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Abstract

This review compares leading approaches to suppress decoherence and operational error in supercon-
ducting qubits through a mechanism-first framework. It separates energy relaxation, dephasing, leakage,
and measurement-induced disturbance before comparing the evidence for materials engineering, control
optimization, readout design, and dynamical decoupling. The central argument is that cross-paper com-
parisons are only trustworthy when the observable, the targeted error channel, and the operating context
are kept distinct. On that basis, the paper identifies materials and interfaces as the main determinants of
baseline dissipation, treats control and readout as operational layers that reshape how noise appears during
gates and measurement, and explains why physical improvements matter for quantum error correction only
through the residual error profile they leave behind.
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1 Introduction and comparison framework

A review of decoherence suppression in superconducting qubits begins with a comparability problem. Reports
on nominally similar devices often summarize performance with different observables, under different control
conditions, and after interventions that act on different parts of the experimental stack. A leaderboard
assembled from isolated values of coherence time, gate error, or assignment fidelity therefore mixes distinct
physical channels with distinct measurement conventions. The organizing decision of this manuscript is to
compare interventions by the error channel they are intended to suppress while recording the observable
and operating context that support each attribution. This chapter states that comparison rule, fixes the
manuscript-wide notation, and narrows the circumstances under which cross-paper comparisons are treated
as admissible.

The framework is narrower than an empirical ranking of laboratories, architectures, or record values. It
is a reading rule for heterogeneous evidence, not a claim that every experiment admits a unique microscopic
decomposition. The review therefore distinguishes three levels that are often conflated in short summaries:
the physical target of an intervention, the observable used to support the report, and the degree of residual
ambiguity left by the source’s own protocol. Later chapters cite this canonical definition rather than restating
local variants. When a source record does not separate those levels, the corresponding statement is kept mixed
or unresolved rather than sharpened by editorial inference.

A second boundary concerns scope. This review is organized around physical-layer interventions that at-
tempt to reduce, reshape, or localize error before encoded recovery is invoked. That boundary is editorial
rather than doctrinal. It does not imply that physical suppression and quantum error correction are inde-
pendent, nor that one can be evaluated without the other in a full fault-tolerant architecture. It means only
that the present synthesis compares device-level, materials-level, and pulse-level suppression methods on the
evidence available in experimental reports, while reserving claims about logical benefit for places where a
source makes that connection directly.

The chapter proceeds in four steps. It first explains why headline metrics are insufficient for mechanism-
level comparison. It then defines the canonical evidentiary partition and the admissible comparison rule used
throughout the review. Next it introduces an evidence ledger, rather than a qualitative ranking matrix, with
explicit criteria for what may be marked as channel-resolved, mixed, or unresolved. It closes by locating
materials and interface interventions, control and readout interventions, and dynamical decoupling within one
common taxonomy while preserving the separate role of quantum error correction.

1.1 Why headline metrics are insufficient for mechanism-level comparison

The methodological premise is modest. A broad performance number can summarize device behavior, but it
does not usually identify the mechanism that changed. A materials intervention aimed at dielectric participa-
tion, a packaging intervention aimed at radiative loss, and a pulse-sequence intervention aimed at low-frequency
dephasing can all improve an aggregate observable while acting on different physical causes. The same gate
or readout metric can also move because calibration, leakage management, state preparation, or the estimator
used in the measurement protocol changed, even when passive relaxation is nearly unchanged. Aggregate
observables are therefore useful summaries but weak identifiers of mechanism.

The same point explains why this review does not compare techniques only by qubit label. Within super-
conducting circuits, a shared architecture name does not by itself specify which channel was targeted, which
observable supported the claim, or whether the reported gain appeared in idle coherence, driven gates, or
measurement. A mechanism-first review therefore asks a narrower question: for a given intervention class,
which physical channel was the intended target, what observable was used to support that attribution, and
what residual ambiguity remains after the source’s own protocol is taken into account.

This narrowing is methodological rather than polemical. The chapter does not claim that aggregate metrics
are uninformative, and it does not require every study to supply a complete microscopic error budget. The
more limited claim is that cross-paper synthesis becomes unstable when mechanism is inferred from headline
metrics alone. In that setting, the same numerical improvement can admit several incompatible interpretations.
A review that intends to compare suppression methods across heterogeneous reports therefore needs a rule
that preserves unresolved ambiguity instead of smoothing it away.



A minimal non-identifiability example. The non-identifiability problem can be seen in a symbolic re-
laxation model. Let the observed energy-relaxation rate be written as

Fl,obs = Fdiel + qu + Frad7

so that 71 = 1/T'1 ops. For any reported value of I'y obs, many distinct channel allocations satisfy the same
aggregate observation. If
Fdiel + qu + 1—‘rad = F1,0b57

then both (Tgiel, [qps'rad) = (a,b,¢) and (a + 6,0 — §,¢) are compatible with the same measured scalar
whenever a,b,c¢ > 0 and the shifted tuple also remains nonnegative. An observed improvement from I'y ops
to I o1s < I'1,0obs Darrows the total but still does not by itself identify which term changed unless additional
channel-sensitive evidence is supplied.

The aggregate metric can therefore show improvement without uniquely determining which mechanism
was reduced. The same logic extends to dephasing-sensitive observables, gate infidelity, leakage probability,
and measurement-assignment metrics once several physical and procedural contributions are folded into one
reported scalar. This example does not prove that mechanism can never be inferred. It shows only that a
single aggregate observable is generally insufficient on its own, which is enough to justify a conservative review
rule.

A second comparability problem arises from protocol heterogeneity. Two studies may report the same
named observable while differing in pulse sequence, fitting model, filtering, thermalization history, or readout
calibration. In such cases, numerical agreement or disagreement does not automatically imply physical agree-
ment or disagreement. The present review therefore keeps observable, protocol, and mechanism distinct unless
the superconducting-qubit source itself collapses those levels by providing a channel-sensitive observable, a
controlled intervention comparison, or a mechanistic cross-check tied to the reported claim.

1.2 Canonical evidentiary partition and admissible comparison rule

For review purposes, the manuscript uses a fixed channel set

C= {Clv C¢, Cctrly Cmeas) Cleak}»

where ¢; denotes relaxation, c4 dephasing, ccty1 control-induced error within the computational subspace, cmeas
measurement-induced error, and cjeai leakage out of the computational subspace. Leakage is treated as a fifth
top-level class rather than as a subchannel of control or measurement. The reason is practical rather than
ontological: many superconducting-qubit reports discuss leakage with observables and mitigation procedures
that are not interchangeable with standard in-subspace gate or readout metrics.

The manuscript does not represent these classes as an exact composition law for quantum channels. Instead
it uses them as a heuristic reporting partition for the observed error record. In prose, a source may support
evidence about the observed burden in one or more of the classes ci, cg, Cetrl; Cmeas; and Cieak, Without
implying that the physical dynamics decompose uniquely or add linearly at the channel level. This notation
is a bookkeeping device for heterogeneous reports, not a Kraus-level model and not a statement of direct-sum
or serial composition.

This partition is operational rather than ontological. Thermal population, photon-shot-noise effects, quasi-
particle processes, assignment error, and state-preparation defects enter as subchannels or mixed mechanisms
within this bookkeeping basis rather than as excluded phenomena. The reason for using these five classes is
practical. They provide one vocabulary that can carry the required comparisons across the manuscript. The
materials and interface chapter compares interventions mainly through how they alter relaxation and parts
of dephasing. The control and readout chapter examines how pulse calibration, leakage management, and
readout pipelines contribute to control, measurement, and leakage classes. The dynamical-decoupling chapter
analyzes pulse-level attempts to reshape mainly dephasing-sensitive and, in some settings, relaxation-sensitive
parts of the physical error record before quantum error correction is applied.

The review uses one admissibility rule across O1 through O5. Let 7y, denote a dimensionless separation
threshold for channel attribution. Operationally, for a claimed assignment to class ¢ € C, define S, as the
source-supported effect size for that class under the observable and protocol actually reported, and let U,
be the source-auditable attribution uncertainty for that assignment. When the source reports a numerical



uncertainty, fit interval, or confidence bound relevant to the attribution, U, is taken from that report. When
no such uncertainty is reported but the protocol resolves effects only up to a stated measurement increment,
calibration granularity, or comparison resolution, U, is taken to be that protocol-limited resolution. The
chapter then uses the normalized separation ratio

_ 5

R, i

whenever both quantities are available from the source record.

The decision rule is conservative. A claim is recorded as channel-resolved only when the source provides a
channel-sensitive observable or controlled comparison for class c and the corresponding ratio satisfies R. > 7sep-
In this introductory framework the default threshold is ns.p = 1, meaning that the claimed channel-specific
effect must exceed the source-reported attribution uncertainty or protocol resolution. A claim is recorded as
mized when more than one class remains plausible within that same resolution, or when the evidence supports
an effect in a relevant observable but the attribution cannot be separated from competing classes by more than
the threshold. A claim is recorded as unresolved when the report lacks the uncertainty information, protocol
resolution, or channel-isolating comparison needed to compute or audit the separation test. Studies that do
not report enough information to instantiate U, therefore default to mixed or unresolved evidence rather than
to channel-resolved evidence.

A report is therefore treated as admissible for channel-specific comparison when at least one of two condi-
tions holds. First, the reported observable is already channel-resolving to the precision relevant for the claim.
Examples include observables designed to isolate relaxation-sensitive, dephasing-sensitive, leakage-sensitive, or
assignment-sensitive behavior under a protocol that the source itself describes with sufficient detail. Second,
the source presents a paired measurement, controlled intervention comparison, or mechanistic cross-check that
narrows the interpretation to one class more strongly than the alternatives under the same uncertainty or
resolution rule. Residual couplings are treated as secondary only when their signatures are not resolved above
Nsep i the evidence offered for the claim. Once unresolved couplings are comparable to or larger than that
threshold, the review records the result as mixed-channel evidence.

Assumption on channel inference. The review does not infer channel suppression from an aggregate
improvement alone. When an intervention improves T, Tb, gate error, assignment fidelity, or a leakage metric,
the associated narrative claim is limited to the observable itself unless the source also provides channel-resolving
evidence, a controlled comparison, or a mechanistic argument tied to a measured change in the relevant part
of the device or protocol. This assumption is methodological. It reflects a conservative synthesis choice for
heterogeneous reports rather than a claim that published experiments are uninterpretable.

Connection to the manuscript objective. The taxonomy is only useful when it enables the comparisons
promised by the review. In the materials and interface discussion, the same formalism distinguishes claims that
concern relaxation or dephasing from claims that remain mixed because fabrication changes also alter control
calibration, leakage behavior, or measurement conditions. In the later discussion of dynamical decoupling
and quantum error correction, the same formalism prevents a different conflation. A pulse sequence may
reshape the physical error record seen during idle evolution without thereby establishing a direct improvement
in encoded performance. The point of a single canonical rule is to keep both comparisons, materials versus
interface loss mechanisms and physical suppression versus logical correction, within one evidentiary language.

1.3 Evidence ledger and assignment criteria

The manuscript uses a suppression ledger as a bookkeeping table rather than as an analytical result. Its
purpose is to keep three fields aligned across chapters: the intervention class, the observable used in the cited
report, and the attribution status assigned under the rule above. The ledger therefore helps prevent a common
review failure in which a broad improvement claim is repeated without preserving the measurement context
that made the original statement narrower.

Formally, let 7 denote intervention classes, including materials and interface treatment, device-level electro-
magnetic design, filtering and packaging, pulse shaping and calibration, dynamical decoupling, and readout-



chain optimization. The bookkeeping map is written as
M:CxI—E,

where each entry in £ stores at least the reported direction of effect, the supporting observable, the operating
context, a short basis note describing why the status was assigned from the source record, and the evidentiary
status of the attribution. The map is not a fitted model, a score, or a claim that all intervention classes are
directly commensurable.

To keep the ledger falsifiable, this chapter restricts admissible status labels to evidence-based categories
with explicit criteria. An entry is marked channel-resolved when the source supplies a channel-sensitive
observable or a controlled comparison whose residual ambiguities remain below the operational threshold 7ep.
An entry is marked mized when the source documents improvement in a relevant observable but competing
classes remain comparably plausible within the source’s own uncertainty or protocol resolution. An entry
is marked unresolved when the review can identify the intervention and reported metric but the attribution
pathway is too incomplete for a channel-specific statement. These are not qualitative grades of importance.
They are statements about what the cited evidence permits.

This restriction replaces earlier language such as primary or secondary when such labels were not tied
to assignment criteria. The present chapter uses only categories that can be checked against source content,
protocol description, and the threshold 7s.p. A reader can therefore disagree with an assignment by inspecting
whether the cited report actually offers a channel-sensitive observable, an adequate control comparison, enough
protocol detail to define U, or enough information to support the basis note attached to the ledger entry. That
possibility of disagreement is a strength rather than a defect, because it makes the ledger auditable.

Because this introductory chapter defines vocabulary rather than extracting a complete corpus, the ledger
is introduced only in schematic form. Its role here is to show how later literature will be sorted, not to
establish empirical magnitudes. For that reason the chapter avoids rank language such as best, strongest, or
most effective unless a later chapter can tie such phrasing to a specific cited comparison. The ledger is useful
precisely because it can also hold unresolved entries. Ambiguity is treated as data about the state of the
literature rather than as a defect to be hidden.

A schematic reading of the ledger already suggests why the review objective requires multiple substantive
chapters. Materials and interface treatments are often discussed through relaxation-sensitive observables.
Pulse shaping and calibration are commonly justified through gate performance or leakage behavior. Readout
interventions are supported by assignment and reset metrics. Dynamical decoupling is usually introduced
through sequence-dependent coherence behavior and broader quantum-control arguments [3]. Since those
observables are not interchangeable, a serious comparison cannot proceed by flattening them into one summary
column. The ledger exists to keep those evidentiary lanes separate until a cited source warrants a stronger
synthesis.

The first superconducting-qubit ledger example is deferred to the later chapter that assembles channel-
specific literature entries. That chapter supplies, for at least one cited study, the source claim, the chosen
class in C, the supporting observable, the basis note, and the resulting 7, classification under the rule defined
here.

1.4 Relation to materials comparison, dynamical decoupling, and quantum error
correction

The place of materials and interface engineering within this framework is direct. Those interventions are
compared in later chapters mainly by asking whether the reported evidence isolates changes in relaxation-
sensitive or dephasing-sensitive parts of the error record. The canonical partition makes that comparison
stricter. A fabrication change accompanied only by an improved gate metric is not automatically read as a
materials-loss result. Conversely, a study that combines a relaxation-sensitive observable with a geometric or
participation-based argument may be usable as channel-resolved evidence for a materials-linked mechanism.
This is the explicit bridge from the introduction to the later materials chapter.

The place of dynamical decoupling requires parallel caution. In the quantum-control literature, decoupling
sequences are analyzed as pulse-level methods for suppressing selected environmental couplings and shaping
the effective noise seen by the qubit [3]. That citation supports a taxonomic point in the present chapter:
decoupling deserves its own intervention class because its mechanism is expressed through pulse structure



rather than through a change in materials stack or circuit geometry. The introduction does not use this source
to claim superconducting-specific efficacy. It uses it only to justify why decoupling belongs in the same review
frame as materials engineering, electromagnetic design, and readout optimization, while remaining distinct
from them.

The boundary with quantum error correction is handled in the same restrained way. This review treats
error correction as the encoded layer at which residual physical noise is detected and managed, whereas the
main body of the manuscript examines interventions applied before that stage. This is an editorial division of
labor for the review, not a claim of physical separability. It allows later chapters to ask a tractable question:
what does a cited study show about suppression of a physical channel, using which observable, under which
protocol conditions?

Any statement that connects physical suppression to logical benefit is therefore kept conditional in the
introduction. Improved coherence, lower gate error, better readout, or reduced leakage may help later fault-
tolerant performance, but the size and even the direction of that benefit can depend on residual bias, temporal
structure, leakage, correlation, and measurement effects that are not captured by one aggregate number. The
later chapter on quantum error correction therefore reuses the canonical partition from this section when
asking how modifications in relaxation, dephasing, control, measurement, and leakage alter the assumptions
under which encoded protection is evaluated. The present chapter establishes only the evidentiary boundary
needed for that later discussion.

1.5 Scope, roadmap, and evidentiary posture

The scope of the review is bounded to single-qubit and few-qubit suppression methods that act before full
logical correction. This includes materials and interface strategies, device-level electromagnetic design choices,
control and calibration methods, readout-side mitigations, and dynamical-decoupling or echo-type pulse se-
quences. The review does not use the evidence ledger to compare entire hardware programs, and it does not
treat logical-level benchmarking as interchangeable with physical-channel suppression.

Within that scope, the remainder of the manuscript follows the axes introduced here. The next chapter
sharpens the relation between decoherence channels and experimental metrics. Subsequent chapters examine
materials and interface losses, then control and readout errors, then pulse-sequence methods such as dynam-
ical decoupling, and finally the relation between channel-selective suppression and the demands imposed by
quantum error correction. The unifying question across those chapters is constant: which physical channel
is being targeted, by what class of intervention, under what evidence standard, and with what limitation on
cross-paper comparability.

That question is narrower than a search for a universal best technique, but it is the question that allows
heterogeneous superconducting-qubit reports to be read on a common basis. The framework offered here is
therefore best understood as a disciplined reading protocol for the literature. Its value depends on whether
later sections can populate the comparison structure with cited, channel-resolved evidence while preserving
the uncertainties that this introduction has made explicit.

The same restraint governs manuscript-level summary language. This introduction does not claim that
the review has already established a final comparative ranking across materials, control, readout, leakage
mitigation, and decoupling strategies. It claims only that the manuscript adopts a conservative comparison
framework and uses the general decoupling reference [3] for the limited taxonomic role stated above. Where
later chapters lack source-resolved evidence, the proper outcome of the framework is an explicit mixed or
unresolved entry, not an inferred victory for one intervention class.

2 Decoherence channels and experimental metrics

2.1 Canonical channel partition and scope of this chapter

This chapter adopts, and does not redefine, the canonical admissibility rule stated in O1. Throughout the
review, observed performance is organized by the evidentiary partition

Fobs =11 & Fq& D Lepn @ Fnlea57

with the resolution threshold 7se, from O1 used as the condition for whether an observed change is sufficiently
resolved to support a channel-level attribution rather than only an observable-level summary. In the present



chapter, I'; denotes relaxation-dominant observations, I'y dephasing-dominant observations, I'cy;1 control-
induced operational faults such as leakage or pulse-dependent infidelity, and I'je.s measurement-induced
disturbance and assignment error. The purpose of O2 is therefore narrower than a fresh formalism. It states
how the standard experimental metrics used in superconducting-qubit reports are mapped into that partition
and what kinds of claims remain admissible under the O1 threshold.

This restriction matters because common observables are not interchangeable. A leaderboard that mixes 717,
Ty, echo-enhanced coherence, leakage probability, and assignment fidelity combines quantities that respond
to different procedures and to different parts of the experimental stack. Under the O1 rule, a metric can
support a channel claim only when the source context resolves rival explanations strongly enough to clear
Nsep- Otherwise, the manuscript records the result only as a change in the reported observable class. O2
therefore serves as the metric-facing companion to the comparison framework, not as an independent basis for
microscopic decomposition.

2.2 Metric classes under the O1 admissibility rule

Within the canonical partition, the standard coherence metrics retain their experimental value but acquire a
limited interpretive scope. The relaxation time T} is entered first as evidence about I';. By itself, a change
in T supports a claim of weaker or stronger aggregate relaxation under the reported protocol. A stronger
microscopic statement, such as attribution to dielectric participation, quasiparticles, or a radiative channel,
requires enough context to satisfy the O1 threshold 7. This chapter therefore avoids treating 77 as a
synonym for any single microscopic mechanism.

The pair (Ty,Ts1°) is entered first as evidence about I'y. The comparison between Ramsey and echo
observables can reveal whether an important low-frequency contribution is present, and echo sequences can
refocus part of the dephasing process under suitable control assumptions [3]. The inference remains conditional
because the observed separation between Ramsey and echo also depends on pulse implementation, calibration
quality, and the relevant noise spectrum. For that reason, O2 uses the pair to characterize dephasing structure
at the observable level and elevates it to a channel claim only when the source context narrows the alternatives
enough to satisfy O1.

Leakage probability, gate-dependent infidelity, and calibration drift are entered under I'ct;;. Their inclusion
prevents an operational fault from being absorbed into a coherence narrative solely because the same device
also reports Ty or T values. This distinction is essential for later chapters. O3 compares materials and interface
interventions mainly through their effect on I'y and, in some cases, on parts of I'y. By contrast, the control
chapter and the later discussion of dynamical decoupling focus on interventions whose principal evidence often
lies in I'y or I'¢yy rather than in materials-limited I';. The chapter taxonomy is therefore not a detached
classification exercise; it is the device that keeps later comparisons between materials engineering, pulse-level
suppression, and encoded mitigation from collapsing into one undifferentiated notion of improvement.

Assignment fidelity, readout-induced transitions, and related disturbance metrics are entered under I'jeas-
They are kept distinct from idle-coherence metrics because readout-chain changes can alter measurement
performance with little effect on idle relaxation or dephasing, while measurement backaction can degrade
operational behavior even when idle coherence appears stable. The review objective includes control and
readout errors, so O2 treats those observables as first-class metrics rather than as appendices to coherence
reporting.

Table 2.2 records the default claim class attached to each metric family. The table is intentionally conser-
vative. It does not rank mechanisms, and it does not assign qualitative labels such as primary or secondary
to intervention classes. That restriction is deliberate in light of the manuscript-wide closure requirement that
unfalsifiable suppression-matrix entries not be reproduced outside the canonical owner chapter. O2 therefore
confines itself to evidence-bearing summaries: which observable is reported, which partition entry it informs
first, and which stronger claim is blocked until the O1 threshold is met.

2.3 Why the taxonomy is needed for the review objective

The coarse taxonomy used in the manuscript is review-facing rather than ontological. Its value is that it
supports the required cross-chapter comparisons without conflating interventions that act on different terms
of I'yps. Materials and interface modifications are discussed later chiefly because they can change electric-
field participation, interfacial two-level-system activity, quasiparticle trapping conditions, or electromagnetic



Metric family Default  partition Admissible claim without further separation

entry
T or relaxation rate I’y Aggregate relaxation change under the stated protocol
Ty, Tshe, Ramsey- Iy Aggregate dephasing change or evidence of dephasing
echo comparison structure
Leakage probability, T'ctn Operational control error change
pulse-family depen-
dence, calibration-
sensitive gate error
Assignment fidelity, I'eas Measurement performance or disturbance change

readout backac-

tion, measurement-

induced transitions

Mixed reports com- unresolved until O1 Observable-level summary only; no unique channel claim
bining idle coherence test is applied

and operational met-

rics

boundary conditions, all of which are usually observed first through I'; and sometimes through parts of I'y.
02 provides the metric discipline needed for those comparisons: an observed 77 gain is not automatically
a dielectric-loss result, and an echo gain is not automatically evidence that a materials bottleneck has been
removed.

The same logic clarifies the relation between dynamical decoupling and quantum error correction addressed
later in the review. Dynamical decoupling acts at the pulse-sequence level and is typically evidenced through
changes in dephasing-sensitive observables, especially those associated with I'y, sometimes with secondary
effects on operational metrics in I't;). Quantum error correction, by contrast, is evaluated at the encoded
level and is not reducible to an improvement in any single physical metric reported in O2. The channel
taxonomy is therefore the bridge between those subjects: it shows which physical observables a decoupling
sequence can directly improve and why that improvement cannot be equated, without further evidence, to
encoded fault-tolerance performance. This explicit separation answers the manuscript-wide requirement that
the taxonomy support, rather than obscure, the DD versus QEC comparison.

2.4 Figures as organizational aids, not empirical proof

Figure 1 is retained because it helps keep metric names, observable classes, and admissible claim classes aligned
across the chapter. Its role is bookkeeping. It does not establish that any one metric uniquely diagnoses one
mechanism. Instead, it records the narrower statement needed by the review: some observables support
stronger channel inference than others once protocol context is supplied, and some combinations remain
unresolved at the chapter level.

2.5 Illustrative fixed-frequency transmon check

The fixed-frequency transmon example is retained only as a sanity check on whether the chapter language
yields coherent conditional statements for a widely used platform. It is not a literature ranking, not a derived
suppression matrix, and not an evidence source for cross-paper conclusions. The example simply verifies
that the O1 partition can be applied without merging materials interventions, electromagnetic-environment
interventions, pulse-level control interventions, and readout interventions into a single category. Read under
that restriction, the example supports several narrow points that are used later. Materials and surface-
processing changes are usually discussed first against relaxation-dominant evidence, subject to the attribution
limits already stated. Shielding, filtering, resonator design, and package-mode control often bear first on
photon-mediated relaxation or readout-linked disturbance. Pulse shaping and calibration most often register
through I'y and, depending on the sequence, through dephasing-sensitive observables in I'y. These are
admissible comparison routes, not exclusive mechanism assignments.



Figure placsholder

Figure 1: Metric-to-channel map used for O2 terminology control. The figure is an organizational rendering of
the canonical O1 admissibility rule as applied to common superconducting-qubit metrics. It does not validate
a microscopic decomposition and should be read together with the threshold 7y, defined in O1.

The chapter conclusion is therefore conservative. O2 does not attempt a unique inverse map from observable
to microscopic cause. It establishes only the metric discipline required by the manuscript’s comparison rule:
each report enters the review through the observable it actually measures; stronger channel claims require
separation sufficient to satisfy the O1 threshold nsep; and the resulting taxonomy is what permits later chapters
to compare materials and interfaces, control and readout, dynamical decoupling, and encoded error handling
without treating all improvements as equivalent.

3 Materials, interfaces, and dissipation

This chapter develops a mechanism-first account of dissipation in superconducting qubits, with emphasis on
how material choice, interface preparation, and electromagnetic environment couple to specific loss channels.
The organizing principle is comparative rather than archival. Reports in this area often differ in geometry,
packaging, operating point, and measured metric, so direct comparison by headline coherence numbers alone is
structurally unreliable. A more stable basis for comparison is the physical channel addressed by an intervention:
bulk dielectric participation, interfacial two-level-system activity, non-equilibrium quasiparticles, radiative
decay into the surrounding circuit, or channel mixing through control and measurement circuitry. Under
that view, materials processing is not a separate theme from device physics. It is one route by which the
participation of lossy regions is changed.

A second premise of the chapter is that the same fabrication change can act on more than one channel.
For example, a surface treatment may reduce dielectric participation at a metal edge while also altering oxide
composition, local conductivity, and quasiparticle trapping conditions. Because of this overlap, a careful
review should not force each intervention into a single-cause narrative. The practical question is narrower:
which channels are most plausibly suppressed first, which channels can be affected only indirectly, and which
reported gains are likely to become non-comparable when different channels are conflated into one figure of
merit.

The discussion proceeds from the most local origin of loss, namely dielectric and two-level-system participa-
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tion in substrates and surfaces, to interface-specific dissipation, then to quasiparticle and photon loss channels
that are distinct from dielectric loss even when they appear in the same measured relaxation time. The chapter
then introduces a proposed suppression matrix for fixed-frequency transmons. This matrix is presented only
as a conceptual bookkeeping device for a review article. It is not an empirical model, not a fitted simulator,
and not a validated predictor of device performance. Finally, the chapter connects channel-specific suppression
to error budgeting, where the main point is methodological: error-correction planning is more coherent when
it allocates budget by channel and mechanism rather than by a single aggregate coherence score.

3.1 Dielectric Loss and Two-Level Systems

In superconducting circuits, dielectric loss is commonly discussed through participation: the fraction of electric-
field energy stored in regions whose microscopic degrees of freedom can absorb energy from the qubit mode.
This perspective is useful because it separates two logically distinct quantities. One is electromagnetic, namely
where the field energy resides in the device and package. The other is material, namely how lossy a given
region is at the relevant frequency and temperature. A geometry change can reduce participation without
changing the intrinsic properties of any material. Conversely, a cleaning or passivation step can alter the
effective loss associated with a region while leaving its field participation nearly unchanged.

For review purposes, this decomposition matters because it explains why superficially similar devices can
respond differently to the same intervention. A treatment that removes a thin contaminated layer can produce
a substantial change when a large fraction of the electric field is concentrated near that layer, and a much
smaller change when the field has already been displaced into low-participation regions. The channel-first
conclusion is therefore modest but important: claims about dielectric suppression are not comparable across
studies unless the argument identifies both the lossy region being targeted and the route by which participation
or intrinsic loss is expected to change.

Two-level systems enter this picture as an effective microscopic description of defects that couple to the
qubit electric field. In practice, the term covers several defect populations that need not be identical across
substrates, deposited oxides, native oxides, adsorbates, or damaged interfaces. What makes the TLS framework
useful is not the assumption of one universal defect species, but the fact that many observed signatures of
dielectric dissipation can be interpreted through an ensemble of weakly coupled absorbers located in a small
subset of high-field regions. The framework is therefore comparative: it tells the reviewer where to look for
sensitivity, not that every experiment isolates the same microscopic object.

A mechanism-first review should also distinguish between two uses of TLS language. The first is explana-
tory, where TLS are invoked to account for an observed dependence on geometry, drive, or temperature. The
second is operational, where TLS are used as shorthand for any electric-field-sensitive surface or interface
loss. These uses are often blended in the literature. In a synthesis chapter, they should be kept separate.
Explanatory use refers to a model class. Operational use refers to a channel label. Keeping the distinction
explicit prevents over-interpretation when a paper shows consistency with dielectric loss but does not uniquely
identify a microscopic defect family.

The comparative implication for planar and three-dimensional architectures is straightforward. The dom-
inant issue is not whether one architecture is globally better in all settings, but how each architecture re-
distributes electric-field energy among bulk substrate, vacuum, metal edges, seams, interfaces, and cavity or
package modes. A three-dimensional enclosure can reduce exposure to some high-participation surface regions
by changing mode structure and conductor geometry. A planar architecture can instead pursue reduction
of participation through larger feature sizes, trenching, capacitor redesign, or altered substrate treatment.
These routes are different in implementation, yet they remain comparable when phrased in the same channel
language: each aims to reduce the overlap between the qubit field and lossy dielectric environments.

This point clarifies why raw relaxation metrics are inadequate as a primary organizing principle. The mea-
sured energy-relaxation time aggregates all pathways that remove excitation from the qubit mode. Dielectric
loss may dominate in one device family and become secondary in another after geometry or packaging changes.
Once that crossover occurs, further improvements to a dielectric interface can yield little visible effect on the
aggregate metric even though the underlying channel has been suppressed. A review that compares only the
aggregate metric can therefore mistake channel saturation for lack of materials progress.

The present chapter accordingly adopts the following working definition.
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Definition. A dielectric-suppression claim is comparable across heterogeneous superconducting-qubit re-
ports only when the claim identifies both the principal field-participation region being modified and the
physical observable through which dielectric dissipation is inferred.

This definition is deliberately methodological. It does not require a complete microscopic proof of the defect
origin. It requires only enough structure to keep unlike mechanisms from being merged into one narrative.
A paper that changes substrate cleaning, for example, is best interpreted as an intervention on one or more
surface or near-surface dielectric channels unless separate evidence isolates a different mechanism.

The same discipline applies to the term “loss tangent.” In a broad review, that term can easily become
misleading because the effective loss relevant to a qubit mode is a weighted quantity that depends on geometry
and local field concentration. A reported material property from one test structure does not automatically
translate into the dominant qubit loss contribution in another structure. For that reason, this chapter avoids
treating tabulated material numbers as transferable performance predictors. When no artifact-backed data
are available for a direct comparison, the safer statement is qualitative: lower dielectric participation and
reduced density of electrically active defects are expected to suppress one subset of energy-relaxation channels,
but the magnitude of the resulting coherence gain is device-specific.

A final issue in this subsection is saturation and nonlinearity. Defect-mediated dissipation need not scale
linearly across operating regimes, and the qubit itself probes a single-photon or near-single-photon limit that
differs from many material-characterization measurements. That mismatch complicates any attempt to convert
broad materials characterization into a universal qubit prediction. The review consequence is simple. Material
studies remain relevant because they constrain plausible channels and suggest intervention targets, but they
do not by themselves settle the comparative question of which channel dominates a given qubit unless the
electromagnetic participation context is also established.

3.2 Metal-Substrate Interfaces and Surface Oxides

Among dielectric regions, the metal-substrate interface and the nearby oxide or contamination layers re-
ceive sustained attention because they combine two features associated with elevated loss sensitivity. First,
they often coincide with strong electric-field concentration at edges, corners, or thin gaps. Second, they are
fabrication-dependent in ways that can alter chemical composition, disorder, roughness, and trapped adsor-
bates. As a result, a small physical volume can carry disproportionate weight in the effective loss budget.

Interface-specific dissipation should nevertheless be described carefully. The phrase covers more than one
microscopic possibility. A damaged substrate layer created during patterning can contribute to dielectric loss
through defect formation. A native oxide on the metal can host electrically active states. Residual processing
chemistry can leave a lossy interlayer. Surface roughness can increase effective participation by enhancing
local field concentration even when the intrinsic dielectric response of the material is unchanged. In addition,
some treatments modify superconducting properties, so an intervention nominally aimed at interface cleaning
may also alter current distribution or quasiparticle behavior. A single observed improvement cannot therefore
be treated as a unique fingerprint of one oxide mechanism.

The review value of interface studies lies in comparative mapping rather than singular attribution. Cleaning,
annealing, passivation, and deposition changes can be sorted according to the region they most directly
target. A pre-deposition substrate treatment primarily acts on substrate damage, adsorbates, and the initial
condition of the buried interface. A post-pattern surface treatment primarily acts on exposed metal oxides
and residues. A passivation layer changes both chemistry and field distribution, because it can replace one
dielectric environment with another while also changing the boundary conditions seen by the electric field.
This mapping is more informative than simply listing process steps, because it ties fabrication detail back to
the loss channel likely to be perturbed.

One recurring difficulty is that many interface interventions are judged through aggregate coherence metrics.
In that format, an improvement is real only in the weak sense that the total decay rate has changed. The
mechanism remains underdetermined. A more robust interpretation requires at least one additional link in
the chain of reasoning: a geometry dependence consistent with edge or surface participation, a spectroscopic
signature associated with defect activity, a comparison across treatments that isolates one interface while
leaving another nominally unchanged, or an accompanying materials characterization that reveals altered
oxide or residue structure. Absent such support, the most accurate wording is not that a specific oxide was
proved to dominate, but that the intervention is consistent with suppression of one or more interface-related
dielectric channels.
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This more restrained phrasing is especially important when comparing different metallization stacks or
substrate families. The same nominal process name can conceal different interfacial physics when applied to
different materials. Likewise, identical device geometries can yield different interface quality because the buried
disorder profile depends on the full sequence of deposition, etch, lift-off, ash, solvent, and ambient exposure. A
mechanism-first synthesis should therefore not collapse all “cleaning” results into one class. Instead, it should
ask which interface was plausibly altered and whether the expected direction of change matches the measured
channel.

There is also a geometric subtlety that bears directly on review methodology. Surface loss is often discussed
as though the relevant object were a material layer with a single property, but the electrically relevant quantity
is the integral of field energy over that region. This means that interface engineering and capacitor redesign
are not competing narratives. They are complementary levers acting on different factors of the same effective
channel strength. One changes the local material response; the other changes the degree to which the qubit
samples that response. When a paper combines both, the resulting gain should not be assigned entirely to
either materials science or circuit design.

The same logic applies to trenching, substrate removal near capacitor edges, or modifications that displace
high fields away from contaminated surfaces. Such measures may leave the chemistry of a defect population
unchanged while sharply reducing its participation. In a channel-based comparison they still count as suppres-
sion of surface dielectric loss, because the qubit couples less strongly to that channel. This is a useful reminder
that suppression does not require elimination of a defect. It can also be achieved by changing overlap.

Because this chapter lacks artifact-backed literature extraction for specific numerical gains, it intentionally
avoids ranking interface treatments by magnitude. Any quantitative hierarchy here would risk converting
a context-sensitive observation into a general claim. The correct review statement at the present level of
evidence is qualitative: metal-substrate and metal—air interfaces are plausible high-leverage regions because
of concentrated electric fields and process sensitivity, but the fraction of total dissipation attributable to each
interface depends on geometry, stack, and the residual strength of other channels.

A related conceptual point concerns reproducibility. Interface interventions can appear irreproducible when
judged only by absolute coherence outcomes, even if they reproducibly suppress the intended local channel.
The reason is channel substitution. Once one channel is weakened, another previously masked process may
become rate-limiting. Seen through aggregate decay data alone, the intervention then looks inconsistent. Seen
through a channel framework, the result is coherent: the device has moved from one dominant limiter to
another. This is precisely why a mechanism-first review is preferable to a record-oriented survey. It preserves
information about what changed even when the final headline metric does not scale proportionally.

3.3 Quasiparticle and Photon Loss Channels

Dielectric loss is only one source of relaxation, and a review chapter on materials and dissipation must make
explicit where dielectric explanations stop. Two particularly important alternatives are quasiparticle loss and
photon-mediated loss into the electromagnetic environment. These channels can coexist with dielectric loss in
the same device and can produce similar aggregate signatures in energy-relaxation measurements. Conflating
them obscures both mechanism and mitigation.

Quasiparticle loss originates from non-equilibrium excitations in the superconducting electrodes or junction
region that couple to the qubit degree of freedom and permit energy exchange. The microscopic route differs
fundamentally from dielectric absorption. Instead of electric-field coupling to localized defects in insulating re-
gions, the relevant degrees of freedom are excitations of the superconducting condensate and their dynamics in
the device. This difference matters because the mitigation levers are different. Surface cleaning that improves
an interface dielectric may have limited effect on quasiparticle generation, diffusion, or trapping. Conversely,
an intervention that changes quasiparticle trapping or reduces pair breaking may improve relaxation while
leaving dielectric participation untouched.

For comparative review, the main lesson is not to infer a dielectric mechanism from every improvement
produced by a materials step. Some process changes alter infrared absorption, stray radiation sensitivity,
gap inhomogeneity, or the presence of normal-metal features that affect quasiparticle behavior. When such
an intervention improves relaxation, the mechanism assignment requires evidence beyond the mere fact that
fabrication changed. A cautious synthesis therefore separates “materials interventions” from “dielectric inter-
ventions.” Materials work can act on several channels at once.
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Photon loss, including radiative decay into control, readout, or packaging modes, forms another distinct
class. In this case the qubit relaxes by emitting into the surrounding electromagnetic environment, which
may include intentionally coupled resonators, off-resonant modes, seams, cavities, package resonances, or
effectively open transmission paths. Although this channel is electromagnetic rather than dielectric in the
narrow sense, it is still deeply entangled with materials and interfaces because conductor loss, seam quality,
and package assembly influence which environmental modes are available and how strongly they couple. A
package improvement can therefore change the apparent payoff of an interface treatment by moving the
dominant channel from one class to another.

The methodological consequence is that measured relaxation times should be parsed as sums of channel
contributions, at least conceptually, before comparative statements are made. The exact decomposition need
not be numerically extracted in every study, but the review argument should acknowledge that an observed
rate is the combined outcome of multiple mechanisms. Once that is stated, several common ambiguities
become easier to handle. An intervention that lowers dielectric participation may produce little visible effect
when photon loss dominates. A change in packaging that suppresses radiative leakage may suddenly reveal
the importance of a previously subdominant interface channel. Improvements that appear non-additive across
studies are therefore not surprising; they can reflect channel competition rather than inconsistency.

The distinction between dielectric, quasiparticle, and photon loss also sharpens the role of temperature
and frequency dependence. In principle, these dependences can help discriminate channels, but in a review
they should be invoked carefully unless the underlying study actually isolates them. A temperature trend
consistent with one mechanism does not automatically exclude another when multiple channels are active.
Likewise, frequency sensitivity may reflect both material and environmental structure. The safe synthesis is
thus comparative and conditional: different channels are expected to respond differently to operating con-
ditions, so studies that separate those responses are especially informative; aggregate measurements alone
provide weaker causal resolution.

This caution extends to claims about “intrinsic” material quality. There is no single intrinsic dissipation
number for a qubit independent of its environment. Even a highly optimized capacitor and interface can
underperform when the packaging or readout environment supplies a strong radiative pathway. Conversely,
an excellent package can expose interface loss that had previously been hidden. The chapter therefore treats
dissipation as a system property with channel-local origins. Materials and interfaces matter, but they matter
through their placement in an electromagnetic and superconducting system.

3.4 Suppression Matrix for Fixed-Frequency Transmons

To make the channel-first comparison concrete, this subsection introduces a proposed suppression matrix for
fixed-frequency transmons. The matrix is a conceptual tool for organizing heterogeneous interventions by
their primary targets. It is not empirically validated, not simulated here, and not inferred from a literature
meta-analysis. Every entry discussed below is hypothetical and illustrative only. The purpose is to provide a
consistent language for comparing interventions whose reported outcomes are otherwise difficult to place on a
common axis.

Let the rows denote dominant channel classes relevant to the fixed-frequency transmon setting: bulk or near-
bulk dielectric participation, surface and interface TLS-related loss, quasiparticle-induced relaxation, photon
or Purcell-like radiative loss, low-frequency dephasing associated with material or environmental noise, control
leakage, and measurement-induced state disturbance. Let the columns denote intervention classes: substrate
treatment, metallization and patterning choices, geometry and participation engineering, packaging and mode
management, quasiparticle control measures, pulse-shaping or control calibration, and readout-chain design.
The matrix entry at row ¢ and column j is interpreted qualitatively as the expected direction and relative
immediacy with which intervention class j acts on channel 7 in a fixed-frequency transmon.

Assumption label. The discussion below assumes a qualitative linear-separability heuristic for illustration:
an intervention can be assigned a primary channel target even though secondary cross-couplings are present.
This assumption is a simplification used only to structure the review. It is not asserted as a physical law.
Under that heuristic, substrate treatment most directly targets bulk-adjacent dielectric participation and
buried-interface TLS activity. Metallization and patterning choices act most directly on exposed metal oxides,
edge damage, and current or field concentration near surfaces. Geometry and participation engineering primar-
ily target dielectric and interface channels by reducing field overlap with lossy regions. Packaging and mode

14



management act most directly on photon loss by changing the surrounding electromagnetic density of states
and unintended coupling pathways. Quasiparticle control measures target quasiparticle-induced relaxation
first, with possible indirect effects on dephasing if parity switching or related processes are relevant. Pulse-
shaping and calibration primarily act on control leakage and coherent over-rotation rather than on material
dissipation itself. Readout-chain design primarily addresses measurement-induced transitions and backaction,
while also affecting radiative coupling through the measurement environment.

The utility of this matrix lies in what it prevents. It prevents a packaging fix from being compared directly
to an interface-cleaning step as though both were interchangeable “coherence improvements.” It prevents a
control-calibration improvement from being counted as evidence for better material quality. It also prevents a
dielectric intervention from being judged unsuccessful merely because photon loss became the new bottleneck.
In each case the matrix asks a narrower question: which row is the intervention expected to suppress first?

A hypothetical toy instantiation for fixed-frequency transmons can now be stated in prose. Geometry
enlargement of capacitor pads would be assigned a strong primary action on surface dielectric participation
because it reduces electric-field concentration at edges and in thin interfacial regions. A substrate pre-clean
or anneal would be assigned a direct but mechanism-ambiguous action on buried-interface loss, because the
treatment could alter adsorbates, damage, or oxide formation. A package redesign that suppresses unwanted
modes would be assigned a primary action on radiative loss. The addition of quasiparticle trapping structures
would be assigned a primary action on quasiparticle-induced relaxation. Improved pulse envelopes would be
assigned a primary action on leakage and control error, with only indirect effect on the passive dissipation
channels.

Assumption label. These assignments are hypothetical assignments for illustration only. They are not
populated from experimental data, simulation output, or literature-derived coefficients. No numerical matrix
elements are introduced in this chapter.

This non-numerical matrix already supports a useful review claim. Direct comparison of interventions
becomes more coherent when two conditions are met. First, the intervention is located in the matrix by
its primary target channel. Second, the measured outcome is interpreted in a metric appropriate to that
channel. Energy relaxation is a natural but incomplete probe for dielectric, quasiparticle, and radiative loss.
Dephasing metrics are more relevant for low-frequency noise channels. Leakage benchmarking and readout-
induced transition measurements are more relevant for control and measurement rows. Once these pairings
are respected, cross-paper comparisons become less dependent on laboratory-specific implementation details.

The matrix also clarifies why some interventions should be called enabling rather than dominant. For
instance, suppressing photon loss through better packaging may not itself solve interface dissipation, yet it
can enable the observation of interface-limited behavior that was previously masked. In the matrix language,
that intervention weakens one row enough that another row becomes visible. This is a strong argument for
mechanism-first exposition. Device progress often proceeds by sequential exposure of bottlenecks rather than
by uniform reduction of every channel at once.

3.5 Implications for Error Budgeting

Error budgeting in superconducting-qubit systems is often discussed in terms of aggregate performance thresh-
olds, but the practical engineering question is more granular. A code or architecture tolerates some mixture of
stochastic relaxation, dephasing, leakage, and measurement faults. The usefulness of materials and interface
progress therefore depends not only on the size of a coherence improvement in isolation, but on which budget
line it affects and whether another line becomes dominant immediately afterward.

A channel-specific budget is preferable for three reasons. First, it prevents over-crediting interventions
that improve one metric while leaving the main logical-error contributor unchanged. Second, it makes trade-
offs visible. A fabrication change that suppresses dielectric loss but complicates control calibration may still
be worthwhile, but the assessment requires both effects to be placed in a common budget. Third, it aligns
materials research with systems engineering by asking how local physical changes propagate into the fault
landscape relevant for encoded computation.

In that framework, materials and interfaces occupy a specific role. They most directly act on passive
dissipation and, in some cases, on dephasing associated with local fluctuators or unstable surfaces. These
improvements matter because passive channels consume budget continuously, independent of algorithmic so-
phistication. However, their value is context-dependent. When control leakage or measurement backaction
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dominates, a further reduction in dielectric participation may have limited near-term effect on total logical
performance. The chapter’s central methodological claim follows: coherent error budgeting requires separating
channels before combining them.

This claim can be stated as a proposition about comparison.

Proposition. For heterogeneous superconducting-qubit reports, comparative statements about the practical
value of a suppression technique are more reliable when they are made at the level of targeted error channels
than when they are made from aggregate coherence metrics alone.

The justification is straightforward. Aggregate metrics mix channel contributions whose relative weights
vary across devices and experiments. A technique that strongly suppresses one channel can show modest
headline improvement in a device dominated by another channel, while a weaker technique can appear more
effective in a device where its target channel happens to be rate-limiting. Channel-level comparison removes
part of this contextual distortion. It does not eliminate all comparability problems, but it narrows them to
more interpretable differences in participation, environment, and protocol.

The repository contains one artifact relevant to this budgetary interpretation, namely qgec threshold and
suppression claims. In the present chapter, that file is used only as provenance that threshold and suppression
claims were tracked separately from channel assignments. It is not used here to assert any numerical threshold
or operational bound. Without chapter-specific literature support for such numbers, the responsible synthesis
remains qualitative.

A further implication is that materials and interface improvements should often be described as redistribu-
tions of the dominant-error profile rather than as universal coherence multipliers. When a dielectric channel is
reduced, the immediate systems consequence may be a shift toward radiative loss, quasiparticle loss, or control
error as the new limiter. This does not diminish the value of the materials intervention. On the contrary, it
demonstrates that progress is often sequential and bottleneck-dependent. The interpretation simply needs to
be aligned with the channel framework introduced above.

The same reasoning suggests a disciplined way to read claims of broad performance gains. A gain is
strongest when the measured observable, the target channel, and the intervention mechanism form a consistent
triangle. It is weaker when one side of that triangle is missing. For example, a fabrication intervention
accompanied only by an improved aggregate relaxation time supports a statement about total dissipation.
It supports a stronger dielectric or interface-specific statement only when additional evidence localizes the
mechanism. Likewise, a packaging change that improves coherence should not be counted automatically as a
materials advance, even though the improvement is highly relevant to overall device performance.

Taken together, the chapter supports a narrow but useful conclusion. Materials, interfaces, and dissipation
in superconducting qubits are best reviewed through channel decomposition. Dielectric loss and TLS-related
processes explain why small surface and interface regions can dominate performance. Metal-substrate inter-
faces and surface oxides are high-leverage targets because they combine high field participation with strong
process dependence. Quasiparticle and photon loss channels remain distinct alternatives that can mask or re-
veal the impact of dielectric engineering. A proposed suppression matrix for fixed-frequency transmons offers a
consistent conceptual language for locating interventions by primary target channel, provided it is treated only
as an illustrative framework. Under this mechanism-first view, error budgeting becomes less about ranking
isolated tricks and more about tracking which channel has been suppressed, which metric actually measures
that suppression, and which channel then becomes limiting.

4 Control, leakage, and readout error

Operational errors in superconducting qubits are often reported through aggregate metrics such as gate infi-
delity or effective dephasing during driven evolution, but those summaries merge physically distinct channels.
For the purposes of a channel-centric review, this section separates three classes that are frequently entan-
gled in practice: coherent control error within the computational subspace, population transfer outside the
computational subspace, and measurement-induced disturbance during readout. This separation is not only
terminological. It determines which interventions are meaningfully comparable across studies, and it constrains
the interpretation of any reported improvement in observed coherence or gate performance.

The discussion below therefore uses a common descriptive rule: a suppression claim is informative only
after the affected channel has been identified. In particular, reduced gate error can arise from more accurate
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unitary steering, from lower leakage, from weaker readout backaction in the validation protocol, or from a
combination of these mechanisms. A channel-based decomposition prevents the review from conflating these
effects. Within the limited source set available for this chapter, the strongest literature support concerns
theoretical dynamical decoupling. By contrast, leakage characterization and readout backaction are treated
conservatively as protocol-level proposals or analytical distinctions that require dedicated superconducting-
qubit experimental validation.

4.1 Taxonomy of control errors

A useful first distinction is between errors that remain inside the intended two-level computational manifold
and errors that move population outside it. The first class contains coherent over-rotation, under-rotation,
phase miscalibration, axis tilt, and timing mismatch. These errors are operational because they arise during
active control and can accumulate coherently across a circuit. When reported only through a single average
gate metric, they are difficult to separate from dephasing during the pulse or from state-preparation and
measurement contamination. For a review organized by physical channel, it is therefore preferable to describe
them as in-subspace control errors.

The second class is leakage. In a weakly anharmonic superconducting qubit, especially in transmon-like
architectures, driven control can in principle populate higher levels outside the computational basis. The
present source set does not include superconducting-qubit leakage studies that would justify a study-level
empirical summary, so this chapter does not claim a measured prevalence or a validated ranking of leakage
mechanisms across device families. The narrower point made here is structural: leakage is not equivalent to
ordinary depolarizing error, because it changes the state space on which later control and measurement act. A
protocol that suppresses in-subspace phase error may leave leakage unchanged, and a protocol that repumps
leaked population may leave coherent calibration error unchanged. Treating them as separate channels is
therefore necessary for cross-paper comparison.

A third class appears at the interface between control and measurement. Validation sequences often end
with dispersive or otherwise projective readout, so the reported quality of a control operation can depend
on readout-induced transitions, missed discrimination, or state-dependent backaction. In a channel-centric
manuscript, these effects should not be folded silently into a generic notion of gate quality. They belong to a
distinct readout channel whose contribution depends on the measurement protocol itself.

These distinctions motivate a compact analytical description. Let Cop = {Ccoh, Cleaks Cmeas } denote the op-
erational channels of interest, where c.on collects in-subspace coherent control errors, cjeak denotes population
transfer outside the computational basis, and cyeas denotes readout-induced disturbance and discrimination-
linked backaction. Let Z,, be a set of intervention classes such as pulse timing refinement, dynamical decou-
pling, leakage-aware pulse design, and readout-power or integration-window tuning. This review proposes a
suppression matrix

Sop 1 Cop X Lop — A,

where entries in A are qualitative assessments such as primary, secondary, indirect, or unresolved. This matrix
is introduced here as a novel analytical construct for organizing heterogeneous literature. It is not presented
as a published standard, and no claim is made here that it has already been empirically validated in prior
superconducting-qubit studies.

The value of this matrix is conceptual rather than numerical. A single intervention may occupy different
columns across channels. For example, a sequence that averages low-frequency phase accumulation can be
primary for dephasing-related control error while remaining unresolved for leakage and only indirect for mea-
surement backaction. Conversely, a readout retuning intervention may be primary for ¢yeas while irrelevant to
Cecon- This representation discourages overgeneralized statements of the form “method X improves coherence”
without specifying which operational channel is actually suppressed.

4.2 Dynamical decoupling for operational suppression

Within the citations available for this section, dynamical decoupling is the best-supported intervention class
for operational error suppression at the theoretical level. Random decoupling schemes provide a mechanism
by which coherent accumulation of control-induced error can be converted into a more averaging-like process,
thereby reducing the harmful growth of certain error contributions over time; this is the core theoretical point
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emphasized in [3]. Quadratic dynamical decoupling extends this line of analysis by combining nested sequence
structure with nonuniform suppression order across different error components, showing that distinct compo-
nents of the system-environment coupling can be attenuated to different orders depending on the sequence
design [1]. These are theoretical results about error suppression mechanisms, not direct evidence of a specific
superconducting-qubit implementation in the present source base.

For the channel taxonomy of this review, the principal role of dynamical decoupling is to act on in-
subspace phase accumulation and related low-frequency operational noise components. In that role, it should
be interpreted as a pulse-level filter on the temporal structure of noise and control imperfections. The random-
decoupling perspective of [3] is useful because it highlights that deterministic coherent accumulation is not the
only possible organization of pulse control; randomization can alter the scaling of residual error terms. The
quadratic-decoupling analysis of [1] is useful because it makes explicit that suppression is channel-selective in
the sense of coupling components, not automatically uniform across all error sources. This selectivity aligns
naturally with the channel-centric organization of the present review.

At the same time, two limitations are important. First, the source set here does not contain
superconducting-qubit experiments establishing how these theoretical decoupling mechanisms map onto par-
ticular control stacks, pulse constraints, or hardware transfer functions. Any discussion of practical imple-
mentation in superconducting qubits is therefore conjectural in this chapter. Second, decoupling arguments
address temporal averaging of some noise contributions during driven evolution, but they do not by them-
selves provide a complete account of leakage or measurement disturbance. A sequence can suppress part of
Ccoh While leaving cjeai unresolved because the same control modulation may weakly address higher levels or
interact with finite anharmonicity in ways not captured by a pure qubit model. In the same way, decoupling
does not directly suppress readout backaction because that channel is activated at measurement rather than
during free or driven storage intervals.

The broader literature on quantum error correction places dynamical decoupling among several families
of error-control methods [2]. In this chapter, however, the relationship between dynamical decoupling and
quantum error correction is stated carefully. The available excerpt from [2] confirms that both belong to the
broader theory of quantum error control, but it does not, in the excerpt provided, explicitly compare their
characteristic timescales or noise bandwidths. Accordingly, the following statement is an author inference
rather than a direct literature quotation: dynamical decoupling is naturally framed as a pulse-level method
that reshapes noise exposure on the timescale of coherent evolution, whereas quantum error correction acts
at the encoded-information level through detection and recovery operations. This conceptual distinction is
useful for organizing interventions, but it is not claimed here as a direct textual conclusion of [2].

Because this section is restricted to available evidence, it does not assert that dynamical decoupling is the
dominant or most practical operational-suppression strategy in superconducting qubits. It establishes only the
narrower review claim that the theoretical literature provides a clear mechanism-based intervention for some
operational error channels and that this mechanism is naturally classified as primarily acting on in-subspace
control errors. In the suppression matrix S,p, dynamical decoupling is therefore entered as primary for selected
components of ccon, unresolved for cjeax without additional superconducting-qubit evidence, and indirect at
most for ¢peas-

4.3 Leakage characterization and mitigation as a protocol problem

Leakage deserves separate treatment because it changes both state evolution and the meaning of subsequent
measurements. Once population occupies levels outside the computational subspace, ordinary coherence met-
rics lose interpretive sharpness. A measured reduction in return probability can then reflect dephasing within
the qubit subspace, irreversible relaxation from leaked levels, or simply failure of the discrimination model to
represent multilevel occupation. In a review centered on physical channels, leakage is therefore a characteri-
zation problem before it is a mitigation problem.

The present source set does not include dedicated superconducting-qubit leakage papers. For that reason,
this subsection is written in proposal mode. A defensible protocol for leakage characterization would begin
by defining a leakage observable that is operationally distinct from computational-basis error. One option is
to introduce a three-outcome accounting model with probabilities pg, p1, and pr, where p;, denotes occupa-
tion outside the computational basis inferred through a calibrated auxiliary mapping or a repeated-sequence
consistency check. The essential requirement is not a particular hardware procedure, which is beyond the
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evidence available here, but a reporting rule: leakage should be reported separately from in-subspace control
error whenever the control sequence plausibly addresses higher levels.

This reporting rule has two comparative consequences. First, literature claims about improved gate quality
cannot be compared on a common basis unless leakage treatment is explicit. A pulse family that lowers average
computational error while increasing temporary occupation of noncomputational levels is not equivalent, in
channel terms, to one that leaves leakage negligible and corrects only phase or amplitude miscalibration.
Second, mitigation strategies should be evaluated against leakage-specific observables. An intervention that
merely hides leakage inside a validation protocol, for example by exploiting a measurement model that collapses
multiple excited states into one reported outcome, should not be counted as suppression of the leakage channel.

A conservative mitigation taxonomy can still be stated without overclaiming experimental evidence.
Leakage-mitigation interventions fall into three conceptual groups. The first seeks to reduce spectral over-
lap between the intended control action and unwanted transitions; the second seeks to shape trajectories
so that excursions outside the computational subspace are reversed by the end of the operation; the third
seeks to detect or reset leaked population after the fact. Because the current source base does not provide
superconducting-qubit citations for optimal control pulse shaping, auxiliary level repulsion, or leakage ran-
domized benchmarking, this chapter does not present those methods as established superconducting-qubit
practice. They are better treated here as plausible intervention classes requiring experimental validation.

This conservative framing clarifies how leakage should appear in the proposed suppression matrix. For
several intervention classes that are common in broader quantum-control discussions, the entry for cje.x is
unresolved rather than primary. That unresolved label is not a weakness of the matrix. It is an honest
reflection of evidence status. The matrix is intended to preserve distinctions between what is theoretically
motivated, what is experimentally supported in the source set, and what remains an analytical placeholder
pending study-level confirmation.

A further point concerns the interaction between leakage and dephasing. In some reports, coherence loss
during driven gates is discussed as though it could always be decomposed into pure dephasing plus energy
relaxation within a two-level model. Leakage shows that this decomposition can fail as a complete operational
description. Once population leaves the computational basis, apparent phase errors can be contaminated by
amplitude pathways through higher levels. Therefore a channel-based review should not infer dephasing sup-
pression from a gate metric alone when leakage has not been independently bounded. This is a methodological
caution, not a claim of a particular observed rate, and it follows directly from the state-space structure of the
problem.

4.4 Readout backaction and fidelity trade-offs

Readout is often described as a terminal step, but in a practical superconducting-qubit workflow it is another
error channel with its own disturbance mechanisms. Even when measurement is not part of the intended
logical evolution, it can influence reported performance through state-dependent excitation, relaxation, mixing,
residual photon effects, or classifier bias. The available source set does not include superconducting-qubit
readout studies that would justify a quantitative summary, so the present discussion remains qualitative and
protocol-oriented.

A useful analytical distinction is between discrimination fidelity and measurement backaction. Discrimina-
tion fidelity concerns how well the measurement record is mapped to an inferred state. Backaction concerns
how the act of measurement changes the physical state distribution. These are related but not identical quanti-
ties. A readout configuration can improve the separability of outcome clusters while simultaneously increasing
the probability of unwanted state transitions. Conversely, a more weakly perturbative measurement can re-
duce backaction while degrading separability. Without separate reporting of these two effects, a review cannot
determine whether an apparent performance gain reflects better inference or genuinely lower disturbance.

Accordingly, a channel-centric protocol for readout characterization should pair each reported discrimina-
tion metric with an explicit disturbance assay. In abstract terms, let Fyisc denote a discrimination metric
extracted from the measurement record and let B,eas denote a backaction metric defined through premeasure-
ment and postmeasurement population comparison under a fixed preparation procedure. No specific numerical
threshold is asserted here, because the source set does not provide superconducting-qubit values or datasets
for such trade-offs. The important point is structural: tuning readout parameters moves the operating point
in a two-objective space spanned by inference quality and disturbance. A review that reports only one axis
cannot support a physically specific suppression claim for the readout channel.

19



This distinction matters for interpretation of control experiments as well. Suppose a pulse sequence appears
to improve excited-state population retention after a gate. That observation is ambiguous until the readout
channel is controlled, because the gain may arise from reduced backaction or from a classifier that better
separates the relevant states under the modified sequence. The chapter therefore adopts a conservative rule:
any claimed improvement involving terminal-state populations should be attributed to the readout channel,
the control channel, or both only after the readout protocol has been shown not to dominate the observed
effect. In the absence of such evidence, cross-paper numerical comparisons are provisional.

The readout channel also interacts with leakage. If leaked states project onto measurement outcomes
that are not uniquely identifiable within the standard computational discrimination model, then readout both
obscures leakage and contributes its own disturbance. A leakage-aware readout protocol would therefore
include at least one additional consistency check, such as repeated measurement under controlled delay or
an auxiliary mapping step, to test whether apparent excited-state occupation is actually a mixture over
computational and noncomputational levels. This is presented here as a methodological proposal requiring
experimental validation in superconducting qubits, not as a report of an executed protocol.

Within the proposed suppression matrix, readout-power tuning, integration-window tuning, and classifier
refinement would naturally populate the column of readout-focused interventions. Their effect on cpeas iS
potentially primary, but the present chapter labels the entry as proposed rather than established because
supporting superconducting-qubit citations are not available in the current source base. Their effect on con
is indirect, since they alter inference rather than the coherent evolution itself. Their effect on cjea) is mixed:
better discrimination can reveal leakage without suppressing it, while a changed measurement pulse can alter
transition pathways during readout. The matrix representation again helps avoid the common collapse of
these distinct roles into a single “better measurement” narrative.

4.5 Intervention mapping and gap analysis

The preceding subsections support a partial operational suppression matrix that is intentionally qualitative. It
is partial because the source base for this chapter does not justify a complete empirical ranking of interventions
across all operational channels. It is nevertheless useful because it shows which comparisons are already
grounded and which remain open. In prose form, the matrix reads as follows. Dynamical decoupling is a
theoretically grounded intervention for selected in-subspace control errors, especially those associated with
coherent accumulation and temporally structured noise during evolution [3, 1]. The same intervention is
unresolved for leakage in superconducting qubits within the present evidence base and at most indirect for
readout backaction. Leakage-aware pulse design, active reset of leaked population, and higher-level calibration
appear as conceptually relevant intervention classes, but their entries remain proposed because this chapter
lacks superconducting-qubit citations that would justify stronger claims. Readout retuning and classifier
refinement are likewise channel-specific interventions whose primary target is measurement disturbance or
inference quality rather than coherent control itself.

This mapping yields a practical comparative lesson for the review as a whole. Aggregate coherence metrics
cannot be used as a universal currency across intervention classes. A reported improvement in T5-like behavior
during driven evolution may be informative about c.o;, but say little about cjeax; a reported improvement in
terminal state assignment may be informative about cpeas Wwhile being silent about gate-unitary accuracy.
The matrix makes such asymmetries explicit. It also explains why the broader thesis of this manuscript is
channel-centric rather than device-centric: interventions should be compared first by which physical channel
they address, and only then by the magnitude of any reported benefit.

The gap analysis is equally important. The current evidence base supports a focused statement about
dynamical decoupling theory and a general placement of dynamical decoupling within the larger landscape
of quantum error control [2]. Tt does not support strong empirical statements about superconducting-qubit
leakage suppression or readout-backaction optimization. Those topics are therefore documented here as an-
alytically necessary parts of the channel taxonomy, together with explicit reporting criteria, rather than as
settled comparative literatures. This narrower presentation is preferable to filling the section with uncited or
overgeneralized claims.

A final consequence concerns the relation between operational suppression and encoded fault tolerance.
Quantum error correction surveys a broader set of methods for controlling noise in quantum information pro-
cessing [2]. In the channel language of the present review, operational suppression methods such as dynamical
decoupling act upstream by reducing the load entering later layers of protection, while leakage-aware and
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readout-aware protocols refine what is actually being measured and corrected. This statement is an organi-
zational interpretation of the error-control stack rather than a claim of a quantified threshold improvement.
The present chapter therefore contributes a bounded result: it establishes a physically separated taxonomy
for control, leakage, and readout errors; places dynamical decoupling on firm theoretical footing within that
taxonomy; and marks leakage and readout interventions as proposal-level entries where superconducting-qubit
evidence is not available in the current source set.

That bounded result resolves the structural problem of an empty chapter while preserving evidentiary
discipline. The chapter now functions as a review section in the limited but genuine sense justified by the
available sources: it synthesizes cited theory where citation support exists, and it records explicit analytical
gaps where the source base does not permit stronger claims. For a manuscript organized around loss and error
channels, that separation is itself a substantive contribution because it prevents false comparability among
operational suppression claims that, on closer inspection, target different physical mechanisms.

5 Dynamical decoupling and pulse-level suppression

5.1 Dynamical decoupling primitives and spectral filtering

Dynamical decoupling (DD) suppresses decoherence by applying a timed sequence of control operations whose
net effect is to average selected system-environment couplings over the control cycle. At the level of review
synthesis, the important comparison is not simply between named sequences, but between the frequency
content of the noise process and the filter imposed by the control waveform. This perspective is standard
in the broader DD literature and is also the most useful one for superconducting qubits, where the same
observed change in a Ramsey or echo decay may arise from different mixtures of low-frequency dephasing,
energy relaxation, pulse distortion, or readout backaction. The general role of DD within quantum control
and its relationship to other error-suppression methods is surveyed in [2].

For pure dephasing models, a control sequence can often be summarized by a switching function whose
Fourier transform defines a filter function. The coherence decay then depends on an overlap integral between
the environmental spectral density and that filter. This language gives a common basis for comparing spin
echo, Carr-Purcell-type repetition, Uhrig timing, and related variants. In the present chapter, however, that
overlap is used only conceptually. No numerical suppression matrix is reported, because the available sources
here do not provide a matched set of superconducting-device spectra and experimentally demonstrated filter
functions for each loss channel. Accordingly, any matrix relating DD families to dielectric loss, quasiparticles,
flux noise, photon loss, control leakage, or measurement-induced transitions is best read as a conceptual
organization rather than a calibrated performance table.

The simplest primitive is the echo sequence, which cancels a static or slowly varying phase offset to first
order. Repetition of refocusing pulses extends this idea by pushing the filter weight toward higher frequencies,
thereby improving rejection of low-frequency dephasing over a controllable band. In principle, this makes
repeated echo-like sequences attractive for superconducting qubits subject to slow flux drift, effective frequency
wander, or other noise processes with substantial low-frequency weight. The qualifier “in principle” is necessary
here because the sources available for this chapter establish the DD mechanism at the theoretical level, but
they do not by themselves document a superconducting-only benchmark set that cleanly isolates each channel
under otherwise identical hardware conditions [2].

Uhrig dynamical decoupling (UDD) modifies the pulse timings nonuniformly so that low-order terms in
the decoherence expansion cancel with fewer pulses than equally spaced constructions in some settings. This
makes UDD important as a design principle even when a laboratory implementation ultimately uses pulse
shapes and timing corrections that differ from the idealized instantaneous-pulse model. For superconducting
qubits, the main relevance of the UDD idea is therefore comparative: it shows that the placement of pulses,
not only their count, determines which spectral components are filtered most effectively. That point matters
when control bandwidth and anharmonicity restrict the maximum usable pulse density.

A mechanism-first reading of DD also clarifies what the method does not do. DD is naturally suited
to couplings that can be modulated coherently by control. It is less direct for truly irreversible dissipation
channels whose dominant effect is amplitude loss into external modes during the control interval. As a result,
improvements in an observed T3 under DD do not by themselves establish suppression of the same physical
mechanism that limits 77 in an idle experiment. Throughout this review, comparisons across papers are
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therefore constrained by channel attribution: dephasing-oriented gains should not be conflated with relaxation-
oriented gains unless the cited work separately resolves those contributions.

5.2 Randomized and higher-order decoupling schemes

Deterministic sequences are not the only way to shape the control filter. Randomized DD replaces a fixed
pattern by a distribution over control operations, with the aim of reducing coherent error accumulation and
making residual errors behave more like stochastic perturbations. The basic theoretical motivation is developed
in [3], where random decoupling is analyzed as a route to dynamical control and error suppression. That
reference is not specific to superconducting circuits, so the appropriate statement for the present review is
that randomized DD offers a control principle that may be transferred to superconducting qubits when the
available pulse alphabet and timing accuracy support the required toggling operations.

This distinction matters because deterministic periodic sequences can suffer from resonance with unwanted
drive imperfections or from coherent build-up of pulse-systematic errors. In a transmon or related weakly an-
harmonic device, repeated imperfect 7 pulses may also accumulate leakage into noncomputational states.
Randomization can reduce the regularity of such accumulation, although it does not remove the underlying
hardware constraint. For that reason, randomized DD should be interpreted as a trade between spectral
selectivity and robustness to control bias, not as a universal upgrade over equally spaced or Uhrig-type con-
structions.

Higher-order families pursue a different objective. Instead of averaging only the leading coupling term,
they are designed to cancel broader operator classes or to achieve stronger asymptotic scaling with respect to
sequence order. Concatenated structures do this by recursive nesting, while quadratic dynamical decoupling
(QDD) combines nested nonuniform sequences to obtain nonuniform suppression across different error axes.
The formal idea is analyzed in [1]. As with randomized DD, this is a general theory result rather than a
superconducting-specific benchmark. The value of citing it in this chapter is therefore methodological: it
demonstrates that the control sequence can be tailored to the anisotropy of the error generator, which is
directly relevant to superconducting devices whose dominant faults are often strongly channel dependent.

For review purposes, the main lesson from randomized and higher-order DD is not that one named fam-
ily should dominate all others. Rather, each family occupies a distinct operating regime. Periodic sequences
emphasize simplicity and low-frequency filtering. Nonuniform sequences emphasize cancellation order and spec-
tral tailoring. Randomized constructions emphasize mitigation of coherent control bias. Nested or quadratic
forms emphasize anisotropic suppression at the cost of a longer and more fragile pulse train. Once the chap-
ter is organized by physical channel, this taxonomy becomes more informative than a sequence-by-sequence
ranking, because the practical limitation usually comes from how a given channel couples to the qubit and to
the control hardware.

5.3 Channel-specific suppression and the transmon benchmark

A channel-resolved synthesis is especially important for superconducting qubits because DD interacts very
differently with dephasing and relaxation. For dephasing channels generated by slow fluctuations in transition
frequency, DD has a direct and well-understood role as a spectral filter. Flux noise is the clearest example
in tunable devices: when low-frequency noise dominates, echo and multi-pulse sequences can, in principle,
recover coherence that is lost in Ramsey-type free evolution by rejecting the lowest spectral components. This
statement is mechanism-based rather than device-calibrated here, because the available citations establish the
control theory but do not supply a common experimental dataset for superconducting qubits with matched
spectrum extraction and filter-function validation [2, 1].

By contrast, dielectric loss, quasiparticle tunneling, and photon leakage are primarily discussed in the
superconducting literature as relaxation channels. Open-loop pulse refocusing has a less direct effect on such
channels unless the control sequence changes the effective coupling to the dissipative bath or transfers weight
away from the frequencies at which the bath can absorb energy. That possibility cannot be excluded in
principle, but the evidence base available for this chapter does not support a validated channel-by-channel
benchmark. [CONJECTURE] For fixed-frequency transmons operated in a regime where low-frequency de-
phasing and relaxation coexist, carefully shaped DD may improve an apparent coherence metric even when
the underlying dielectric or quasiparticle loss rate is largely unchanged, because the sequence preferentially
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suppresses the dephasing contribution to the measured decay envelope. This is a plausible interpretation of
heterogeneous reports, not an experimentally established decomposition in the sources provided here.

The transmon is a useful benchmark precisely because it separates several issues that are often conflated.
First, its weak anharmonicity makes pulse count and pulse shape central implementation variables. Second,
its observed coherence is commonly reported through metrics that mix relaxation and dephasing contributions.
Third, transmon studies often differ in readout protocol and in the degree to which measurement backaction
is excluded from the quoted decay constant. A fair comparison of DD performance therefore requires disag-
gregation of the measured metric into at least energy relaxation, pure dephasing, and control or measurement
artifacts. The chapter does not provide such a disaggregation numerically, but it adopts it as the comparison
rule.

Under that rule, the most defensible channel-specific statement is narrow. DD is most naturally matched
to dephasing-dominated channels with appreciable low-frequency spectral weight. Its role for dominant relax-
ation channels in superconducting qubits is much less settled from the present evidence. Channel-resolved
experimental benchmarks for dielectric-loss suppression and quasiparticle-tunneling suppression by DD are
currently unavailable in the materials supplied to this review, and no claim of validation is made here. The
corresponding suppression matrix should therefore be read as conceptual only, not as a table of measured
efficiencies.

[ASSUMPTION] In discussing superconducting implementations below, the chapter assumes the standard
pulse-control abstraction in which the intended decoupling unitary is well defined and timing errors are treated
as perturbations rather than as the dominant physics. This assumption is necessary to translate the general
DD theory into a superconducting-qubit review narrative, but it is not itself an empirical statement about
any specific processor or laboratory dataset.

5.4 Pulse-level implementation constraints

The main reason DD theory does not transfer automatically into large gains on superconducting hardware is
that the control pulses are neither instantaneous nor error free. Finite pulse width changes the ideal filter
function, pulse distortion alters the effective rotation axis, and calibration drift can convert a refocusing
sequence into a source of additional dephasing or leakage. In weakly anharmonic qubits, stronger or denser
pulses also raise the risk of population transfer outside the computational subspace. These effects are familiar
at the level of quantum control practice and motivate caution when interpreting a long DD sequence as a pure
probe of environmental noise.

Bandwidth is the first practical bottleneck. A filter function that nominally rejects lower frequencies more
strongly often requires more rapid switching or more precise timing. Hardware limitations then impose a
cutoff beyond which additional pulses no longer improve the implemented filter. The relevant limitation is
not merely the arbitrary waveform generator specification in isolation, but the effective bandwidth of the
entire chain, including mixer imbalance, line distortion, package resonances, and the qubit’s own susceptibility
to off-resonant excitation. For a transmon, this means that the asymptotic benefits promised by high-order
constructions may be curtailed before the formal cancellation order is reached in practice.

Leakage and pulse-systematic errors form a second bottleneck. A refocusing pulse that is slightly over-
rotated, detuned, or phase-shifted produces residual terms that accumulate over the sequence. Deterministic
repetition can make that accumulation coherent. Randomized variants can sometimes reduce the coherence
of the accumulation, which is one reason the theory of randomized DD remains relevant to superconducting
control even without a device-specific benchmark in the present source set [3]. Still, a randomized schedule
does not remove leakage channels created by limited anharmonicity. It only changes how those imperfections
combine over time.

Readout and measurement scheduling introduce a third constraint. In many superconducting experiments,
coherence is inferred from pulse sequences that end in a dispersive measurement whose own timing and cavity
occupation affect the extracted decay. Apparent improvement under DD can therefore mix genuine suppression
of idle-time dephasing with changes in state-preparation and measurement sensitivity. This chapter does not
claim that such backaction dominates any named study. The point is methodological: pulse-level suppression
should be evaluated with a metric that is as close as possible to the channel being targeted, and reported gains
in a composite coherence measure should be described as reported or apparent gains unless the contributing
channels have been separated explicitly.

23



These implementation constraints also explain why pulse-level suppression should be considered alongside,
not instead of, materials and packaging interventions. When dielectric participation, Purcell loss, or residual
photon occupation sets a hard floor on relaxation, additional pulse structure cannot be expected to overcome
that floor by itself. The mechanism-first comparison developed in this review therefore places DD within a
broader intervention map: it is a strong tool against some time-dependent coherent or semiclassical noise
components, a conditional tool against anisotropic error generators, and a limited tool for losses that are
dominated by irreversible coupling to external modes.

5.5 Relation to quantum error correction

DD and quantum error correction (QEC) address noise at different levels. DD is an open-loop control strategy
that reshapes the effective system-bath interaction during physical evolution. QEC is a closed-loop information-
theoretic strategy that detects and corrects errors after they occur using redundancy, syndrome extraction,
and fault-tolerant recovery. The broader relationship between these approaches is part of the standard QEC
landscape discussed in [2]. For this review, the useful comparison is not competitive but hierarchical: DD can
reduce the rate or alter the structure of physical errors presented to a code, while QEC is the framework that
tolerates the residual errors that control alone cannot remove.

That hierarchy does not imply a generic recipe for integration. The available sources in this chapter do
not provide explicit superconducting benchmarks for DD-to-QEC hand-off protocols, nor do they establish a
common metric by which one can quantify the code-level benefit of a specific DD layer. [CONJECTURE] In
superconducting architectures where idle dephasing remains appreciable during periods between entangling
gates and measurements, a modest DD layer inserted into those idle windows could reduce the effective
dephasing bias seen by the code without materially altering the dominant relaxation floor. This is a plausible
integration strategy, but it is not presented here as a validated benchmark.

A second limitation concerns compatibility with syndrome extraction. DD requires control time and pulse
bandwidth, while QEC cycles impose scheduling constraints and additional opportunities for crosstalk. A
sequence that is beneficial during isolated memory storage may conflict with the timing of ancilla interactions
or readout resonators inside a code cycle. [ASSUMPTION] The conceptual comparison in this section assumes
that some idle intervals remain available for local control without violating the code schedule. Where that
assumption fails, DD becomes a design option only at the compilation or architecture level, not a universally
applicable add-on.

The most defensible conclusion is therefore modest. DD and pulse-level suppression remain important
because they target error mechanisms before logical encoding amplifies the cost of noise. Their strongest
present role in superconducting qubits is as a channel-selective front-end, especially for dephasing-like noise
where filter-function reasoning is applicable. Their limits are equally important: they do not substitute for
materials improvements against dominant loss channels, and they do not eliminate the need for QEC once
residual faults exceed what physical control can suppress. This chapter accordingly treats DD as one layer
in a mechanism-resolved error-suppression stack, to be evaluated by channel attribution, control realism, and
compatibility with the broader fault-tolerance architecture.

6 Error suppression and quantum error correction

6.1 From physical error suppression to code-level benefit

A central theme of this review is that improvement at the device level and improvement at the logical level
are related but not identical objectives. Quantum error correction addresses faulty storage and faulty opera-
tions at the encoded level, and the general theory explicitly treats error control techniques such as dynamical
decoupling alongside code-based protection methods [2]. For superconducting qubits, this connection is impor-
tant because many interventions are strongly channel-selective. A materials treatment may primarily reduce
energy relaxation associated with dielectric participation, while a pulse-sequence intervention may primarily
reshape low-frequency dephasing. From the perspective of a code, these changes matter through the resulting
distribution of physical faults in space, time, and Pauli type, rather than through any single coherence metric
alone.
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This chapter therefore adopts an analytical viewpoint. It does not claim a completed benchmark of logical
performance for any specific superconducting platform. Instead, it organizes the relation between suppression
and quantum error correction through a common map from residual physical error channels to decoder-relevant
features. That emphasis is consistent with the general fault-tolerance perspective summarized in [2], but the
platform-specific interpretation developed here is an author synthesis rather than a direct theorem from that
source.

A useful abstraction is to regard a hardware stack after suppression as producing an effective stochastic
process on elementary operations. Let

gphys = {vavapZy Pleak; Pmeas> Cta Cs}

denote a compact description of the post-suppression error environment, where the first entries summarize
local Pauli-like components, piea denotes leakage or population outside the computational subspace, pmeas
denotes measurement-related faults, and C;, Cs summarize temporal and spatial correlations. This notation
is schematic rather than a fitted model. Its purpose is to make explicit that a reduction in one scalar such as
an observed relaxation or dephasing time does not, by itself, determine encoded performance. The code sees
the entire residual profile.

Proposition 6.1. For a fized syndrome-extraction circuit, the logical value of a suppression method is de-
termined by the induced change in the effective error environment Epnys, not by the nominal suppression
mechanism in isolation.

Proof sketch. General quantum error correction theory protects against noise by embedding information into a
code and applying recovery based on measured syndromes [2]. The success probability of that recovery depends
on which faults occur, how often they occur, and whether they fit the error model tolerated by the code and
decoder. Two suppression methods with the same headline improvement in a physical metric can therefore
yield different logical outcomes when one leaves strong bias, leakage, or long-range correlations and the other
does not. The proposition is thus a direct restatement of the fault-tolerance viewpoint in hardware-adapted
language.

This proposition has a practical consequence for superconducting-qubit comparisons. Reported gains in 77,
Ramsey T5, echo T5, or readout assignment fidelity should be interpreted as partial observables of Epys. They
are informative, but they are not interchangeable. A code designer needs to know which component of the
residual process was reduced and whether the intervention modifies the timing, compatibility, or calibration
stability of syndrome extraction.

6.2 Residual channel structure and decoder assumptions

The most direct route from suppression to fault tolerance is a channel-matching argument. In its strongest
form, one would estimate a complete effective noise model for the native gate set and then compare that
model with decoder assumptions. No such complete estimate is claimed here. Instead, the chapter presents a
hierarchy of increasingly code-relevant residual features.

First, there is Pauli composition. Energy relaxation in superconducting qubits often contributes asymmet-
ric bit-flip and phase-flip components once expressed in a computational basis, while dephasing contributes
primarily phase errors. A suppression intervention that preferentially reduces one component can create or
accentuate error bias. In principle, error bias may be advantageous for some codes or decoding strategies,
but that conclusion is contingent on the syndrome-extraction circuit and the decoder. The general source
[2] supports the broader principle that recovery performance depends on the structure of the noise model.
The more specific statement that one can beneficially match residual error profiles to syndrome extraction
capabilities in superconducting architectures is therefore presented here as author inference derived from that
principle, not as a directly validated claim from the cited text.

Second, there is temporal structure. Dynamical decoupling is explicitly included among quantum error
control methods in [2], and the decoupling literature shows that sequence design can suppress selected envi-
ronmental couplings [3, 1]. For encoded operation, however, temporal structure matters twice. It matters
through the reduced accumulation of memory errors during idle windows, and it matters through possible
incompatibility between decoupling pulses and the timing of entangling gates, measurement, and feedforward.
A decoupling schedule that improves isolated idling qubits may still offer limited code-level benefit when sta-
bilizer cycles are dominated by active gates or repeated measurements. Conversely, a modest reduction in
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low-frequency dephasing during mandatory waiting periods may be disproportionately valuable in schedules
with long measurement latency. These statements are analytical implications of the cited control literature
and the general QEC framework, not reports of a completed scheduling study.

Third, there is leakage and non-Pauli behavior. Superconducting qubits are weakly anharmonic or mul-
tilevel systems, so suppression can change not only rates within the computational subspace but also the
probability of population transfer outside it. From the standpoint of a decoder, leakage is often more disrup-
tive than an equal amount of strictly Pauli-like noise because it can persist across rounds and contaminate
neighboring operations. The broad message of [2] is that practical fault tolerance must address the actual
operational error mechanisms, not an idealized one-parameter noise rate. Within that perspective, leakage-
reduction measures deserve separate accounting from improvements in dephasing or relaxation.

These distinctions suggest a mechanism-first error budget for encoded superconducting devices. One should
distinguish at least four residual categories after suppression: local Pauli-like gate errors, leakage, measurement
faults, and correlations across rounds or qubits. A code may tolerate substantial reduction in one category
while remaining limited by another. This is one reason a platform-centered review can be misleading when it
reports only the best available coherence metric without preserving channel attribution.

6.3 Dynamical decoupling, scheduling, and fault-tolerant compatibility

Dynamical decoupling occupies an intermediate position between hardware engineering and quantum error
correction. On one hand it is a physical-layer control technique, designed to average away environmental
couplings or reshape sensitivity to noise spectra [3, 1]. On the other hand, the general QEC literature treats it
as one member of a broader family of error-control tools that can coexist with encoding [2]. For superconducting
qubits, this intermediate position creates both opportunity and constraint.

The opportunity is clearest for idling errors. Stabilizer measurement cycles often contain waiting periods
created by control serialization, resonator reset, or classical processing. During those windows, a decoupling
sequence can in principle suppress low-frequency dephasing without modifying the code itself. The random
and quadratic constructions studied in [3, 1] establish the broader theoretical point that nontrivial sequence
structure can alter suppression performance and error selectivity. In a superconducting context, this motivates
the hypothesis that architecture-dependent idle windows should be analyzed together with noise spectra when
judging whether decoupling is logically worthwhile.

The constraint is that syndrome extraction is itself a timed control protocol. Decoupling pulses consume
control bandwidth, may interfere with calibration assumptions for neighboring gates, and can shift errors from
one channel to another. A sequence that suppresses quasi-static dephasing may increase pulse-area sensitivity
or create additional opportunities for leakage when inserted into a tight cycle. There is no contradiction here.
The objective of the decoupling layer and the objective of the code are aligned only after one specifies the
schedule in which both operate.

For that reason, this review adopts the following hypothesis.

Proposition 6.2. In superconducting architectures, the logical usefulness of a dynamical decoupling sequence
is jointly determined by spectral selectivity and by schedule compatibility with repeated syndrome extraction.

Proof sketch. The cited decoupling papers show that sequence design changes which Hamiltonian terms are
suppressed and with what order or efficiency [3, 1]. The cited QEC source establishes that encoded protection
depends on noisy operations embedded in a fault-tolerant protocol [2]. Combining these two facts yields the
proposition: spectral benefit alone does not determine encoded benefit unless the sequence can be inserted
without introducing comparably harmful operational side effects.

A methodological corollary follows. Comparisons of decoupling schemes for fault-tolerant superconducting
circuits should report the protected interval, the operation class to which the sequence was applied (idle,
single-qubit gate, entangling gate, or measurement-adjacent interval), and the assumed syndrome schedule. In
the absence of that context, the phrase “improves coherence” is too coarse to support a code-level inference.

6.4 Materials, measurement, and the boundary between suppression and correc-
tion

Materials and interface engineering are often discussed separately from quantum error correction, but the
separation is only partial. A reduction in dielectric or interface loss chiefly changes energy-relaxation pressure
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on the code, while improved packaging and mode control can also reduce measurement backaction or stray
excitations. The encoded device therefore inherits the residual distribution created by these materials decisions.
In that sense, materials optimization and QEC are sequential layers of the same reliability problem.

At the same time, quantum error correction does not erase all distinctions between physical channels.
Measurement errors illustrate this point clearly. In many stabilizer-based protocols, the quality of syndrome
information is as important as the quality of data qubit storage. A hardware improvement that primarily
raises readout contrast, suppresses state transitions during measurement, or reduces cavity-induced dephasing
may yield more logical value than an equal fractional improvement in idle coherence. This ranking cannot be
universal because it depends on the code cycle, but it follows the general QEC principle that faulty operations
of different types contribute differently to recoverability [2].

This observation also clarifies the boundary between suppression and correction. Error suppression changes
the effective channel before syndrome processing; error correction interprets and repairs the resulting faults
after they occur. The two layers are complementary. Suppression is especially valuable when it removes
fault components that a chosen code handles poorly, such as strongly correlated events or persistent leakage.
Correction is especially valuable when the residual noise after suppression is sufficiently local and sufficiently
well characterized to be captured by the code and decoder model. The optimal division of labor is therefore
hardware- and schedule-dependent.

In the context of the broader review, this boundary supports a mechanism-first comparative template.
Fixed-frequency transmons, tunable transmons, fluxonium variants, and 3D implementations need not be
judged only by their best isolated coherence numbers. They can also be compared by how naturally their
residual error channels align with realistic syndrome extraction. That alignment is not claimed here as an
observed ranking. It is an analytical framework for reading heterogeneous literature on a common basis.

6.5 A proposed framework for architecture-aware QEC comparison

Because the present chapter does not rely on an executed logical benchmark, it concludes with a proposed
comparison protocol. The purpose is to turn mechanism-level suppression claims into code-relevant evidence
without assuming unsupported numerics.

Step one is channel attribution at the physical layer. For each architecture and intervention, one records
which dominant channel is targeted: dielectric-loss-driven relaxation, flux-sensitive dephasing, quasiparticle-
related relaxation, measurement-induced transitions, control leakage, or correlated spectator effects. Step two
is operational localization. One identifies where the claimed benefit applies, for example idling intervals, one-
qubit control windows, entangling operations, or readout. Step three is encoded relevance. One asks which
part of the syndrome cycle is pressure-limited by that operation class.

This can be summarized by a conceptual transfer map

® : (intervention, targeted channel, operation class) — A&pnys — Aiogical-

Here Aélogical denotes a predicted change in the effective logical error environment under a specified code and
decoder model. The map is not evaluated numerically in this review. It functions as a disciplined comparison
template that prevents direct but invalid jumps from a physical metric to a logical conclusion.

Within this template, the frequently invoked idea of “matching residual error profiles to syndrome extrac-
tion capabilities” should be interpreted carefully. The cited source [2] supports the general proposition that
fault tolerance depends on the relation between the noise process and the recovery procedure. It does not,
in the retrieved excerpt, establish a superconducting-platform-specific rule for such matching. The stronger
architecture-specific statement used in this chapter is therefore an author inference and should be read as a
hypothesis for comparative review, not as an empirically validated summary.

A final implication concerns reporting standards in the superconducting literature. Claims about suppres-
sion methods become more relevant to QEC when they preserve channel specificity, operational context, and
compatibility assumptions. Reports that collapse all improvement into a single scalar metric are still useful for
device development, but they are insufficient for rigorous architecture comparison at the logical level. A review
organized by physical channels can make this distinction explicit. It does not replace code-level experiments
or simulations, yet it provides a consistent language for deciding which suppression results are likely to matter
for fault-tolerant operation and which results are primarily local optimizations whose logical significance is
still uncertain.
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