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This project provides critical components in overcoming the challenge in quantum error correction, advancing toward real-time decoding error
large-scale quantum system at an accelerated speed. We achieve this task by implementing surface code error correction circuits,
realizing guantum error correction algorithms, and reproducing the error correction results of the ZXXZ surface code[2] based on a real quantum device.
Using the experimental result released by Google Quantum Al Lab, the Willow, containing 107 superconducting qubits[6], we decode its error
syndrome of different code distances (d = 3, 5, 7) with several decoding algorithms. Additionally, we collaborate with several international partners to
Implement Helios, a Union Find approach, on FPGA hardware at an elevated decoding speed. We converted the ZXXZ surface code used in the Google
ow chip to a surface code format used in Helios for error correction. We incorporated Stim simulator and implemented three decoding algorithms.
Among them, the Union-Find decoder[3, 5] performed the best. On a 72-qubit real-time quantum circuit, its performance can rival to Google’s method,
while demonstrating superior scalability and speed. In addition, we implemented the Union-Find decoder Helios[8], and successfully verified its
\functionality on FPGA. Looking forward, we aim to further implement this algorithm on an ASIC to achieve truly real-time guantum error correction. Y
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Surface code layout [7] Encoding Circuit for d=3 surface code

2. Error pairs, stabilizers and Tanner Graph
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Stabilizers & Error pairs [1]

Tanner Graph
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Research Method

1. Look Up Table (LUT) & decoding algorithms

Our research emphasizes on

graph-based algorithm: MWPM|[4] LUT o2/

and UF[3, 5] methods. Their time UF 0(n - a(n)) Middle Low
complexity and accuracy are list in MWPM o) v
the table.
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2. Decoding algorithm verification on the Willow chip
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A. Decodmg Google’s Result
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We implemented MWPM and UF algorithms to decode the actual
experimental data from the Willow chip. We reproduced Google's results by
their published reference [4,6,7] and compare these algorithms. We conclude
the 72Q set2 reach below error threshold even with UF decoder’s accuracy.
In this dataset, Google’s team performed additional calibration and lower
cycle operation (50 vs 250 cycles).

B. Error Correction of Willow Data on FPGA

Vivado simulation waveform on PC

Real-time decoding result on FPGA

We converted the syndrome data from Willow’s data format and used it as
the input to verify the performance of Helios. The real-time decoding on
FPGA could be done in 0.376us, agreeing with the requirement of addressing

Qacklog problem [9]. /
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