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Error correction: Repetition Code

Define multiple physical states of equivalence class to represent a certain Logical state
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Error correction: Surface Code

Use stabilizer qubits for non-destructive parity check

Surface-17 code

Z stabilizer qubit
Surface code cycle
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Error correction: Surface Code

Use stabilizer qubits for non-destructive parity check

Surface-17 code
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Error correction: Surface Code

Use stabilizer qubits for non-destructive parity check

Surface-17 code Stabilizer Group
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Error correction: Surface Code

Use stabilizer qubits for non-destructive parity check

Surface-17 code Vertex Syndromes (Relative)
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Error correction: Surface Code

Logical States
States used for encoding: Quiescent States

Surface-17 code Mutual +1 eigenstates of the stabilizers

Remains the same on syndrome measurements
-> Mutual eigenstates of ZZZZ and XXXX

@ data qubits



Error correction: Surface Code

Logical States
States used for encoding: Quiescent States

Surface-17 code Mutual +1 eigenstates of the stabilizers

How to get |0),?

1. Initialize to any state (e. g.|0)®%)

2. Measure syndromes

3. Go through decoding algorithm

— Sets the eigenvalues of the stabilizers to +1
— Becomes the desired |0);

@ data qubits



Error correction: Surface Code

Logical Operations

Surface-17 code

@ data qubits

Logical X Operation
: swap Z parities of the horizontal lines
— X gate on a vertical line that goes across the data qubits

Logical Z Operation
: swap X parities of the vertical lines
— Z gate on a horizontal line that goes across the data qubits



Error correction: Surface Code

Logical Readout: check Z parity of the data qubits along a vertical line

Surface-17 code
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Implementation of
Surface code



Surface Code: Modularization

Initialization |  Define QuantumCircuit parameters
Connect the qubits according to the surface code geometry
Support method for drawing

Initialize the state to logical zero




Surface Code: Modularization

Initialization | Initialize the state to logical zero
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Surface Code: Modularization

Initialization

Surface-17 code, generated with Qiskit

@ Data qubit
@ X syndrome qubit
@ Z syndrome qubit




Surface Code: Modularization

Logical

_ Define methods for logical operations
Operations

Directly apply operations on the QuantumCircuit




Surface Code: Modularization

Logical
Operations
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Surface Code: Modularization

Decoding Measure vertex and plaquette error syndromes

Based on the syndromes, implement the decoding algorithm

Reset the stabilizer qubits




Surface Code: Modularization

Decoding - Syndrome measuring circuit,
dat generated with Qiskit

datas

out_round0 2

out_roundl 3
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Decoding of the
Surface code



Surface Code: Decoding Algorithm

“Look-up table decoder”

Yu Tomita, Krysta M. Svore, “Low-distance surface codes under realistic quantum noise”, PRA 90, 062320, 2014

Syndrome measurement(round)

time

1. Subsequent error

- measurement error

2. Simultaneous adjacent error

- flip the data qubit between them
3. Subsequent adjacent error

- flip the data qubit between them
4. Single error

- flip the qubit at the boundary



Surface Code: Result

Error rate

ZX gate implementation
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Error rate

Surface Code: Result

ZX gate implementation
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Result

Surface Code
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Error rate

Surface Code: Result

ZX gate implementation

=

o
&
1

=

Q
IN
1

10—5 -

® with QEC
® without QEC
[R—— y:x

: -
I

Physical Implementation

- C
VS
o Surface Code Implementation

1073



04

Logical Two-qubit Gates
on Surface Code



Two Qubit Gate: Merge & Split

CNOT Gate implementation

Logical Qubit | Logical Qubit
1 N2 o 2

No direct CNOT implementation



Two Qubit Gate: Merge & Split

CNOT Gate implementation

Intermediate

Z7 Gate

Qubit

XX Gate

Logical Qubit
1

Logical Qubit
2




Two Qubit Gate: Merge & Split

CNOT Gate implementation

L
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