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Abstract

This project focuses on the development of fast and scalable hardware decoders for Surface
code [1, 2], a strong candidate among many quantum error correction (QEC) code. We begin
with the theoretical and simulation-based study of quantum circuits and surface code error cor-
rection, including both CSS [1] and XZZX [3] variants. Due to the scalability limitations of
Look Up Table (LUT) decoders, our research pivots toward graph-based decoding strategies,
especially on Minimum-Weight Perfect Matching (MWPM) [4, 5, 6] and Union Find (UF) [7,
8] algorithms.

We evaluated the performance of various decoding approaches by simulating the actual ex-
perimental quantum dataset from Willow [9, 10], made publicly available by Google Quantum
Al Lab. The results show that the Weighted UF decoder [8, 11] achieves short-term accuracy
comparable to that of optimized MWPM decoders [4, 5, 6], while offering significantly bet-
ter computational efficiency. Additionally, we implemented a modified UF decoder in Verilog
(Helios, Liyanage, et. al. [12]) and successfully verified its real-time decoding capability on our
FPGA platform. Our FPGA implementation satisfies the microsecond-level decoding latency
required to address the backlog problem in scalable quantum computing [13]. Future work in-
cludes introducing weighting strategies [10] into Helios to further improve decoding accuracy
and implement the design on ASIC chips, with the goal of realizing efficient and scalable QEC
hardware.
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Figure 1: Step by step figure for MWPM and UF [14]
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Figure 2: Comparing of datasets and decoders performance
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Figure 3: The output result of Helios [12] on FPGA, monitored by ILA
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