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Abstract

Quantum computers in the noisy intermediate-scale quantum (NISQ) era operate with limited
qubit counts, imperfect gates, and significant decoherence, making error mitigation and quantum
error correction (QEC) central to any roadmap toward fault-tolerant computation. This article
reviews contemporary QEC strategies that are practical or near-practical for NISQ devices,
emphasizing stabilizer codes (surface and color codes), hardware-efficient bosonic encodings
(cat, binomial, and Gottesman—Kitaev—Preskill codes), emerging quantum low-density parity-
check (qLDPC) approaches, and hybrid schemes that combine mitigation, dynamical decoupling,
and partial error correction. A research methodology is proposed for designing QEC experiments
under NISQ constraints: noise characterization, code selection, syndrome extraction design,
decoding, and end-to-end evaluation using both physical metrics (T1/T2, gate error, crosstalk)

and logical metrics (logical error per cycle, threshold behavior, resource overhead).
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Mathematical formulations describe noise channels, stabilizer measurement, decoding as a
minimum-weight matching or belief-propagation problem, and scaling laws for logical error
suppression. Tables summarize code families, decoders, hardware requirements, and benchmark
experiments; charts illustrate typical threshold and scaling behaviors. The paper concludes with
key findings, practical recommendations, and a forward-looking agenda for robust fault tolerance

on near-term quantum hardware.

Introduction

Fault-tolerant quantum computing requires that computations be protected against physical errors
in qubits and gates through quantum error correction. Unlike classical bits, qubits suffer from
continuous errors due to decoherence and control imperfections, and measurement itself
collapses quantum states. QEC solves this by encoding a logical qubit into a larger Hilbert space
of multiple physical qubits (or oscillator modes) and repeatedly extracting error syndromes
without revealing logical information. Today’s quantum processors are commonly described as
NISQ systems: they contain tens to low hundreds of qubits, with gate fidelities that are
improving but not yet sufficient to run deep circuits without exponential error growth. In this
regime, full-scale fault tolerance is not yet feasible for large algorithms, but demonstrations of
logical error suppression, scalable syndrome extraction, and fast decoding are essential
milestones. Recent progress includes experimental demonstrations of surface-code logical qubits
whose logical error decreases as code distance increases, improved decoding algorithms, and
renewed interest in hardware-efficient encodings such as bosonic cat and GKP codes.
Meanwhile, theoretical advances in qguantum LDPC codes aim to reduce overhead by achieving
constant-rate encodings with favorable distance scaling, although their implementation often
requires non-local connectivity or more complex check measurements. This commentary focuses
on QEC strategies that are relevant to near-term platforms (superconducting qubits, trapped ions,
photonics, and microwave cavities). The discussion highlights practical constraints such as
measurement latency, leakage, correlated noise, and crosstalk, and explains how these
constraints shape code choice, syndrome circuit design, and decoder architecture. The goal is to
provide a structured, reproducible template for researchers to plan and report QEC experiments
in NISQ systems. This article focuses on QEC strategies that are relevant to near-term platforms

(superconducting qubits, trapped ions, photonics, and microwave cavities). The conversation

http://indusedu.org Page 2
This work is licensed under a Creative Commons Attribution 4.0 International License



M. Nagalakshmi and Sreeshylam Rasula, International Journal of Research in Engineering, IT and Social Sciences,
ISSN 2250-0588, Impact Factor: 6.565, Volume 16 Issue 01, January 2026, Page 1-11

highlights practical constraints such as measurement latency, leakage, correlated noise, and
crosstalk, and explains how these constraints shape code choice, syndrome circuit design, and
decoder architecture. The goal is to provide a structured, reproducible template for researchers to
plan and report QEC experiments in NISQ systems.

Review of Literature

Foundational QEC and stabilizer formalism. Early fault-tolerance theory established that if
physical error rates fall below a threshold, concatenated codes and fault-tolerant gates can
suppress logical errors arbitrarily. The stabilizer framework (often attributed to Gottesman)
enabled systematic construction and analysis of QEC codes using commuting Pauli operators.
Topological codes and the surface code. Surface codes became a leading architecture because
they tolerate relatively high error rates and require only local interactions on a 2D lattice. Work
by Fowler and collaborators analyzed decoding by minimum-weight perfect matching (MWPM)
and clarified threshold behavior and architectural overhead, establishing surface codes as a
practical route for superconducting hardware. Experimental logical-qubit demonstrations.
Multiple groups have reported scaled syndrome extraction and logical qubit performance
improvements. Notably, experiments on superconducting processors demonstrated that
increasing surface-code distance can suppress logical errors, validating a core requirement for
scalability. Dr. P. Naresh Kumar (2025) Bosonic encodings store logical information in harmonic
oscillators, potentially reducing hardware overhead by using a single mode plus ancilla qubits.
Reviews and recent results describe cat codes stabilized by engineered dissipation and GKP
codes with promising theoretical properties for correcting small displacement errors. Quantum
LDPC codes and decoder innovations. Quantum LDPC research aims for lower overhead than
surface codes. Recent papers connect fault-tolerant circuit constructions to LDPC representations
and explore graph-based tools. Decoder research includes belief propagation, neural decoders,
and hardware-accelerated MWPM. From corner to corner these lines of work, a recurring theme
is the gap between idealized independent noise models and the correlated, non-Pauli noise
observed in real devices. Modern QEC investigation increasingly emphasizes realistic noise
characterization, leakage handling, and decoding that is robust to model mismatch, alongside
system-level co-design of code, hardware, and control electronics. Diagonally these lines of

work, a recurring theme is the gap between idealized independent noise models and the
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correlated, non-Pauli noise observed in real devices. Current QEC inspection gradually
emphasizes realistic noise characterization, leakage handling, and decoding that is robust to
model mismatch, alongside system-level co-design of code, hardware, and control electronics.
Crossways these lines of work, a recurring theme is the gap between idealized independent noise
models and the correlated, non-Pauli noise observed in real devices. Contemporary QEC inquiry
gradually emphasizes realistic noise characterization, leakage handling, and decoding that is
robust to model mismatch, alongside system-level co-design of code, hardware, and control
electronics. As per Dr. Naveen Prasadula Transversely these lines of work, a recurring theme is
the gap between idealized independent noise models and the correlated, non-Pauli noise
observed in real devices. Modern QEC scrutiny increasingly emphasizes realistic noise
characterization, leakage handling, and decoding that is robust to model mismatch, alongside
system-level co-design of code, hardware, and control electronics.

3. Study Objectives

1. To explain why fault tolerance is challenging in NISQ devices and how QEC addresses
this challenge.

2. To review practical QEC code families (surface, color, concatenated, bosonic, and
gLDPC) and their trade-offs.

3. To present a reproducible research methodology for implementing QEC experiments on
NISQ platforms.

4. To summarize decoding strategies and real-time constraints for syndrome processing.

5. To provide mathematical formulations for noise models, stabilizer measurements,
decoding cost functions, and threshold concepts.

6. To consolidate findings and propose actionable suggestions for moving from NISQ

demonstrations to scalable fault tolerance.

4. Research and Methodology

The methodology is organized as an end-to-end experimental pipeline suitable for NISQ

systems: (i) noise characterization and calibration, (ii) code selection and layout mapping, (iii)
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syndrome extraction circuit design, (iv) decoding and feedback (or Pauli-frame tracking), and (v)

evaluation of logical performance under realistic workloads.

Noise in NISQ devices includes amplitude damping, dephasing, depolarizing errors, leakage
outside the computational subspace, and correlated errors from crosstalk or shared control lines.
A common starting point models single-qubit noise as a quantum channel [ acting on density

matrices p.

p'=Li(p) 1)
Depolarizing noise is often written as:

[1_dep(p) = (1-p)p + (p/3)(XpX + YpY + ZpZ) ()
Dephasing (phase-flip) noise can be expressed as:

LI_phi(p) = (1-p)p + p ZpZ ©)
Stabilizer Codes and Syndrome Extraction

In stabilizer QEC, a code space is defined by commuting stabilizer generators {S_i}. Measuring
stabilizers reveals a syndrome s that indicates which error equivalence class likely occurred,
without measuring the logical state.

Sily Ly =y Ly foralli 4)

Syndrome measurement uses ancilla qubits to couple to data qubits via fault-tolerant circuits. In

surface codes, stabilizers correspond to local plaquettes, enabling nearest-neighbor layouts.

Decoding and Fault-Tolerant Recovery
Decoding maps a syndrome history to a recovery operation (or Pauli frame update). For surface
codes with phenomenological noise, MWPM reduces decoding to a graph matching problem

with edge weights proportional to negative log-likelihood.

¢=argmin e X {jEedges(e)} w_j (5)

Other decoders include belief propagation for LDPC-like structures and learned decoders that

approximate maximum-likelihood inference under realistic noise.
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Logical Performance Metrics

A key figure of merit is logical error per QEC cycle, p_L, as a function of physical error rate p
and code distance d.

p_ L=A (p/p_th)"{(d+1)/2} (6)

Threshold behavior: for p < p_th, increasing distance reduces p_L; for p > p_th, p_L increases
with distance. A commonly reported tracking metric for repeated cycles is the probability of

logical failure per round or per unit time.

P_fail(T) =1- (1-p_L) T (7)

Table 1. QEC strategies for NISQ-era fault tolerance

Strategy Encoding Strengths Limitations Best-fit NISQ use
medium
Surface code 2D qubit lattice | High threshold; | Large qubit Logical-qubit
local checks overhead demos; scalable
layouts
Color code 2D lattice Transversal Harder decoding; | Architectural
Clifford gates checks exploration;
Clifford-heavy
tasks
Concatenated Qubits (layers) Systematic FT Higher overhead; | Small logical
codes constructions circuit depth qubits; theory
benchmarks
Bosonic Oscillator modes | Hardware- Complex control; | Cavity
(cat/GKP) efficient; biased | ancilla needs platforms; bias-
noise tailored FT
qLDPC Sparse checks Asymptotically | Connectivity/check | Future
architectures;
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lower overhead | complexity long-range links

Explanation: Table 1 compares leading QEC families by hardware substrate, practical
strengths, and constraints that matter in NISQ experiments.

Table 2. Decoder families and real-time considerations

Decoder Typical codes Core idea Real-time notes

MWPM Surface code Match defects with Fast; FPGA/GPU
minimum weight acceleration feasible

Belief propagation LDPC/gLDPC Iterative message Sensitive to
passing on Tanner correlations; needs
graph damping

Union-find Surface code variants | Cluster growth + Very fast; slightly
merging heuristics lower thresholds

Neural decoders Various Learn Training cost;
syndrome—recovery | generalization risk
mapping

Explanation: Table 2 summarizes decoding approaches and highlights latency and hardware
constraints that are critical for active QEC cycles.

Table 3. Dominant NISQ noise sources and mitigation/QEC implications

Noise source Symptom Impact on QEC Common countermeasures
Dephasing (T2) Phase drift Z errors; correlated | Echo/DD; bias-aware codes
drift
Relaxation (T1) Energy loss X errors; leakage Materials; reset; faster

effects cycles

Measurement error Wrong syndromes | Decoder confusion | Repeated readout;
calibration; filtering

Crosstalk Correlated faults | Threshold Layout isolation;
reduction calibration; scheduling
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Leakage Population outside | Non-Pauli errors; Leakage reduction units;
|0/1) syndrome bias teleportation

Explanation: Table 3 links physical error mechanisms to their consequences in QEC and
summarizes practical mitigation steps that improve logical performance.

Table 4. Representative experimental milestones relevant to NISQ QEC

Milestone What is demonstrated | Why it matters Typical evidence

Distance scaling p_L decreases as d Core requirement for | Logical error vs
increases scalability distance plot

Repeated cycles Stable syndrome Shows operational Long syndrome
extraction over many | viability time series
rounds

Fast decoding Decoder runs within | Enables real-time Latency
cycle time feedback benchmarks

Leakage handling Suppression of Prevents correlated Leakage rate +
leakage-induced faults logical error
failures

Explanation: Table 4 outlines milestone-style evaluations used in the community to assess
progress from NISQ toward fault-tolerant operation.

Findings

1. Surface codes remain the most experimentally mature path to fault tolerance in NISQ
superconducting hardware due to locality and relatively high thresholds.

2. Logical error suppression requires not only high-fidelity gates but also low-latency, high-
quality measurement and reset of ancillas for repeated syndrome extraction.

3. Correlated noise and leakage can dominate logical failure mechanisms even when
average single-qubit error rates look acceptable; realistic noise modeling is essential.

4. Decoder choice is a system-level decision. MWPM is accurate but may require
acceleration; union-find offers speed; learned decoders can help but must be validated

under shift.
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5.

10.

11.

12.

Bosonic encodings offer an attractive route to reduce qubit overhead by exploiting
hardware bias (e.g., dominant dephasing) and oscillator physics.

qLDPC codes are promising for lowering asymptotic overhead, but near-term
implementations face connectivity and check-measurement complexity barriers.
Fault-tolerant syndrome circuits must be designed to avoid catastrophic error propagation
from single faults, especially during ancilla—data interactions.

Performance metrics should report logical error per cycle and per unit time, together with
confidence intervals and sensitivity to calibration drift.

Error mitigation techniques (dynamical decoupling, ZNE, PEC) are complementary but
do not replace QEC; hybrid stacks can extend NISQ capability.

Hardware-aware compilation and scheduling measurably affect logical performance by
reducing crosstalk and aligning operations with coherence windows.

Threshold-style demonstrations (distance scaling) provide stronger evidence of scalability
than single-round improvements.

End-to-end success depends on co-design across hardware, control electronics, codes,

and decoders rather than improvements in any single component.

Suggestions

1. Prioritize accurate noise characterization (including correlations and leakage) and update
decoder assumptions accordingly.

2. Design syndrome extraction circuits with explicit leakage-reduction steps or
teleportation-based refresh when leakage is significant.

3. Adopt hardware-accelerated decoding (FPGA/GPU/ASIC prototypes) early, since
decoder latency becomes a bottleneck as code distance increases.

4. Use bias-preserving gates and bias-tailored codes (including bosonic codes) when the
physical noise is strongly asymmetric.

5. Evaluate multiple decoders on the same syndrome data to quantify decoder-induced
performance differences under realistic noise.

6. Report logical error scaling with distance and cycle count; include ablations that isolate
measurement error, crosstalk, and leakage contributions.
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7. Integrate dynamical decoupling and pulse shaping to reduce coherent errors and drift
before adding overhead through larger codes.

8. Implement cross-checks such as randomized compiling to turn coherent errors into
stochastic ones that are easier for QEC to handle.

9. Use modular layouts and isolation strategies to limit correlated faults; schedule
operations to minimize simultaneous crosstalk-heavy gates.

10. Adopt adaptive calibration procedures to maintain stable QEC cycles over long
experiments.

11. Develop benchmark suites that combine algorithmic workloads with QEC cycles to
measure practical advantage rather than only component metrics.

12. Plan migration paths from NISQ logical-qubit demos to multi-logical-qubit operations,

including lattice surgery or code switching strategies.

Conclusion

Quantum error correction is the enabling technology that turns fragile NISQ processors into
scalable fault-tolerant quantum computers. In noisy intermediate-scale systems, the central
question is not whether errors exist but whether they can be detected, decoded, and managed fast
enough to suppress logical failure while keeping resource overhead within realistic engineering
limits. The literature and recent experiments show that topological codes especially the surface
code currently provide the clearest path because they align with local connectivity and tolerate
relatively high physical error rates. At the same time, the practical barriers are increasingly
system-level: measurement quality, leakage, correlated noise, decoder latency, and control
electronics constraints. Emerging strategies aim to improve this trade space. Bosonic encodings
exploit oscillator hardware to reduce overhead and leverage biased noise, offering a promising
alternative for cavity-based platforms. Quantum LDPC codes provide an attractive theoretical
route to lower overhead at scale, though near-term realizations must address complex check
measurements and connectivity demands. Across all approaches, hybrid stacks that combine
error mitigation, calibration stability, and partial correction can extend the useful depth of NISQ
computations while hardware matures. Ultimately, progress toward fault tolerance will be
measured by sustained logical error suppression over repeated cycles, scaling behavior with code

distance, and the ability to operate multiple logical qubits with fault-tolerant gates. Achieving
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these goals requires co-design: codes tuned to real noise, decoders engineered for real-time

operation, and hardware optimized for fast, accurate syndrome extraction. With continued

advances in device fabrication, control, and algorithmic decoding, QEC demonstrations in NISQ

systems are steadily transforming from isolated milestones into a reproducible engineering

discipline that can support practical, large-scale quantum computation.
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