BAD: Select 1 
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       Results 

nsT 4501 

nsT 250

Duration of simulated 

procedure = 150ns 



Proposed Algorithm 
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 ψ  

 0  𝑅𝑌

𝜋

2
 𝑅𝑌 −

𝜋

2
 Error 

Syndrome 

 0  

 1  discard 

X-rotation of the main qubit 
OR 

Y-rotation of the main qubit 
OR 

Y-rotation of the ancilla qubit 
OR 

Z-rotation of the ancilla qubit 

= 



Post Processing 
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Ignore syndrome measurement results 

We have a set of possible syndrome measurement results 𝑘   
With corresponding probabilities 𝑃𝑘 , where  𝑃𝑘 = 1𝑘  

And 
Corresponding final states for the main qubit  ρ𝑘  

Select only certain syndrome measurement results 𝑑 ∈ 𝑘  

Final state 

𝑅𝑖𝑔𝑛𝑜𝑟𝑒 =  𝑃𝑘 ρ𝑘

𝑘

 

Final state fidelity 

𝐹𝑖𝑔𝑛𝑜𝑟𝑒 =  𝑃𝑘 𝐹𝑘

𝑘

 

Final state 

𝑅𝑠𝑒𝑙𝑒𝑐𝑡 =
 𝑃𝑘 ρ𝑘𝑘∈ 𝑑

 𝑃𝑘𝑘∈ 𝑑

 

Final average fidelity 

𝐹𝑖𝑔𝑛𝑜𝑟𝑒 =   𝑃𝑘 𝐹𝑘

𝑘

 

Final state fidelity 

𝐹𝑠𝑒𝑙𝑒𝑐𝑡 =
 𝑃𝑘 𝐹𝑘𝑘∈ 𝑑

 𝑃𝑘𝑘∈ 𝑑

 

Final state fidelity 

𝐹  
𝑎𝑣 =

 𝑃𝑘 𝐹𝑘𝑘∈ 𝑑

 𝑃𝑘𝑘∈ 𝑑

 

Final state fidelity 

𝐹  𝑎𝑣 =
 𝑃𝑘 𝐹𝑘𝑘∈ 𝑑

 𝑃𝑘𝑘∈ 𝑑

 

𝐹𝑘 = ψ ρ𝑘 ψ  



Repetitive Coding: discrete errors vs. continuous 
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 ψ  
 0  
 0  

Error 
Syndrome 

 0  

 1  

 0  

 1  

 0  

 0  

 1  

 1  

Unknown initial state 

 ψ  = α  0 +β  1  

Encoded state 

α  000 +β  111  
bit-flip

qubit syndrome correction

none {0,0} I

main {1,1} X

1st ancilla {1,0} I

2nd ancilla {0,1} I

X-rotation

qubit syndrome correction

none {0,0} I

main {0,0} I

{1,1} X

1st ancilla {0,0} I

{1,0} I

2nd ancilla {0,0} I

{0,1} I

 0  

X-rotation by angle 2g 

𝑐𝑜𝑠𝑔 0 − 𝑖 𝑠𝑖𝑛𝑔 1  

 1  −𝑖 𝑠𝑖𝑛𝑔 0 + 𝑐𝑜𝑠𝑔 1  



Unravelling T1 
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 ψ  

 ψ = α  0 +β  1 =  
β

α
 

𝐴𝑛𝑟 = 1 − 𝑝 0

0 1
 𝐴𝑟 =

0 0
𝑝 0

 

𝑝 = 1 − 𝑒−𝑡/𝑇1 

In this representation 

The Kraus operators for T1 can be written as 

where 

Which can be unravelled 

 ψ  
→

α  0 +β 1 − 𝑝 1 

α 2 + β 2 1 − 𝑝
 With probability 



Repetitive Coding: unravelling T1 
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 ψ  
 0  
 0  

Error 
Syndrome 

 0  

 1  

 0  

 1  

 0  

 0  

 1  

 1  

Unknown initial state 

 ψ  = α  0 +β  1  

Encoded state 

α  000 +β  111  

      T1

qubit syndrome correction

none {0,0} ~I

main {0,0} ~I

{1,1} none

1st ancilla {0,0} ~I

{1,0} none

2nd ancilla {0,0} ~I

{0,1} none

 0  

T1 

𝑐𝑜𝑠𝑔 0 − 𝑖 𝑠𝑖𝑛𝑔 1  

 1  −𝑖 𝑠𝑖𝑛𝑔 0 + 𝑐𝑜𝑠𝑔 1  



Results 
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 ψ  
 0  

Error 
Syndrome 

 0  

 1  Cannot correct 

 ψ  0  = α  00 +β  10 → α  00 +β  11  →
→
→
→

 

 ψ = α  0 +β  1 =  
β

α
 

𝐴𝑛𝑟 = 1 − 𝑝 0

0 1
 𝐴𝑟 =

0 0
𝑝 0

 

𝑝 = 1 − 𝑒−𝑡/𝑇1 



Random formatted things 
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Encoded state 

α  0𝑁 +β  1𝑁  

Unknown initial state 

 ψ  = α  0 +β  1  



Averaging After Selection 
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Since the final state, storage fidelity and selection probability all depend on our initial state 

𝐹 ψ = ψ ρ𝑓𝑖𝑛𝑎𝑙 ψ  ρ𝑓𝑖𝑛𝑎𝑙 ψ  

Two options: 
Average the state fidelity of ρ𝑓𝑖𝑛𝑎𝑙 and normalize by the average probability of selection 

𝐹 𝑎𝑣 =
F ψ

P𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 ψ
 

 
Or 

Average the state fidelity of ρ𝑓𝑖𝑛𝑎𝑙 normalized by the state dependent probability of success 

𝐹𝑎𝑣 =
F ψ

P𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 ψ
 

we must choose how to define our average fidelity 

P𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 ψ  



What We Did 
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 ψ  
 0  

Error 
Syndrome 

 0  

 1  

= Independent zero temperature energy relaxation of each qubit 

 ψ  
 0  
 0  

Error 
Syndrome 

 0  

 1  

 0  

 1  

 0  

 0  

 1  

 1  

 ψ  
 0𝑁  Error 

Syndrome 
 0𝑁  

𝑒𝑙𝑠𝑒 

Cannot correct 

Cannot correct 

Cannot correct 

We analyzed  
 

the probability of 
these syndrome 
measurements 

 
and  

 
the fidelity of the 
main qubit after 
selection of only 

these cases 

It works with just two qubits! 

Nothing gained by using more qubits! 


