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ABSTRACT This survey examines quantum error correction (QEC) as a cross-layer engineering problem for
scalable fault-tolerant quantum computing and protected quantum communication. It covers code and noise
models, hardware platforms and physical-integration constraints, real-time decoding and control, system-
scale resource limits, and QEC for quantum communication. Across these areas, the survey uses a three-stage
analytical lens consisting of physical realizability, real-time executability, and system-scale or end-to-end
utility, together with common criteria including logical reliability, timing and throughput, quantum and
classical resource overhead, connectivity and data movement, physical-integration and power constraints,
and communication rate and fidelity. Overall, the survey shows that scalable QEC depends on coordinated
advances across codes, devices, control, decoding, architecture, and communication.

INDEX TERMS Fault-tolerant quantum computing, full-stack quantum error correction, quantum

communication, quantum error correction, quantum systems engineering, scalable quantum systems.

I. INTRODUCTION
Quantum computing promises transformative capabilities
in simulation, optimization, and secure communication.
As quantum processors grow in size and capability, the
challenge is increasingly to move from demonstrations of
physical-qubit performance toward computations that remain
reliable over long runtimes and at useful scales. Small control
imperfections and interactions with the environment can
accumulate during computation and corrupt the quantum
state. Suppressing and managing these errors is therefore a
central requirement for scalable quantum computing.
Quantum error correction (QEC) is the framework devel-
oped to meet this challenge. At a high level, QEC allows
quantum information to be protected and processed reliably
even when individual hardware components are noisy. Over
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approving it for publication was Siddhartha Bhattacharyya

the last decade, QEC has moved from a predominantly
theoretical topic to an engineering discipline shaped by real
devices and real workloads. Early demonstrations established
that protected quantum information could be maintained;
current efforts increasingly focus on sustaining reliable
logical computation over long runtimes and at useful scales.

This shift makes fault tolerance a full-stack problem.
Practical QEC must be co-designed with the hardware
platforms that implement it, the control and measurement
systems that extract error information, and the classical
processors that interpret that information under tight latency
and power limits. These cross-layer constraints increasingly
determine whether a proposed code, decoder, or architecture
will remain viable as systems grow.

Motivated by this transition, this survey examines the
engineering challenges that shape the path toward scalable,
fault-tolerant quantum computing. We take an integrated
view across theory, physical platforms, real-time decoding,
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system scalability, and quantum communication, with
emphasis on how constraints in these areas interact. Our goal
is to clarify where current bottlenecks lie and which open
problems most strongly shape the path to useful fault-tolerant
quantum systems.

Existing QEC surveys and perspectives organize the
field around complementary analytical emphases, including
foundational and tutorial treatment [1], code families and
implementation trade-offs [2], noise-adapted protection [3],
learning-based and adaptive QEC [4], and quantum com-
munication [5]. Other studies focus more specifically on
real-time decoding and decoder implementation [6], [7],
the real-time QEC system stack [8], or algorithm—QEC-
hardware co-design for low-overhead fault-tolerant compu-
tation [9]. Table 1 compares these selected works using the
stated operational criteria, with each classification interpreted
only with respect to its named criterion.

The present survey organizes the engineering prob-
lem around dependencies among code/noise assumptions,
physical implementation, real-time decoding and control,
system-scale integration, and protected communication.
The four engineering questions below make these depen-
dencies explicit by relating code and device assump-
tions to embedding and syndrome extraction, decoder
workload to service and timing constraints, quantum
and classical resources to realizable logical scale, and
protected-communication mechanisms to end-to-end rate and
fidelity.

More specifically, this cross-layer view is organized
around four engineering questions: (i) how do code
parameters, physical-noise assumptions, and device/material
constraints jointly determine code embedding, syndrome
extraction, and viable platform implementations; (ii) when
does a decoder remain practically executable once sustained
syndrome throughput, backlog, response and tail latency,
data movement, accelerator placement, and cryogenic
power/energy are included; (iii) how do quantum and ancilla
overhead, syndrome-memory pressure, routing/interconnect,
packaging, and classical memory and energy jointly limit
achievable code distance and logical-system scale for a target
logical reliability; and (iv) for protected quantum commu-
nication, how do encoding, fusion, decoding, buffering, and
encoded swapping constraints propagate across the physical,
link, network, and transport layers into end-to-end rate and
fidelity.

These questions define a survey-level taxonomy of coupled
constraint domains: code/noise, device/material and physical
implementation, real-time decoding/control, system-scale
integration, and protected communication. These domains
are coupled because a design choice or constraint in one
domain changes feasible choices, resource requirements,
or performance in another.

Across these domains, we use a three-stage analytical
lens. First, physical realizability asks whether code and noise
assumptions remain implementable under device/material
properties, connectivity, embedding, syndrome-extraction,
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packaging, and physical-integration constraints. Second,
real-time executability asks whether syndrome process-
ing, decoding, data movement, and feedback can satisfy
sustained throughput, backlog, response and tail-latency,
placement, memory, and power constraints. Third, system-
scale and end-to-end utility asks what logical scale,
reliability, resource efficiency, or protected-communication
performance remains achievable after those implementation
constraints are included.

Within this lens, the principal recurring evaluation criteria
are logical reliability; timing and throughput feasibility;
quantum and ancilla resource overhead; connectivity,
routing, and data movement; classical memory/compute
and thermal/power/physical-integration resources; and
system-scale or end-to-end utility, including communication
rate and fidelity where applicable. These criteria provide a
common engineering basis for the principal code, hardware,
decoder, scalability, and communication comparisons in the
survey.

The contributions of this paper, to be read with Table 1, are
as follows:

o Provide a cross-layer analytical synthesis organized
around explicit engineering questions, a coupled-
constraint taxonomy, and recurring evaluation dimen-
sions that relate code/noise assumptions to physical
implementation, real-time decoding/control, system-
scale feasibility, and protected-communication perfor-
marnce.

o Provide a tutorial overview of the fundamental chal-
lenges and trade-offs that govern scalable fault toler-
ance.

« Present a structured survey of decoder families and their
real-time architectural implications.

o Analyze scalability across qubit overhead, syndrome
cadence, routing/interconnect, and emerging low-
overhead directions.

« Provide a unified discussion of QEC for both quantum
computation and quantum communication.

The remainder of this paper is organized as follows.
Section II outlines foundational concepts and challenges.
Section III focuses on hardware and physical imple-
mentation. Section IV surveys decoders and real-time
constraints. Section V analyzes scalability and resource
overhead. Section VI covers noise and decoherence man-
agement. Section VII addresses QEC for quantum commu-
nication. Section VIII concludes with open problems and
a roadmap. To aid navigation, the guiding figures use a
common analytical grammar: grey marks the subsection
anchor, pink the purpose or outcome, green the pit-
fall or default state, light blue the decision questions,
and gold the key takeaway. These figures condense the
subsection’s engineering decision logic rather than repeat
the surrounding prose. Figure 1 instead uses numbered
cycle stages as a workflow and navigation map; its stage
colors are visual separators and do not encode quantitative
values.
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TABLE 1. Criterion-level content comparison of selected qec reviews, perspectives, and system-oriented surveys.

Panel I: Code Theory, Noise, Decoding, and Real-Time Control
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Abdelhadi [2]
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Classification rule: Y = the complete operational criterion is substantively satisfied; P = relevant content is substantively present, but the complete
mathematical, quantitative, implementation-level, systems, or cross-layer criterion is not satisfied; N = the specific operational criterion was evaluated and
the required substantive treatment was not established. A N applies only to its named operational criterion. For criterion Y (Explicit Cross-Layer QEC
Co-Design), complete satisfaction requires an explicit dependency across QEC engineering layers: a design choice or constraint at one layer must be
connected to a feasibility condition, resource requirement, or performance consequence at another layer; discussion of multiple layers without such a
dependency constitutes partial rather than complete coverage. The entries represent criterion-level content coverage under these operational definitions.

A. REVIEW SCOPE AND METHODOLOGY

This article follows a structured narrative and tutorial
engineering-survey methodology spanning QEC and fault-
tolerance foundations, noise modeling, hardware and
physical implementation, real-time decoding and control,
system-scale integration, and protected quantum com-
munication. Candidate literature was identified through
multiple scholarly search and publisher platforms, including
Google Scholar, IEEE Xplore, and the ACM Digital
Library. Screening proceeded from title relevance to abstract
relevance and then to full-text technical relevance. Works
were retained when full-text assessment established a
direct connection to a technical topic, claim, comparison,
or engineering question developed in the survey; works
whose connection to QEC remained incidental were not
used as core support for the corresponding technical
analysis.
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Foundational and original sources were prioritized for
established theorems and canonical constructions, while
recent primary studies were prioritized for current hard-
ware, decoder, architecture, and experimental claims where
available. Reviews and perspectives were used for synthesis
and literature orientation, and recent preprints were retained
selectively for rapidly developing topics. Where evidence
type affects interpretation, the survey distinguishes theoret-
ical or analytical results, numerical or simulation studies,
architecture or synthesis studies, hardware prototypes, and
experimental demonstrations.

For quantitative comparisons, source-defined quantities
are retained with their workload, noise model, platform,
code distance, and implementation context. Author-derived
quantities are reported only when compatible source-reported
inputs and definitions permit an unambiguous calculation;
otherwise values are identified as not reported (NR), not
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derivable (ND), or not directly comparable (NC), as appli-
cable. Table 10 applies this provenance convention explicitly
to decoder benchmarks. For Table 1, each criterion was
evaluated against a written operational definition and each
classification was interpreted only with respect to that
criterion; differences in terminology, section organization,
document length, citation count, or number of examples were
not used as a basis for classification.

Il. FUNDAMENTAL CHALLENGES IN QEC

Quantum error correction (QEC) aims to preserve quantum
information in the face of decoherence and imperfect
operations while respecting hard hardware limits. We frame
the fundamental challenges that govern scalability: locality—
rate—distance trade-offs, correlated/non-Pauli noise, real-
time decoding complexity, transversality limits, bias-aware
and bosonic encodings, cadence constraints, and hardware
mapping. Each subsection states the issue concisely, defines
the minimum terms, and ends with a brief takeaway. Where
several approaches address the same problem, the takeaway
compares what each approach improves, what it costs,
and which hardware or system constraint determines its
practical use.

Core Terms

1) Logical vs. physical qubits: A logical qubit is encoded across
many physical qubits so that typical faults can be detected and
corrected without collapsing the logical state.

2) Stabilizers and syndromes: Stabilizers are commuting checks
whose %1 outcomes, called syndromes, reveal the error without
revealing the logical state. For CSS codes, Hy and Hz denote the
binary check matrices whose rows specify the X- and Z-type
stabilizer generators, respectively; their commutation condition is
HyH! = 0 over F».

3) Code parameters: A code is denoted [[n, k, d||: n physical
qubits encode k logical qubits with distance d, the minimum fault
weight that flips a logical state.

4) Error and timing notation: Throughout Sections II-VIL, pppys
denotes a physical error probability or rate on the stated operation,
location, or noise-model basis; Py denotes a logical error
probability or rate on the stated QEC-cycle, logical-operation, or
memory-experiment basis; and 7 denotes an execution or
processing duration. Subscripts or superscripts identify the timing
basis, €.2., Tdec» Tround» and T,r”p. Source-specific symbols are
retained when reproducing reported quantities and are mapped
explicitly to these survey-wide conventions.

5) Noise models: Pauli stochastic X /Y /Z, amplitude-damping T+,
dephasing T2, erasure loss with known location, plus correlated and
coherent systematic errors; see Section V1.

6) Transversality: Gates that act qubit-wise across a block so single
faults do not spread; useful for Cliffords, but not sufficient for
universality because of Eastin—Knill.

7) Syndrome extraction and cadence: The per-round
measurement schedule and timing budget that must fit device
coherence and decoder deadlines; see Sections II-H and IV.

8) Decoder: The classical algorithm/hardware that maps syndromes
to corrections under tight latency and power envelopes; see

Section IV.

A. WHAT IS QUANTUM ERROR CORRECTION?
This subsection introduces the foundational principles of
QEC. It explains how QEC encodes logical information

4

across many physical qubits so that errors can be detected and
corrected without collapsing the underlying quantum state.

Qubits, the basic units of quantum information, can exist
in superposition, simultaneously representing 0 and 1, and
can be entangled so that their states are interdependent.
These properties enable quantum algorithms with poten-
tial exponential speedups but also make qubits extremely
sensitive: brief environmental interactions or small control
imperfections can collapse superposition or scramble entan-
glement, destroying stored information. Because quantum
states cannot be copied, as stated by the no-cloning theorem,
redundancy must be achieved through entanglement-based
encodings rather than simple duplication.

QEC addresses this by encoding a single logical qubit
into many physical qubits using a carefully chosen quantum
code. For example, surface codes and the Steane code
distribute logical information so that most small local errors
leave distinct signatures, called syndromes, on auxiliary
check qubits called ancillas. Measuring ancillas reveals only
the error pattern, not the logical state, thereby preserving
coherence. A classical decoder processes the syndrome and
applies, or tracks, corrective operations that restore the logical
qubit.

Unlike classical error correction, which mainly handles
discrete bit flips, quantum errors are richer and effectively
continuous. A single fault may act as a bit flip, Pauli X,
a phase flip, Pauli Z, or their combination, Pauli Y, and
small coherent drifts can accumulate between correction
cycles. Directly measuring data qubits would destroy their
states, so QEC uses carefully designed circuits and entangled
ancillas to perform indirect, syndrome-only measurements.
As aresult, QEC codes must protect both amplitude and phase
information, and they require real-time classical processing
throughout repeated correction cycles. Figure 1 maps this
recurring workflow and identifies where its principal stages
are developed in the survey.

o o Prepare or Reset ancillas
o) Initalize ancilla qubits in |0)
{ - (or required states) and
/" reset from previous cycle
. - @S
Proceed to next cycle \ Entangle with data
and logical operation Y Perform stabilizer (parity)
bt i 810700 measuements by enanging
S pectormogialianee; ancillas with data qubits via
memory, or transmission. physical gates.
QEC Cycle

Repeated

ly

Correct or update
the Pauli frame
To17] /  Measure ancilla qubits in the

computational basis to extract
syndrome bits.

Apply corrections physically
o update the Pauli frame

O\ ‘Measuraiancillas to
. o \\ obtain syndromes.

(virtual corrections).

FIGURE 1. QEC Cycle. Ancilla preparation, stabilizer interaction, and
syndrome measurement are developed in Sections II-H and I11; decoding
and Pauli-frame response in Sections 11-D and IV; fault-tolerant logical
operations in Sections II-E and I1I-C; and communication-specific QEC in
Section VII. The numbered sequence defines the workflow; colors
distinguish stages only and carry no quantitative meaning.

In practice, QEC is a full-stack engineering problem.
It spans quantum device physics, meaning how different
qubit platforms fail; control electronics, meaning how
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Quantum Codes

Taxonomy of code families for protecting quantum information
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Codes (QECCs) Variable Codes Codes Codes Codes
General class of codes that C;;fm“""dw cm"s'"" o Cousbulchy ::.m"m’- ®| | Coces forbosonic modes | | Codes for streaming | | Codes from classical | | Codes withiterative
protect quanturn information ey e e o and iabh or conti Reed-Muller code decoding for high
i vopenein emmor protection Codan systems quantum data families performance
A — N
Shor Code Gottesman-Knill- Toric Code Concatenated GKPCode | | | Standard QCC [5,1.3]]
| o-qubit protection —  based Codes - €SS Codes o (P y Reed-Muller Code |
! P . 4 Topological loops Grid states correcting Streaming protection
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3 ce Cat Codes
7-qubit CSS code Graph Codes L] Operator Quantum
from Hamming — Planar 20D lattice; Concatenated Coherent-state —| Convolutional
743 Codesbulltm leading fault-tolerant| | Bacon-Shor Codes superpasitions Codes (0QCCs)
— i
c’;“‘ siains architecture Ascursive bl robust to phaton loss D
protection with Co codes
Bacon-Sher Code local checks i—Z— it gaxiga frsadom
= Subsystem code with R Bi: ial Codes harn
local checks for Quantum LDPC Color Code | 5™ measurement weight
arbitrary errors =1 (QLDPC) — Trivadlent 1 Finite Fock-state —_— =
Sparse parity checks; lattice with broader g oo for
loss/gain/dephasing
scalable low-overhead transversal gates
CSS Codes it " N
Separate X and Z
error correction
using classical codes
| ——
Five-Qubit Code J \ [ |
H s [o) 10} (1]
Smallest perfect Adiabatic & Quantum Secret Subsystem Codes
S qUiCaTon Measurement-Based Sharing Codes
correcting code Quantum Codes Codes that encode logical
\ Codes that distribute quantum information i bsystem
Codes leveraging adiabatic - T
2 information securely among of a larger Hilbert space
evolution or measurement- | Itiple: parties
based models \ TENPER
= —_—
Cluster-State Codes (k,n) Threshold QSS
Measurement-based Authorized sets reconstruct;
fault-tolerant computation unauthorized sets learn
on cluster lattices | nothing
Adiabatic Quantum Codes | Example: (2,3) Scheme
Ground-state protection Two parties can recover i
through slowty varying “|0) % m]) from Low-weight gauge_
Hamiftonians et S ares measurements simplify
syndrome extraction
D Gl bbbt i Important cross-links  ---------c-mmee e mse e 3
i e ——————— , pmmmmmmm e ——— e s, pmmmmmmm e m————— -~ :
5 ] 1 ! 1 1] 1 I = [} ] 1 Ll ]
' E Steane Code ; Bacon Sh.or i E P\ QLDPCisa :r 3 Cluster-State 3 3 Quantum i E Quantum Turbo ! E
i belongsto | = zéppears n L sparse i Codes connect . Reed-Muller | | Codes are i E
L | 1] ' [} ] 1 1 1 1 [ il 1
P ;ZSand : QEC: d.:oncatenated. b stabilizer | | to Gfraph Cm.'.les P codesare | | often buultl g r
i ; tabilizer ; and Subsystem bl family bl and Topological o CSS-based | | from convolutional i ;
i frameworks | contexts L { I 1 ! e 1 codes {
1 ’ ' b i H S

MBQC !

"

FIGURE 2. Non-exclusive landscape of representative quantum-code families and important cross-links among overlapping constructions [2].

quickly and accurately corrections can be applied; and
computer architecture, meaning how data and syndromes
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move between cryogenic devices and classical decoders.
Every code must be co-designed with its hardware platform,
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such as superconducting, ion-trap, photonic, or spin-based
qubits, to respect constraints on connectivity, timing, and
power.

Against this systems context, it is useful to first situate
the major quantum-code families encountered throughout the
survey. Fig. 2 provides a high-level, non-exclusive landscape
of representative constructions and their important cross-
links. The categories intentionally overlap: for example,
gLDPC codes belong to the stabilizer framework, many
topological codes are stabilizer constructions, and subsystem
or concatenated structures can intersect with other families.
The figure serves as a non-exclusive orientation map of these
overlapping code families and their cross-links.

Although these code families differ in mathematical struc-
ture, encoding strategy, and implementation assumptions,
they are evaluated using a common set of performance and
engineering quantities. Table 2 summarizes the principal
metrics used throughout this survey to relate code properties
to hardware and real-time system constraints.

TABLE 2. Fundamental QEC metrics.

Metric
Physical error rate pppys

Meaning

Physical fault probability or rate on the stated
operation, location, or noise-model basis.
Logical failure probability or rate on the stated
QEC-cycle, logical-operation, or
memory-experiment basis.

Logical error rate Py,

Distance d Minimum weight of a Pauli operator mapping
one codeword to another.

Rate R = k/n Ratio of logical qubits to physical data qubits
for an [[n, k, d]] code.

Threshold pyj, Maximum pppys below which Py, decreases
with increasing code distance under the stated
noise model and decoder.

Stabilizer weight Number of qubits touched by a parity check.

Execution / processing | Duration of the stated operation or processing

time T workload; subscripts or superscripts identify

the timing basis.

The comparison reveals three distinct engineering regimes.
Surface and color codes retain direct two-dimensional
locality but pay O(d?) code-level overhead per logical qubit.
XZ7ZX retains essentially the same geometry while exploiting
biased Pauli noise, so its unusually high code-capacity
and phenomenological thresholds should not be compared
numerically with circuit-level surface-, color-, or BB-code
thresholds. Bivariate-bicycle codes reduce code and ancilla
overhead substantially in circuit-level simulation but replace
strict geometric locality with degree-6, long-range connec-
tivity. Quantum Tanner codes offer constant asymptotic rate
and relative distance together with single-shot decoding
guarantees, but their expanding connectivity remains a major
implementation burden. Finally, concatenated cat—repetition
QEC demonstrates a different resource trade: part of the error
suppression is performed inside each bosonic mode, making
a simple physical-qubit-per-logical-qubit comparison with
discrete-qubit codes inappropriate.

B. LOCALITY, RATE, AND DISTANCE TRADE-OFF

This subsection explains how QEC codes balance three
interdependent properties: locality, rate, and distance, as sum-
marized in Table 2. Here the rate is R = k/n. For
the mathematical bound below, locality is used in the
stronger Euclidean sense that each commuting check is
supported within a region of bounded geometric diameter on
a two-dimensional lattice. This is distinct from the qLDPC
condition of bounded check weight and bounded Tanner-
graph degree: a sparse check graph need not be geometrically
local. This distinction anchors the design trade-off shown in
Fig. 3.

Locality, Rate, and Distance

DECISION QUESTIONS
@ What logical reliability is
required, and what code

PURPOSE | OUTCOME
Select a code
architecture that

Fundamental Relationship

Decoder latency 7, Time between syndrome readout and the

corresponding Pauli-frame update.
Maximum geometric span of any stabilizer on
the hardware connectivity graph.

Locality, or check
range/diameter

the target
logical reliability while
balancing code rate,
distance, physical
connectivity, and
implementation
resources.

distance is needed

under the stated physical-
noise

model and decoder?

Distance
d

Two Engineering Routes

© For the target logical scale,
what code rate and total

Together, the code-family landscape and these common
metrics establish the vocabulary used in the remainder of the
survey: the former organizes the main families of protection
strategies, while the latter provides the quantities needed to
compare their reliability, overhead, locality, and real-time
implementation requirements.

To make these quantities operational across code families,
Table 3 provides a source-conditioned comparison of rep-
resentative constructions. The table deliberately retains the
noise model, workload, decoder, and evidence basis attached
to each reported quantity. Thresholds obtained under code-
capacity, phenomenological, circuit-level, and experimental
conditions are therefore not treated as directly interchange-
able. Likewise, n/k denotes code-level data-carrier overhead,
whereas Nj,,/k denotes a broader implementation count only
when the cited source reports a sufficiently clear hardware
basis.

implementation overhead—
including ancillas—fit the
available physical-qubit
budget?

© Can the required check
graph be implemented with

PITFALL | DEFAULT
STATE
Do not treat locality,
rate, and distance as a
generic “choose-two”
rule.

Strict 2D Geometric qLDPC Sparse
lity Connectivity
o—n

Z

o

oot

qo

ight

gl
checks; sparse

g
« Under strict 2D checks ona 2D routing, extraction depth,

geometric locality, R d? lattice Tanner graph and physi;:al-integration
=0(1). Constant rate & overhead?
+ GLDPC codes can Rd*=0(1) growing distance| | | | @) can syndrome processing
retain favorable rate- and X
distance scaling by Local i N sustain the
relaxing g surf: de-lik i q d
geometric embedding, o(d? ~ routing thr bound

on R overhead 9,
shifting cost into () extraction and response latency, and
connectivity, routing, scheduling, fit memory and power
scheduling, and and ing cost s

decoding.

Code design is a coupled systems Eroblem: choices in locality, rate, and
KEY TAKEAWAY | distance jointly determine the feasibility of embedding, extraction, and real-
time decoding, and ultimately the achievable logical scale and reliability in a
given hardware platform.

FIGURE 3. Summary of locality, rate, and distance in the form of design
questions, pitfalls, and purpose.

For codes whose codespace is specified by geometrically
local, pairwise commuting constraints of bounded interaction
range on a two-dimensional lattice of finite-dimensional
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TABLE 3. Source-conditioned quantitative comparison of representative QEC Code families.

Code family

Representative parameters

Code / implementation
overhead

Check weight / locality

Threshold + noise model

Representative logical
result +

Connectivity / extraction; decoder

Evidence / Ref.

1/ scaling

implicatiol

Surface code

Rotated planar family:
[[d2, 1, d]] at the
data-code level.

n/k = d?2 data qubits. A
standard data-plus-measure
layout uses

Ny /k = 2d% — 1.The
Willow d = 7 experiment
used 49 data, 48 measure, and
4 additional leakage-removal
qubits: N, = 101.

Bulk stabilizers have
weight 4; geometrically
local on a 2D square
lattice.

Threshold is circuit- and
decoder-dependent. The standard
circuit-based comparison used in
[10] places the relevant surface-code
scale near 0.7 %. The Willow
result demonstrates below-threshold
operation experimentally rather than
extracting a universal pyj,.

Experiment: ford = 7, the
logical error rate is

Pp =7 =
(1.43+0.03)x 103
per QEC cycle with a neural
decoder, obtained from
memory experiments
extending to 250 cycles. No
single dgpolaruh{g—pphﬂ
assumption describes the
hardware run.

Nearest-neighbor square-grid syndrome
extraction. Correlated matching and neural
decoding were used offline;ad = 5
real-time decoder sustained 1.1 ps QEC
cycles for up to 100 cycles with 63 ps
average response latency.

Experiment [11]

Triangular color code

Representative 6.6.6
triangular family:

[[n, 1, d]] with

n = 0(d?).

n/k = ©(d2). Ny, /k:
NR on a common
syndrome-extraction basis in
the cited study.

2D local face checks; the
triangular 6.6.6 family
contains weight-4 and
weight-6 X- and Z-type
checks.

0.47% under the standard
circuit-level noise model using
error-rate-weighted decoding.

NR for an experimental
logical-memory error per
cycle in the cited work; the
study instead provides
circuit-level numerical
threshold, lattice-surgery
decoding, and state-injection
analysis.

2D local architecture; weighted decoding
graphs and circuit-level lattice-surgery
decoding. Higher-weight checks z
color-code syndrome process
extraction/decoder complexity relative to
weight-4 surface-code plaquettes.

Theory /
Simulation [12]

XZZX surface code

Locally equivalent to the
conventional surface code:
k= 0(1),n = 0(d?).

Same asymptotic code-level
scaling as the surface code.
N,y /k: NR as a hardware
implementation quantity in the
cited work.

Weight-4 local XZZX
plaquette checks on a 2D
square lattice.

Code capacity: 18.7(1) % for
depolarizing Pauli noise and
approximately 50% for pure X, Y,
or Z noise. Phenomenological:

NR for a hardware
logical-error measurement in
the cited study; results are
numerical threshold and

b

approaches 10% at

old

large Z-bias with noisy syndrome
measurements. These values are not
circuit-level thresholds.

resource-scaling analyses.

Retains local surface-code connectivity
Bias-aware tensor-network or matching
decoding exploits dominant Pauli
structure; at infinite Z-bias the decoding
problem decomposes into
repetition-code-like lines.

Theory /
Simulation [13]

[In, ©(n), ©(m]]. ic.,
constant rate and constant
relative distance.

asymptotically. Ny, ,,, /k: NR
for a complete fault-tolerant
hardware implementation.

checks, but the expanding
Tanner graph is generally
not geometrically local.
Explicit layout studies
include small instances
with check weights in the
6-12 range.

circuit-level threshold in the cited
single-shot analysis. That result
instead proves correction under
sufficiently low-weight adversarial
data and syndrome errors.

syndroi

round suffices for
single-shot QEC under the
stated adversarial
assumptions. A constant
number of parallel-decoder
iterations per repeated QEC
round keeps residual error
bounded; O(log n)
iterations yield &« = 0 in
the single-shot residual-error
bound.

principal i cost.

and parallel mismatch-decomposition
decoders are provably efficient; multilayer
superconducting layout studies place
Tanner instances near the high-complexity
end of the studied qLDPC families at
comparable logical efficiency.

Bivariate-bicycle qLDPC i Code level: ‘Weight-6 checks; Approximately 0.7 % under the Simulation: for the Requires six check couplings per qubit, Architecture /
[[144,12, 12]] BB n/k =144/12 = 12. degree-6 Tanner standard circuit-based noise model [ [[144, 12, 12]] code at |including long-range edges; the Tanner Simulation [10]
code. With one check ancilla per data | connectivity. Sparse but | with the cited fault-tolerant protocol |p_, = 107 2. the graph decomposes into two planar

; - ; : " phys 3 ;
qubit, the cited architecture not geometrically local;  [and BP+OSD decoding. reported logical error rate is | subgraphs. Syndrome extraction uses
uses 288 total qubits, giving | Tanner graph has P, =2x10""7; seven CNOT layers (depth eight including
My /k = 24. thickness two. simulations use d syndrome | initialization/measurement), followed by
cycles for a distance-d code. | circuit-aware BP+OSD decoding.
Quantum Tanner gLDPC | Asymptotically good family: [n/k = ©(1) Constant-weight parity NR for a numerical stochastic Theory: one noisy Long-range expanding connectivity is the | Theory / Layout

study [14]-[16]

Bosonic cat + repetition

Outer repetition code of
distance d over cat-qubit
data modes; experiment
realizes d = 5 with one
logical qubit.

Outer-code n/k = d cat data
modes. The d = 5 device
contains 5 storage modes, 4
syndrome-ancilla transmons, 5
stabilization buffer modes, and
tunable couplers: a single
N, /K qubit count is NC
with two-level-qubit
architectures.

Weight-2 outer repetition
checks XiXH» 1
nearest-neighbor linear
extraction.

NR for a single numerical
full-logical circuit threshold. The
phase-flip-correcting repetition
sector is experimentally
demonstrated below threshold,
while cat stabilization suppresses
rather than outer-code-corrects bit
flips.

Experiment:d = 5
achieves P; = e =

1 .65(23)% per QEC cycle
at|a|® = 1.5.
Distance-3 sections average
Py = 1.75(2)% per
cycle. These are measured
device values, not results at
an assumed depolarizing

Linear storage-mode array with transmon
syndrome ancillas and noise-biased CX
gates. Repetition decoding corrects phase
flips while preservation of the native
cat-qubit bias is essential to total logical
performance.

Experiment [17]

Pphys-
Comparison convention:  is the number of data carriers entering the code parameters [[n, k, d]]; Il\jlhw includes synd
counted QEC carriers only when the cited source provides a clear implementation count. NR = not reported in the cited source; ND = not derivable from
source-reported, workload-matched quantities; NC = not directly comparable under a common resource or noise-model basis. Code-capacity,
phenomenological, circuit-level, adversarial, and experimental results are retained under their source-specific assumptions and must not be numerically
rank-ordered across models. Simple ratios such as 144 /12 and 288 /12 are derived only from source-reported counts.

rome ancillas and other explicitly

particles, Bravyi, Poulin, and Terhal proved the finite-size

and d

®(n) exist [19]. These asymptotic qLDPC

bound [18]
cn
k < 72 ey
where ¢ is independent of n, k, and d, and depends only
on the locality of the constraints and the local Hilbert-space
dimension. Equivalently, the asymptotic scaling is kd?>
O(n). Thus, under strict two-dimensional geometric locality,
a family with increasing distance cannot retain a nonzero
asymptotic rate: d — oo implies R = O(d~?). Con-
ventional planar surface-code patches exhibit n = O(kd?)
scaling and therefore match this trade-off up to constant
factors [18].

The geometric-locality assumption is essential. Quantum
LDPC locality instead refers to sparse parity checks: bounded
check weight and bounded Tanner-graph degree do not
require bounded Euclidean interaction range. Indeed, explicit
asymptotically good qLDPC families with & O(n)

—  Rd*<c,

VOLUME 14, 2026

results do not contradict (1) because their sparse Tanner
graphs are not required to admit a bounded-range two-
dimensional Euclidean embedding. In a physical processor,
the resulting non-geometric connectivity can instead reappear
as routing, coupler, stabilizer-scheduling, and decoding
overhead.

Recent work explores algebraic product constructions [20],
stability and threshold behavior for LDPC codes without
Euclidean spatial locality [21], lifting-based improvements in
relative code parameters [22], and hardware-oriented bicycle
and biplanar layouts [10], [23]. These directions seek to pre-
serve favorable rate and distance while making the required
nonlocal connectivity progressively more implementable.

In summary, the rigorous obstruction is not that every
quantum code can optimize only two abstract metrics; rather,
strict two-dimensional geometric locality imposes Rd*> =
O(1), whereas qLDPC sparsity can support constant rate and
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growing distance only by relaxing that geometric-embedding
assumption.

Can a practically embeddable, efficiently decodable architecture
retain the rate—distance advantages of modern gLDPC codes while
keeping physical interaction and routing overhead sufficiently
local?

C. CORRELATED-NOISE MODELS BEYOND THE
THRESHOLD THEOREM

This subsection distinguishes the phenomenological noise
models commonly used in QEC analysis from operator-level
descriptions of the underlying physical dynamics. In a
phenomenological Pauli model, let E, denote the effective
fault assigned to circuit location £. For a homogeneous
set of equivalent locations, the independent and identically
distributed (IID) approximation assumes

N
Pr(EL, ..., En) = [ [ p(ED. )
=1

Independence is the factorization in (2), while identical
distribution means that equivalent locations use the same
probability law p; a location-dependent but independent cir-
cuit model instead uses H[ pe(Ey). Thus, “Pauli stochastic”
and “IID” are not synonymous: correlated Pauli faults are
possible when the joint distribution does not factorize. Such
phenomenological models are useful for threshold studies
and efficient simulation, but a simple factorized model
coarse-grains coherent phases, inter-location correlations,
and time-dependent device dynamics [24].

At the operator level, a noisy physical operation is rep-
resented by a completely positive trace-preserving quantum
channel

D KiK, =1, 3)

a

E(p) = D KupK].

where p is the density operator and K, are Kraus opera-
tors [25]. Coherent noise is included as the unitary special
case E(p) = UpU f, while correlated multi-qubit channels
need not factor into independent single-qubit channels.
Circuit-level models lie between these descriptions by
assigning effective channels to gates, measurements, resets,
and idle intervals and, when appropriate, reducing them to
Pauli or syndrome-fault probabilities for QEC simulation.
Early threshold analyses include quasi-independent
stochastic error models [24], but fault-tolerance theorems
also exist for restricted classes of non-Markovian, spatially
correlated Hamiltonian noise [26]. Consequently, correlation
does not invalidate threshold theory in general; it invalidates
a particular IID model when the physical process lies
outside that model’s assumptions. Spatial correlation,
temporal correlation, coherent error, non-stationarity, and
non-Markovianity are therefore treated as distinct properties
in this survey. Section VI applies this hierarchy to slow flux

fluctuations, coherent residual ZZ coupling, and ionizing-
radiation-induced phonon/quasiparticle bursts [27]; Fig. 4
distills the resulting hardware-to-QEC design loop.

Correlated-Noise Models Beyond the Threshold Theorem

PURPOSE /| OUTCOME
Use hardware-calibrated,
correlation-aware noise
models to improve logical-
error prediction and guide
simulation, threshold

Modeling Hierarchy

Hardware evidence

« spectra

« drift data

« multi-qubit benchmarks
« burst statistics

control design. Calibrate
from spectra, drift data,
and multi-qubit or burst-

3
A. Phenomenological model

Independent or location-
effective faults;

ks
rather than assuming
factorized IID noise.

useful for threshold studies
and efficient simulation.

DECISION QUESTIONS

@ Which properties dominate:
spatial correlation, temporal
correlation, coherent error,
non-stationarity, or non-
Markovianity?

@ What hardware evidence will
calibrate the model: spectra,
drift data, residual Zz/
crosstalk measurements, or
burst istics?

13

PITFALL | DEFAULT STATE
Do not equate Pauli-
stochastic noise with IID
noise.

Simple IID or depolarizing
models coarse-grain
coherent phases, inter-
location cor i al

B. Circuit-level effective
model

Gate, measurement, reset, and
idle channels; can retain
correlation structure relevant
to QEC.

13

n|
time-dependent device
dynamics.

This can misestimate
thresholds and logical
error rates.

C. Operator-level channel
model

Captures coherent, correlated,
and non-factorized physical
dynamics.

© What model level is
appropriate: IID
phenomenology, circuit-level
effective channels, or
operator-level channels?

© How wili the decoder/control
stack use this structure
without exceeding training,
runtime, latency, memory, or
hardware overhead?

Correlation does not invalidate threshold theory in general; it invalidates an

KEY TAKEAWAY 1ID model when the hardware lies outside its assumptions. Correlation-
aware modeling can improve prediction and mitigation, but it adds training,
runtime, and hardware overhead.

FIGURE 4. Correlation-aware design loop for modeling and decoding.

Section VI develops a hardware-driven taxonomy of
coherent, biased, leakage, and correlated error processes,
calibrates noise models from spectra, drift data, and multi-
qubit benchmarks, and then shows how correlation-aware
decoders and control stacks exploit this structure. These mod-
els improve logical error predictions and guide mitigation, but
they also introduce training, runtime, and hardware overhead
for adaptive, correlation-aware decoding [28]. Bridging the
gap between such detailed, device-specific noise models and
a universal theory of thresholds under correlated noise is an
important open direction for QEC theory.

In summary, correlations invalidate the simplest IID
threshold assumptions, and while hardware-calibrated,
correlation-aware models and decoders can lower logical
error rates, they do so at nontrivial overhead.

Uniting noise estimation and adaptive, correlation-aware decoding
under a scalable, low-overhead framework remains an open
problem in QEC.

D. DECODER COMPLEXITY VS. REAL-TIME DEADLINES
This subsection isolates the fundamental real-time constraint
on decoding. At the heart of quantum error correction lies the
decoding problem: given a stream of measured syndromes,
infer a consistent Pauli frame. Syndrome extraction can
continue while this inference is streamed or pipelined, so a
Pauli-frame result need not universally be available before
the next physical extraction round. Instead, the classical
system must provide sufficient sustained service to prevent
unbounded decoder backlog and must return results before
the logical operations that depend on them.

For generic stabilizer codes, this inference is NP-hard
in the worst case, so one cannot rely on globally optimal
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decoding at scale. The decoder latency t4ec, defined here as
the time between syndrome readout and the corresponding
Pauli-frame update, therefore remains an important resource,
but the one-cycle condition 7gee =< Tcycle is a useful
special case rather than a universal streaming-decoder
requirement. Section IV-A separates stochastic decoding
workload, sustained service capacity, backlog stability, and
logical-dependency response deadlines; these must also
respect the power and placement constraints of cryogenic
hardware in Section III. See Fig. 5.

Decoder Complexity vs. Real-Time Deadlines

DECISION QUESTIONS

@ Can decoder service sustain
the stochastic workload
without persistent backlog?

PURPOSE /| OUTCOME

Keep decoding real-time by
matching sustained
decoder service to the
incoming syndrome
workload, preventing
persistent backlog, and
returning decisions before At
dependent logical
operations, all within
power, memory, l/O, and

Real-Time Service View

Syndrome

workload

Do average and tail response

latencies meet the logical-
ine?

Two Design Conditions

placement limits. . © Which
———— || stable queue || Peadline-safe pair—MWPM, UF, BP-OSD, or
PITFALL | DEFAULT STATE P ML/hybrid on CPUIGPU,

FPGA, ASIC, or cryogenic
hardware—best fits the
accuracy-latency-energy
trade-off?

resp
Do not equate real time with E[AJ<E[S] |[|Pr{t >T }<eg
TaeeS Teyele -
That is only a sufficient
special case for serial

Sustained
service must
exceed average

Tail response
latency must
satisfy the logical-

, leakage

flags, and soft mformatlun be
without

memory, /O, power, or critical-

path budgets?

deadline.

I

y-only
designs can create backlog
and latency tails, while
speed-only choices can
sacrifice logical
performance.

Parallel or s(reammg S
may allow multi-round
response Iatency if backlog

n
deepen lent Poglc‘ail operations
are not delay

Real-time decoding requires both stable sustained service and bounded
KEY TAKEAWAY | logical-dependency response latency; decoder accuracy, accelerator
placement, memory/l/O, and power must therefore be co-designed.

FIGURE 5. Real-time decoding checklist: sustained service versus
stochastic workload, backlog and tail-latency limits, buffering and
parallelism, and cryo-warm partitioning under the available power and
energy budget.

In short, the theoretical challenge is to reconcile intractable
worst-case decoding complexity with sustained real-time
throughput, bounded response latency, and energy constraints
in a deeply layered quantum—classical stack.

A cryogenic-compatible, silicon-level LDPC decoder with sub-ys
latency, low power, and provably favorable scaling remains one of
the most important open problems in QEC.

E. UNIVERSALITY VS. TRANSVERSALITY: FRAMING THE
EASTIN-KNILL PROBLEM

This subsection frames the tension between transversality and
universality in fault-tolerant quantum computing. A transver-
sal encoded gate acts independently across the physical
subsystems of a code block, so that it does not couple
physical subsystems within that block and thereby limits
the propagation of physical faults, making transversality
attractive for fault tolerance. The Eastin—Knill theorem,
however, shows that a quantum code capable of detecting
arbitrary errors on individual physical subsystems cannot
support a fully universal logical gate set using transversal
gates alone [29]. Depending on the code family, useful logical
operations, including some Clifford gates, can be transversal,
but additional fault-tolerant mechanisms are required to
obtain a universal logical gate set. A prominent route is

VOLUME 14, 2026

magic-state distillation, which produces higher-fidelity non-
Clifford resource states from noisy inputs using Clifford
operations and Pauli measurements at additional resource
cost [30]; see Fig. 6.

Universality vs Transversality (Eastin—Knill)

PURPOSE /| OUTCOME

Provide a fault-tolerant route
to universal logical
computation despite the
absence of a universal
transversal gate set, while
budgeting non-Clifford +

resources, an::‘lcllas, Fault-tolerant routes

Constraint and Design Routes DECISION QUESTIONS

@ Which logical operations
require a nontransversal
resource, and what fldellty and
Ihroughpul are required?

Eastin-Knill constraint
No universal transversal gate set

e Which route—magic-state
preparatlonldnsullanon code

throughput. Magic- Code | Surgery | teleponauon, or specialized
Siste geometry (eleponau code structure—best fits the
route route route architecture?
Distillation Code Measureme
PITFALL | DEFAULT STATE i switching, o What ancilla, connectivity,

speciaiizgd | [ angifias +

routing, and syndrome-
transversal or

extraction overhead does that
route introduce?

Do not assume every '"Je'f"°"
required logical gate can be
implemented transversally.

resource forward
states + transversal
factol operations,
Non-Clifford mechanisms throuel :

can add resource-state e,
preparation, extra syndrome

connectivity |
rounds, connectivity permutations.
e rorarart]

extraction
depth +
response

f:
latency @ Can factorylsurgery cadenae,

decoder response, and fee
forward satisfy the requlred
g ?

latency, and space-time
overhead.

Eastin-Knill excludes universal computation usmg transversal gates alone; practlcal
KEY TAKEAWAY | fault  co-designs ith non-Clifford
resources while ancillas, y and feed-forward.

FIGURE 6. Design map for Eastin-Kiili: choose the route to non-Cliffords
and budget its throughput while avoiding the “everything is transversal”
trap.

Code designers also explore algebraic and geometric struc-
tures that broaden the space of available quantum codes and
logical operations. Torsion in homological CSS constructions
can introduce additional logical degrees of freedom [31],
while constacyclic constructions over finite chain rings gener-
ate new quantum stabilizer-code families through Hermitian
and symplectic constructions [32]. These code-construction
results broaden the available design space but do not by them-
selves establish a route around the Eastin—Knill restriction on
universal transversal gate sets. More directly, spin codes can
be mapped to permutation-invariant multiqubit codes while
preserving their transversal gate groups [33], and code sym-
metries can be exploited to realize additional fold-transversal
logical operations in suitable CSS/LDPC codes [34].

Table 4 shows that these approaches address different
parts of the Eastin—Knill constraint and incur different
implementation costs. Magic-state distillation is broadly
applicable but introduces resource-state preparation and
repeated distillation overhead. Permutation-invariant codes
can enlarge the available transversal gate set at the cost of spe-
cialized code structure, while fold-transversal constructions
trade code symmetry and qubit-permutation requirements for
additional logical Clifford operations. Color-code protocols
combine favorable logical-gate structure with weighted
decoding, lattice surgery, and state injection, but still require
non-Clifford resource preparation for universality [12], [30],
[33], [34]. The cited magic-state, permutation-invariant, and
fold-transversal results are theoretical constructions, while
the cited color-code work includes circuit-level numerical
evaluation; none of these four cited works is an experimental
demonstration.

In summary, these strategies address different parts of the
Eastin—Knill constraint rather than removing it. Some enlarge
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TABLE 4. Engineering comparison of representative strategies for navigating the Eastin-Knill constraint.

codes with transversal
phase gates

permutation-invariant multiqubit codes while
preserving their transversal gate groups; the
resulting constructions include an

((11, 2, 3)) code with a transversal T gate.

code structure; the cited work does not
establish a hardware-specific implementation
or a universal transversal gate set.

permutation-invariant multiqubit
codes; the cited construction is
platform independent.

Strategy Principal advantage Implementation / geometry cost Applicable code / platform Evidence / Ref.
Magic-state distillation Produces high-fidelity non-Clifford resource | Requires additional noisy resource states and | Applicable at the protocol level to Theory [30]

states from noisy inputs using Clifford repeated distillation operations; the resource | stabilizer-code architectures that

operations and Pauli measurements, providing | overhead increases as the target output error is | support fault-tolerant Clifford

a route to universality without requiring a reduced. operations and measurements; not

universal transversal gate set. tied to a specific hardware

platform.

Permutation-invariant Maps suitable spin codes to Requires specialized permutation-invariant Spin-code-derived Theory [33]

Fold-transversal Clifford
gates

Uses code dualities to implement additional
logical operations in suitable CSS/LDPC
codes using transversal gates and qubit
permutations; for the [[30, 8, 3]] Bring’s
code, restricting to four logical qubits yields
the full Clifford group on that subspace.

Requires suitable code symmetries and
code-preserving qubit permutations; the
physical cost of realizing those permutations
is architecture dependent and is not
experimentally benchmarked in the cited
work.

Suitable CSS/LDPC codes; the
cited work analyzes the
hyperbolic Bring’s code as a
representative construction.

Theory [34]

Color-code fault-tolerant
operations

Error-rate-weighted decoding yields a 0.47%
circuit-level threshold for the 6.6.6 triangular
color code, while the same work develops
circuit-level lattice-surgery decoding and an
improved state-injection protocol.

Requires color-code syndrome extraction and
decoding together with lattice-surgery and
state-injection operations; non-Clifford
universality still requires resource-state
preparation rather than a universal transversal
gate set.

The 6.6.6 triangular color code
in two-dimensional architectures
under the circuit-level noise
model considered in the cited
work.

Theory /
Simulation [12]

TABLE 5. Recent advances in bias-tailored and bosonic codes.

Code/architecture

Mechani repr

ive result, and engineering trade-off

Ref.

Domain-wall color code

Domain walls permute excitations across the color-code lattice. In the infinite-bias limit, the X>Z* construction reduces to

[35]

repetition-code sectors and reaches the 50% code-capacity threshold; at finite bias, its reported code-capacity thresholds match
those of XZZX for all single-qubit Pauli channels. These headline results assume perfect stabilizer measurements. A scalable
matching-based restriction decoder is provided, but its thresholds remain below the approximate maximum-likelihood results,
and fault-tolerant threshold calculations remain open.

XZZX surface code

A locally equivalent surface-code variant tailored to structured Pauli noise. Its numerically estimated code-capacity threshold
matches the zero-rate hashing bound for every single-qubit Pauli channel, with particularly strong performance in biased-noise
regimes; under dominant dephasing with unreliable syndrome measurements, the reported fault-tolerant thresholds surpass
previously known values. The quantitative advantage therefore depends on the physical noise bias, syndrome-noise model, and
decoder rather than on code distance alone.

[13]

LDPC—cat hybrid

Combines sparse phase-flip LDPC checks with strongly noise-biased cat qubits. Under the source assumption of

Pphys = € ~ 0.1% phase-flip error per qubit and operation, 100 logical qubits are implemented in the proposed architecture
using 758 cat qubits with P, = e, < 10~ per cycle and logical qubit. The QEC layer uses short-range two-dimensional
interactions and low-weight stabilizers, while a fault-tolerant universal gate set requires an additional routing layer of cat
qubits. The reported performance is an architecture-level numerical result rather than an experimental QEC demonstration.

[36]

Chiral-cat code

Uses engineered higher-order nonlinearities and optical bistability to form code and error manifolds within a single oscillator.
The resulting chiral phase-space structure can capture bit-flip events, and numerical analysis reports strong error suppression,
including exponential improvement with cat size in the studied regimes while retaining fast-control capability. The approach

[37]

theoretical/numerical proposal.

requires engineered nonlinear processes, parametric control, and suitable operating points, and currently remains a

Concatenated cat-repetition
memory

and ancilla-related error channels.

Experimentally concatenates stabilized bosonic cat qubits with an outer distance-5 repetition code. The phase-flip-correcting [17]
repetition code operates below threshold, with minimum measured logical error per cycle of 1.75(2)% for the distance-3
sections and 1.65(3) % for distance 5. Because physical bit flips are not corrected by the outer repetition code, the
construction does not possess a proper asymptotic threshold; the present device is limited by intrinsic cat bit/phase-flip errors

the available transversal logical gate set, whereas others
provide fault-tolerant nontransversal resources or alter the
code and geometry needed to implement logical operations.
The practical choice therefore remains tied to code structure,
connectivity, syndrome-processing requirements, resource-
state overhead, and hardware capabilities, while a universal
transversal logical gate set remains excluded by Eastin—Knill.

F. BIAS-TAILORED AND BOSONIC CODES

This subsection examines bias-tailored codes and bosonic
encodings, which exploit asymmetric noise to reduce over-
head in fault-tolerant quantum computing. Physical noise
in leading platforms is often biased: phase-flip Z errors
dominate over bit flips in many qubit systems, and photon

10

loss is the primary fault in bosonic modes. Bias-tailored
codes allocate more protection to frequent error channels
while tolerating rarer ones; bosonic codes encode information
directly in harmonic oscillators or photonic modes, using
larger Hilbert spaces to suppress specific errors. Together,
these approaches can achieve higher thresholds, smaller foot-
prints, and shallower circuits than bias-agnostic designs [13].

Table 5 summarizes representative bias-tailored and
bosonic approaches, comparing how each exploits the
dominant error structure with the corresponding decoding,
control, hardware, or evidence-maturity constraints.

The entries in Table 5 exploit noise structure at different
levels of the QEC stack and therefore should not be
read as a ranking by a single threshold or overhead
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figure. Domain-wall and XZZX codes retain qubit-array
topological encodings while tailoring their stabilizer structure
to biased Pauli noise. LDPC-cat architectures combine
sparse coding with a hardware qubit whose native noise
is strongly biased, transferring part of the implementation
burden to cat stabilization and logical-gate routing. Chiral-cat
proposals instead seek additional protection within a single
oscillator through engineered nonlinear dynamics, whereas
concatenated cat-repetition memories have experimentally
demonstrated bosonic error suppression combined with an
outer phase-flip code. The relevant engineering choice
therefore depends on the physical noise bias, available control
and nonlinear elements, syndrome-extraction and decoder
assumptions, target logical error rate, and maturity of the
required logical operations.

Developing a theory for bridging qubit arrays, bosonic encodings,
and LDPC hybrids remains a key open challenge for scaling fault
tolerance.

G. NON-PAULI FUNNELS: LEAKAGE, HOOKS, AND
NON-CLIFFORD NOISE

In this subsection, we examine error processes that fall out-
side the standard Pauli error model. Non-Pauli errors—such
as leakage, meaning population leaving the computational
|0)/|1) subspace, coherent over-rotation, and non-Clifford
hook faults that spread across multi-qubit gates—fall outside
the standard Pauli error model. They violate stabilizer-
code assumptions, distort syndrome statistics, and can
limit logical-error scaling even when Pauli error budgets
look favorable across superconducting, ion-trap, neutral-
atom, and photonic platforms; see Fig. 7 for the design
checklist.

Non-Pauli Funnels: Leakage, Hooks, and Non-Clifford Noise

DECISION QUESTIONS

) What leakage level is
observed, and what reset/
LRU cadence keeps it
within the QEC error
budget?

PURPOSE | OUTCOME

Detect, suppress, or flag
leakage and other
structured non-Pauli faults
so syndrome information
remains reliable and model-

Mitigation Flow
Structured non-Pauli fault

Coherent
over-rotation

Correlated |

Leakage burst fault

i -y —
aware decoding can ) N
preserve logical-error Observe | flag © Which COhe(::ez‘r’ihing
improvement. —
P _d— Leakage or Callzl;iafltlon "1 corretation &an':::':r':';sa"r“:sr::j often
PITFALL | DEFAULT STATE | | ||érasure flags| | oemetry || information should control or decoder

Do not absorb leakage, T be updated?

coherent drift, or correlated Suppress or adapt
faults into an IID Pauli
model without validation. Control
Unflagged leakage and recalibration
structured noise can distort T
syndrome statistics, create QEC objective

decoder blind spots, and .
. Sustained logical-
Reliable syndromes error impi

flatten logical-error
improvement.
Non-Pauli faults must be d supp , or explicitly n treating
KEYTAKEAWAY | leakage and structured drift as ordinary IID Pauli noise can distort syndromes and
limit logical-error scaling.

© Can leakagelerasure flags
and on i i

Model-aware

be supplied to the decoder
decoder

without disrupting the real-
time path?

@ What additional ancilla,
latency, memory, I/0, and
power overhead does

Reset / LRU [

FIGURE 7. Non-Pauli channels corrupt syndromes and stall distance
scaling; this checklist focuses design on purge cadence, drift tracking,
model-aware decoding, and overhead budgeting under sub-u s deadlines.

Section VI revisits these mechanisms in detail, using
hardware case studies, e.g., leakage removal on trans-
mon arrays, real-time calibration on trapped ions, and
context-aware scheduling and compilation, and surveys
accelerator-backed decoders and ML-driven controllers that
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address mixed Pauli-plus-leakage channels and correlated,
bursty noise.

Designing a leakage-aware, correlation-robust decoder that
natively handles non-Pauli faults while meeting sub-microsecond
(Tdec < 1 ps) deadlines remains the central open challenge.

H. MEASUREMENT-SPEED AND SYNDROME-CADENCE
LIMITS

The efficiency of QEC hinges not only on code properties but
also on the temporal dynamics of syndrome extraction and
processing. In this subsection, we briefly introduce timing
constraints for syndrome extraction and how they interact
with decoder throughput and hardware coherence.

Two timing quantities dominate: syndrome cadence,
meaning the frequency at which stabilizers are read, and
measurement latency, meaning the duration of each readout.
If cycles exceed coherence times or decoder deadlines,
uncorrected faults accumulate, and logical failure rates accel-
erate. On current superconducting platforms, this implies
end-to-end extraction within < 1 us [38]. On Sycamore,
model-based optimization achieves ~ 500 ns mid-circuit
readout of 17 qubits with &~ 1.5% error and suppressed
leakage [39].

Cadence and latency, therefore, co-determine whether a
code can operate inside the coherence envelope. Approaches
such as commutation-aware check partitioning, ancilla reuse,
streaming pipelines, and measurement-free primitives have
been proposed [40], [41], [42]. Still, their implementation is
platform-specific and will be discussed in Section III. For
constant-weight quantum LDPC codes, no construction yet
achieves both O(logn) extraction depth and O(n) ancillas
under planar connectivity, a central open problem [41], [42].
Table 6 highlights alternate approaches in measurement speed
and syndrome cadence.

TABLE 6. Alternate frontiers in measurement speed and syndrome
cadence.

Frontier Key Idea and Impact References

Replace mid-circuit readout with [40]
coherent copy-and-feedback
operations, avoiding the slowest
element in many hardware stacks.
Characterize full-syndrome circuits
at code distance 5, enabling targeted
pulse-level fixes to shorten effective
latency.

Measurement-free
QEC

Syndrome-circuit
noise spectroscopy,
ACES-based

To summarize, measurement speed and cadence must be
co-tuned with decoder throughput and coherence limits: if
cycles exceed coherence times or the real-time envelope
of Section IV, backlog-induced logical failures emerge.
Fig. 8 ties the main decision questions and points from this
subsection together. While recent proposals have shortened
extraction depth or stabilized cadence using techniques
such as measurement-free QEC, syndrome-circuit noise
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Measurement-Speed & Syndrome-Cadence Limits

PURPOSE /| OUTCOME
Co-design sy i
depth, readout latency, and decoder

QEC timing chain DECISION QUESTIONS
i @ what depth and readout
latency are achievable on the target
platform?

© can checks be partitioned or
commuted, ancillas reused, or
processing pipelined to reduce
cycle cost?

© Can measurement-free primitives
reduce dependence on slow mid-
circuit readout?

0 At the target code scale, how do
extraction depth and ancilla
requirements scale under the
available connectivity?

, x depth + ancilla schedule
service so repeated QEC remains 3
within hardware coherence and

processing constraints. Readout

latency

3
Decoder service

PITFALL /| DEFAULT STATE

Do not budget extraction, readout, throughput + response
and decoding independently. deadline

Excess depth or readout latency, or 1
insufficient decoder service, Feasible QEC cadence
creates backlog and increases
logical-failure risk.

,,,,,,,,,,,,,,, N
Fit coherence + |
processing bounds |

Yy ( is a cross-lay: n i ion depth, readout latency,
KEYTAKEAWAY | decoder service, connectivity, and ancilla overhead must be co-designed to keep
QEC within hardware and processing limits.

FIGURE 8. lllustrates how the timing of syndrome extraction and
decoding must remain within hardware coherence and processing
bounds to prevent backlog and logical failure.

spectroscopy, and pipelined, correlated-event statistics with
feedback-calibrated decoding [40], the following challenge
remains.

Designing an efficient, locality-respecting extraction method
compatible with large-scale gLDPC codes remains unproven.

I. HARDWARE MAPPING CONSTRAINTS

This subsection highlights how hardware mapping creates
a second “‘threshold problem” for QEC. A code that looks
powerful in theory can lose its logical-error advantage when
its logical qubits and stabilizer checks are mapped onto a
processor with sparse connectivity, dead qubits, or frequency
collisions. Long chains of two-qubit exchanges, i.e., SWAP
gates that move quantum states across the chip, inflate circuit
depth and stress the cadence limits of Section II-H. At the
same time, defects and fabrication yield, coherence times, and
native connectivity, discussed in Section III, further constrain
viable embeddings; see Fig. 9.

Hardware Mapping Constraints

PURPOSE | OUTCOME Hardware-aware mapping DECISION QUESTIONS

) Which embedding minimizes
SWAP/routing depth while
respecting the native device
graph?

@ How should dead qubits and
hardware drift trigger
remapping of logical roles?

© Can routing and scheduling
incorporate calibration, drift,

Map codes and stabilizer checks
onto the physical device while
minimizing routing and SWAP
depth, accommodating defects,
and preserving the code’s logical-
error advantage.

Code | check graph
¥

Physical device graph

c Defects
PITFALL | DEFAULT STATE +

Do not assume an ideal Routing + scheduling
hardware lattice. Sparse v

Calibration

connectivity, dead qubits,
frequency collisions, and long
SWAP chains can increase
circuit depth and erode the
logical-error advantage of the
code.

Mapped QEC circuit

_ B
;r Minimize SWAP de?th
I and cadence penalty

and frequency-allocation
constraints?

@ What lower bounds on
routing and qubit movement
limit achievable mappings?

I i whether ical code di survives
KEY TAKEAWAY  implementation: connectivity, defects, routing, calibration, and cadence must be
optimized together.

FIGURE 9. Design frame for hardware-aware code mapping.

Hardware-aware layouts and compilers mitigate these
effects but remain heuristic. Current strategies include
cyclic stabilizer embeddings on the device graph [43],
semipermeable color-code boundaries that reduce SWAP
overhead [44], adaptive qubit mapping that reshuffles logical
roles as hardware drifts [45], calibration-aware transpilation
that folds error and drift data into circuit scheduling, and
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global frequency-allocation optimization to avoid crosstalk-
inducing collisions [46]. These techniques typically reduce
space—time overhead by factors of 2-3, yet still lack rigorous
optimality guarantees.

Establishing provable lower bounds on routing and movement
overhead under realistic device graphs remains the central
theoretical open challenge.

To summarize Section II, the core challenges of QEC arise
from coupling code design, realistic noise, and hardware lim-
its: under strict two-dimensional geometric locality, rate and
distance obey fundamental scaling constraints, while modern
gqLDPC constructions can achieve favorable rate—distance
scaling by relaxing the corresponding geometric-embedding
requirement; correlated and non-Pauli noise invalidate simple
IID assumptions; decoder latency and Eastin—Knill’s ban on
fully transversal universality introduce additional overheads.
Bias-tailored and bosonic codes, cadence engineering, and
mapping strategies each address part of this space, but a
unified framework that combines favorable code scaling,
efficient decoding, noise awareness, and practical hardware
embedding at scale remains open.

1ll. HARDWARE AND PHYSICAL IMPLEMENTATION

In this section, we survey hardware and physical implemen-
tation challenges for QEC, emphasizing co-design between
qubit devices, connectivity, classical control, and packaging.
We focus on how platform-dependent figures of merit—
coherence distributions, coupling graphs, control latency,
thermal load, and wiring overhead—interact with the cadence
and decoding constraints of Section IV. The discussion is
organized into six subsections on platform constraints and
code embedding; leakage, crosstalk, and thermal stability;
fault-tolerant gate compatibility; materials and fabrication;
cryogenic control; and interconnects and packaging (see
Fig. 10 and Table 7).

A. PLATFORM CONSTRAINTS AND CODE EMBEDDING

In this subsection, we explain how native connectivity and
interaction graphs constrain code choice, embedding over-
head, and practical thresholds. Embedding a code’s stabilizer
or Tanner graph onto hardware introduces SWAPs, routing
congestion, and locality violations that deepen syndrome
extraction and raise logical error rates at fixed physical
error rates. Thus, connectivity effectively sets a “second
threshold,” alongside physical-noise limits (Section VI) and
cadence/latency limits (Section IV).

On superconducting transmons, planar connectivity makes
surface codes a natural fit. On square lattices, embedding is
direct; IBM’s heavy-hex reduces degree from four to three to
lower crosstalk and frequency crowding on 127-qubit Eagle
and 433-qubit Ospray devices, but at the cost of extra SWAPs
for distance-d patches and a modest depression of effective
threshold [47]. On planar and heavy-hex lattices, surface
codes embed naturally; crosstalk-aware scheduling keeps
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‘Comparison of Qubit Technologies

Connectivity Coherence Time

Gate Speed

Scalability

Superconducting . . R
High Low y High
Trapped lon

Neutral Atom

Photonic

Qubit Technalogy

Spin (Silicon)

Baosonic (Cat)

Attributes

FIGURE 10. Comparison of qubit technologies. Heatmap of platforms
versus four QEC-relevant attributes.

cycle times near the ~1 u s envelope assumed in Section IV,
while subsystem and Floquet codes trade decoding and
calibration complexity for better graph matching [48].

Bias-preserving bosonic qubits (e.g., cat states) offload
X-error suppression to hardware, reducing the required
outer-code distance: a concatenated cat-repetition mem-
ory achieved 1.65(3)% logical error per QEC cycle at
d = 5, compared with approximately 1.75% for its distance-
3 sections [17]. Bosonic+LDPC hybrids concatenate modular
LDPC checks with cat encodings to reduce overhead toward
universal fault tolerance [49].

In trapped ions, all-to-all or reconfigurable connectivity via
motional modes and shuttling relaxes embedding constraints.
QCCD “‘racetrack” processors support configurable connec-
tivity with periodic boundary conditions, enabling [[7, 1, 3]]
Steane and [[9, 1, 3]] Bacon—-Shor codes without SWAP
overhead and with improved Steane-style extraction [50],
[51]. Recent QCCD traps have demonstrated two logical
qubits entangled via transversal CNOT and logical-error sup-
pression by ~10x-500x compared to physical error, with
repeated syndrome rounds showing fault-tolerant memory
beyond a single cycle [52], [53]. Connectivity is favorable,
but gate times in the tens of microseconds still bound the QEC
cycle and must be evaluated against the decoding envelope of
Section I'V.

In photonic  platforms, computation is largely
measurement-based: QEC is embedded in large cluster states
stitched together via probabilistic fusion. Fusion/cluster
schemes have realized small logical encodings (e.g.,
[[4,2,2]] in time/frequency modes) [54], [55]. Because
there is no long-lived memory, ultrafast feed-forward, delay-
line/cavity storage, and low-loss components are essential;
decoder latency must track the photonic clock and is
therefore directly governed by the real-time constraints
of Section IV [56].

Neutral-atom arrays realize 2D-like locality with limited
tweezer reconfiguration and native erasure detection, sup-
porting surface/color codes with erasure-aware decoders,
though distance scaling is currently routing-limited [57],
[58]. Semiconductor spin qubits provide CMOS-compatible
footprints but nearest-neighbor exchange and charge noise

VOLUME 14, 2026

favor shuttle- or resonator-linked modular layouts and small-
distance codes [59], [60]. Bosonic encodings again exploit
large oscillator Hilbert spaces but still require outer codes to
handle photon loss and residual errors [17].

In summary, each platform’s native connectivity and gate
set determines its natural code families and practical thresh-
olds. Superconducting transmons favor local surface/surgery
layouts, with heavy-hex trading lower crosstalk for extra
SWAP overhead; ion traps’ near—all-to-all connectivity sup-
ports transversal Steane/Bacon—Shor codes with preserved
thresholds; and photonic fusion/cluster schemes exploit
entanglement at the cost of probabilistic-gate overhead.
Neutral atoms, spin qubits, and bosonic encodings are
promising but less mature, motivating hybrid strategies
such as superconducting processors linked by photonic
interconnects or bosonic memories paired with LDPC outer
codes [17], [65]. Fig. 11 synthesizes III.A.

Platform Constraints & Code Embedding

| JRPOSE | OU 3
Match the code, syndrome-
extraction schedule, and

hardware connectivity to

Embedding impact

<><1 Code / check graph
<

DECISION QUESTIONS

@ Can the stabilizer or Tanner
graph be embedded efficiently
on the native hardware

minimize routing/lSWAP % Hardware connectivity?

overhead and keep ?)fgract|on connectivity © What routing, SWAP, and

depth within the r L ] extraction-depth overhead
cadence budget. Good fit Graph mismatch appears at the target code size?

PITFALL | DEFAULT STATE

Do not treat code-to-hardware
graph mismatch as free.
Routing, SWAPs, and locality
violations can deepen
syndrome extraction and raise
logical error rates, eroding the
code’s practical advantage.

© Can syndrome extraction be
scheduled within the cadence
budget while controlling
crosstalk and connectivity
conflicts?

@ Would a different code-to-
platform mapping or additional
- I dwarsianareschedule interconnect reduce the
(2 7y within cadence & latency budget embedding overhead?

Local checks SWAPs + routing

y Deeper extraction
Low routing

depth Higher logical-error
cost

KEY TAKEAWAY  Code perfc urvives mgyewhen the check graph, hardware
igned.

s
y, routing, and sy

FIGURE 11. Embedding checklist (synthesis of lll. A): objective, dominant
pitfall, and four questions to align code and schedule with native
connectivity and cycle cadence.

B. LEAKAGE, CROSSTALK, AND THERMAL STABILITY

In this subsection, we summarize how leakage, crosstalk, and
thermal or slow drift appear in hardware, how they impact
QEC thresholds and cadence, and which mitigation hooks tie
back to scheduling (Section I1I-A) and decoding (Section I'V).

These metrics feed directly into decoder choice, cadence,
and power budgets (Sections II and IV) (see Fig. 12 for a
design checklist and Table 8 for definitions).

On superconducting devices, weak anharmonicity causes
|2) leakage during fast gates. DRAG pulse shaping,
dynamic leakage resets, and LRUs mitigate this; experi-
ments show that inserting LRUs at fixed cadence preserves
pseudo-threshold behavior in repeated surface-code cycles
[58], [66], [67], [75], [68]. Crosstalk from residual ZZ
and microwave bleed-through grows with parallelism and
depends on embedding (Section III-A); crosstalk-aware
scheduling and compiler constraints reduce correlated faults
that would otherwise depress thresholds [69]. Dielectric
loss, two-level systems (TLS), quasiparticle bursts, and
IR/blackbody loading shorten 7 and introduce non-IID
multi-qubit events [27]; IR filtering, shielding, phonon traps,
pumps, and active temperature regulation help stabilize these
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TABLE 7. QEC hardware platforms and representative evidence.

Platform Native connectivity Coherence / storage Representative Measurement / readout | Representative QEC / QEC evidence / maturity Scalability bottleneck Ref.
metric entangling-operation metric syndrome-cycle or relevant
fidelity / error metric operation time

Superconducting |2D square-grid Willow mean Willow median inferred CZ | Willow median readout | Surface-code QEC cycle: | Experimental below-threshold Local connectivity; leakage [11],161]
transmon architecture; |77 = 68 ps and Pauli error 0.29%, errors: 0.53% for |0) 1.1 ps[l1] surface-code memory. Ford = 7, the |and stray CZ interactions;
local CZ couplings Ty CPMG = 89 ns |measured by cross-entropy |and 1.0% for |1) [61] 101-qubit code achieved correlated errors; calibration
support geometrically |[11] benchmarking; this is a e7 = (1.43 £ 0.03) x 10~ 3 |drift; cryogenic /O and wiring:
local surface-code reported Pauli-error metric, percycleand A = 2.14 £ 0.02. A|real-time decoder throughput
extraction not a process-fidelity value d = 5 code was also operated with as code distance increases [11]

[611 real-time decoding for up to 10° cycles
(1]

Trapped ions | Linear ion chain with | Optical-qubit encoding: | Estimated two-qubit error | Typical measurement fault | Two-qubit gate: 322.5 p1s. | Experimental implementation of Slow entangling operations [51]
individually addressed [To ~ 50 ms; probability probability used for the Mid-circuit sideband cooling | multiple rounds of fault-tolerant Steane |relative to solid-state platforms;
operations and ground-state encoding:  [pggq = 0.027 with device model: requires approximately QEC, including repetition- and motional-mode crowding;
long-range entangling |approximately 5 ms. [standard deviation 0.005, |pmeas = 0.003 [51] |15 ms; a single complete ~ [seven-qubit-code syndrome extraction |lengthy mid-circuit recooling:
interactions mediated | With dynamical obtained from repeated QEC-round duration is NR  |[51] optical-addressing crosstalk
by collective motional [decoupling during 16-qubit GHZ-state [51] and control complexity [51]
modes recooling, no significant [characterization; not an RB

dephasing was observed |process fidelity [51]
to 60 ms, indicating an

effective coherence time

> 1s|[51]

Neutral atoms | Reconfigurable tweezer | Coherence in 852-nm | CZ fidelity approximately | Non-destructive, Repeated surface-code QEC | Experimental repeated surface-code | Atom loss and replenishment; [62]
arrays with atom traps approximately 99.5% in repeated loss-resolved readout: round: 4.45 ms [62] QEC on arrays up to 448 atoms. After | transport/rearrangement
transport between 1-2 s, depending on the [benchmarking with 100 ps |0.46(4) % bit-flip error four QEC rounds, machine-learning overhead: Rydberg-gate drift
storage, i i between gates; calibrated CZ|and 0.24(2) % atom loss decoding with loss information gave and inhomogeneity; imaging
readout, and reservoir |sequence [62] performance up to [62] d = 5errorperround 2.14(13) X |and re-initialization latency;
zones; movement approximately 99.6% is lower than ¢ = 3; the reported d = 5 |optical-control parallelism [62]
provides programmable also reported [62] error per round was 0.62(3) % [62]
connectivity

Photonics Measurement-based Conventional Fusion-generated Overall single-photon Complete repeated-QEC Experimental deterministic generation | End-to-end photon loss: [55], [63]
graph-state flying-photon T /To: two-emitter Bell state: source-to-detector cycle: NR. The experiment | and fusion of photonic graph-state source-to-detector efficiency;
architecture; graph NC. The atomic emitter |F = 0.915 = 0.005. |efficiency was close to 0.5|used a 1 s absolute fragments, including ring states of up to | photon indistinguishability;
fragments generated by | qubit used in the cited The value depends on in the reported experiment | photon-detection window |6 logical / 8 physical qubits and a tree  |fusion success and fidelity;
emitters are connected | graph-state experiment | photon-arrival-time [55] and the principal fusion data |state of 7 logical / 8 physical qubits. synchronization, buffering, and
through had Ty A~ 1 ms; postselection and ranges used [Ar] < 250ns  |Fusion-based fault-tolerant architectures | feed-forward latency [55], [63]
photon-mediated fusion | optical loss rather than from 0.851 £ 0.006 to relative-arrival postselection |ar ablished at the protocol level, but

stationary-qubit lifetime is|0.963 4 0.008 under [55] a directly comparable repeated full-QEC
the principal photonic the studied criteria [55] hardware cycle is NR [55], [63]
storage/transport

constraint [55]

Spin qubits Predominantly local A single platform-wide  |Silicon double-dot CZ gate | Device-specific Repeated QEC-cycle time:  [High-fidelity physical logic benchmark: |Nearest-neighbour [64]
exchange coupling coherence value directly  |fidelity assignment/readout fidelity [NR in the cited study single- and two-qubit gate fidelities connectivity; charge-noise
between neighbouring | matched to the reported  [99.65 + 0.15%, is NR in the cited exceed 99.5%, placing the sensitivity; idling and crosstalk
gate-defined quantum  [two-qubit benchmark is  [obtained using gate-set two-qubit-gate benchmark; demonstrated two-qubit logic above the |errors; maintaining
dots; larger layouts NR in the cited study tomography: the quoted the experiment reports that commonly cited surface-code small-device fidelities across
require shuttling or uncertainty is the reported  [algorithmic accuracy was gate-fidelity target. The cited experiment | larger dot arrays; scalable
additional 20 interval [64] limited partly by readout does nor demonstrate repeated QEC [64] |initialization and readout [64]
coupling/routing errors [64]
mechanisms

Bosonic / Five storage resonators | Storage-mode averages: | A conventional CX process | Three-state transmon Repeated syndrome/QEC | Experimental concatenated Photon-loss-induced errors; [17]

oscillator forming cat-qubitdata {77 > 60 psand fidelity is NR. The cited readout resolves cycle: 2.8 ns [17] cat-repetition QEC tod = 5. The ancilla-induced errors;
modes coupled through [T9 > 80 ps [17] experiment instead |g), ley, |f) and phase-flip-correcting repetition sector | preserving the native noise bias
four transmon characterizes a noise-biased |identifies ancilla erasures. operates below threshold; minimum during entangling operations;
syndrome ancillas; cat-transmon CX interaction |An |f) — |e) decay has total logical error was 1.65(3) % per |stabilization and calibration
nearest-neighbour and its preservation of long  |about 50% probability of QEC cycle ford = 5[17] complexity; resonator, buffer,
X;X;11 repetition cat bit-flip times during causing a coupler, and ancilla-mode
checks syndrome extraction [17] syndrome-measurement overhead [17]

error; using erasure
information reduces the
effective
syndrome-measurement
error by more than 2 X at
a2 =107

Comparison convention:

Entries retain the metric definitions and experimental conditions of the cited primary sources for source-conditioned comparison.
A reported error probability is not relabeled as a process fidelity. For photonic and bosonic systems, platform-specific loss, oscillator-lifetime, fusion, and
syndrome-readout quantities are used where conventional two-level-qubit metrics are inappropriate. NR = not reported in the cited source on the stated
basis; NC = not physically meaningful or not directly comparable on the stated basis. Values from different rows should therefore not be rank-ordered
without accounting for differences in device, benchmarking protocol, encoding, workload, and QEC circuit.

TABLE 8. Figures of merit that affect logical performance and cadence.

Metric

QEC relevance and representative sources

Leakage rate

Population outside the computational subspace; mitigation includes leakage-reduction units, leakage-to-erasure conversion,
coupler-assisted leakage reduction, and leakage-suppressing pulse design [58], [66]-[68].

Crosstalk spectrum x (w)

Residual ZZ, drive bleed-through, or other simultaneous-operation crosstalk can generate correlated faults; characterization,
QEC-aware analysis, and context-aware compilation provide complementary mitigation routes [69]-[71].

Slow-drift and burst statistics

Low-frequency flux drift and quasiparticle or radiation-induced bursts make the effective noise time dependent and can create
multi-qubit correlations, motivating explicit monitoring and non-IID modeling [27], [72]-[74].

channels so sub-p s decoders (Section IV) can assume
nearly stationary statistics within cryogenic power limits
[72], [76], [77], [78].

In trapped-ion and neutral-atom platforms, leakage is less
common, but motional-mode heating and laser spillover can
induce correlated over-rotations during parallel gates. Stabi-
lized lasers (reference cavities and feedback), sympathetic
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cooling, and atom reordering maintain fidelity across rounds,
while decoders and ML models that ingest time-varying
syndrome statistics help track slow drifts [4], [79]. All-to-
all or reconfigurable connectivity eases scheduling pressure
(Section III-A) for Steane/Bacon—Shor codes, but mode
crowding in long chains caps practical parallelism [69].
In neutral-atom arrays, erasure detection is native, making
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erasure-aware decoders natural tools for handling atom loss
and Rydberg-related erasures [57].

Leakage, Crosstalk & Thermal Stability

PURPOSE /| OUTCOME

Treat leakage, crosstalk, and

slow drift as ﬁrst-clas_s QEC

inputs and feed them into

schedulln?, mitigation, and
0

Hardware nonidealities DECISION QUESTIONS
Leakage Crosstalk Slow drift| |€) What are the leakage rate,

+ bursts crosstalk spectrum x(w), and
- -
- Jj\'\ J\/VW

slow-drift/burst statistics on the
target hardware?

decodln% rotect Where should LRUs, resets,
threshold behavior and A it erasure flags, and leakage-
stabilize logical Veak X(@)  Drift, p purst aware decoding enter the QEC
performance. i 1 1 cycle?

LRU, reset, Scheduling, MONitoring, | | ey How much parallel operation
erasure flag compilation ~model can be scheduled before
update crosstalk and correlated faults

degrade logical performance?

© Which scheduling and
compilation constraints reduce
simultaneous-operation

© Which drift information should
update control or decoder
models, and how often?

© Do mitigation, calibration, and

PITFALL | DEFAULT STATE

Do not assume stationary IID
Pauli noise on drifting or
correlated hardware.

Decoder + control

Weighted / learned /
erasure-aware

Unmodeled leakage, crosstalk,
and burst events can create J,
decoder blind spots, distort

syndrome statistics, and Stable logical fit within cycle-time,
flatten logical-error memorg, 1/0, and cryogenic-
improvement. Threshold protected power budgets?

Leakage, crosstalk, and drift must be measured and incorporated into scheduling
KEY TAKEAWAY | and decoding; treating drifting, correlated hardware as stationary IID Pauli noise
creates decoder blin spots and limits logical-error scaling.

FIGURE 12. Design checklist for non-Pauli channels: measure 1 jeqx, x (@),
Afr, and burst statistics; route these signals into LRUs or erasure flags,
crosstalk-aware scheduling, and correlation-aware decoders; and operate
within parallelism, cycle-time, and cryogenic power limits. Assuming 11D
Pauli noise on drifting or correlated hardware creates decoder blind spots
and can misestimate logical-error scaling.

In fusion/cluster-state photonics, leakage mostly appears
as loss/erasure, while crosstalk appears as mode mixing.
Both are dominated by component loss and synchronization.
Ultrafast feed-forward plus low-loss filtering and delay lines
are required to keep decoder latency synchronized with the
photonic clock (Section 1V) [54], [55], [56]. Erasure-aware
surface/LDPC variants are natural choices if loss and timing
stay inside this envelope.

In semiconductor spin qubits, leakage through valley or
excited states, charge-noise-induced detuning, and local con-
nectivity limits motivate short-distance codes and frequent
recalibration, aligned with the cadence and decoder-power
budgets of Section IV [60].

In summary, real devices exhibit leakage, correlated
crosstalk, and drift that are not symmetric Pauli errors. Treat-
ing Aleak, X (@), and thermal/burst metrics as first-class design
inputs—and feeding them into embedding and scheduling
(Section ITI-A) as well as decoder and latency envelopes
(Section IV)—preserves thresholds and stabilizes logical
performance.

C. FAULT-TOLERANT GATE COMPATIBILITY

In this subsection, we describe how hardware supports logical
operations inside a protected code space and how these
choices interact with the Eastin—Knill limits of Section II-E
and the real-time envelope of Section I'V.

We use three metrics: (i) the transversal gate-set supported
by the code, (ii) the resource overhead for non-Clifford gates
(e.g., magic-state factories), and (iii) the depth and cadence
of stabilizer measurements needed to implement gates fault-
tolerantly. Because the Eastin—Knill theorem forbids a fully
universal transversal gate set on finite-distance stabilizer
codes [29], practical architectures combine transversal prim-
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itives with lattice surgery, teleportation, and magic-state
distillation [30].

Surface-code logical CNOTs are typically implemented
by lattice surgery (patch merge/split), while Steane and
color codes support native transversal CNOTs. Folded,
stacked, or reconfigurable layouts can also make transversal
CNOTs available for surface-like codes at the cost of non-
planar embeddings [34], [80]. In trapped ions, transversal
CNOTs on small Steane/color blocks are natural using
global Mglmer—Sgrensen interactions and ion shuttling, and
logical teleportation or surgery-like operations have been
demonstrated [50], [51], [52], [81]. For superconducting pro-
cessors, deformation-based layouts and virtualized-logical
abstractions implement surgery-based CNOTs within the
cycle constraints of Section I'V.

Non-Clifford gates, such as T, are usually implemented
using magic-state injection and distillation or code switch-
ing [82]. A recent trapped-ion experiment reached ‘‘break-
even” fidelity for a logical non-Clifford using small-code
magic-state preparation [83]. Bias-preserving bosonic qubits
aim to reduce T-gate cost by exploiting strong noise bias [17].
On superconducting hardware, coupler-assisted leakage-
reduction mitigates non-Pauli channels that would otherwise
inflate factory depth and cadence cost [67]. In code space,
3D color codes offer transversal non-Cliffords in principle,
while 2D domain-wall color-code variants tailored to biased
noise explore alternative embeddings and trade-offs [35],
[82]. Demonstrations of small color-code implementations
in ions and superconductors are stepping stones toward
these architectures, but still rely on reliable mid-circuit
measurements and long-range connectivity.

Fault-Tolerant Gate Compatibility

PURPOSE /| OUTCOME

Implement a universal fault-
tolerant logical gate set while
balancing transversal
operations, non-Clifford
resources, syndrome-
extraction depth, connectivity,
and response latency.

PITFALL | DEFAULT STATE

Do not evaluate logical

memory performance alone.

Logical operations can add
tat

Logical-gate route
ﬁ Required logical operation
vl

YES Transversal
available?

gﬁ Choose non-Clifford
route
Transversal @ 4
logical gate o S
agic  Code S|Vge
Lower depth | states, switch , 'V
distilla ~jng telepo
propagation | " tion rtation

surgery depth,
preparation, ancilla demand,
connectivity requirements,
decoder load, and feed-
forward latency—ti i

itation costs
Ancillas + Syndrome rounds + Connectivity
Decoder load + Feed-forward latency

reliability margins.

DECISION QUESTIONS

Which logical gates are
transversal or otherwise
native for the chosen code
and hardware?

Which non-Clifford route—
magic-state preparation/
distillation, code switching,
surgery, or teleportation—
best fits the architecture?

Can ancilla quality, factory
o throughput, connectivity,

and routing support the

required logical-operation

© Do added syndrome rounds,
decoder response, and
feed-forward meet the
logical-operation space—

@ Fault-tolerant logical
operation

time and dependency

Fault-tolerant logical gates are a cross-layer resource problem: gate set, non-Clifford
KEY TAKEAWAY | resources, syndrome depth, connectivity, and response latency must be co-

FIGURE 13. Gate-compatibility design map linking available fault-tol t
logical operations to non-Clifford resource overhead, hardware geometry,
syndrome cadence, and feedback constraints.

Gate teleportation with logical Bell pairs can overcome
limits of native gate sets at the cost of high-fidelity ancilla
preparation and fast feed-forward. Such protocols have been
demonstrated on ion-trap architectures [52]. Teleportation
also enables heterogeneous designs in which different logical
blocks run on different hardware, provided that ancilla
quality and classical-feedback latency remain within the
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envelope summarized in Section IV and recent latency
studies [84]. Table 9 summarizes core techniques and their
QEC implications, and Fig. 13 provides a design checklist.

In summary, hardware must support a high-fidelity
stabilizer readout plus at least one practical route to a
universal logical gate set. Code choice, embedding, and
gate-synthesis protocol are interdependent and must be eval-
uated jointly against the cadence and decoder-latency/power
envelopes of Section IV and the structural constraints
of Section II-E [85], [86].

D. MATERIALS SCIENCE AND FABRICATION LIMITS

In this subsection, we examine how material defects and
fabrication variability set floors on coherence, uniformity,
and yield, and how these limits translate directly into QEC
threshold margins and space—time overhead [87].

Materials Science & Fabrication Limits

DECISION QUESTIONS

e What are the T,IT,/Td
distributions, frequency spread
_f, and device yield Y?

PURPOSE /| OUTCOME

Improve coherence, Materials & fabrication
uniformity, and fabrication Processes * Layout «
yield so code embedding, Packaging
calibration, and QEC v

operation remain stable at
the target cadence and code \A
scale.

From materials to QEC performance

Which materials or process
changes reduce TLS loss,
quasiparticle bursts, and other
correlated events?

Device distributions
Ty T2, Th + o_feYield Y
Do improved uniformity and yield

v reduce frequency collisions, dead-
. o device detours, and routing
Noise / variability

overhead?
PITFALL / DEFAULT STATE TLS + Bursts « Loss *

Do not optimize only the
best individual device.
Distributions in coherence, N
frequency, defects, TLS goo System impact
activity, and burst events oog  Maeing - R eaddevice
can create frequency Cade
gollisions, rll_(le)fecgive-éief\(ice v
etours, calibration drift,
and additional QEC QEC performance

Threshold margin + Logical
overhead at scale. Tenability veotistance

eating For photonics, what waveguide/
« Charge & magnetic noise coupler loss oand detector
v efficiency n_det are achieved?
@ For ion and spin platforms, what
heating, charge-noise, or related
stability limits constrain QEC
operation?

(@ Does packaging or multichip
integration preserve coherence
and gate fidelity across modules?

Materials and fabrication set the physical noise and variability envelope within which
KEXIAREAWAY QEC mapping, calibration, cadence, and logical scaling must operate.

FIGURE 14. Materials and fabrication design map linking coherence,
uniformity, yield, loss, and drift to QEC threshold margin, hardware
mapping, recalibration, and system-scale overhead.

Relevant metrics include coherence time distributions
T1/T>/Ty; frequency spread oy from junction-resistance
variation; TLS density and quasiparticle-burst rate; device
yield Y; and platform-specific loss or heating terms such as
ion motional heating rate n, photonic waveguide/coupler loss
o, and detector efficiency nge;. These quantities determine
(i) how far below threshold a platform can realistically oper-
ate for a chosen code, (ii) whether mapping and embedding
(Section III-A) can avoid frequency collisions and dead-
qubit detours, and (iii) whether calibrations remain stable on
the timescales required by the cadence and decoder-latency
envelope of Section IV.

In superconducting qubits, the main materials drivers are
surface/interface TLS, dielectric participation, quasiparticle
bursts, IR/blackbody loading, and junction variability. Tan-
talum electrodes push transmon 77 into the 0.3-0.5 ms
range [88], [89]; ‘“‘super-sandwich” dielectrics reduce
participation and stabilize 7'y [77]; phonon-trap structures
suppress and mitigate correlated quasiparticle events [27];
and wafer-scale junction control achieves <5% resistance
spread with near-100% yield on fluxonia, enabling 77 21
ms and thousand-junction scaling [89]. Flip-chip multichip
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modules with indium bump bonds have demonstrated 99.1%
CZ gates in 56 ns across chips without coherence loss [90].
For QEC, higher T and fewer bursts reduce per-round logical
error; tighter oy avoids frequency crowding and residual ZZ
collisions that would otherwise depress thresholds or force
SWAP-heavy rerouting (Section III-A); and stable stacks
simplify drift management so that sub-u s cycles and decoder
power budgets (Section IV) remain realistic. Where flip-chip
yield is high, multi-chip patches can relieve congestion and
SWAP depth without coherence penalties [90].

In ion traps, electrode-surface electric-field noise drives
motional heating, while photo-charging and imperfect RF
potentials introduce drift and crosstalk. Surface cleaning (ion
bombardment/plasma) and cryogenic operation suppress the
motional heating rate n, allowing many two-qubit gates to
be executed before re-cooling; on-chip superconducting RF
resonators stabilize transport fields [52]. Improved UV optics
and stabilized lasers further limit slow drift. For QEC, lower
n keeps entangling-gate errors below practical thresholds
and stabilizes syndrome statistics over many cycles. At the
same time, stable transport enables transversal CNOTSs on
short-distance blocks (Section III-C) without additional depth
inflation.

In photonic platforms, waveguide/coupler loss « and
detector efficiency nger dominate the effective erasure rate,
while integration quality governs synchronization and mode
mixing. Low-loss SiN circuits with <0.5% beamsplitter loss
and SNSPDs with nget > 95% and low dark counts have been
demonstrated in entangling meshes [91]. Each percentage
point of loss reduces fusion fidelity and lowers QEC
thresholds for cluster-state and fusion-based schemes [63].
For QEC, lower « and higher 14e; move the operation toward
regimes where erasure-aware surface/LDPC codes have high
thresholds, provided feed-forward and decoding latency can
keep up with the optical clock (Section I'V).

Neutral-atom coherence is limited by Rydberg—surface
interactions and optical scattering; improved coatings and
vacuum packaging increase stability and support erasure-
aware strategies, although parallelism remains bounded
by optical crosstalk (Section III-B). Semiconductor spin
devices benefit from isotopically enriched silicon, carefully
engineered junction stacks, and micromagnets; these have
yielded two-qubit fidelities above 99% [64]. For QEC,
better uniformity makes small-distance codes with frequent
recalibration more attractive, while long-range couplers help
reduce routing penalties (see Fig. 14 for the checklist).

In summary, materials and fabrication set the error floor,
uniformity, and yield that ultimately determine practical
thresholds and space—time overhead. For superconductors,
tantalum-class stacks, super-sandwich dielectrics, phonon
traps, tight junction control, and flip-chip packaging jointly
raise logical margins for surface/surgery layouts and ease
embedding [77], [88], [89], [90]. For ions, low motional
heating and stable transport enable transversal block codes
with predictable cadence [52]. For photonics, low o and
high nge; are critical for crossing erasure thresholds while
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keeping feed-forward within decoder budgets [63], [91]. In all
cases, materials choices should be treated as inputs to code
selection, embedding, and cycle design, not just device-level
optimizations [87].

E. CRYOGENIC CONTROL AND REAL-TIME SYSTEMS

In this subsection, we survey the cryogenic control stack that
closes the quantum—classical QEC loop and link it directly to
the latency and power envelopes of Section I'V.

We track three system metrics: (i) end-to-end latency from
measurement to corrective actuation or Pauli-frame update,
(ii) power dissipation and I/O bandwidth per control/readout
channel at cryogenic stages, and (iii) sustained decoding
throughput at the target code distance. Latency and jitter
appear as idle accumulation and stale Pauli frames; cryogenic
power and bandwidth caps bound how many stabilizers and
what code distance can be supported before backlogs form
(Fig. 15).

Modern processors operate qubits at tens of millikelvins
while most electronics remain warm; long cables introduce
delay, heat load, and I/O limitations. To relieve this,
control and readout are being pushed into the cryostat
using cryo-CMOS waveform generation, digitization, and
on-die DSP. Prototypes report multi-channel 4.5-5.5 GHz
sources and closed-loop feedback at milliwatt-scale power
per channel when thermally anchored cold, showing that
generation and digitization can move to cryogenic stages
without exhausting the thermal budget [60], [92], [93]. This
shortens cycles and helps meet per-round logical targets;
the same power caps limit how many stabilizers can run in
parallel and thus how deep extraction can be at fixed physical
error rates.

Cryogenic Control & Real-Time Systems
QEC control path

A, TECTN

Pauli-frame /
Readout Decade actuation

PURPOSE | OUTCOME DECISION QUESTIONS
Partition readout, decoding,
and actuation across
cryogenic and warm tiers so

EC meets its response,
throughput, 110, and power
budgets without stale Pauli-
frame information.

What end-to-end response latency
and sustained throughput are
required for the target QEC
workload?
@ Which functions should remain
warm, move to 1-4 K, or sit near the
Placement tiers qubit plane?

Warm tier 1-4 K tier mK [ qubit oDupel-channelpower.memory,and

110 bandwidth support the required

(>4K) plane e P
_— stabilizer parallelism?

= %{{ e

PITFALL | DEFAULT STATE = @ Which decoderfaccelerator pairing
Do not 8 control 5 T —MWPM, UF, BP-OSD, or MLIhybrid
. on CPUIGPU, FPGA, ASIC, or

placement from latency Key constraints cryogenic hardware—fits the
alone. Warm round trips can latency and resource envelope?
increase response latency O [ D f
and 1/0 load, while overly v © Can calibration and decoder-model

updates track drift off the per-round

aggressive cold placement critical path?

can exceed cryogenic power,
memory, or bandwidth
budgets.

Power
bandwidth (uW-mWw)

Meet logical-dependency

deadline without backlog

or stale Pauli information

Cryogenic QEC control is a p : readout, b 110,

and power must be partitioned across fémperature tiers to meet tﬁroughput and
deadli without g backlog.

Latency Throughput 10

(@ How do latency, power, bandwidth,
and placement constraints affect
extraction and logical-operation
scheduling?

KEY TAKEA

FIGURE 15. Checklist of cryogenic control & real-time budgets.

Routing and triggering at cold stages complete the fast
path. Time- and frequency-division multiplexing reduce
cable counts; reconfigurable cryogenic switches steer tones
and measurements; and single-flux-quantum (SFQ) circuits
provide picosecond-class triggers with negligible static
power [38], [94], [95], [96]. With appropriate staging, sta-
bilizer layers operate within crosstalk limits (Section III-B),
and dynamic power remains within cryogenic budgets,
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ensuring systems remain within the real-time window of
Section IV-A.

A key architectural decision is where to place ‘‘intel-
ligence.” Keeping readout, decoding, and actuation warm
simplifies design but maximizes latency and cryostat 1/O.
Moving readout cold while decoding remains warm reduces
I/0 and improves SNR, but still incurs a warm round-trip
for decisions. For &1 u s cycles on fast platforms, a fully
cold loop—cold readout, cold decode, and cold actuation—
keeps the Pauli frame current on the hardware timescale.
Experiments demonstrating sub-p¢ s per-round decoding
and few-u s closed-loop feedback show that such loops
are feasible when co-designed with schedules and decoder
architectures (Section IV) [78], [97], [98], [99], [ 100], [101].
If decoding remains warm, Pauli-frame updates can lag by
multiple rounds, effectively adding idles and mis-timed flips
and raising logical error per cycle even when gate fidelities
are unchanged.

Decoding, therefore, is a time-consuming load on the
control plane. To sustain ~1 w s cycles, streamed, fixed-
latency pipelines with bounded jitter are required; reported
envelopes for practical distances include <1 u s per round,
with on-cold memory bandwidth and milliwatt-scale power
as dominant scaling constraints [97], [98]. Extra latency or
jitter enlarges the unresolved space—time decoding window;
backlog converts algorithmic accuracy into delay and can
increase operational logical-failure risk or logical-clock time
without changing the algebraic code distance d, motivating
the throughput-backlog—deadline treatment in Section IV.
Non-stationary noise motivates learned or weighted decoders,
but parameter updates (edge weights, erasure priors) are
best applied at millisecond-to-second timescales based on
calibration telemetry, so they track slow drifts and bursts
without entering the per-round critical path.

Platform implications follow directly. Superconducting
processors benefit from co-located cryogenic sources, dig-
itizers, switches, and fixed-latency decoders that close
the loop in hundreds of nanoseconds, enabling surface-
and lattice-surgery schedules to remain below threshold at
realistic distances [78], [97], [98], [99], [100], [101]. Ion-
trap systems emphasize analog stability and deterministic,
but slower, control, so warm decoding can suffice if cycles
are long and the Pauli-frame lag stays within the error-per-
round budget. Photonic and other erasure-dominated stacks
push measurement, feed-forward, and often decoding to the
detector plane. Hence, decisions keep pace with the optical
clock, with on-chip aggregation and inference minimizing
path length to the decoder [17], [66], [91].

In short, cryogenic control bridges hardware physics
(Section III) and decoding theory (Section II). Bringing
generation, digitization, switching, and inference into the
cryostat reduces latency, cabling, and thermal load. Still,
it imposes strict limits on power and on-cold bandwidth
that codes and schedules must obey. With fixed, sub-u s
measurement—decision—actuation pipelines operating within
the available tier-specific power and energy budgets, planar
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TABLE 9. Fault-tolerant gate compatibility.

surface-code
implementations more
commonly use surgery,
while fold-transversal,
stacked, or reconfigurable
layouts relax strict planar
locality.

favorable connectivity.

Technique Superconducting Trapped ions Trade-offs/notes Ref.
Transversal CNOT Color-code patches can Small Steane/color-code blocks can Transversal constructions reduce fault [12], [34], [44], [80], [102]
in-code support transversal CNOTs; | exploit transversal logical gates under propagation but can require nonlocal

connectivity, permutations, or
reconfigurable layouts.

Lattice-surgery CNOT Patch merge/split is a
standard surface-code route
to logical CNOT.

small ion-code blocks.

Surgery-like and teleportation-based
logical operations are possible, although
transversal gates can be more natural on

Additional syndrome-extraction rounds
increase cadence and decoder load.

[52], [102]

Non-Cliffords
(T [Toffoli)

Magic-state distillation,
code switching, and
bias-preserving bosonic
approaches provide
complementary routes;
leakage mitigation can
reduce hardware-induced
overhead.

non-Clifford routes.

Magic-state preparation/distillation and
code switching provide fault-tolerant

Ancilla quality, factory throughput, [17], [67], [82], [83]
leakage, and feed-forward latency set

practical cost.

Primary QEC
consequence

Surgery depth and factory
throughput tighten the
space—time budget.

constrain cadence.

Transversal operations can reduce depth,
while transport and mode crowding

Logical-operation feasibility remains [501-[52], [81], [83]-[85]
coupled to decoder latency, connectivity,

and ancilla resources.

surface/surgery layouts align well with current constraints.
In contrast, higher-degree LDPC variants must be checked
against on-cold memory and I/O limits before deploy-
ment [97], [98].

F. INTERCONNECTS, PACKAGING AND INTEGRATION
SYSTEMS

In this subsection, we discuss how interconnects and
packaging determine whether large-scale QEC processors
can be wired, cooled, and synchronized without sacrificing
coherence, and how these constraints link to embedding
(Section III-A) and decoding (Section 1V).

Key constraints are I/O density, per-link thermal load,
coherence retention across modules, and link latency or
bandwidth for streaming stabilizer rounds. These bounds
feed directly into code embedding and routing, into leak-
age/crosstalk behavior, and into the real-time decoder enve-
lope. Multichip integration is the primary route to overcoming
routing congestion and I/O fan-out in superconducting
devices. Flip-chip bonding and 3D integration with indium
bumps or through-silicon vias for placement control, with
coupler chips face-to-face with qubit dies. Two- to four-die
modules preserve coherence across chip boundaries, with
inter-die couplers achieving >99% gate fidelity and bump
resistances in the hundreds of n€2 [60], [92], [94], [103]. This
removes the traditional bonding *““‘coherence tax” and enables
tileable layouts for lattice surgery [102]. Shorter control paths
and reduced SWAP overhead help surface-code schedules
stay within the &1 u s cadence window of Sections IIl and IV.
IBM and Google prototypes now use tiled heavy-hex layouts
with inter-die couplers that preserve connectivity across chip
boundaries while keeping crosstalk and thermal load inside
cryogenic budgets [60], [97].
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In trapped-ion systems, scaling QCCD traps demands
dense vacuum feedthroughs and stable analog distribution.
Integrated capacitive filters, multiplexed DACs, and on-chip
optics reduce wiring and suppress noise while maintain-
ing precise electrode control [60], [104], [105], [106],
[107]. Integrated waveguides deliver beams directly to ions,
improving alignment and enabling parallel operations. For
QEC, fewer lines and cleaner analog paths reduce motional
heating and drift, supporting transversal Steane/Bacon—Shor
codes at predictable cadence (Section III-C) without creating
decoder backlog, while multiple interaction zones per module
increase parallel stabilizer weight before motional-mode
crowding becomes the limiter.

Interconnects, Packaging, and Integration

PURPOSE | OUTCOME

Design interconnects and
packaging that preserve
coherence, reduce routing
overhead, and sustain "

arallel 3’EC operation within
/0, bandwidth, and thermal
budgets.

PITFALL | DEFAULT STATE

Do not scale qubit count
without scaling the
interconnect and thermal
infrastructure. Insufficient I/

Interconnect architecture

B s
e,

QEC tile / QEC tile /
module module

'—|—T—|
M s A
(@)
Coherenc Loss/ Latency/ Thermal |
" fidelity bandwi 10
retention dth

v

DECISION QUESTIONS

@ Does multichip or 3D integration
preserve coherence and cross-
module operation fidelity
sufficiently for QEC?

o Where can inter-die couplers,
buses, or optical links reduce
routing and SWAP overhead?

© Do linklatency, jtter, and
bandwidth support stabilizer
cadence q’nd streaming

How do local electricallresonator
links versus fiber-networked
modules affect synchronization
and buffer requirements?

0, excess link loss or latency, ili

and cryogenic thermal load & f?( i gsgargalof‘tabmzer
can limit parallelism, increase +streaming decode
buffering and routing

overhead, and erode logical 4

performance.
Sta{ within cadence and
routing budgets

© For photonics, are detector
efficiency and total optical loss
compatible with the required
erasure budget?

(© What /0 density and per-link
thermal load can each cryogenic
stage support?

f Inter s and ing are QEC r Iy : coherence i routing
KEY TAKEAWAY | relief, bandwidth, link loss Iatengy, 1/0 density, and thermal load must be co-
L designed to sustain modufar QEC at scale.

FIGURE 16. Interconnect/packaging design checklist.

For photonic architectures, the dominant constraints are
optical loss and synchronization. Integrated platforms now
combine sources, interferometers, and SNSPDs on a single
chip, with detector efficiencies above 95% and splitter losses
below ~0.5% per element [76], [91]. These parameters set the
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effective erasure rate: each additional percent of loss reduces
fusion fidelity and lowers QEC thresholds for cluster-state
and fusion-based codes [63]. Monolithic integration of detec-
tors and sources reduces timing jitter and improves mode
stability, both of which are critical for fusion-based quantum
computation. Lower loss and feed-forward electronics co-
located with detectors keep syndrome cadence aligned with
the photonic clock and prevent buffers from growing beyond
the decoding envelope of Section IV [66], [91].

Beyond single-module packaging, transducer-mediated
links enable distributed fault tolerance. Electro-optic and
rare-earth transducers convert microwave or ion excitations
into telecom photons for long-distance networking [17],
[66]. Two main patterns emerge: (i) local superconducting
interconnects—resonator buses or short flex lines—that
preserve coherence across multichip tiles but must obey
cryogenic power limits (Section III-E); and (ii) optical-fiber
interconnects that distribute entanglement across cryostats
or racks, introducing a network clock and buffer require-
ments that must be co-designed with streaming decoders
(Section IV). Hybrid schemes link semiconductor spin qubits
coherently to superconducting resonators, forming dense
“compute tiles” connected by cavity buses; longitudinal cou-
plings enhance readout and mitigate Purcell loss, suggesting
modular hybrid processors in which superconductors provide
connectivity and spins provide density [38].

In summary (see Fig. 16), interconnects and packaging
are QEC resources, not afterthoughts. Multichip supercon-
ducting modules and tiled layouts reduce routing overhead
and preserve coherence, enabling scalable surface-code
designs within timing and power limits. In ion traps,
wiring reduction and integrated optics stabilize timing and
heating, allowing transversal block codes to run without
excess drift. In photonics, detector efficiency and low-loss
SiN waveguides are critical for crossing erasure thresholds
while keeping feed-forward within the decoder envelope.
Across platforms, interconnect density sets the maximum
stabilizer weight in parallel, thermal load bounds cadence,
and coherence retention determines whether logical error
rates stay below threshold. As distributed and hybrid systems
emerge, packaging and interconnects will increasingly dictate
which codes and embeddings remain viable at scale.

IV. DECODER ARCHITECTURES AND COMPUTATIONAL
BOTTLENECKS IN QEC

This section surveys the spectrum of quantum-error-
correction (QEC) decoders and the computational bottle-
necks they face when syndrome data arrives at MHz rates.
We define strict latency—throughput targets and contrast
accuracy-optimal but heavy minimum-weight perfect match-
ing (MWPM) decoders with near-linear-time Union-Find
(UF), belief propagation (BP/OSD), and ML approaches
(autonomous error correction: [108]). We also review
FPGA/ASIC accelerators that push latency down to sub-
u s. The core message is that once decoding falls even a
few microseconds behind, accumulated physical errors can
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erase the accuracy gains achieved. Scalable, hardware-aware
decoders that balance speed, fidelity, and power/placement
constraints (Section III-E) are indispensable for fault-tolerant
computing.

A. REAL-TIME DECODING REQUIREMENTS AND
BOTTLENECKS

In this subsection, we define the timing and power con-
straints imposed by MHz-rate QEC cycles and explain why
decoders must operate online without creating persistent
backlogs. A QEC device typically produces syndrome
rounds at an approximately periodic cadence 7cycle, whereas
the detection-event pattern in each round, and hence the
computational work presented to the decoder, is stochastic.
We therefore distinguish decoder service capacity, end-to-end
response latency, and unfinished decoding work.

Modern superconducting QEC operates at approximately
microsecond syndrome cadence, and real-time implemen-
tations explicitly distinguish the throughput needed to
avoid backlog from the full response latency needed
for logical branching [97], [109]. Dedicated accelerators
increase the available decoding service through hardware
parallelism [84], while AFS and LILLIPUT illustrate the
latency—accuracy-resource trade space of hardware decoder
design [110], [111]. Online decoding is particularly important
when a logical operation depends on a decoded measurement
result [97], [109]; related fault-tolerant photonic architectures
are discussed in [112].

To formalize backlog without assuming Poisson arrivals,
let A; > 0 denote the decoding work generated by the
syndrome and detection-event pattern of QEC round #,
measured in implementation- appropriate work units (e.g.,
graph/message updates or equivalent accelerator service
cycles). Let S; > 0 denote the work that the deployed decoder
can retire during one interval Tcycle, in the same units, and
let B; > 0 denote unfinished work carried into that interval.
A round-synchronous workload recursion is

Biy1 = [B +A — ST, [x]" = max(x,0). (4

Thus, rounds remain periodically clocked while their decod-
ing workload is a stochastic batch. Under a stationary and
ergodic approximation for the net-input process A; — S;, with
finite first moment, the standard negative-drift condition

E[A;] < E[S/] (%)

is the basic queue-stability requirement; if mean incoming
work exceeds mean service, backlog cannot remain bounded,
while the critical equality case requires additional assump-
tions [113]. Equation (5) is an average stability condition, not
a hard real-time guarantee.

For operations that depend on a decoded result, a separate
response deadline is required. We write the engineering target
as

Priss = Pr{tzresp > le} =< &dl, ©6)
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where 7, T includes queue waiting, decoding service, and
the required communication/control latency, and Ty is the
logical-dependency deadline. Consequently, a stable queue
can still have unacceptable latency tails. The familiar rule
Tdee =< Teycle is a sufficient special case when one
serial decode must finish before the next round; it is
not a general stability condition for pipelined or parallel
streaming decoders. Parallel-window decoding can sustain
the syndrome stream while retaining a multi-round response
latency [109], and recent integrated superconducting experi-
ments report sub-u s mean decoding time per round together
with a multi-u s full feedback response [97].

Correlated or drifting hardware noise enters this model
primarily through the workload process A;, rather than
by making the nominal QEC clock Poisson. A minimal
statistical description is the time-dependent mean pa(t) =
E[A;] and temporal covariance y4(t, £) = Cov(A;, Ar4¢).
Changes in u4(t) represent drift in typical load, whereas
temporal correlation or bursts can produce consecutive
high-work rounds. Experiments show that increased defect
rates can increase decoder execution time [97], and recent
QEC systems studies report data-dependent decoding latency
and bursty, non-stationary decoder demand [114]. Such
excursions can increase By and Ppss even when a long-run
stationary approximation satisfies (5), motivating service
headroom, buffering, and tail-latency analysis rather than
a mean-latency criterion alone. Backlog does not change
the algebraic code distance d; operationally, it enlarges the
unresolved space—time decoding history and can force stalls,
delayed logical decisions, or window truncation, thereby
increasing logical-failure risk or logical clock time [109],
[114].

Placement is also power-limited. As discussed in
Section III-E, cryogenic control and decoding must satisfy
tier-specific power constraints. For a stated decoder workload
and placement, the per-round decoding energy is

*Thud, get
Evouna = / Pdecode(t) dt,
0

subject to

ZPtier = Pcap(tier)'

Because published implementations do not consistently
report matched power, timing, and syndrome-volume quanti-
ties, Table 10 reports normalized decoder energy only when it
is derivable from same-scope source data. Heavier learning or
correlation tracking should remain warm unless the deployed
cold path satisfies its measured latency and power budget.
We refer to these joint workload, service, response-latency,
and power limits as the real-time envelope of Section IV-A
and use it throughout the paper. Within this envelope, real-
time decoding is a stochastic streaming pipeline: it must
provide sufficient service headroom to keep the backlog B,
controlled, provision buffering and parallelism for workload
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Real-Time Decoding Requirements & Bottlenecks

PURPOSE | OUTCOME Streaming real-time envelope
Sustain MHz-class QEC by
providing sufficient decoder
service, olling
and latency tails, and

DECISION QUESTIONS
o What syndrome cadence
T cycle, code scale, and
‘must the decoder
support?

Is sustained decoder
service sufficient to keep
backlog controlled under
workload bursts?

© Do response and tail
latencies meet the_log;cal-

© What buffering and in-flight
depth absorb workload and
Backlog / buffer B link-latency variation
(controlled) without back-pressure?
T © Which thermal tiering at
, the cold stage (1-4
Response deadline versus wé\rm tier, and what
y er-round ener memol
(logical feed-forward) Pt hudgetg%pply? Y,
+ @ Gan few-bit LLRs, leakage
flags ang Pa‘ull-frarr:ie
updates be streame
I?tesracy in-flight bandwidth (Emr:ﬂ:d w'i)thoug exceeding link
1556 "Gepth (inklimits |5CCs bandwidth?

Syndrome cadence
Teyee (=1 pS)
+

A
(varies with detection pattern)

ing logical-de 1
deadlines within memory, va
0, and energy budgets.
Decoder service St

PITFALL | DEFAULT STATE i

Do not judge real-time

decoding from mean latency

or accuracy alone.

Insufficient service (
headroom, workload bursts,
latency ta||s, or undersized
buffers can create backlog
and delayed logical
decisions even when
average performance
appears acceptable.

Tail  Buffering 0

f is a servi dline problem: provide headroom for stochastic |
KEY TAKEAWAY | workload, control backlog and latency tails, and fit buffering, /O, placement, and energy
within the QEC system p

Real-tit i

FIGURE 17. Real-time decoding checklist: cycle-time and distance;
tail-latency/backlog limits; jitter-absorbing buffers; cryo-warm
partitioning with x J/round caps and few-bit log-likelihood ratios (LLRs)
and flags; pitfall (accuracy-first backlog) and objective (deadline-safe, 1
J-class, on-time Pauli frame).

bursts, satisfy the response-deadline target in (6) when logical
feed-forward is required, and keep cold-tier inference within
the available per-round energy budget. Fig. 17 summarizes
these deadline, backlog, and cryo-power constraints for
MHz-class online decoding.

B. MINIMUM-WEIGHT PERFECT MATCHING DECODERS
In this subsection, we describe MWPM decoders, which cast
decoding as a weighted matching problem and remain the
accuracy baseline for surface codes.

Each detection event (defect) is a node in a space—time
graph; error likelihoods weight edges, and a minimum-weight
perfect matching pairs all defects (or connects them to
boundaries), yielding the most likely error configuration.
Under both phenomenological noise (abstract X/Z-flip and
measurement faults) and circuit-level noise (faults on all
gates, idles, and measurements), Blossom-family solvers
achieve among the highest known thresholds, which is why
early experiments adopted MWPM as the de facto baseline.
The drawback is computational: graph updates and memory
traffic scale poorly with distance d, and naive software
struggles to sustain MHz-class rounds [84], [115].

Recent work pushes MWPM closer to real-time along
two main tracks—algorithmic and hardware—summarized
in Fig. 18.

Algorithmic speedups: At low physical error rates, the
syndrome graph is sparse. Astrea exploits this sparsity to
solve MWPM exactly for d ~ 7 with ~1 ns average
and 456 ns worst-case latency on FPGA-class logic; the
greedy Astrea-G variant prunes unlikely pairings, remaining
near-optimal while holding sub-u s latency for d =~ 9 [75].
Follow-on work extends these ideas to larger graphs [58].
In parallel, Fusion Blossom fuses many partial matchings
concurrently, sustaining ~10° rounds/s (=1 p s/round)
for distances in the low-30s around 1073 physical error;
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streaming variants further reduce queueing delay on many-
core hosts [116].

MWPM (Blossom family: Fusion Blossom, Micro Blossom)

PURPOSE /| OUTCOME

Use MWPM as a hi?h-
accuracy baseline for
surface-code decodi_nq‘by
finding it

MWPM decoding flow

.°.*.*Space-time detector graph
S

DECISION QUESTIONS

(@ How should matching be
parallelized across cores or
CPU-FPGAJASIC resources?

nodes = detection

+
Weighted matching

9!
corrections on the space- i
time detector graph.p © ©  edge weights = @ What average and tail
©————0 faultlikelihoods service-time targets must
MWPM satisfy within the
Parallel | -t ?
F"i':f:‘i:“’sso,m (cpui | |© What streaming or temporal
PITFALL | DEFAULT STATE GPU) -« window policy keeps the

unresolved decoding
window and backlog
bounded?

Do not evaluate MWPM from
average latency alone. Graph
{Jroc_essing and memory/I/
raffic can'produce latency
tails and back-pressure as
the decoding problem apply corrections or update frame
grows,'requlrln%para!lellsm,

streaming, and buffering. @ El

Tail latency Memory [0 Buffering
(P99 /P99.9) _(bandwidth)
MWPM provides a high-accuracy surface-code baseline, but real-time deployment
KEY TAKEAWAY | requires p i i weights, i i ing, and control of tail latency
and memory/l/O.

Micro Blossom
CPU + FPGAIASIC partition

o Are detector-graph edge
weights calibrated to the
applicable circuit-level noise
model?

+
Pauli-frame result

FIGURE 18. MWPM design checklist—decide parallelism, windowing,
calibrated circuit-level weights, and service-time policy; pitfall is latency
tails/back-pressure; purpose is near-ML matching on the space-time
detector graph.

Hardware acceleration: Dedicated logic narrows the
latency gap by exploiting fine-grain parallelism. Micro
Blossom partitions Blossom between a host CPU and an
FPGA/ASIC accelerator, instantiating processing elements
for graph nodes and edges. This preserves MWPM optimality
while achieving ~0.8 p© s average decoding latency at
d = 13 on FPGA hardware, at the cost of additional
bandwidth, area, and design complexity [84], [97].

In head-to-head comparisons, MWPM remains a top-
accuracy reference across many noise models: learned
decoders can outperform it on device-calibrated data
with crosstalk and leakage, whereas under cleaner sim-
ulated noise, MWPM typically matches or exceeds ML
performance [97], [117].

The main practical risks are tail latency and memory/l/O
bandwidth as d increases—without careful streaming and
buffering, rare worst-case rounds can enlarge the unresolved
space—time decoding window and raise the probability of
buffer or response-deadline violations.

In summary, MWPM offers near-maximum-likelihood
accuracy but requires careful algorithmic and hardware
acceleration to meet sub-u s deadlines and keep tail latency
within the real-time envelope.

C. UNION-FIND AND RELATED PARTIAL-WEIGHT
DECODERS

In this subsection, we describe UF decoders, which greedily
grow and merge clusters of detection events to achieve near-
linear-time decoding suitable for real-time operation.

UF decoders expand clusters around nearby detection
events and merge them using disjoint-set unions; once a
cluster touches a boundary or closes a path, the corresponding
error chain is applied. This yields almost linear complexity in
the number of defects (up to an inverse-Ackermann factor),

VOLUME 14, 2026

maps naturally to parallel hardware, and makes UF highly
attractive for low-latency decoding [115], [118], [119], [120].
Under phenomenological noise, UF approaches MWPM
thresholds; under circuit-level noise, it typically reaches
~60-70% of the MWPM threshold while still exhibiting
exponential distance scaling, albeit with a larger logical-error
prefactor.

In software, UF is often ~10x faster than MWPM on
multicore hosts while maintaining competitive logical error
rates at moderate distances. Distributed and parallel UF
implementations achieve sub-u s round latencies for sizable
surface codes, with simplifications that keep worst-case
time linear and reduce memory pressure so 99.9th-percentile
latency remains bounded at MHz cadence [119]. Bias-aware
variants such as UIUF (Union-Intersection UF) and IRUF
(iterative UF) incorporate noise bias and X/Z correlations;
UIUF can provably correct up to about half the code
distance in certain biased regimes without losing linear-
time behavior [ 115]. UF-style clustering also extends beyond
the surface code to QLDPC on hyperbolic/expander graphs
and to erasure settings with known fault locations, where
breadth-first traversal variants simplify control and memory
access for RTL implementations [120].

UF’s operations—local growth, union, and path
compression—map cleanly to nearest-neighbor processor
lattices and streaming FPGA/ASIC pipelines. Synthesized
designs report deterministic, sub-u s per-round latency with
sublinear average time versus distance; even naive UF retains
linear worst-case scaling, keeping area modest and timing
predictable [118]. The main limitation is a modest accuracy
gap to optimal matching, especially under circuit-level or
strongly correlated noise, but this can be narrowed with
UIUF/IRUF, lightweight post-processing, or hybrids (e.g.,
ML scorer — UF decision, or UF pre-filter — OSD
refinement) [115].

In summary (see Fig. 19), UF-style decoders trade a
modest accuracy gap for deterministic, low-latency operation
and hardware-friendly local processing, making them natural
candidates for real-time decoding.

D. BEYOND MATCHING: BP, ML, AND OTHER DECODERS
In this subsection, we describe BP/OSD, machine-
learning-based decoders, and related approaches that target
QLDPC and hardware-calibrated noise beyond simple
matching.

For QLDPC, plain BP is attractive because its message
updates parallelize well. While provable linear-time decoders
exist for specific good code families [121], for general
QLDPC, short cycles and code degeneracy can cause
oscillations and inconsistent marginals, so BP alone is usually
not sufficient. BP-OSD addresses this by running BP to
rank bit reliabilities and then searching a small ordered
list of top-k candidates; in reported studies, this achieves
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Union-Find (UF) and Variants
UF decoding flow

PURPOSE | OUTCOME

Use UF for near-linear,
hardware-friendly decoding
with predictable low latency,
accepting a modest accuracy
gap relative to MWPM.

DECISION QUESTIONS

1 | Detection events
(syndrome defects)

e Which variant best matches
the workload: plain UF, bias-
aware UF, or an erasure-
aware implementation?

2| Grow clusters
(nearby defects)

@ Which union-by-rankisize
and bounded path-
compression policy keeps
runtime predictable?

e Would lightweight local
post-processing (for
example, peeling) improve
residual accuracy without
violating the real-time
latency envelope?

Union | merge
(disjoint-set)

PITFALL | DEFAULT STATE

Do not ignore available noise
structure. Bias, X/IZ .
correlations, erasure

information, and boundary [E
conditions can materially
affect UF accuracy;
neglecting them can widen
the gap to MWPM under
realistic noise.

B Boundary or closure
(apply error chain)

‘ Correction / Pauli-frame
(update frame)

UF variants
Does the chosen
implementation preserve
acceptable logical
performance under the
target circuit-level noise
model?

Bias-aware || Erasure-
ul UF || ay F

lexity - parallelizal

UF trades some decoding accuracy for near-linear complexity and predictable low
latency; bias/correlation awareness, erasure information, and lightweight
can narrow the performance gap.

KEY TAKEAWAY

FIGURE 19. UF decoder checklist: choose variant (plain vs
bias/erasure-aware UIUF/IRUF), enable union-by-rank with bounded
path compression; optional local post-pass for residuals. Pitfall: ignoring
bias/erasures widens the MWPM gap. Purpose: deterministic near-linear
decoding with sub-y s latency.

near-optimal performance on small LDPC instances such as
bicycle codes under circuit-level noise and has also been
exercised on surface codes, with k giving a tunable worst-
case bound [11], [122], [123]. Several works combine BP
with peeling-style ideas for hypergraph products and related
gLDPC codes. At the same time, heuristics such as BP+OTF
and ADOSD achieve similar complexity reductions but incur
noticeable trade-offs in thresholds or accuracy, especially
at a constant rate [11]. Neural-BP variants instead learn
damping schedules or edge weights to stabilize updates and
cut iteration count; in the literature, they appear as practical
refinements, not replacements, of BP-OSD [19], [124]
(see Fig. 20).

ML decoders (see Fig. 21) learn hardware-specific cor-
relations and can ingest soft readout values. On device-
calibrated data that include crosstalk and leakage, GNN
and RNN/Transformer decoders have outperformed an
MWPM baseline at small distances (e.g., d = 3,5); on
cleaner simulated noise, they are typically comparable to
MWPM [58], [97], [117], [125]. The main costs are training
and re-tuning, potential distribution mismatch between simu-
lated and live correlated/leaky noise, limited generalization
across distances or hardware revisions, and tail latency or
on-chip power overheads that complicate strict real-time
guarantees [97], [117]. A common pattern is hybridization:
use ML as a scorer, prior updater, or correlation tracker,
while routing worst-case rounds to a deterministic UF or
BP-OSD backstop to keep deadlines and energy budgets
bounded.

A further limitation is interpretability and certifiability.
The learned decision boundaries of neural decoders are
generally difficult to interpret, so rare logical failures can
be difficult to diagnose or attribute to specific syndrome
features or hardware conditions. Strong average validation
performance therefore does not by itself certify worst-
case fault-tolerant behavior, particularly under distribution
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shift or previously unseen correlated, leakage, or burst-
error patterns. Confidence calibration and out-of-distribution
detection can help expose uncertain inputs and trigger con-
servative handling, but these mechanisms remain statistical
safeguards rather than formal worst-case guarantees. For
deployment, an ML decoder should therefore be paired with
a deterministic UF, BP-OSD, or MWPM fallback path for
low-confidence or out-of-distribution cases, preventing an
uncertain learned decision from becoming an uncertified
single point of failure.

BP | BP-OSD (soft-information capable)

PURPOSE | OUTCOME BP-OSD decoding flow DECISION QUESTIONS
Use BP/BP-OSD as a leading Tanner graph + soft LLRs How many BP iterations are
QLDr‘c decoder: parallel Tanner- \FJ Fewhi LLRs or muki-sho'QEieg o allowed, and what stopping or
graph message passin damping policy stabilizes
provides soft reliabilities, while convergence?
OSD refines ambiguous AT, )
solutions for improved logical (optional) o \What OSD order k provides the
performance. o) N required accuracy without

exceeding the latency
envelope?

o What LLR precision is
OSD refinement (order k) sufficient, and can few-bit fixed-
) Search ordered candidates up to k point soft information be
carried within memory, /0, and
power budgets?

)
& ) Reliabiityranking
Order bits by soft reliability

PITFALL | DEFAULT STATE |
Do not rely on plain BP without
accounting for short cycles, G
degeneracy, and finite-precision N N

soft information. These effects s | GRaL P D

can impair While pply correction or update frame
higher OSD order increases
latency and compute cost.

o Should edge weights or priors
be adapted to bias, drift, or
other calibrated noise
structure?

Key trade-offs

0SD order
erations "

pre

BP-OSD is a strong QLDPC option when soft i is reliable;

i 0OSD order,
LLR precision, and hardware resource costs must be co-designed.

KEY TAKEA

FIGURE 20. BP/BP-0SD checklist: update/OSD-k/LLR quantization;
divergence and latency tails; workhorse for (q) LDPC/QLDPC.

Realistic devices further motivate correlation-, leakage-,
and  soft-information-aware  decoding.  Lightweight
correlation-aware schemes re-weight edges using learned
spatial/temporal graphs or temporal filters (e.g., HMMs),
with parameter updates kept off the critical path to
avoid extra jitter [126]. Leakage-tolerant pipelines treat
flagged leakage as biased erasures, schedule periodic
leakage-reset operations, and pass leak flags as side-band
inputs so implicated checks are down-weighted [58], [97],
[117], [125]. Soft information, few-bit LLRs or multi-shot
reliabilities, measurably improves BP/BP-OSD thresholds
and convergence; carrying LLRs across the cryo-to-warm
link and using fixed-point LLR arithmetic in FPGA/ASIC
data paths preserves these gains under tight cryogenic power
budgets [19].

Other approaches round out the landscape. RG decoders
provide multiscale, roughly linear-time heuristics; CA
decoders deliver extremely fast local updates at the cost
of lower thresholds; MaxSAT/ILP achieves exact maximum
likelihood only for small instances and so is mainly
a benchmarking tool; and lookup/decision-tree decoders
remain practical for very small codes or specialized subrou-
tines [127].

In summary, BP-OSD and soft-information variants are
leading options for QLDPC, while ML-based and hybrid
decoders capture correlations and leakage effectively when
their latency and power costs are kept outside the per-round
critical path.
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ML Decoders (GNN / RNN / Transformer)

PURPOSE | OUTCOME ML decoding pipeline with backstop DECISION QUESTIONS
Use ML decoding to exploit . Device-informed inputs @ Are training and validation data
hardware-specific correlations, Calibrati representative of live hardware
syndrome history, soft readout, S| e |1 R || noise, including correlations
and leakage information that ons. and leakage?
simpler noise models may not T iefermen
capture, either directly or as a ML inference @ Which model and features—
scorerlprior for a deterministic areiss in‘z‘f’:‘c:‘ilféz":n";ad"“"
decoder. b
GNN RNN/ Transformer calibrated noise structure—
provide useful gain at
Confi 100D check acceptable model size?
PITEALL / DEFAULT STATE Confident | Low confidence / 00D © Do inference til atency and
i energy fit the deployment tier:
Do not l“dgl,i":!- decoders from Confident (- Lo /00D warm GPUINPU or compact
average validation accuracy istribution) (outo ) e RS CliTarenee?
alone. Simulation-to-device Learned correction | eter:
mismatch, distribution shift, score [ prior PSS Tuwem || | @) How are confidence and out-of-
retraining needs, tail latency, istribution cases detected and
power cost, and limited - handed to a deterministic UF,
interpretability can Pauli-f result | BP-OSD, or MWPM fallback?
real-time or ifi
rall Ener Retraini
latonty gy Retraining

ML can exploit device-specifi and leakage, but deployment requires
matched training data, bounded tail latency and energy, confidence/OOD handling, and a
deterministic fallback path.

KEY TAKEAWAY

FIGURE 21. ML-decoder checklist: placement/model/features;
nondeterministic tails and distribution shift; hybrid with deterministic
backstop.

E. HARDWARE REALIZATIONS, PLACEMENT, AND POWER
ENVELOPES

In this subsection, we map decoder algorithms to CPU/GPU,
FPGA, ASIC, and cryogenic tiers, emphasizing latency and
per-round energy constraints. We treat two design constraints
from Sections III-E and IV-A: (i) average and tail latency
(50th/99.9th percentiles at MHz cadence) and (ii) per-round
energy Eroundg that must respect cryogenic power caps [19],
[75], [84], [97], [116], [117].

FPGAs provide deterministic streaming and fixed-point
datapaths. UF maps cleanly to strictly local grow/union/path-
compression pipelines, while BP-OSD can be implemented
using systolic message passing with a tunable OSD search.
Pipelined MWPM implementations such as Fusion- and
Micro-Blossom-style architectures trade additional band-
width, area, and memory for deterministic acceleration.
Compact ML can run cold only when its measured tail
latency, memory footprint, and power satisfy the deployed
budget; otherwise, ML is better placed in the warm tier with
a deterministic decoding backstop [19], [84], [97].

ASIC implementations can further reduce jitter and
specialize data movement for a fixed decoder workload.
UF and BP-OSD fixed-point pipelines are therefore natural
cold-tier candidates, while Micro-Blossom-style node/edge
processing can accelerate MWPM at the cost of area and
on-chip memory [19], [84], [97]. Because the cited imple-
mentations do not consistently report same-scope power,
timing, and syndrome-volume measurements, no generic per-
round energy class is assigned here; Table 10 reports Ejy,, only
where the required source quantities permit an unambiguous
derivation.

Below <100 mK, total budgets are <10-100 mW,
so only very light logic fits. Cellular-automaton rules and
LUT/decision-tree microcode for tiny tiles or flags are
appropriate; heavier decoding should be moved up to the
cryogenic stage and fed via bounded-tail streaming. Event-
driven/neuromorphic fabrics are attractive for implementing
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local rules, but current toolchains and verification under
cryogenic constraints are immature [97].

Regardless of silicon, the control plane must (i) stream
syndromes plus few-bit LLRs from readout, (ii) pipeline
Pauli-frame updates back to the scheduler, and (iii) pro-
vision buffers so worst-case decode never back-pressures
measurement; link-latency variability must be hidden inside
an in-flight window so that per-round deadlines are
met [19], [97].

We refer to these joint workload, service, response-latency,
and power limits as the real-time envelope of Section IV-A
and use it throughout the paper. Within this envelope, real-
time decoding is a stochastic streaming pipeline: it must
provide sufficient service headroom to keep the backlog B,
controlled, provision buffering and parallelism for workload
bursts, satisfy the response-deadline target in (6) when logical
feed-forward is required, and keep cold-tier inference within
the available per-round energy budget. Fig. 17 summarizes
these deadline, backlog, and cryo-power constraints for
MHz-class online decoding.

In summary, UF and BP-OSD are attractive deterministic
candidates for cold-tier implementation, MWPM benefits
from specialized acceleration, and ML placement should be
determined by measured tail-latency, memory, and power
constraints rather than by a generic per-round energy class.

F. BENCHMARKS AND OPEN PROBLEMS

In this subsection, we outline a minimal reporting set for
decoder benchmarks so that results are comparable and
deployment-relevant:

1) Logical error vs distance: report logical error rates as
a function of code distance under circuit-level noise that
includes spatial/temporal correlations and leakage.

2) Latency statistics and timing basis: report whether a
value is response latency, inverse-throughput/service time,
or batch latency; state the code distance d and, where
defined by the source, the number of syndrome-measurement
rounds m represented by the reported timing. Where this
basis is explicit, we additionally report the distance-indexed
descriptor

[ns/(round - d)]. 7

Here,  denotes the source-defined execution, service,
or response duration represented by m syndrome-
measurement rounds, and Troung = T/m is the corresponding
per-round descriptor. Because syndrome volume and decoder
parallelism need not scale linearly with d, L, is used only
as a descriptive normalization and not as a technology- or
algorithm-normalized efficiency metric.

3) Energy and placement: report source-defined power or
energy together with implementation scope, evidence type,
hardware tier, and workload. Energy per syndrome bit is
derived only when the source provides workload-matched
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quantities,

e — Pt
syn = Nsyn’

[pJ/bit], ®)

where P, T, and Ngy, must refer to the same implementation
scope and operating mode. Otherwise the quantity is marked
ND (not derivable from reported data).

4) Soft-information gain: quantify the improvement when
decoders receive soft information (e.g., LLRs or analog
reliabilities) instead of hard syndromes.

5) Robustness and retuning cost: describe robustness to
calibration drift and model mismatch, including the cost of
retraining or retuning ML-based decoders.

6) Throughput and data movement: report sustained
throughput (rounds/s) at the target distance, along with link
bandwidth and buffer depth assumptions on syndrome I/O.

Table 10 re-audits the representative decoder implementa-
tions against their primary sources and reports the minimum
metadata needed to interpret their timing and power val-
ues. Reported values are distinguished from author-derived
values; heterogeneous noise models, workload windows,
platforms, and evidence types are made explicit. The Ly
descriptor is populated only where the source provides an
unambiguous round basis. Energy per syndrome bit is marked
ND when workload-matched P, 7, and Ngy, are not all
reported.

Open problems that align directly with these benchmarks
include: (i) constant-rate QLDPC decoding with guaran-
teed latency tails under correlated and leaky noise; (ii)
leakage-tolerant pipelines (fast flags/resets) with bounded
overhead and verified stability; (iii) correlation-aware infer-
ence that respects cryogenic energy budgets, favoring
lightweight online reweighting over heavy retraining; (iv)
ML decoders with certified latency/energy envelopes and out-
of-distribution robustness, always paired with deterministic
backstops; and (v) end-to-end co-design of readout, few-bit
LLR transport, and fixed-point decoding at cryogenic stages
under explicit data-motion budgets [19], [97], [117].

V. SCALABILITY AND RESOURCE CONSTRAINTS

Scaling QEC from tens to thousands of logical qubits
turns a coding problem into a full-system design constraint.
As code distance d grows, ancilla demand and per-round
syndrome volume scale as O(d?), stressing cryogenic 1/0
and decoder buffers. MHz-class cycle times (~1 w s) impose
sub-u s classical deadlines, and sub-100 mK power budgets
cap how much decoding and memory can sit near the
qubits. We therefore evaluate each technique through four
lenses: (i) logical throughput and latency, (ii) qubit/ancilla
overhead, (iii) interconnect bandwidth and routing depth, and
(iv) classical memory and energy for decoding, always within
the real-time envelope defined in Section IV-A.

Taken together, these constraints determine which codes
and distances can actually be run as fault-tolerant QEC layers
on hardware. In this section, we therefore treat scalability as
a joint limit across the code, the quantum device, and the
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classical decoder, and ask: for a given target logical error rate,
how far can we realistically push code distance and logical-
qubit count?

Interoperability at this scale also requires stable semantics
across the QEC toolchain. The common quantities in
Table 2 and the provenance conventions in Table 10
provide the QEC-specific benchmark contract used here:
logical-error, threshold, latency, throughput, and energy
results remain tied to their code, noise model, workload,
timing basis, and implementation context. Across compiler—
controller—decoder—-hardware boundaries, portability addi-
tionally requires explicit exchange of syndrome or detector
data (including soft, erasure, or leakage information when
used), round/window timing, decoder outputs or Pauli-frame
state, and backend connectivity, measurement/reset, timing,
and feed-forward capabilities. Existing specifications and
standardization efforts cover parts of this path: OpenQASM
3.1 supports real-time classical control, explicit timing,
and pulse/calibration descriptions; QIR 2.0 provides an
LLVM-based compiler/backend representation with target
capability profiles; IEEE P3980 is an active guide project
for consistent and interoperable hybrid quantum-—classical
deployment; and ISO/IEC AWI 63712 is developing
quantum-computing hardware benchmarking [131], [132],
[133], [134]. None of these efforts by itself defines a complete
QEC-specific decoder—controller interchange or benchmark
suite, so the QEC definitions and provenance conventions
above remain necessary for cross-platform comparison and
integration.

A. MOTIVATION AND SCALING CHALLENGES IN QEC

As distance increases, O(d?) stabilizers and ancillas per
logical qubit generate O(d?) syndrome bits per round, quickly
saturating cryogenic I/O and decoder buffers. MHz-class
cycles require decoders and control logic that meet strict per-
round deadlines; if the classical service rate drops below the
syndrome arrival rate, backlogs deepen the effective circuit
and increase logical error. Unlike classical coding, fault-
tolerant QEC feasibility is therefore set not just by asymptotic
code parameters (distance, rate, threshold). It also depends
on geometry, thermal management, routing congestion, and
timing closure across the quantum-—classical loop, which
together bound the maximum code distance and number of
logical qubits a system can practically support.

B. ANCILLA LOAD AND MEMORY PRESSURE

In this subsection, we discuss how ancilla qubits and
syndrome memory limit scalable QEC and how current
architectures mitigate these limits. Ancillas enable stabilizer
measurement and syndrome extraction but dominate width
and wiring: high-frequency measure-reset-reuse cycles raise
thermal load, and O(d?) syndrome bits per round can
saturate cryogenic I/O and on-chip buffers [135]. The ancilla
schedule is thus directly coupled to the real-time envelope of
Section IV-A: whenever the decoder’s service rate falls below
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TABLE 10. QEC decoder benchmarks with workload and provenance.

Decoder Code / workload / noise Platform / evidence Source-defined timing Ly [ns/(round-d)] Egyp [pJ/bit] Ref.

LILLIPUT (LUT) Surface code;d = 5,m = 2 FPGA implementation 42 ns response (R) 42(D)* ND [111]

Helios (UF) Surface code; d = 21; phenomenological Xilinx VCU129 FPGA: implementation 11.5 ns/round average (R) 0.55 (D) ND [118]
Pphys = 0-1 %

Micro Blossom (MWPM) [ Surface code; d = 13; circuit-level ppyjpys = 0.1% | Versal FPGA prototype; measured at 62 | 0.8 s average response (R) NC ND [84]

MHz

WIT-Greedy Surface code: d = 11; weighted errors FPGA implementation < lpsatd = 11 (R) ND ND [128]

Astrea-G Surface code; d = 9; multi-round decoding window hardware accelerator implementation ~ 450 ns average (R) ND ND [75]1

Fusion Blossom (MWPM) | Rotated surface code; d = 33 batch/d = 21 64-core CPU; software benchmark 100 rounds/s batch; 0.7 ms average stream response NC ND [116]
stream; circuit-level ppyjyg = 0.1% (R)

AFS (UF) Surface code: error-tolerant benchmark hardware micr e/model 42 ns average (R) ND ND [110]

NISQ+ (AQEC) Surface code; d = 9; pure-dephasing model SFQ; synthesis-based ~ 20 ns maximum (R) ND ND [129]

QULATIS Surface code;d < 11; hybrid SFQ/Cryo-CMOS; source-defined layer/service timing (R) ND ND [130]
measurement-error/lattice-surgery support SPICE/simulation, 2 GHz

R =reported by the cited source; D = derived from source-reported quantities; NR = not reported; ND = not derivable from reported data; NC = not
directly comparable. The distance-indexed timing descriptor is Ly = 7/(md) = Trouna /d, where m is the number of syndrome-measurement rounds
represented by the source-defined timing. *Fixed-window normalization: arithmetic descriptor only; it should not be interpreted as a streaming response
latency. Because syndrome workload and decoder parallelism do not generally scale linearly with d, L is not a technology-normalized
algorithmic-efficiency metric. Energy per syndrome bit is Esy, = P7/Nsy, and is reported only when P, T, and Ny, refer to the same implementation
scope, operating mode, and workload. ND is used rather than estimating missing quantities. Cross-platform timing represents realized performance under
the reported implementation conditions rather than technology-normalized algorithmic performance.

the incoming syndrome rate, queues form, effective round
depth grows, and logical errors rise.

Reuse and Time-Multiplexing: Mid-circuit measurement
and reuse share a limited ancilla pool over time. Compiler
passes such as QOS’s QubitReusePass recycle ancillas to
shrink circuit width at the cost of additional depth [135].
Trapped-ion QCCD “‘racetrack’’ layouts pipeline Yb*-Ba®
ancilla chains with deterministic loading and micromotion-
hiding resets, preserving coherence but letting transport
consume ~60% of circuit time. These schemes save
qubits, yet they lengthen cycles and tighten decoder dead-
lines because more faults accumulate during idles and
transport.

Syndrome Compression and Memory-aware Decod-
ing: Syndrome-only estimation reconstructs detector graphs
from histories, compressing data to O(l) parameters per
locality and reducing on-chip RAM and thermal load.
FPGA decoders such as Collision Clustering sustain sub-
n s latency while keeping backlogs within ~10 u s
windows, respecting cryogenic power and memory lim-
its [97], [98]. A related syndrome-only calibration procedure
shows that fitting the decoder to learned, inhomoge-
neous error rates improves logical suppression in memory
experiments [136].

Layout-, erasure-, and memory-aware extraction:
Multi-chip compilers like QulRC partition lattices into
modules joined by entangled bridges, cutting ancilla-patch
length by ~77.8% and circuit depth by ~51.9% [137].
Passes such as QubitFreezing, GateCutting, and WireCutting
reshape the DAG to reduce simultaneous ancilla activation,
trading compile time for lower routing congestion and
buffer contention [138]. Dual-rail superconducting erasure
qubits enable ‘‘ancilla-light’’ extraction: CP-gate checks
or single-transmon entangling measurements halve ancilla
demand and improve logical suppression by &4.2x under
strong erasure bias [139], [140]. Decoding remains tractable
because erasure registers scale as O(d”), but memory
grows as O(m d”) with hyperedge order m, tightening the
ancilla—decoder trade-off.
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Stabilizer degeneracy and space—time correlations compli-
cate belief-propagation heuristics, while ML decoders add
training cost, dataset shift, and inference energy within the
same memory and power budgets [97].

Open questions include cumulative decoherence under aggressive
reuse and the feasibility of cryo-compatible SRAM caches (see
Section V.C for repetition-cadence optimization and Section IILE
for cryogenic memory constraints), all of which ultimately limit the
code distances and logical-qubit counts that can be supported at
target logical error rates.

C. SYNDROME REPETITION OPTIMIZATION
In this subsection, we discuss the co-design of syndrome
repetition depth and decoding resources so that repeated
measurements do not waste time or accumulate unnecessary
idling errors. Repetition frequency interacts with measure-
ment noise, ancilla reuse, and idling (Section V-B), and must
still fit the real-time and power envelope of Section I'V.
Adaptive Stopping Rules: Instead of fixed-depth sched-
ules, adaptive schemes terminate once sufficient confi-
dence is achieved. Let ¢ be the repetition depth (number
of extra syndrome rounds); for a distance-d code, use
t = |(d — 1)/2]. Real-time analysis of syndrome difference
vectors then allows early stopping, requiring on average O(t)
rounds while preserving the logical scaling

t+1
PL’\’(pphys)+,

where Py is the per-round logical error rate and pppys is the
per-operation physical error rate [141]. This reduces idling
errors and thermal load but demands variable-depth decoders
that can update graphs on the fly within sub-y s windows.
Mid-Circuit Qubit Reuse: Mid-circuit measurement and
reset can reduce the number of simultaneously required
physical qubits by allowing measured qubits to be reused
later in a circuit. DeCross et al. demonstrated this compilation
principle by executing an 80-qubit QAOA circuit on a
20-qubit trapped-ion processor [142]. This is a general
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circuit-resource result rather than a QEC-specific ancilla-
compression benchmark; when applied to syndrome sched-
ules, the corresponding reuse and reset latency must be
included explicitly in the cadence budget.

Soft Information and Measurement-Free QEC: Soft-
information decoding uses analog measurement reliability
rather than only hard syndrome bits and can improve error
suppression at fixed code distance [124]. Measurement-free
QEC provides a distinct route in platforms with uncon-
ditional reset or fresh ancillas by replacing measurement
and conditional feed-forward with coherent fault-tolerant
primitives [143].

Table 11 summarizes these distinct strategies and the
resources they trade. Heavy-hex experiments show that error
rates are temporally biased and correlated [140], reinforcing
that cadence and repetition should be treated as a first-class
co-design axis rather than a fixed “‘d rounds” default.

Remaining challenges include adaptive pacing that reacts to
fluctuating error rates, lightweight hardware—software interfaces to
stream diagnostics into controllers, and syndrome-scheduling
abstractions that expose timing and ancilla constraints directly to
compilers.

D. CONSTANT OVERHEAD CODES AND QUANTUM LDPCS
In this subsection, we examine high-rate quantum LDPC
(QLDPC) codes. For an [[n, k, d]] family, constant code rate
means R = k/n = (1), equivalently a constant code-
level data-qubit overhead n/k = O(1). Throughout this
subsection, ‘“‘constant overhead” refers only to this code-
level quantity; it does not include check ancillas, routing
ancillas, long-range couplers, or interconnect layers. Good
QLDPC constructions can combine constant rate and growing
distance while retaining bounded stabilizer weight and
bounded participation degree [144]. This LDPC sparsity is a
graph-theoretic property and does not imply bounded-range
geometric interactions on a two-dimensional processor.

Embedding & Decoder Readiness (for QLDPC)

PURPOSE /| OUTCOME

Co-design the QLDPC code,
physical embedding, and decoder
so favorable code-level overhead
survives implementation within
connectivity, timing, memory, and
energy constraints.

Do not equate asymptotic constant
code overhead with constant
implementation overhead. Non-
geometric Tanner connectivity may
shift cost into routing, ancillas,
long-range couplers,
interconnects, syndrome depth,
and decoder resources.

PITFALL / DEFAULT STATE

[7Embedding-to-readiness flow
QLDPC code

1 | Rate R=kn

stabilizer weight, degree

E] Embedding class

‘ Planar Bilayer

Non.
geometric

Implementation cost

Practical QLDPC readiness
5 | Meets accuracy, latency, memory, and
energy targets.

DECISION QUESTIONS

o Are stabilizer weight, Tanner
degree, and required interaction
locality physically realizable?

@ Which embedding—planar,
bilayer, or non-geometric—
implements the required Tanner
connectivity with acceptable
overhead?

@ What logical performance/
threshold is achieved under the
stated circuit-level noise model?

() Can the decoder sustain the
required service and response
envelope at target block size n?

e What SRAM, operations per round,
Eiouna» and accelerator/
temperature tier are required?

alone: stabilizer

QLDPC i is ined by i ion, not i
KEY TAKEAWAY  structure, embedding cost, syndrome depth, decoder service, memory, and energy must all fit
the target hardware.

FIGURE 22. Embedding & decoder readiness for QLDPC: stabilizer

weight/locality, embedding class, circuit-level threshold, service time at n,

and SRAM/ops/Eround by tier.

Code-level versus implementation overhead: Let Gr
denote the Tanner graph connecting data and check qubits
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and let Gy denote the native hardware interaction graph.
A Tanner edge that is absent from Gy must be realized
by routing, movement, teleportation, or an added nonlocal
coupler. We use Dyyy for the resulting physical two-qubit-
layer depth of one syndrome-extraction schedule and

Nhw = 1+ Ncheck + Nroute

for architectures in which non-native interactions consume
check or routing ancillas. Thus n/k = 1/R measures code-
level overhead, whereas Ny, /k measures the qubit footprint
of a specified implementation; native long-range couplers
introduce additional interconnect costs not included in Ny .

There is no universal QLDPC routing-depth law because
Dgyn depends on Gg and on the available nonlocal gate
primitive. There is, however, a rigorous geometric obstruc-
tion. In the two-dimensional interaction model of Baspin and
Krishna, a QLDPC family with £k = ®(n) and d = ©n%)
requires fZ(n) interactions whose geometric length is ﬁ(n"‘/ 2,
where the tilde suppresses polylogarithmic factors [145].
This is a lower bound on required nonlocal connectivity,
not on a particular SWAP schedule: a strictly local device
must synthesize those interactions, whereas hardware with
native long-range links can trade routing depth for coupler,
fabrication, or modular-interconnect complexity.

Code Families: Quantum Tanner codes, derived from
left-right Cayley complexes, form asymptotically good
QLDPC families with [[n, ®(n), ®(n)]] parameters [14].
Their constant-weight checks support single-shot decod-
ing [15], but their expanding connectivity is not geometrically
local. In particular, the &« = 1 specialization of the bound
above implies Q(n) interactions of geometric length Q(ﬁ)
under the same two-dimensional embedding assumptions.
Recent explicit multilayer superconducting layouts find
finite Tanner-code instances with stabilizer weights between
6 and 12 and hardware complexity near the upper end
of the studied QLDPC families at comparable logical
efficiency [16]. This establishes a substantial connectivity
requirement, but not a universal Tanner-code SWAP depth.

Bivariate bicycle (BB) codes have a different and more
structured implementation profile. Their Tanner graph has
degree six and thickness two, with weight-6 stabilizers [10].
If the required Tanner edges are supplied natively by the
proposed two-layer long-range-coupler fabric, syndrome
extraction uses seven CNOT interaction layers and n check
ancillas [10]. Under the stricter bilayer architecture of
Berthusen et al., where two-qubit gates are nearest-neighbor
within each layer and nonlocal CNOTs are implemented
by teleportation routing, a hand-designed [[144, 12, 12]]
embedding requires 12 and 8 routing rounds for its short-
and long-range generator sets, respectively, and each routing
round has physical depth 11 [146]. That architecture uses
4n = 576 physical qubits for the [[144, 12, 12]] block,
compared with 2n = 288 data-plus-check qubits when
its Tanner connectivity is native [10], [146]. Thus the BB
embedding penalty can appear as hundreds of physical circuit
layers on strictly local gates, or instead as long-range couplers
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TABLE 11. Syndrome repetition and resource-reduction strategies.

feedback path

Strategy Resource Saved Main Trade-off Decoder Implication Hardware Notes Evidence / maturity References
Adaptive stopping Syndrome rounds and idling Variable stopping depth and online Decoder must accept a variable Designed for fault-tolerant syndrome | Theory / Simulation [141]
confidence logic number of syndrome rounds extraction
Mid-circuit qubit reuse Simultaneously required Adds measurement/reset and If used in QEC schedules, reuse General circuit-compilation result; an | Experiment (general circuit [142]
physical qubits scheduling constraints timing must be represented explicitly | 80-qubit QAOA circuit was executed | resource; not QEC-specific)
on a 20-qubit device using qubit reuse
Soft-information decoding Code-distance or Requires analog reliability information | Decoder consumes soft reliabilities Numerically evaluated across surface- | Simulation [124]
measurement-overhead pressure | and soft-decision processing rather than only hard syndromes and qLDPC-code settings
at a target logical error
Measurement-free QEC Mid-circuit measurement and Requires coherent fault-tolerant Removes measurement-conditioned Developed and optimized for Theory / Protocol design [143]
conditional feed-forward primitives plus reset or fresh ancillas decoding from the immediate neutral-atom-compatible settings

and additional wiring layers. Hypergraph-product (HGP)
codes support partial-syndrome measurement with small-set-
flip decoders that iteratively reduce syndrome weight while
maintaining exponential error suppression [147]. Spatially
coupled HGP (SC-HGP) codes embed a 2D convolutional
structure to suppress short cycles that hinder BP and reach
thresholds of 7-9% with rates up to k/n =~ (.34 at block
lengths n ~ 5,000-7,000 [148]. Alternative hardware
can shift rather than eliminate this connectivity cost: long-
range-connected neutral-atom registers can supply selected
nonlocal QLDPC interactions natively [149], whereas mod-
ular BB architectures move part of the connectivity burden
into inter-module links and compilation [150].

Decoders for QLDPC: Advances in decoders underpin
the practical performance of QLDPC codes. Neural belief
propagation (NBP) reduces decoding iterations to a few
rounds while improving frame error rates. Localized statistics
decoding (LSD) dynamically clusters flips with polyloga-
rithmic depth [151]. Graph-neural-network (GNN) decoders
implement attention-based message passing in O(n) inference
time and can rival or surpass BP+OSD. These approaches
mitigate degeneracy and convergence failures of classical
BP, but their hardware viability still depends on meeting the
latency and energy budgets of Section IV.

Bias-tailored and specialized constructions: Lifted-
product codes tuned for biased noise exploit error asymme-
tries to improve distance and reduce overhead in infinite-bias
limits [152], illustrating that code-family choice must match
hardware noise characteristics, not only asymptotic scaling.
A complementary strategy is to sacrifice some of the ideal
asymptotic rate in exchange for strict geometric locality.
Hierarchical memories concatenate an outer constant-rate
QLDPC code with surface-code patches and admit two-
dimensional nearest-neighbor syndrome extraction [153]. For
N physical qubits in the resulting hierarchical family, the
construction encodes K = Q(N/log® N) logical qubits and
has a linear-width syndrome circuit with

Dsyn =0 ﬂ s
Te
where r, is the available physical SWAP/interaction
range [153]. This is an architecture-specific achievability
result, not a universal QLDPC depth law, and illustrates
explicitly how geometric locality converts part of the rate
advantage into time overhead.
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Despite their favorable code-level rate, QLDPC imple-
mentation costs cannot be summarized by Tanner-graph
non-planarity alone. On strictly local two-dimensional hard-
ware, non-native Tanner edges can increase Dsyn and Npyw;
on hardware that supplies those edges natively, the cost
instead appears in coupler range, routing tiers, calibration,
or modular interconnects. Consequently, R = (1) by itself
establishes neither constant physical syndrome-cycle depth
nor a complete constant-overhead hardware architecture.

Open challenges include: (i) sub-ps LDPC decoding under realistic
correlated noise; (ii) synthesizing planar embeddings of
Tanner/SC-HGP codes into modular layouts; (iii) compiler
integration of LDPC scheduling with ancilla routing (Section V);
and (iv) noise-tailored codes co-optimized with bias-aware
decoders. Because favorable code-level rate and qubit overhead can
be offset by architecture-dependent connectivity, routing,
syndrome-depth, and decoder-integration costs, the practical
comparison with highly local surface-code implementations
remains hardware dependent. Bridging theory and hardware
therefore requires co-design across codes, compilers, connectivity,
and cryogenic decoding hardware.

E. MODULAR ARCHITECTURES AND MULTICHIP SYSTEMS
In this subsection, we describe modular QEC architectures
that partition processors into physically distinct units—
chiplets, interposers, and 2.5D/3D stacks—because reticle
limits, wiring congestion, mK heat removal, and control-line
crosstalk cap monolithic scale. We compare three patterns—
wired three-tier stacks, 2.5D cavity—-memory hybrids, and
teleportation-stitched modules—using a common rubric:
interconnect density; access or seam latency and error;
routing and synchronization cost; decoder coupling; and
hardware maturity.

Three-Tier Stacks: In superconducting hardware, a three-
stack organization separates the qubit die from a multilayer
wiring and signal-processing die through an intermediate
superconducting through-silicon-via (TSV) interposer. The
interposer provides dense vertical access while physically
separating qubits from the multilayer routing stack; exper-
imental two-stack devices have demonstrated qubit control
and microwave readout through superconducting TSVs and
provide an enabling validation of the full three-stack archi-
tecture [154]. The advantage is dense vertical fan-out and
functional separation between qubits and routing electronics;
the cost moves into TSV and bump fabrication, microwave
integrity, alignment, thermalization, and package yield.
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2.5D Cavity-Memory Hybrids: A different approach
reduces the number of actively controlled transmons by
attaching resonant, multimode memories to processor qubits.
In the Virtualized Logical Qubits architecture, surface-
code data are distributed across cavity modes connected
to a two-dimensional transmon array; simulations report
approximately an order-of-magnitude reduction in transmon
count and 6x faster co-located transversal CNOTs than the
compared lattice-surgery CNOT, but with an approximately
10x serialization penalty because modes sharing a physical
address cannot all be operated in parallel [155]. More
recently, an experimental cascaded random-access quantum
memory demonstrated arbitrary access to eight superconduct-
ing cavity modes with average access infidelity < 1.5%
per mode and support for transversal operations within the
memory module [156]. This evidence increases the hardware
maturity of the memory primitive, but does not yet constitute
a complete fault-tolerant 2.5D QEC processor. The principal
trade-off is therefore reduced active-qubit and control-line
pressure versus memory-access serialization, cavity lifetime,
and many-body or crosstalk errors that grow with memory
complexity.

Teleportation-Stitched Modules: A third pattern leaves
logical patches in separate modules and connects them
through noisy quantum links and teleported inter-module
gates. Analytical and numerical results for surface-code
patches show that fault-tolerant operation can persist even
when the connecting interface is substantially noisier than
the module bulk, provided the seam is decoded as part of
the protected logical operation [157]. This relaxes mono-
lithic routing constraints but shifts cost into entanglement
generation, link errors, synchronization, and asynchronous
seam decoding. Toolchains such as SEQC and QuComm
make chiplet placement, routing, and inter-node commu-
nication explicit compiler objectives [158], [159]. Decoder
backplanes must ingest asynchronous seam updates without
violating per-round deadlines (Sections IV and V-C).

In summary, the three modular patterns move the scal-
ing bottleneck to different resources. Three-tier stacks
trade planar wiring congestion for vertical-interconnect and
packaging complexity; 2.5D cavity-memory hybrids trade
active-transmon count and control wiring for memory-access
serialization and cavity-memory error management; and tele-
portation stitching trades physical routing for entanglement,
link-quality, synchronization, and decoder-seam require-
ments. The appropriate architecture is therefore determined
by which resource is most constrained—wiring density,
active control hardware, memory quality, or inter-module link
performance—and by whether the resulting access or seam
latency remains inside the real-time envelope of Section IV.

F. ROUTING AND INTERCONNECT CONSTRAINTS

In this subsection, we examine routing and interconnect
constraints. Routing in QEC systems defines a boundary
between abstract code efficiency and physical execution.
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For the QLDPC codes of Section V-D, the relevant object
is the mapping of the Tanner graph Gr to the native
hardware graph Gp. When a required Tanner edge is not
native, it must be synthesized by SWAPs, teleportation,
movement, or another remote-gate primitive. We therefore
use the mapped syndrome depth Dyyy, together with Ny /k,
as the primary implementation metrics rather than inferring
execution cost from graph non-planarity alone. Additional
two-qubit layers increase the number of circuit fault locations
and extend the physical syndrome-cycle time; native nonlocal
couplers can reduce that time penalty while increasing
interconnect complexity.

Local routing and SWAP-based strategies: Generic
limited-connectivity compilers such as SABRE optimize
SWAP count and circuit depth on a coupling graph G =
(V, E). QKNOB provides circuits with known near-optimal
transformation costs and benchmarks such algorithms on
devices of up to 53 qubits [160]. These results show
that practical routers can remain appreciably above the
near-optimal SWAP-count or depth cost, but they do not
establish a universal O(nlogn) routing law and should not
be extrapolated directly to large QLDPC syndrome circuits.
For QLDPCs, the code- and architecture-specific Dy, results
summarized in Section V-D provide the more relevant
execution measure.

Physical movement and remote entanglement: In
ion-trap and neutral-atom devices, physically moving ions
or atoms between gate and storage regions can realize
interactions absent from a fixed nearest-neighbor graph.
In superconducting architectures, nonlocal QLDPC interac-
tions can instead be synthesized through teleportation routing
or supplied by multilayer long-range couplers. These choices
have different resource signatures: the former can require
routing ancillas and large Dgy, [146], whereas the latter
can preserve shallow interaction schedules at the cost of
additional coupler tiers, long physical links, bump transitions,
and TSVs [16]. Hence neither Tanner-graph distance nor non-
planarity alone determines the physical execution depth.

Long-range fabrics and cryogenic constraints: Long-
range connectivity adopts crossbar and bus designs with opti-
cal, superconducting, or microwave interposers. Nanopho-
tonic switches and MEMS couplers offer Tb/s-scale optical
links across chiplets, while TSVs and indium bump bonding
yield vertical interconnects with resistances of ~240 n2 and
high yield at <20 p m pitch. Cryo-CMOS readout chains
compress hundreds of analog lines into multiplexed outputs,
consuming <10 u W per qubit, and adiabatic logic circuits
provide picowatt-scale control without large dynamic heat
loads. These techniques increase effective connectivity but
must respect cryogenic power and crosstalk limits.

Routing-aware compilation: Routing-aware compilers
integrate interconnect constraints directly. Transpilers embed
delay, signal fidelity, and wiring congestion into placement
and scheduling, using gate fusion, calibration-driven fidelity
weights, and integer/SAT-based mapping to trade SWAP
count against latency and interconnect overhead. This marks
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a shift from static nearest-neighbor assumptions toward joint
routing—code co-design, where ancilla placement, syndrome
extraction, and decoder alignment are all planned with
wire-delay constraints in mind.

Taken together, these routing options trade different
physical resources. SWAP-based routing preserves a fixed
local hardware graph but can increase Dyyy; teleportation
or physical movement shifts cost toward routing ancillas,
entanglement generation, transport, and synchronization; and
native long-range couplers can preserve shallower interaction
schedules while moving cost into coupler tiers, fabrication,
calibration, and cryogenic integration. The relevant compari-
son is therefore mapped syndrome depth and implementation
footprint, not graph non-planarity alone.

Remaining challenges include balancing TSV and resonator density
against crosstalk and heat dissipation, building unified
logical-to-physical compilers that handle ancilla placement and
syndrome scheduling under realistic interconnect models, and
exploiting new materials and reconfigurable fabrics—photonic
buses, microwave interposers, fluxonium chains—so routing
becomes a programmable resource rather than a bottleneck that
limits achievable code distance and logical-qubit count.

VI. NOISE AND DECOHERENCE MANAGEMENT

This section surveys how realistic, structured noise shapes
every layer of QEC. It classifies the dominant error mech-
anisms, describes how hardware-calibrated and ML-assisted
models track drift, explains live decoding and feedback loops,
and shows how full-stack co-design can turn noise constraints
into architectural design inputs.

A. TYPES AND MODELS OF QUANTUM NOISE

This subsection applies the modeling hierarchy of
Section II-C to the main noise families in today’s hardware.
IID Pauli channels remain a common phenomenological
baseline for threshold estimates and Monte Carlo studies, but
the Pauli representation and the IID factorization are separate
assumptions. Depending on platform and operating point,
coherent, biased, leakage, spatially or temporally correlated,
and non-stationary mechanisms can require richer channel-
or Hamiltonian-level descriptions before they are reduced to
an effective QEC noise model.

Table 12 summarizes the noise families used throughout
this survey and where they arise in hardware.

1) Noise families and where they arise

Slow calibration drift and coherent control errors can
accumulate systematically rather than as independent
stochastic flips, so their effect must be characterized and
represented explicitly in calibrated noise models [161],
[162], [163], [164].

Amplitude-damping and dephasing channels capture
T energy relaxation and 7> phase decay, respectively [25],
[161]. When the resulting effective Pauli channel is strongly
Z-biased, bias-tailored constructions such as the XZZX
surface code can exploit that asymmetry [13].
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Leakage—population leaving the |0)/|1) subspace, e.g.,
transmons populating |2)—does not directly trigger syn-
dromes and can spread faults, so experiments now deploy
dedicated leakage-reduction units and auxiliary reset qubits
to pull leaked qubits back each cycle [58], [67].

As systems scale, several physically distinct mechanisms
generate correlated error structure: leakage can create
correlations across space and time [165], crosstalk can
couple faults across multiple qubits [70], and high-energy
radiation can generate phonon-mediated quasiparticle bursts
affecting multiple superconducting qubits [73]. Li et al.
directly observed muon-induced quasiparticle bursts and
associated correlated errors [73]. Separately, Google’s long
repetition-code experiments observed rare correlated events
roughly once every 3 x 10° cycles (& hourly), but the physical
origin of that residual error floor was not identified [11].
Correlation is also not universally detrimental: particular
symmetric multi-qubit correlation patterns can increase
surface-code thresholds in specific models [166]. These
results show why a single IID depolarizing fit can omit
QEC-relevant structure and motivate explicit characterization
of correlated error statistics [70], [73], [165], [167].

Operator-level representatives of structured noise

The distinction in Section II-C becomes concrete for
the physical mechanisms emphasized here. First, for a
flux-sensitive superconducting qubit, a small magnetic-flux
fluctuation §®() produces a frequency fluctuation Swy(t) =~
(dwy/dP)dD(2), corresponding to the stochastic dephasing
Hamiltonian He(f) = hdw,(¢)Z/2. Within a time window
in which the second-order statistics are treated as stationary,
define

Co(At) = (§P()SD(r + AD)),

So(w) = / - Co(ANe @A dAt. )

Measured low-frequency flux noise is commonly fit over the
applicable experimental bandwidth by

So(w) o o] ™%, a1, (10)

with device- and frequency-dependent departures from an
exact 1/f law [74]. The strong low-frequency weight
produces slowly varying, temporally correlated detuning
across successive operations; this temporal correlation should
not by itself be equated with either coherent error or non-
Markovianity [169].

Second, residual ZZ crosstalk is naturally an operator-level
coherent interaction rather than an independent Pauli-flip
process. We write

Hzz(t) = k(1) 22,
tint

Uzz(tin) = eXP|:—iZiZj gii(®) dt:| . (11)

where the coefficient convention is absorbed into ¢;;. A static

¢ij accumulates a coherent, state-dependent two-qubit phase;

fluctuations of ¢;;(¢) can additionally introduce stochastic
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TABLE 12. QEC noise families.

Family Description Key assumption When used
Depolarizing With some total probability, apply a Pauli components are assigned by the chosen depolarizing model; IID | Baseline threshold and
random Pauli X, Y, or Z error. is an additional assumption when locations are factorized. Monte Carlo studies
[25].

Pauli stochastic Apply I, X, Y, or Z with specified

probabilities, possibly with strong bias.

The Pauli representation does not by itself imply independence; the
joint distribution may be factorized or correlated.

Biased-noise surface and
cat-code studies [13],
[17], [36].

Amplitude damping Excitations relax toward the ground state

on a T timescale.

The channel is nonunital and directionally biased in energy.

Relaxation-aware
hardware and QEC noise
modeling [25], [161].

Phase damping / dephasing Relative phase coherence decays without
the same population relaxation mechanism

as amplitude damping.

Low-frequency fluctuations can make the dephasing temporally
correlated rather than IID.

Dephasing-dominated
and flux-noise regimes
[25], [74].

Coherent control error Systematic over-rotations or unwanted
Hamiltonian couplings accumulate phase

coherently.

Errors are unitary or contain a coherent component and therefore need
not behave as stochastic Pauli faults.

Hardware-calibrated
characterization and
realistic noise modeling
[161]-[164], [168].

Correlated (space/time) Joint error statistics depend on multiple
qubits and/or multiple cycles, including
crosstalk, leakage-mediated correlations,

and radiation bursts.

The joint process does not factorize over all affected locations or
times.

Correlated-error studies
on superconducting QEC
hardware [70], [73],
[165].

Leakage Population leaves the intended

computational subspace.

A leaked state is not represented by an ordinary two-level Pauli fault
until an explicit effective reduction is justified.

Leakage detection,
removal, and
leakage-aware QEC
[58], [67], [165].

Measurement / reset The reported outcome or prepared/reset

state is incorrect.

Faults occur in syndrome acquisition or state preparation and can be
modeled separately from data-qubit faults.

Repeated syndrome
extraction and real-time
QEC [11], [97].

time dependence [168]. Surface-code simulations that explic-
itly retain coherent control and unwanted-interaction errors
show why their logical effect need not be inferred correctly
from a bare independent-Pauli rate without first validating an
effective reduction [161].

Third, radiation-induced quasiparticle bursts are more
naturally represented as an event-modulated, time-dependent
error or relaxation rate than as a constant IID probability.
A minimal representation is

Ni0) = T 4> aimgn(t — tw), (12)
m

where Ffo) is the background rate, t,, is the time of burst
m, aj, is its impact on qubit i, and g, is its recovery
envelope. Equation (12) assumes no particular probability
law for the burst times. One event with nonzero a;, on
many qubits creates spatial correlation, while a recovery
envelope extending over several cycles creates temporally
clustered errors; changing burst activity also makes the
effective channel non-stationary [27], [73].

These examples illustrate the reduction

physical dynamics
!

effective quantum channel

1
QEC-level Pauli/syndrome model

Coarse graining, calibration, or Pauli randomization can
make the final description efficient, but the validity of that
reduction must be checked against the physical regime.
Threshold estimates and decoder likelihoods therefore

30

depend not only on an average physical error rate but also on
which coherent, spatial, temporal, and time-varying structure
is retained in the effective model [11], [161].

2) Simulation, Calibration, and Grey-Box Modeling

Efficient QEC studies often use circuit-level stochastic
models for Pauli, erasure, and measurement faults, while
amplitude damping, coherent rotations, and unwanted
couplings require more general channel or Hamilto-
nian descriptions before any Pauli reduction is made.
Hardware-calibrated parameters can be constrained through
benchmarking, realistic-noise simulation, and calibra-
tion protocols [161], [162], [163], [164], [170], [171].
Rather than a single generic error rate, these mod-
els can assign operation-dependent error budgets and
structured-noise parameters that feed QEC simulations and
logical-performance predictions.

Where full process tomography is infeasible, grey-box sys-
tem identification combines explicit physical structure with
learned components; Youssry et al. experimentally demon-
strated such an approach for quantum-device identification
and control [172]. Machine-learning noise spectroscopy pro-
vides a related but distinct route for estimating structured and
non-Markovian environmental parameters [173]. Temporally
correlated low-frequency noise requires models that retain the
relevant time structure [74], [169], while adaptive decoding-
graph re-weighting can update decoder priors under drifted
and correlated noise [174].

B. HARDWARE-CALIBRATED NOISE MODELING AND
MACHINE-LEARNING INTEGRATION

This subsection explains how the hardware-calibrated, ML-
driven noise models of VI-A are built, kept in sync with
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drift, and wired into control, so that measured syndromes
and calibration data drive both simulators and real-time pulse
updates.

Hardware-calibrated noise modeling combines charac-
terization, model-quality testing, and repeated calibration
rather than relying on a single generic error probabil-
ity. Benchmarking and characterization methods assess
whether candidate noise models reproduce device behav-
ior, while gate-calibration protocols update parameters
as hardware drifts [170], [171], [175]. In surface-code
experiments, component-resolved error budgets attribute
logical-performance limitations to mechanisms such as gate
errors, measurement/reset error, leakage, decoherence, and
unwanted interactions [11], [46], [123].

For simulation, the central requirement is to retain the
device-specific structure needed by the QEC question
under study. Realistic surface-code models, emulator-
adjusted noise models, and hardware-aware calibra-
tion protocols provide complementary ways to translate
measured device behavior into simulation parameters
[161], [162], [164].

Table 13 summarizes this calibration stack: model-
quality benchmarking constrains the effective description,
component-level error budgets identify dominant logical-
error contributors, and hardware-calibrated simulation carries
those parameters into QEC analysis.

ML is increasingly used to learn noise dynamics
from data: neural networks and Gaussian processes
predict temporal drift [176]; physics-inspired schemes
reconstruct non-Markovian noise from randomized bench-
marking and scale via tensor-network structure [177];
and regression and physics-informed models infer process
matrices or parameterized dephasing laws from sparse
measurements [172], [178].

ML also bridges engineered noise models and hardware:
decoders or simulators are trained on simplified noise and
then fine-tuned on device data, with transformer-based
decoders adapted on crosstalk- and leakage-augmented
datasets outperforming purely model-based baselines
[117], [179]. This creates an ML-in-the-loop calibration
where the processor and classical models co-learn the
evolving noise landscape.

Controllers increasingly perform real-time noise adapta-
tion: syndrome patterns indicating, for example, systematic X
over-rotation trigger pulse-bias corrections [17], [180], [181];
trapped-ion experiments use slow feedback to tune laser
intensities mid-run, while superconducting firmware mon-
itors leakage signatures and triggers targeted resets [173].
On processors such as Quantinuum H2-1 these loops keep
over-rotation drift below 3 x 10-3 radians and sustain ~0.95%
logical error for distance-5 codes, enabled by FPGA-based
control planes that react on microsecond scales [182], [183],
[184], [185], [186], [187].

Together, calibrated models, randomized compiling,
dynamical decoupling, grey-box identification, and ML-
based forecasting turn the VI-A taxonomy into a control stack
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where learned spectra and correlations directly drive concrete
control actions [179].

C. REAL-TIME ERROR CORRECTION, FEEDBACK, AND
GREY-BOX SYSTEM IDENTIFICATION

Building on Section IV’s real-time envelope, this subsection
explains how decoders are embedded directly into contin-
uous quantum-—classical control loops, so sustained service,
bounded backlog, and response deadlines become system
requirements [11], [97], [98]. Early experiments could treat
decoding as an offline diagnostic, but as logical lifetimes
approach minutes the no-backlog constraints of Section IV
force online decoding for mid-circuit operations such as
teleportation-based gates, lattice surgery, and magic-state
injection [112].

Decoded syndromes now steer logical control flow.
IBM’s encoded magic-state preparation uses mid-circuit
measurements and feedforward to discard faulty attempts
and boost success probability of high-fidelity magic states;
similar patterns appear in lattice surgery and non-Pauli gate
injection, where decoded outcomes directly gate the next
logical operation [97], [112].

The accelerators of Sections IV-C—-E—Union-Find and
MWPM pipelines on FPGA/ASIC and GPU-accelerated
decoders—now act as inline controllers, not just offline
analyzers. Distributed UF designs reach O(10 ns) per
round at distance d =~ 20-21 on FPGAs, while custom
ASIC and GPU pipelines for MWPM- and BP-class
decoders handle high-rate syndrome streams within tight
tail-latency and cryogenic-power budgets [118], [167].
Recent collision-clustering ASIC prototypes achieve ~240 ns
decode times for ~103-qubit surface-code patches, demon-
strating that hardware decoders can keep pace with
MHz-scale QEC cycles [84], [98].

Beyond these algorithmic baselines, ML decoders are
increasingly treated as data-driven controllers tuned to
hardware-specific noise. Message-passing GNN decoders
for qLDPC codes and sliding-window schemes achieve
strong performance at low complexity [126], [188], while
GNN- and transformer-based decoders trained on hardware-
like, circuit-level noise (including correlations and bias)
can outperform standard matching decoders on surface
codes by learning patterns that independent-error models
miss [167], [189].

Table 14 illustrates two complementary uses of correlation
information: learned surface-code decoding that exploits
device-specific syndrome and measurement structure, and
joint logical-circuit decoding that models error propagation
across interacting logical blocks.

These examples illustrate distinct uses of correlation
information in QEC. Learned decoders can exploit device-
specific syndrome, readout, leakage, and crosstalk structure,
whereas correlated logical-circuit decoders explicitly model
error propagation between interacting logical blocks (cf.
Section IV-D).
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TABLE 13. Calibration stack.

Layer Example Technique

Role in the model

Model-quality benchmarking and
calibration

Noise-model quality assessment, characterization benchmarking,
and multi-qubit gate calibration [170], [171], [175]

Tests whether an effective model matches device behavior and
updates parameters as calibration changes.

Component-level QEC error
budgets
experiments [11], [46], [123]

Component-resolved gate, measurement/reset, decoherence,
leakage, and unwanted-interaction budgets in surface-code

Attributes logical-performance limitations to specific physical
mechanisms and constrains simulator parameters.

Hardware-calibrated simulation

Realistic surface-code models, emulator-adjusted noise models, and
hardware-aware calibration protocols [161], [162], [164]

Maps measured or calibrated device behavior into structured noise
models used for QEC simulation and design.

TABLE 14. Decoders managing noise correlations.

decoding representing deterministic error propagation through
transversal entangling gates in a decoding
hypergraph; the study compares an exact
maximum-likelihood decoder with the efficient

belief-HUF approximation.

Controller Role in the loop Result Evidence / maturity Ref.
Recurrent transformer decoder | Surface-code decoder using syndrome histories, soft | Outperforms other state-of-the-art decoder baselines | Experiment + [117]
(Google DeepMind-Google measurement information, and leakage information; | on Sycamore distance-3 and distance-5 data and Simulation
Quantum Al) approximate synthetic-noise training is followed by | retains an advantage in realistic simulations through

adaptation using a limited set of experimental distance 11.

samples.
Correlated logical-circuit Jointly decodes interacting logical blocks by Improves decoding of transversal Clifford and Theory / Simulation [190]

non-Clifford gates and, in simulated deep Clifford
circuits, permits substantially fewer syndrome
rounds between entangling gates while reducing
overall space—time cost.

Beyond decoding, physical-layer characterization and
control can act upstream of QEC by reducing or reshaping
the noise presented to syndrome extraction. Circuit-aware
dynamical-decoupling methods provide one such mecha-
nism. For example, GraphDD performs real-time, circuit-
specific embedding of dynamical-decoupling sequences into
executable circuits and is designed to refocus quasistatic
dephasing and crosstalk errors during idle periods while
minimizing additional single-qubit control operations [191].
This type of error suppression can lower the physical
error burden presented to QEC, although it does not in
general remove the fixed syndrome-extraction cadence or its
associated classical data path.

Grey-box system identification provides a complemen-
tary capability by combining explicit physical structure
with learned components. Youssry et al. experimentally
demonstrated a grey-box approach that reconstructs oth-
erwise inaccessible Hamiltonian and unitary information
from quantum-device data and uses the identified model
to design control [172]. Related machine-learning noise-
spectroscopy methods infer parameters of structured and
non-Markovian environments; for example, Scarpetta et al.
use learned regressors to estimate system—bath coupling
and spectral-density properties in two-level non-Markovian
models [173]. These characterization methods can therefore
inform calibration, pulse design, and noise-aware control,
although they should be distinguished from an experimentally
demonstrated closed-loop QEC decoder.

Together with the architectures and power/latency bud-
gets of Section IV, these developments motivate a lay-
ered real-time error-management architecture. Accelerator-
backed decoders operate on syndrome streams to produce
timely logical decisions; learned and correlated decoders
exploit device-specific or cross-logical error structure; and
physical-layer characterization and control act to suppress,
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reshape, or identify noise before it propagates into logical
failure. QEC therefore increasingly interacts with active
characterization and control rather than functioning only as
a passive, post-hoc correction layer.

D. IMPLICATIONS OF STRUCTURED NOISE ON QEC
CODES AND ARCHITECTURE

This subsection argues that structured, platform-specific
noise now drives full-stack co-design: codes, compilers,
control hardware, and decoders are chosen to exploit or
mitigate measured bias, leakage, and correlations. Table 15
highlights three active thrusts that align decoders and
compilers with measured spatiotemporal correlations.

1) NOISE-MATCHED CODES

IBM’s heavy-hexagon code tailors degree-3 connectivity
to fixed-frequency transmons, reducing ZZ crosstalk and
frequency crowding at the expense of some code capac-
ity; combining surface-code X-stabilizers with Bacon—Shor
Z-stabilizers and flag-qubit decoding has achieved logical
break-even and beyond on 127- and 433-qubit devices [47],
[194]. Bias-tailored codes such as the XZZX surface code
reach higher thresholds when noise is dominated by a single
Pauli (e.g., dephasing) by orienting checks and choosing
stabilizer weights to preferentially correct the dominant
error [152], [195]. Similar co-design appears in bosonic
codes, which exploit predominantly loss/erasure noise, and
in proposed Majorana-based codes whose topological qubits
exhibit different error symmetries.

2) NOISE-AWARE COMPILERS AND SCHEDULES

Compilers and schedulers are becoming noise-aware [196]:
calibration-driven mapping assigns critical logical qubits to
physical qubits with the best 77 and lowest error rates; gate-
selection passes choose between, for example, direct versus
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TABLE 15. Exploratory thrusts in managing correlated and bursty noise.

Research thrust Key technique and evidence

References

Temporal-error forecasting and
data—syndrome decoding

Time-series models can forecast error patterns in repeated single-qubit circuit outcomes, while generalized
quantum data—syndrome codes incorporate data and syndrome errors jointly in belief-propagation decoding.
These are complementary results rather than a single demonstrated closed-loop QEC controller.

[180],[192]

Context-aware suppression of correlated
noise

Hardware-aware compilation identifies spatial and temporal contexts in which coherent correlated errors [71]
arise and applies dynamical decoupling or error compensation. The reported experiments show an 18.5%
increase in layer fidelity for a candidate 10-qubit circuit layer relative to context-unaware suppression.

Burst detection and architectural
containment

Radiation-induced phonon/quasiparticle dynamics can generate spatiotemporally correlated errors; direct
measurements identify cosmic-ray-induced correlated events, while modular processor studies show that
physical separation can substantially reduce correlations between modules.

[72], [731,[193]

echoed CZ implementations based on detailed error profiles
to reduce crosstalk [197]; routing steers SWAP paths around
“hot” regions with higher error density even at the cost of
extra hops [198]; and dynamical scheduling interleaves gates
with dynamical-decoupling pulses on idles so neighbors’
operations do not leave them unprotected [71], [199].

3) HARDWARE-LEVEL SUPPRESSION

At the hardware-control layer, structured noise motivates
explicit suppression schemes: on Google’s 105-qubit Willow
processor, a data-qubit leakage-removal (DQLR) protocol
using a specialized Leakage-iISWAP to move |2) population
from data to ancilla, followed by fast measurement-induced
reset each cycle, reduces data-qubit leakage from ~1%
to <0.1% and cuts steady-state leakage by an order of
magnitude, improving the effective error rates seen by
the code [58], [67]. Tunable-coupler architectures similarly
isolate qubits when idle to suppress coherent ZZ interactions
at the cost of more complex calibration; recent QEC
experiments run couplers “off”” except during intentional
two-qubit gates and use resonator-bus or resonator-induced-
phase designs to either engineer long-range connectivity
or suppress stray couplings that would otherwise generate
correlated errors [200], [201], [202], [203], [204].

4) CROSS-STACK CO-DESIGN AND CORRELATED EVENTS
Code choice feeds back into classical architecture: codes
with very high syndrome density or global measurements (as
in some LDPC families) can overwhelm available decoder
networks, while the connectivity graph constrains which
codes can be implemented with reasonable overhead [97],
[100], [205], [206]. Programs such as DARPA’s US2QC
therefore evaluate end-to-end stacks, with some approaches
deliberately selecting qubits with slightly higher physical
error rates but advantageous noise biases that specific
codes can exploit [17]. FPGA-in-the-loop decoders, such as
Riverlane’s cryo-proximate units, place dedicated decoding
hardware physically close to the processor so distance-50
surface codes producing tens of thousands of syndrome bits
per microsecond can be processed in real time rather than
bottlenecked by generic off-chip interconnects.

Even with an error-suppression factor A > 2 (logical
error more than halved per distance step), Google observes
a residual floor near 107! per cycle from unexplained
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correlated events, which would bound achievable logical
error rates for algorithms targeting ~10~19 per operation [11].
Proposed responses span improved shielding and modular
processor layouts to localize chip-scale events [193], muon-
veto or cosmic-ray detectors to flag dangerous shots [73], and
architectural flags or module-based QEC protocols that detect
and discard “bad” cycles or confine catastrophic events to
limited regions.

Measured noise spectra and correlations therefore inform
choices from hardware layout and cryogenic control to
compilers, codes, and decoders, making structured noise a
primary design constraint for scalable fault-tolerant architec-
tures [6], [11], [100].

VIi. QEC IN QUANTUM COMMUNICATION
A. MOTIVATION AND DISTINCT CHALLENGES
Quantum error correction (QEC) for optical communication
is dominated by photon loss. At the physical-channel level,
neglecting excess thermal noise, an optical fiber or free-space
attenuation link is modeled by the single-mode pure-loss
bosonic channel
E:ﬁ&—i-‘/l —ne,
where & and b are the transmitted and received modes,
respectively, ¢ is an environmental vacuum mode, and 7
is the channel transmissivity [207]. For fiber attenuation
o expressed in dB per unit distance, n(L) = 107%L/10,
When a discrete photonic encoding reliably heralds that a
particular carrier is missing, the QEC layer can coarse-grain
this physical loss into a known-location erasure; unheralded
loss, dark counts, and mode mismatch are not ideal erasures.
The relevant information-theoretic limit depends on the
communication task. For reliable transmission of arbitrary
quantum information without two-way classical assistance,
the energy-unconstrained pure-loss quantum capacity is [208]

0<n=1I, (13)

oLy = max[O, 10g2(1 i "

Hence Q(L,) = 0 for n < 1/2. By contrast, allow-
ing arbitrary adaptive endpoint operations and unlimited
two-way classical communication, but no intermediate quan-
tum repeater, the pure-loss channel has the exact two-way
capacities [207]

02(Ly) = Dao(Ly) = K(Ly) = —logy(1 —n),

)} qubits/mode.  (14)

15)
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where Q> is the two-way-assisted quantum capacity, D> the
entanglement-distribution capacity, and K the secret-key
capacity. Their equality is specific to this channel and
resource model; these quantities are not interchangeable
in general. In the high-loss limit, (15) becomes K(n) =~
n/In2 =~ 1.44n bits per optical mode, so the optimal
repeaterless rate decreases exponentially with fiber distance.

Equations (14) and (15) provide the information-theoretic
reference for the remainder of this section. QEC can convert
heralded loss into correctable erasures and improve an
achievable logical transmission rate, but a protocol using
only the two endpoints remains subject to the correspond-
ing direct-channel capacity. Quantum repeaters change the
resource model by dividing the end-to-end path into elemen-
tary lossy links joined by intermediate quantum operations;
they may therefore surpass the direct end-to-end repeaterless
curve without violating (15) [209], [210], [211]. We refer to
Section VI for the broader noise taxonomy and focus here on
loss-dominated, asynchronous, memory-limited optical links.
At the broader 6G systems layer, recent work also explores
quantum-assisted federated learning with post-quantum task
distribution and federated multi-agent learning for EMI-
resilient UAV-RIS control [212], [213]. These application-
and control-plane approaches are complementary to, but
analytically distinct from, the QEC mechanisms con-
sidered here; they motivate interfaces among protected
quantum links, classical security, and Al-native network
control.

At the physical layer, bosonic encodings, binomial and cat
codes, and Gottesman—Kitaev—Preskill (GKP), place logical
qubits in single oscillators so that amplitude damping appears
as photon-number-parity flips or approximate Gaussian
displacements, correctable via in-line parity or homodyne-
based syndrome measurements [214], [215], [216], [217].

At the link layer, entanglement is generated and protected
via Bell-state measurements (BSMs) and fusion on photonic
cluster/graph states; failed fusions and missing photons are
treated as classical erasure syndromes so that logical infor-
mation can still percolate through redundant graphs [209].

The network layer composes multi-hop connectiv-
ity using encoded swapping and routing—repeater-graph
and tree-emission designs, and concatenated ring-graph
pipelines—to maintain logical entanglement across lossy
segments [210], [211].

The tramsport layer consumes encoded Bell pairs to
deliver end-to-end logical states via error-corrected tele-
portation, and Section VII-E relates these mechanisms to
secret-key-rate expressions for quantum key distribution
(QKD) [209].

In summary, communication reframes QEC around
erasure-tolerant state preparation and measurement-driven
protection. Advantages include one-way compatibility and
reduced dependence on deep quantum memories; costs
include probabilistic fusion that increases buffering and
synchronization pressure and imposes strict deadlines on
near-detector decoders, directly linked to the real-time
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constraints of Section IV and to system-level metrics such
as logical entanglement rate, path fidelity, fusion success
probability, and buffer depth formalized in Section VII-E
[218], [219].

B. LOSS-TOLERANT OPTICAL QEC STRATEGIES

At the physical layer, bosonic encodings place a logical qubit
in a single harmonic oscillator so that loss leaves a structured
footprint that simple measurements can reveal [214], [215],
[216], [217].

Binomial and cat codes arrange codewords so that
single-photon loss flips photon-number parity, detectable
via nondestructive parity checks and correctable with a
unitary recovery step, giving first-order protection against
loss with modest hardware overhead [214], [215]. GKP codes
embed logical states on a lattice in phase space so that
pure loss appears as small Gaussian displacements; SUM-
gate—based primitives and modular quadrature measurements
estimate and correct these shifts, with performance governed
by channel transmissivity and the effective displacement
variance [216], [217]. These encodings support in-line
parity or homodyne-based syndrome extraction as photons
are created, buffered, or converted, and they compose
cleanly with link-layer fusion, which can consume par-
ity flags or displacement estimates as soft information
[209], [216], [217].

Table 16 compares representative loss-tolerant photonic
QEC and repeater strategies, focusing on the role of
fusion, graph-state resources, and loss-tolerant entanglement
distribution.

Beyond single-mode encodings, concatenated GKP
streams and small graph or tree encodings act as photonic
block codes for erasures, enabling one-way, memory-lean
communication that remains resilient near GKP displacement
thresholds and interfaces naturally with fusion-based link
layers [209], [217].

In summary, physical-layer schemes tie directly to timing
and local decoding: parity and GKP syndromes must be
processed near detectors within a fusion window to avoid
deep buffers, and time-bin synchronization and indistin-
guishability constrain how many rounds can be stacked
before link-layer operations, linking physical design to
latency and buffering limits discussed later in this section.

C. CLUSTER-STATE AND FUSION-BASED PROTOCOLS

In this subsection, we talk about network layer. Measurement-
based networking prepares photonic cluster (graph) states
and uses linear-optics fusion—BSMs on pairs of modes—
to stitch incoming photons to locally prepared fragments.
Because each fusion is probabilistic and photons can be lost
in fiber or free space, failures and missing detections are
treated as erasure-style syndromes and tracked classically,
so logical information can still propagate through the graph.
Logical qubits are embedded in redundant subgraphs—tree
structures and topological clusters—whose connectivity is
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TABLE 16. Loss-tolerant photonic QEC and repeater strategies.

Approach Key idea and reported evidence Evidence / maturity References
Fusion-based fault-tolerant Builds fault-tolerant computation from entangling fusion measurements on small resource | Architecture / Simulation [63]
computation states, with probabilistic fusion and photon loss handled by the QEC protocol. A reported
ballistic construction tolerates 10.4% loss per fusion, corresponding to 2.7% loss per
individual photon in the source model.
Experimental graph-state fusion Deterministically generated photonic graph-state fragments are fused into larger Experiment [55]
programmable graph states; ring and tree graph states with up to eight qubits were
demonstrated experimentally.
Generalized repeater graph states All-photonic repeater graph states use redundant connectivity to make entanglement Theory / Performance [210]
swapping robust to probabilistic linear-optical Bell-state measurements; generalized analysis
constructions establish exploitable ebits at finite rate with high probability.
Concatenated ring-graph repeaters | A one-way repeater architecture concatenates photonic ring graph codes and linear-optical | Architecture / Numerical [211]
Bell-state measurements to address both transmission loss and operational errors while analysis
controlling stationary-qubit requirements.

chosen so that, even with fusion failures and per-photon loss,
a high-fidelity path remains across the link layer [209]. The
effective syndrome is the pattern of successful/failed fusions
and detected/missing photons, which a classical decoder
interprets to preserve the logical state while advancing the
graph [209].

Designers tune tree depth and branching so that at least
one path of successful fusions survives typical loss and
BSM failure, embedding trees in lattices above percolation
thresholds to suppress logical loss [209], [220]. Repeater-
graph states (RGS) encode classical erasure-code structure
directly into the photonic graph so that £ logical ebits can
be recovered from n transmitted photons even at high loss,
with success curves governed by the chosen erasure code and
post-selection rules [209], [220].

Parity-check and fusion-assisted schemes add global
photon-number-parity checks so that BSMs can be heralded
even when one mode is lost; adaptive feed-forward enables
repeated fusion attempts within a shallow local memory,
raising the effective success probability while keeping the
architecture link-layer and one-way. Tree/RGS-style fusion
networks and parity-assisted BSMs are now common for
one-way repeater proposals because they natively tolerate
loss and minimize deep memories, while more elaborate
topological-cluster constructions are explored when higher
effective distances or stronger thresholds are required [209],
[211], [220].

Cluster/fusion protocols thus treat failed fusions as data,
not disasters: they align naturally with one-way operation
and built-in erasure tracking but increase buffer depth and
impose strict synchronization and decoder-deadline pressure
near detectors, directly tying their practicality to the timing
and latency constraints discussed in Section IV [219], [221].

D. ENCODED REPEATERS AND SWAPPING

(NETWORK LAYER)

At the network layer, encoded repeaters stitch multi-hop paths
that preserve logical entanglement across lossy segments
without relying on slow, two-way purification [21], [186],
[211]. Entanglement swapping is performed on encoded
states, so BSMs and Pauli-frame updates act on the logical
code space; redundancy catches typical losses and failed
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BSMs on the fly, while erasure flags and parity bits
guide decoders to maintain a consistent logical state across
hops [21], [186], [211].

RGS pre-distribute photonic graphs that implement both
the entanglement resource and an erasure-resilient embed-
ding, with local BSMs/fusions extending logical connectivity
hop by hop [210]. Deterministic tree-state emission replaces
deep delay lines with matter-qubit emitters that sequentially
grow small trees providing local redundancy against loss and
probabilistic BSMs [21]. Concatenated ring-graph repeaters
compose small graph codes into larger cycles, using adaptive
fusion and error detection to maintain high logical fidelity
at realistic loss with only a modest number of stationary
qubits per node [211]. In each case, swapping occurs at the
logical level, and the network exports a labeled encoded path
while lower layers continue supplying soft information from
bosonic and graph encodings [217].

These architectures interact tightly with timing and
resources: buffer depth at each node must cover arrival skew
between adjacent links, and near-detector decoders must
process fusion/BSM syndromes within the local window so
that Pauli-frame updates and route decisions do not stall
upstream links [186], [219]. One-way encoded repeaters
reduce round-trip signaling—classical coordination mainly
announces erasures, graph-stitching outcomes, and path
readiness—so improved reach and rate come at the cost of
more photons per ebit and tighter synchronization across
hops [21], [186], [211].

In summary, encoded swapping therefore moves entan-
glement operations into the logical code space, reducing
reliance on deep memories and multi-round purification
while tightening resource and timing budgets, as quantified
later via logical entanglement rate, path fidelity, and buffer
depth.

E. PERFORMANCE METRICS AND SYSTEMS-LEVEL
CONSIDERATIONS

For communication-centric QEC, we make a small set of
system metrics explicit and reuse them across layers. The
logical entanglement rate Rep, is the end-to-end rate at which
usable, encoded Bell pairs are delivered to the transport
layer; path fidelity Fpqn is the fidelity of those delivered
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logical pairs after all hops and corrections; fusion success
probability Pryse is the effective BSM or fusion success
on the codes actually used at the link layer (including
any heralding [222] or repetition); buffer depth Ly is the
number of time bins (or stored modes) a node must hold to
hide asynchrony and decoding time; and pgark denotes the
dark-count probability per detection window that can corrupt
fusion outcomes. These are implementation metrics rather
than channel capacities.

To compare an implementation with the information-
theoretic limits in Section VII-A, its rate must use the
same normalization. If M optical modes (channel uses) are
launched per second, define

Fent = ﬁ, Tkey = leeyy

M M

where Ryey is an achievable QKD secret-key rate in bits/s.
The quantities repe and ryey, expressed per optical mode,
can be compared with D>(£,) and K(L,) under matching
channel and resource assumptions; Fpanm, logical error
probability, Pgyse, and Lyys cannot themselves be compared
with a capacity. Because reported repeater studies use
different source clocks, segment spacings, detector models,
and node resources, raw rates in pairs/s or bits/s should
not be interpreted as a fraction of capacity without this
normalization. Higher detector efficiency and better mode
indistinguishability can raise Pgye, While tighter timing can
reduce Lyyf; together these affect the achievable Rep and
QKD goodput [218].

Physical-layer encodings determine how loss becomes a
syndrome and how fast it can be extracted. Binomial and
cat codes use parity measurements to flag single-photon loss;
faster, higher-visibility parity checks reduce buffering before
fusion and increase the chance that link-layer operations
see ‘“fresh” states [214], [215]. GKP codes convert loss
to small Gaussian displacements, where better squeezing,
cleaner homodyne readout, and low electronic noise sharpen
displacement estimates and reduce mis-corrections that
would otherwise depress Fpan [216], [217]. In all cases,
syndrome-extraction time is a first-order lever for Ly, at
repeater nodes because fusion/BSM scheduling must wait for
local decisions before advancing to the next time bin [219].

At the link layer, graph design and heralding shape
Pgyse and the variance of inter-arrival times. Tree and
RGS trade more photons (more loss opportunities) for
built-in redundancy so at least one fusion path survives,
making the effective Prg a function of both device
parameters and graph branching/depth [209]. Parity-assisted
fusion raises the chance of a usable BSM by detecting
partial events and enabling retries within the same tim-
ing envelope, which can increase Rep Without deepening
memories when decoder decisions return within the fusion
window. Synchronization—time-bin alignment and inter-
ferometric stability—controls the tails of Ly,s. Long tails
inflate buffering and expose states to more dark counts,
lowering Fpath.

(16)
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Network-layer architectures convert these local link statis-
tics into multi-hop performance. Encoded swapping accrues
soft information (erasure flags, parity bits, displacement
estimates) across hops so that classical side information
helps decoders keep Fpan high without expensive two-
way purification, provided per-hop decoder deadlines are
met [21], [211]. Designs such as deterministic tree emission
and concatenated ring-graph repeaters explicitly budget
arrival skew and decoding time to keep buffers shallow
while maintaining high-fidelity stitching across many hops,
thereby stabilizing Ren; as distance grows [21], [211].
When physical encodings (e.g., cat/binomial or GKP) are
present on the carriers, their soft syndromes can be passed
upward so that network-layer decisions (route advancement,
selective discard) are better informed, improving both
Fpath and Repe [217].

Transport-layer services translate these ingredients into
application outcomes. For direct point-to-point QKD over
a pure-loss end-to-end channel of transmissivity 7, the
asymptotic secret-key rate per optical mode cannot exceed
K(Ly,,) in (15) [207]. A repeater-assisted path can exceed
this direct-link curve because intermediate quantum nodes
divide the path into elementary channels and change the
allowed communication resource model, not because QEC
removes the underlying photon loss. The achievable end-to-
end rate then depends jointly on elementary-link loss, QEC
and swapping success, local operational errors, source rate,
and repeater resources [209], [210], [211]. A fair comparison
should therefore report ryey Or rene together with the direct
repeaterless benchmark and the required photons, memories,
and repeater nodes rather than infer capacity from F,m alone.
For distributed or blind computation, reliable and sched-
uled delivery of logical Bell pairs additionally constrains
algorithm wall-clock time, making predictable buffers and
timely Pauli-frame updates (Section IV) important alongside
the information-theoretic rate [209], [219].

In summary, physical encodings decide what the syndrome
is and how fast it is learned; link-layer graphs and heralding
set the probability and timing of successful fusions; network-
layer swapping and routing determine how these statistics
compose over distance; and transport converts them into
keys and logical-throughput. The benefit of this metric-driven
view is transparent trade-offs and consistent comparison
across proposals, at the cost of disciplined synchronization,
near-detector decoding under tight deadlines, and careful
budgeting of photons and stationary qubits to keep Lpur
bounded while pushing Rent and Fpan higher.

F. CHALLENGES, TRADE-OFFS, AND RESEARCH
ROADMAP

Communication-centric QEC faces system bottlenecks across
layers. Photon indistinguishability and time-bin synchroniza-
tion (including small spectral drift or picosecond-scale jitter)
limit how large a cluster/graph or bosonic lattice can be
driven before interference visibility falls. This effectively
collapses code distance and forces practical designs to
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cap branching, limit concatenation depth, or insert active
stabilization between fusion stages [21]. Asynchronous link
arrivals and probabilistic BSMs drive buffer depth or trigger
skip/deferral rules, directly impacting logical entanglement
rate and path fidelity via buffer-depth and fusion-success
metrics [209]. Decoder speed and placement are unforgiving:
link-layer fusion produces streaming syndromes that must
be processed near detectors so Pauli-frame updates and
route advancement land within the same timing window;
soft information from bosonic encodings (e.g., GKP dis-
placement estimates) helps only if processed within those
deadlines [219]. Finally, hardware stability at scale—source
brightness, mode matching across hops, and low-noise parity
or homodyne readout—sets ceilings on feasible graph sizes
and cat/binomial/GKP operating points [217].

These tensions drive concrete, layer-aware trade-offs.
At the physical layer, stronger encodings (larger cats, deeper
binomials, tighter GKP grids) expose clearer syndromes
but demand better squeezing, parity visibility, or homodyne
SNR, and beyond a point additional rounds inflate latency
and buffer depth [216], [217]. At the link layer, more
redundancy (trees, RGS) boosts the probability that at
least one fusion path succeeds, but every added photon
is another loss opportunity; parity-assisted fusions recover
some efficiency by heralding partial events and enabling
retries, provided decoders return decisions within the fusion
window [209]. At the network layer, encoded swapping
reduces two-way signaling and purification yet demands
tighter end-to-end synchronization and more photons per
delivered ebit; deterministic tree emission and concatenated
ring-graph repeaters explicitly budget skew and decoding
time to keep buffers shallow while maintaining high stitching
fidelity across many hops [21], [211]. At the transport layer,
error-corrected teleportation stabilizes session integrity for
QKD and distributed computing but magnifies upstream
timing and dark-count issues into lower key rates or longer
wall-clock for remote gates [209].

Hybrid strategies balance these pressures. Purified encod-
ing (PE) runs a small number of purification rounds and
then encodes, improving end-to-end fidelity when channel
noise dominates local gate noise, but it incurs latency and
classical coordination, paying off only when the logical-error
reduction outweighs the extra round-trip time [ 186]. Bosonic-
to-discrete concatenations (e.g., GKP-to-surface) pass analog
syndromes up the stack, allowing higher layers to make
informed keep/discard decisions and preserve throughput
under variable loss without deep quantum memory, con-
tingent on near-detector decoding [217], [223]. Source
engineering—deterministic emitters with GHz repetition and
narrow linewidths—reduces mode mismatch and shrinks
synchronization budgets, directly lifting fusion success and
stabilizing buffers [21].

A practical roadmap follows: (i) co-design synchro-
nization and scheduling with graph depth and bosonic
rounds so buffers remain bounded; (ii) invest in near-
detector, analog/soft-information decoding that consumes
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parity/displacement estimates within Section IV’s dead-
lines [219]; (iii) match encodings to hardware strengths—
cat/binomial where parity readout is strong, GKP where
squeezing and homodyne are mature, tree/RGS where
deterministic emitters exist, and concatenated ring-graphs
when stationary-qubit budgets are tight but stitching fidelity
must be high [21], [209], [211]; and (iv) evaluate designs
using the shared metrics—logical entanglement rate, path
fidelity, fusion success probability, and buffer depth—while
additionally reporting achievable rate per optical mode
against the appropriate direct-link capacity benchmark under
matched channel and resource assumptions, so improvements
at one layer do not hide costs at another [207], [219].

Overall, higher layers increase resource cost (more
photons, tighter synchronization, faster decoders) but buy
robustness and scalability via one-way operation and erasure
tolerance, so feasible systems emerge only from layer-
mapped co-design that respects decoder deadlines and
synchronization budgets while exploiting opportunities such
as analog decoding, deterministic sources, and modest-depth
concatenations.

VIil. CONCLUSION
Quantum error correction has crossed a watershed moment.
What began as a largely theoretical discipline is now an
aggressively multi-layer engineering effort whose progress is
paced as much by materials science, cryogenic electronics,
and real-time classical processing as by code design itself.
Across the field, the community has established theoret-
ically or demonstrated experimentally, depending on the
component, many of the ingredients needed for fault-tolerant
quantum computing: 1) theoretical code constructions and
numerical or architecture-level studies of constant-rate
qLDPC and hypergraph-product families that can reduce
code-level qubit overhead; 2) theoretical, numerical, and
experimental results on bias-tailored and bosonic encod-
ings that exploit asymmetric noise, including experimental
cat-repetition memories; 3) FPGA-, ASIC-, and cryogenic-
electronics-based decoder implementations and prototypes
that process syndrome streams within stringent latency
budgets under specific workloads; and 4) experimental
control primitives that detect, track, or suppress drift, leakage,
and related device errors. These results establish substantial
pieces of the fault-tolerance stack, but at different levels of
evidence maturity and not yet as one unified fault-tolerant
system.

Yet this survey also makes clear that no single stack has
unified all these advances. Three gaps discussed next now set
the agenda for the rest of the decade.

A. CORRELATION-AWARE THRESHOLDS AND DECODERS

Classical proofs and most Many simplified threshold analyses
and simulators use IID Pauli noise, while experiments reveal
long-range crosstalk, 1/f drift, and radiation-induced bursts
that lie outside that model. Threshold theorems already cover
some restricted correlated and non-Markovian noise classes,
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but extending decoder-aware theory to broader physically
motivated spatio-temporal correlations—and matching it
with ASIC-grade inference engines—remains an important
step toward trustworthy logical-error budgets.

B. SCALABLE, HARDWARE-NATIVE CODE FAMILIES
Constant-rate LDPC codes deliver linear distance on paper,
but their sparse Tanner graphs are challenging for planar
processors; conversely, surface-code patches embed cleanly
but fall short in terms of rate. The field needs a code
family that is simultaneously local, efficient, and strong—and
comes with a proven, sub-u s decoder—before million-qubit
machines can be built economically.

C. FULL-STACK INTEGRATION FOR USEFUL WORKLOADS
Individual vendors already publish roadmaps that target
tens of thousands of logical qubits and error rates below
10~!2 by 2030. But those numbers only matter if data
movement, magic-state factories, and inter-module links
keep pace. Photonic and modular architectures illustrate the
difficulty: loss-tolerant codes and asynchronous buffers work
in principle, yet their success hinges on detector jitter, dark
counts, and sub-100 ns decoder loops that current prototypes
barely meet.

D. OUTLOOK

Bridging these gaps will require treating QEC as a systems
science rather than a sequence of point optimizations. Four
directions look especially promising:

1. Co-designed lattices and electronics; just as high-
performance computing pairs cache hierarchies with
numerical kernels, next-generation QEC should
co-optimize stabilizer layout, schedule, and cryogenic
silicon so that decoding complexity tracks physical
cycle time rather than code distance.

2. Adaptive, learning-enhanced control. Neural decoders
that re-weight edges on the fly already outperform
static MWPM in correlated noise; coupling those
predictors to real-time calibration loops can push
logical-error suppression deeper into the 1076 to 1077
regime without extra qubits.

3. Hybrid bosonic-qubit architectures. Experimental
cat-repetition memories demonstrate that bosonic
encodings can suppress selected physical error chan-
nels while an outer code corrects the remaining
dominant errors [17]. LDPC—cat architecture stud-
ies and chiral-cat proposals further indicate that
bosonic encodings may shift part of the dominant
error-suppression burden into the oscillator hardware,
potentially reducing the requirements placed on an
outer discrete-variable code [36], [37]. However, these
latter results are presently theoretical or numerical
rather than experimental QEC demonstrations, so their
system-level overhead advantages remain to be
validated in hardware.
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4. Standardized benchmarks and open tooling. A com-
mon set of correlation-rich noise traces, decoder
latency targets, and energy-per-cycle figures would let
researchers compare proposals on equal footing and
accelerate the transition from laboratory prototypes to
deployable subsystems.

In short, the pieces of the fault-tolerance puzzle are on the
table; the next challenge is to assemble them into coherent,
resource-balanced systems. If theory can deliver correlation-
robust thresholds, industry can tame cryogenic integration,
and the community can agree on transparent benchmarks, the
next five years should witness the first fault-tolerant logical
processors executing dynamic multi-qubit algorithms—a
milestone that will redefine both quantum computing and the
classical infrastructure that enables it.
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