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Abstract
Quantum Error Correction (QEC) is essential for building scalable
quantum computers, but a lack of systematic, end-to-end evalua-
tion methods makes it difficult to assess how different QEC codes
perform under realistic conditions. The vast diversity of codes, an
expansive experimental search space, and the absence of a standard-
ized framework prevent a thorough, holistic analysis. To address
this, we introduce ECCentric, an end-to-end benchmarking frame-
work designed to systematically evaluate QEC codes across the
full quantum computing stack. ECCentric is designed to be modu-
lar, extensible, and general, allowing for a comprehensive analysis
of QEC code families under varying hardware topologies, noise
models, and compilation strategies.

Using ECCentric, we conduct the first systematic benchmarking
of major QEC code families against realistic, mid-term quantum
device parameters. Our empirical analysis reveals that intra-QPU
execution significantly outperforms distributed methods, that qubit
connectivity is a far more critical factor for reducing logical errors
than increasing code distance, and that compiler overhead remains
a major source of error. Furthermore, our findings suggest that
trapped-ion architectures with qubit shuttling are the most promis-
ing near-term platforms and that on noisy devices, a strategic and
selective application of QEC is necessary to avoid introducing more
errors than are corrected. This study provides crucial, actionable
insights for both hardware designers and practitioners, guiding the
development of fault-tolerant quantum systems.

CCS Concepts
• Hardware → Quantum error correction and fault tolerance;
Quantum technologies; • Computer systems organization →
Quantum computing; • General and reference→ Evaluation;
Empirical studies.
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1 Introduction
Context andmotivation. Quantum Error Correction (QEC) offers
the only known path to fault tolerance, a prerequisite for build-
ing scalable quantum computers capable of solving classically in-
tractable problems [1, 8, 10]. It encodes a single logical qubit into
a redundant, entangled system of multiple noisy physical qubits
[16, 18]. Once such an encoded circuit is transpiled into the hard-
ware’s native gate set and adapted to its topology, it is executed
on the device, where syndrome measurements are continuously
performed, allowing the decoder to correct errors in real time [2].

Notably, a diverse family of QEC codes exists, each with unique
resource overheads, operational assumptions, and performance
characteristics. Their suitability heavily depends on the underlying
physical qubit technology and its noise model [5, 8].
Research gap and challenges. Despite the variety of QEC codes,
there’s a significant research gap: a lack of a systematic, end-to-
end methodology for rigorously comparing them. This makes it
challenging to accurately assess a code’s performance under the spe-
cific, realistic noise and software constraints of a particular QPU. A
comprehensive practical evaluation needs to consider the entire exe-
cution pipeline, as each stage can influence the code’s effectiveness.

Unfortunately, current QEC evaluations are often ad hoc and lim-
ited, either focusing on a small number of codes with oversimplified
noise models [7, 12] or analyzing various components in isolation
[3, 23, 25]. As a result, no existing benchmarking framework pro-
vides an end-to-end, systematic evaluation. Current tools exhibit
a distinct dichotomy: fast, specialized simulators, such as Stim [9],
are hardware-agnostic and rely on simplistic error models, whereas
general-purpose frameworks, such as Qiskit [13], lack the scalability
needed to simulate large, fault-tolerant codes [8]. These limitations
create a major blind spot in practical quantum computing.

To effectively address this research gap, we must confront three
fundamental challenges. Firstly, the diverse QEC landscape: A vast
number of codes exist, each with unique overheads, error thresh-
olds, and decoding complexities, making it difficult to compare their
effectiveness across different hardware and noise models [6, 14].
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Figure 1: Architecture of the ECCentric framework.Our design of a fullymodular and extensible setup, enabling systematic
study of the different aspects of QEC realization.

Secondly, the vast experimental search space: A code’s performance
is determined by a multi-dimensional interplay of QPU topology,
physical noise, and compiler artifacts, rendering an exhaustive
search computationally intractable [4, 23, 24]. Finally, the lack of a
suitable benchmarking framework: Existing tools are either too slow
for large-scale studies (e.g., Qiskit [13]) or too hardware-agnostic
for realistic evaluation (e.g., Stim [9]). A viable solution must be
general, supporting awide spectrum of code families and QPU archi-
tectures; extensible, to easily integrate new decoders and evolving
noise models; and modular, to enable the isolation and analysis of
specific stages within the QEC pipeline, from encoding to decoding.
Research question and our approach. These challenges lead to
our central research question: How can we systematically evaluate
the suitability of quantum error correction (QEC) codes for practical
applications on current and near-term quantum devices?

To answer this question, we propose a two-staged approach.
First, we impose structure on the diverse and rapidly evolving QEC
landscape by creating a systematic taxonomy of QEC codes. From
this taxonomy, we have identified five primary families of codes and
selected a representative member from each to ensure our analysis
is both fair and comprehensive.

Building on this foundational taxonomy, we introduce ECCentric,
a new, end-to-end benchmarking framework designed for the sys-
tematic evaluation of QEC codes on current and near-term quantum
devices. ECCentric, shown in Fig. 1, is general, capable of support-
ing a wide array of QEC codes, QPU technologies, and compiler
back-ends. It is modular, allowing researchers to customize the
evaluation pipeline and scope of their experiments. And it is exten-
sible, making it easy to integrate new code, hardware features, and
compilation strategies as they emerge.

Leveraging the full capabilities of the ECCentric framework, we
structure our investigation around four key dimensions that in-
fluence QEC performance to systematically assess their impact:
QEC codes, where we select six representative codes from all major
families using our QEC code taxonomy; QPU noise models, where
we include both ideal and realistic models derived from current
(e.g., Google Willow [11]) and next-generation (e.g., Quantinuum
Apollo [19] and IBM Flamingo [20]) quantum devices; QPU topolo-
gies, where we explore a range of layouts, from abstract to the
complex architectures of existing hardware (e.g., Google Willow
[11] and Inflection [21]), varying qubit count and connectivity to
isolate the impact of topology; and finally, quantum compilation,
where we investigate how different quantum compilers (e.g., Qiskit

[13] and TKET [22]) and their internal stages, such as mapping and
routing heuristics (e.g., SABRE [15]), affect QEC performance.
Our contributions. Overall, to the best of our knowledge, this
paper provides the first systematic benchmarking of multiple QEC
codes, focusing on their practical application on real-world hard-
ware, compilers, and noise models. Our contributions are summa-
rized as follows:
• Experimental QEC code analysis: A systematic benchmarking of
the major Quantum Error Correction (QEC) code families under
realistic experimental conditions.

• ECCentric framework: The design of a modular benchmarking
framework that can be readily extended to incorporate additional
codes, devices, noise models, and decoders.

• QEC code taxonomy: The introduction of a structured taxonomy
for QEC codes, clearly presenting the differences and shared
characteristics among the primary families.

• Concatenated Steane code extension: The first extension of the
[[49,1,9]] concatenated Steane code [17] to [[373,1,27]] concate-
nated Steane code.

2 Key findings
Our systematic evaluation reveals several critical insights and im-
plications for both hardware and software development:
• Fault-tolerance with trapped-ion is near: Our analysis of pro-
jected hardware roadmaps shows that the planned error rates and
qubit shuttling capabilities of trapped-ion devices should elim-
inate logical errors across most evaluated codes within the next
five years, and therefore, prioritizing this platform’s development
is the most direct path to achieving fault tolerance [19].

• Distributed execution is still challenging: Our results show
that distributing codes across QPUs increases the logical error
rate by 69.14% compared to single-QPU execution. However,
while link fidelity is a factor, the principal issue is the low num-
ber of connections, and hardware development should prioritize
increasing the cross-QPU links rather than solely focusing on
their fidelity.

• Prioritize connectivity over code distance: Our experiments
show that increasing code distance is often ineffective, increas-
ing the logical error rate on average by 0.012 with only 30.95%
of adjustments yielding meaningful improvement. In contrast,
improving connectivity provides substantial gains: moving from
a grid to a fully connected topology reduces the logical error
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rate by 81.9%, while devices with qubit shuttling outperform
those without by 45.48%. Thus, hardware manufacturers should
prioritize improving qubit connectivity.

• QEC-aware compilation is essential: The compilation process
introduces significant overhead that can undermine the benefits
of error correction. We find that mapping and routing add an
average of 134.095% more two-qubit gates, while optimized trans-
lation still adds 3.166 extra gates per original gate. Mitigating this
requires QEC-aware compilers that optimize at the logical-qubit
level, for example, by prioritizing efficient routing to busy ancilla
qubits and canceling redundant gate sequences across repeated
QEC cycles.

• Heterogeneity is not a primary concern: We find the variabil-
ity in individual qubit quality or in readout correctness has a neg-
ligible impact on performance, changing the logical error rate by
0.02 on average. This suggests that complex, variance-aware com-
pilation strategies might be an unnecessary burden. This frees
compiler developers to de-prioritize these intricate techniques
and instead pursue more straightforward and effective designs.

• QEC is not always helpful: On noisy, near-term devices, the
indiscriminate application of QEC can be counterproductive. Our
results show that at a physical two-qubit error rate of 0.002, most
of our evaluated codes fail, and at 0.004, none remain effective,
introducing more errors than they correct. This necessitates a
selective approach where QEC is only used for operations or
qubits where its benefits outweigh its overhead.

Full version. The full version of this work presents the details of
each evaluation with background information and discussion [26].
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