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Abstract. Split-spectrum interferometry provides a physically grounded means of separating
dispersive ionospheric phase from non-dispersive deformation-related phase in Interferometric
Synthetic Aperture Radar observations. Its practical reliability, however, depends on processing
choices that are often reported incompletely and validated inconsistently. This critical narrative review
examines the physical basis of range split-spectrum correction and synthesizes representative literature
on sub-band design, sensor and acquisition-mode dependence, coherence loss, filtering, phase
unwrapping, parameter errors, and time-series application. A structured reporting audit of 25 scholarly
sources shows that sensor context is usually documented, whereas spectral design, reproducibility, and
uncertainty are frequently only partially reported. The review identifies a central trade-off between
increased sensitivity to frequency-dependent phase and reduced stability as usable sub-band
bandwidth narrows. To make reliability quantitatively operational, it states the standard phase-
separation coefficients, provides covariance-aware uncertainty propagation, and translates the method
into a reproducible processing sequence. It proposes that an operational correction should be
accompanied by three linked products: the estimated ionospheric phase, the corrected interferometric
phase, and a spatially explicit uncertainty or reliability layer. A minimum reporting framework is
developed for sensor context, spectral design, interferometric processing, ionospheric estimation,
validation, reproducibility, and uncertainty. Cross-sensor benchmark datasets representing different
radar bands, environments, coherence regimes, and acquisition modes are recommended. The resulting
framework shifts evaluation from visual phase improvement toward transparent, quantitative, and
reproducible evidence that the corrected deformation signal can be trusted.

Keywords: InSAR, ionospheric correction, reproducibility, split-spectrum interferometry, uncertainty
quantification

1. Introduction

Interferometric Synthetic Aperture Radar (InSAR) has transformed the observation of earthquakes,
volcanic unrest, land subsidence, glacier motion, and slope instability by measuring surface
displacement over large areas with high phase sensitivity. [1-4,10-13,21]

An interferogram, however, does not contain deformation alone. Orbital inaccuracies, topographic
residuals, temporal decorrelation, tropospheric delay, and ionospheric disturbances can all contribute
to the measured phase. Without adequate separation, an atmospheric or instrumental artefact may be
interpreted as genuine ground movement.

Ionospheric contamination is especially important for long-wavelength radar systems. Variations in
free-electron density can introduce broad phase gradients, streaks, azimuth shifts, and spatially
variable distortions. These effects are often strongest in L-band observations, although C-band

Page 2


mailto:mhtsht@gmail.com
https://orcid.org/0009-0009-5719-5084

EarthArXiv preprint - not peer reviewed

interferograms can also be affected during disturbed ionospheric conditions or when subtle long-
wavelength deformation is analyzed. [2-4,8,10-13,19,21,24]

Split-spectrum interferometry offers a physically grounded response. The available radar bandwidth is
divided into separate frequency sub-bands and the resulting interferograms are compared. Because
non-dispersive and ionospheric phase components scale differently with radar frequency, their
contributions can be estimated separately. [1,2,7,9,14,16,17,25]

The principle is elegant, but the result is not automatically reliable. Sub-band design, coherence,
filtering, unwrapping, sensor characteristics, parameter accuracy, and validation choices influence the
correction. This review argues that the next major advance should be a common framework for
reporting, validating, and comparing split-spectrum results across sensors, acquisition modes, and
environments.

2. Review Scope and Analytical Framework

This article is a critical narrative review rather than a systematic or exhaustive evidence synthesis. The
scholarly literature was assembled through iterative, targeted searches of publication titles and
keyword fields using combinations of “InSAR,” “ionospheric correction,” “split spectrum,” “range
split spectrum,” “azimuth split spectrum,” “total electron content,” “uncertainty,” and “validation.”
Candidate publications were supplemented through backward reference chaining from foundational
method papers and major review articles. The search was designed to identify a representative body of
literature relevant to the review questions rather than to establish complete database coverage.

6 9 G

Each candidate source was screened for direct relevance to at least one of six analytical themes:
physical phase separation, processing trade-offs, sensor or acquisition-mode dependence, validation,
uncertainty communication, and reproducibility. Duplicate, tangential, and general InSAR studies
without a material connection to ionospheric estimation or spectral-diversity processing were
excluded. The final analytical corpus comprised 25 scholarly publications [1-25]. Official processing
and mission documentation were consulted separately and were not counted within the scholarly
corpus [26-28]. The synthesis is therefore focused and interpretive and does not use meta-analytic
weighting.

The publications are interpreted through the six linked themes above to identify the minimum
evidence required before an ionospheric correction is treated as a dependable deformation product. To
make the central reporting-gap claim auditable, the 25 scholarly sources were also coded against the
seven reporting elements later defined in Table 2: sensor context, spectral design, interferometric
processing, ionospheric estimation, validation, reproducibility, and uncertainty.

3. Physical Basis and Methodological Scope

3.1. Separating Dispersive and Non-Dispersive Phase

A conventional interferogram contains several phase components. Surface displacement, topographic
residuals, and most propagation effects behave as non-dispersive contributions, whereas ionospheric
phase is dispersive and varies inversely with radar frequency. [1,6,9-14,21,24]

In range split-spectrum processing, the range spectrum is separated into lower-frequency and higher-
frequency sub-bands. An interferogram is generated from each sub-band. Both observe the same
underlying ground deformation but contain different ionospheric phase contributions. A frequency-
dependent linear combination can therefore isolate the dispersive component and recover the non-
dispersive phase more reliably. [1,2,7,14,16,17,25]

Let grrand ¢; denote the unwrapped interferometric phases of the high- and low-frequency sub-bands,
whose center frequencies are fy and f;, and let fO be the center frequency of the original full-band
observation. The ionospheric phase referenced to fO can be expressed as follows. [1,14,17,25]

Piono = a@y + by, (D
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The corrected full-band phase is obtained by subtracting the ionospheric estimate in Equation (1) from
the full-band interferometric phase. Because the magnitudes of a and b increase when the effective
sub-band separation becomes small relative to the carrier frequency, sub-band phase noise is amplified
in the ionospheric estimate. This mathematical amplification is the basis of the sensitivity—stability
trade-off discussed below.

The procedure depends on a coupled set of spectral-design, interferometric-processing, and quality-
control choices:

e sub-band bandwidth and center-frequency separation;

e spectral overlap or guard-band configuration;

e common-band filtering and coregistration accuracy;

e coherence thresholds and masking rules;

e phase filtering and unwrapping strategy;

e smoothing scale applied to the ionospheric estimate; and

e treatment of low-coherence, missing, or discontinuous pixels.

These are not minor implementation details. They control sensitivity, phase noise, spatial resolution,
and the stability of the estimated ionospheric screen. Their effects become especially important when
bandwidth or coherence is limited. [1,5,16,17,22,25]. A smoother interferogram is not, by itself, proof
of a more accurate deformation measurement.

3.2. Split Spectrum is Not One Universal Workflow

The term split spectrum covers related but distinct uses of spectral diversity. Range split-spectrum
processing is commonly used to estimate dispersive ionospheric phase. Azimuth split-spectrum or
multiple-aperture methods use Doppler-domain separation to estimate ionosphere-induced azimuth
shifts. Split-bandwidth approaches may also extend the measurable displacement range where
deformation gradients are too large for conventional interferometry. [2,6,9,12,14,15,18,20,25]

These methods share a broad spectral-diversity principle but do not estimate the same quantity and
should not be evaluated under identical assumptions. Even within range split-spectrum correction, a
workflow designed for one mission cannot be transferred automatically to another. L-band and C-band
sensors differ in wavelength, usable bandwidth, ionospheric sensitivity, and typical coherence
behavior, while Stripmap, TOPS, and ScanSAR modes introduce additional processing constraints. [2-
4,8,9,19,21,23-25]

3.3. Operational Processing Workflow

A reproducible range split-spectrum implementation can be organized into eight stages: (1) ingest
complex Single Look Complex data and define the common acquisition support; (2) generate low- and
high-frequency sub-bands by range-frequency band-pass filtering; (3) co-register the full-, low-, and
high-band pairs using consistent geometry and estimated shifts; (4) form the three interferograms and
estimate coherence; (5) apply documented multilooking and phase filtering; (6) unwrap the required
full- and sub-band phase combinations; (7) estimate, screen, and spatially filter the ionospheric phase;
and (8) subtract the accepted ionospheric estimate from the full-band phase, validate the result, and
publish the associated reliability layer. [1,2,17,23,25]

In ESA SNAP 13, a TOPS implementation uses Bandpass Filter immediately after TOPSAR-Split to
produce the low and high sub-bands. The overall range and azimuth shifts estimated through
Enhanced Spectral Diversity for the full-band pair should be reused for the sub-band pairs.
Interferogram formation with coherence estimation is followed by debursting, Goldstein phase
filtering, multilooking, SNAPHU unwrapping, and the Ionospheric Correction operator. Stripmap data
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follow the same principle, with band-pass filtering applied directly after SLC ingestion. This sequence
is one documented implementation rather than a universal software requirement. [1,26]

4. Processing Trade-offs and Sources of Uncertainty

4.1. Sensitivity Versus Stability

The original Synthetic Aperture Radar bandwidth determines range resolution and the signal
information available to the processor. Dividing it into sub-bands reduces the bandwidth assigned to
each interferogram. Narrower sub-bands may consequently reduce range resolution and increase phase
uncertainty. [1,5,11,16,17,22,25] The principal consequences are summarized in Table 1.

Greater separation between the lower and upper center frequencies generally increases sensitivity to
the frequency-dependent ionospheric signal. The usable separation is nevertheless limited by the
original bandwidth and the need to retain sufficient signal quality in both sub-bands. Frequency
separation therefore improves ionospheric sensitivity, while spectral narrowing can amplify noise and
reduce measurement stability. This trade-off becomes critical in vegetated, snow-covered, glaciated, or
rapidly changing terrain where coherence may already be limited. Recent controlled evaluations
further demonstrate a linked trade-off between multilooking and smoothing scale. [1,3,5,8,16,22,25]

Table 1. Principal processing choices and their likely consequences

Processing choice Likely consequence
Wider frequency separation Greater sensitivity to dispersive phase, subject to available bandwidth.
Narrower sub-bands Lower sub-band signal quality and potentially greater phase noise.

. M table large-scal ti t ibl 1 of ine long- length
Stronger smoothing ore stable large-scale correction, but possible removal of genuine long-waveleng

deformation.
Permissive coherence threshold More spatial coverage, but weaker reliability in noisy areas.
Strict coherence threshold Higher confidence in retained pixels, but reduced spatial completeness.

4.2. Error Sources and Propagation

Uncertainty can arise from sub-band phase noise, coherence loss, co-registration errors, inaccurate
radar parameters, filtering decisions, phase unwrapping, and assumptions made during frequency-
dependent phase separation. Parameter and wavenumber errors can propagate into the correction rather
than disappearing within the estimator. [5,7,10,16,17,21,22,25]

A reliability description should therefore consider sub-band coherence, phase variance, valid-pixel
support, effective frequency separation, and sensitivity to processing parameters. Even a transparent
high-, moderate-, or low-confidence classification is more informative than presenting corrected phase
as uniformly certain.

5. Validation, Reporting, and Benchmarking

5.1. Validation Must Be Designed into the Workflow

Comparing an interferogram before and after correction is useful but insufficient. A reduced phase
ramp does not prove that the removed signal was entirely ionospheric; the correction may also
suppress long-wavelength deformation, orbital residuals, or other geophysical signals.

Validation should combine independent evidence and internal consistency tests. Depending on the
application, appropriate references include Global Navigation Satellite System displacement, Total
Electron Content products, simulated deformation, stable-area statistics, alternative ionospheric
corrections, interferometric closure, and temporal consistency across a time series.
[3,4,8,15,16,19,20,24,25]

Quantitative metrics should be selected according to the scientific objective and spatial scale of the
expected deformation. Suitable measures include:
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e root-mean-square error against an independent reference;

e residual phase variance or median absolute deviation;

e reduction in long-wavelength phase power;

o closure residuals across interferometric networks;

o stable-reference-area displacement statistics;

o correlation with Global Navigation Satellite System or Total Electron Content observations; and

e preservation of independently known deformation signals.

For time-series analysis, a correction should improve temporal consistency without suppressing the
expected deformation trend. A method that reduces spatial noise but introduces temporal bias is not a
successful correction. Comparisons with independent Global Navigation Satellite System observations
provide particularly strong evidence when available. [4,7,8,16,19,24]

5.2. The Correction Should Include an Uncertainty Product

Split-spectrum processing is usually presented as a sequence that produces an ionospheric phase
screen and a corrected interferogram. A more complete scientific product contains three linked
outputs:

1. the estimated ionospheric phase;
2. the corrected interferometric phase; and
3. a spatially explicit uncertainty or reliability layer.

The third output makes clear where the correction is strongly supported, where it depends on
interpolation or smoothing, and where low coherence or weak spectral separation prevents confident
interpretation.

The reliability layer should be anchored in an explicit error model. Using the coefficients in Equations
(2) and (3), first-order propagation gives the following pixel-wise variance when the covariance
between sub-band phases is retained.

Oiono> = a0y’ + b2%01.? + 2ab Cov(gy, ¢L)4)

If the two sub-band phase errors are assumed independent, the covariance term is omitted:
Uionoz = azaHZ + szLz (%)

The independence form should not be treated as universally valid because both sub-bands originate
from the same acquisitions and may share coregistration, atmospheric, and processing errors. Phase
variances may be estimated from sub-band coherence and the effective number of looks, while
sensitivity tests should quantify additional uncertainty introduced by masking, unwrapping,
interpolation, and smoothing. [1,5,17,22,25]
5.3. Minimum Reporting Standard

Reproducibility does not require every researcher to use the same software or filtering strategy. It
requires that relevant decisions are reported clearly enough for another researcher to understand,
repeat, and evaluate the workflow. Table 2 provides a compact minimum reporting standard derived
from the issues identified in the reviewed literature. [1,5,6,9,17,21-25]

Table 2. Minimum information for reporting split-spectrum ionospheric correction

Reporting element Minimum information

Mission, radar band, acquisition mode, polarization, orbit geometry, and scene

Sensor context .
environment.

Original bandwidth, sub-band center frequencies, sub-band bandwidths, frequency

Spectral design separation, overlap, and guard bands.

Coregistration method, common-band filtering, coherence threshold, masking, phase

Interferometric processing filtering, and unwrapping
, .
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Reporting element Minimum information

Combination equation or implementation, smoothing scale, interpolation, and

Ionospheric estimation . .
onospheric es 0 treatment of invalid pixels.

Reference data, stable areas, alternative methods, quantitative metrics, and preservation

Validation Lo

of deformation signals.
Reproducibility Software, version, processor or module, key parameters, and any manual intervention.
Uncertainty Error assumptions, sensitivity tests, residual statistics, and reliability criteria.

To test the reporting-gap claim directly, each of the 25 scholarly publications was coded against the
seven elements in Table 2. The publication-level audit is presented in Table 3.

Table 3. Reporting coverage across the 25 reviewed scholarly sources

Ref. SC SD P IE v R U
[ F F F F F P P
[2] F F F F F P P
[3] F P F F F P P
[4] F P F F F P P
[5] F P P F F P F
[61 P P P F P N P
7] F F F F F P P
(8] F P F F F P F
[9] F F F F P P P
[10] F N P P P N P
[11] F N P P P N P
[12] F N P P P N P
[13] F N P P P N P
[14] F P P F P P P
[15] F F F F F P P
[16] F F F F F P F
[17] F F F F P F P
[18] F F F N F P P
[19] F N F F F P P
[20] F F F F F P P
[21] F P P P N N F
[22] F F F F F P F
[23] F F F F P F P
[24] F P P F P P F
[25] F F F F F F F

F/PIN 24/1/0 12/8/5 16/9/0 19/5/1 14/10/1 3/16/6 7/18/0

Note: SC = sensor context; SD = spectral design; IP = interferometric processing; IE = ionospheric
estimation; V = validation; R = reproducibility; U = uncertainty. F = fully reported for the
publication’s purpose; P = partially reported; N = not reported or not applicable. The coding is
descriptive and is not a scientific-quality ranking.

The audit makes the inconsistency visible. Sensor context was fully reported in 24 of 25 sources, but
full reporting fell to 12 sources for spectral design, 3 for reproducibility, and 7 for uncertainty.
Interferometric processing, ionospheric estimation, and validation were usually addressed, yet the
information needed to reproduce parameter choices or attach confidence to the corrected phase was
commonly partial. These results support the need for the minimum reporting standard rather than
treating incomplete reporting as a purely narrative concern.

5.4. Cross-Sensor Benchmarking

Shared benchmark datasets would allow researchers to process the same observations using different
sub-band configurations, filters, and correction approaches. A useful benchmark should represent
distinct regimes:

e an L-band scene with strong spatial ionospheric structure;

e a C-band scene with a subtle long-wavelength ionospheric signal,;
e an equatorial case with high ionospheric variability;
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e a polar or high-latitude case;

e a low-coherence scene;

e a scene containing independently measured deformation; and

e TOPS, Stripmap, and ScanSAR acquisition modes.

Common datasets and metrics would reveal where parameter settings are transferable, where methods
become unstable, and which validation measures are most informative. They would also distinguish
improvements caused by the estimator from those caused by tuning, filtering, or favorable data
conditions. The diversity of published polar, equatorial, C-band, L-band, TOPS, ScanSAR, and large-
gradient applications demonstrates both the feasibility and the present lack of a unified benchmark.
[2,3,6,8,9,15,18-20,23-25]

Published applications provide complementary real-world evidence but not yet a common benchmark.
They include ALOS-based polar ice-velocity validation [3], C-band Sentinel-1 TOPS time-series
correction [4], L-band time-series comparisons against independent Global Navigation Satellite
System observations [16], equatorial slow-deformation testing [8], and ALOS-2 ScanSAR
experiments over the rugged and vegetated Nepal Himalaya [25]. These cases confirm operational
relevance across contrasting regimes, but their different bandwidths, coherence thresholds, smoothing
scales, validation references, and reported metrics prevent direct quantitative ranking.

5.5. Synthetic Demonstration of the Proposed Reliability Framework

A synthetic 200 x 200-pixel scene representing a 4 x 4 km area was constructed to demonstrate the
proposed reporting, validation, and reliability framework. The illustrative L-band observation
contained a localized line-of-sight subsidence signal, a spatially smooth ionospheric phase screen,
variable coherence, and two imposed low-coherence regions. The numerical outputs are demonstrative
and do not represent the measured performance of any satellite mission.

The workflow generated the three linked products recommended in this review: an estimated
ionospheric phase screen, a corrected deformation-related phase product, and a spatial reliability
classification. Reliability was evaluated from sub-band coherence, valid-pixel support, effective
frequency separation, sensitivity to parameter perturbation, and residual phase consistency. The six
outputs are shown in Figure 1. The synthetic scene, derived numerical outputs, and visualizations
presented in Figures 1 and 2 were generated through a common scripted workflow using the stated
deformation, ionospheric-phase, coherence, noise, parameter-perturbation, and reliability-classification
components. The corresponding synthetic arrays, parameter settings, and figure-generating code are
available as described in the Data and Code Availability statement.
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(a) Imposed LOS deformation (b) True ionospheric phase
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(c) Contaminated full-band phase (d) Estimated ionospheric phase
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Fig. 1. Synthetic demonstration of the proposed split-spectrum reliability framework: (a) imposed line-of-sight
deformation, (b) true ionospheric phase, (c) contaminated full-band phase, (d) estimated ionospheric phase, (e)
corrected deformation estimate, and (f) spatial reliability classification.

Three illustrative configurations were then compared. The conservative configuration emphasized
high-coherence pixels, the balanced configuration represented a sensitivity-stability compromise, and
the aggressive configuration prioritized spatial coverage through wider center-frequency separation
and a permissive coherence threshold. Their quantitative comparison is shown in Figure 2.
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(a) Residual-error comparison
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Fig. 2. Illustrative cross-configuration benchmark: (a) ionospheric-phase root-mean-square error, corrected-
phase root-mean-square error, and stable-area median absolute deviation; and (b) valid-pixel coverage, long-
wavelength phase-power reduction, and preservation of the imposed deformation amplitude.

The numeric comparison is reported here so that Figure 2 remains interpretable at print scale. For the
conservative, balanced, and aggressive configurations, respectively, ionospheric-phase root-mean-
square error was 0.19, 0.13, and 0.17 rad; corrected-phase root-mean-square error was 0.20, 0.15, and
0.18 rad; and stable-area median absolute deviation was 0.11, 0.08, and 0.12 rad. Valid-pixel coverage
was 86.8%, 96.2%, and 100.0%; long-wavelength phase-power reduction was 87.5%, 92.3%, and
90.1%; and preservation of the imposed deformation amplitude was 94.1%, 96.8%, and 89.7%. The
balanced configuration therefore produced the lowest illustrative error values while retaining 96.8% of
the imposed deformation amplitude and 96.2% valid-pixel coverage. In its reliability product, 66.4%
of pixels were classified as high reliability, 26.8% as moderate reliability, and 6.8% as low reliability.
These values show how a visually improved interferogram may still differ from alternative
configurations in uncertainty, spatial completeness, and signal preservation.

This demonstration is a reproducible reporting template, not an empirical validation of sensor
performance. Because the synthetic generator prescribes the deformation, ionospheric phase, noise,
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and reliability rules, it cannot reproduce all dependencies present in measured data. In particular, it
does not test orbit and topographic residuals, spatially variable coregistration errors, burst-edge
effects, non-Gaussian decorrelation, phase-unwrapping pathologies, or calibration uncertainty. A
mission-level benchmark should therefore replace the known components with independent Global
Navigation Satellite System observations, Total Electron Content products, interferometric closure,
stable-area statistics, simulated signal-injection tests, or other mission-appropriate evidence.
[3,4,8,16,19,25]

6. Operational Significance

The expanding availability of long-wavelength Synthetic Aperture Radar observations makes
ionospheric correction increasingly important. NISAR is now in science operations, while the
Copernicus ROSE-L mission remains under development; together they illustrate the transition toward
sustained L-band observation with wide-swath, repeat-pass capability [27,28]. More frequent
acquisitions will improve deformation monitoring, but they will also generate much larger
interferometric archives requiring consistent and automated quality assessment. The operational use of
NISAR and the forthcoming ROSE-L data stream make transparent performance reporting especially
timely [7-9,16,21,23-25,27,28].

Operational systems cannot depend only on visual inspection or manually selected parameters. They
need diagnostics indicating whether the split-spectrum estimate is sufficiently supported by the
available bandwidth, coherence, and frequency separation. The practical question is no longer only
whether the ionosphere was corrected, but how uncertain the correction is, how it was validated, and
whether it can be reproduced.

7. Conclusion

Split-spectrum interferometry is one of the most physically grounded approaches for separating
dispersive ionospheric effects from non-dispersive InSAR phase. The reporting audit shows that
sensor context is usually clear, whereas complete spectral-design, reproducibility, and uncertainty
information remains uncommon. Methodological maturity should therefore not be judged only by the
number of correction algorithms. Transparent parameter reporting, covariance-aware uncertainty
propagation, independent validation, and reproducibility across sensors and environments are equally
necessary. The strongest opportunity for the INSAR community is a shared standard through which
present and future methods can be compared. A corrected interferogram should be accompanied not
only by a cleaner phase pattern, but also by evidence explaining why that pattern can be trusted.
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