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A quick state of the art in split-band InSAR

m Theradar antenna emits a wave around a central frequency f, with a chirp bandwidth B

m Split-band interferometry divides the signal spectrum along the range frequencies to exploit the frequency diversity

m Loss of range resolution
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A quick state of the art in split-band InSAR

m Before 2007: concept of split-band INSAR

m First paper on the poncept of split-band interferometry : Madsen and Zebker (1992), 2 sub-bands, but small Before 2007
bandwidth at this time.

m Veneziani et al. (2003): concept of using split-band interferometry with multiple sub-bands to estimate topography fo ~ 5-10 GHz
without unwrapping. B<50 MHz

m  SAR sensors bandwidths were too small =» noisy results

m After 2007: first applications of split-band INSAR

m  SAR sensors bandwidths dramatically increased with X-band satellites (TerraSAR-X, Cosmo-SkyMed) After 2007

m Inter-band interferometry: uses different bands of the same image (Derauw et al., 2010) fo ~ 5-10 GHz

= Split-band interferometry or multi-chromatic analysis (MCA): needs two images B>200 MHz

m DEM estimation, e.g. (Bovenga et al., 2013; Libert, 2018)
Are recent DL-based filtering techniques

= Limitations able to overcome these limitations?
m Noise increase compared to standard INSAR (with a factor ~f/B) « MuChaPro-R2
m Low point density e 2MuCh

Madsen, S. & Zebker, H. (1992), Automated absolute phase retrieval in across-track interferometry, in ‘[Proceedings] IGARSS '92 Intemational Geoscience and Remote Sensing Symposium’, Vol. 2, pp. 1582—-1584.
Veneziani, N. and Bovenga, F. and Refice, A., A Wide-Band Approach to the Absolute Phase Retrieval in SAR Interferometry, Multidimensional Systems and Signal Processing, vol. 14, pp.183-205, 2003.

Bovenga, F. and Giacovazzo, V. M. and Refice, A. and Veneziani, N., Multichromatic analysis of INSAR data, IEEE Transactions on Geoscience and Remote Sensing, Vol. 51, No. 9, pp. 4790-4799, 2013.

Derauw, D. and Orban, A. and Barbier, C., Wide band SAR sub-band splitting and inter-band coherence measurements,Remote Sensing Letters, Vol. 1, No. 3, pp. 133-140, 2010.

Libert, L, Towards Operational Use of Combined Split-Band Interferometry and Multidimensional Small Baseline Subset, 2018
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MuChaPro-R? : Deep-Learning based method of

interferometric denoising

input : a single-channel despeckling function
f: CN = ]Rﬂ:r
input : an N-pixels D-channels SLC image provided as a

mari Z € CDXN set of single-channel restored
9 projections
Input
multi-channel -
single-channel
Interferometric case : depeckling
D =2
K =4 I _ .
8 | Generate many Slllgk-l:]la.l'lllel -
e projections despeckling !
1 |
single-channel
despeckling
MERLIN
MuChaPro-R2

Victor Gaya, Loic Denis, Béatrice Pinel-Puysségur, Thomas
Bultingaire, Florence Tupin, “Self-supervised interferogram
restoration by regularized inversion of despeckled projections”,
submitted to JSTARS

MuChaPro + Regularization

+ Post-Processing

output: the restored covariance matrices stored as an

3

Recombine the
projections

D? x N matrix C such that the /-th column
contains the D? values of vec(C\ ™)
the covariance matrix at pixel £ in vectorized
form.

3 Leley

Qutput

estimated covariance

MuChaPro principle.
Extracted from
L. Denis et al. 2025.

E. Dalsasso, L. Denis, and F. Tupin, “As if by magic: self supervised
training of deep despeckling networks with MERLIN,” IEEE TGRS,
vol. 60, pp. 1-13, 2021.

L. Denis, E. Dalsasso and F. Tupin, "Just Project! Multichannel

Despeckling, the Easy Way," in IEEE Transactions on Geoscience
and Remote Sensing, vol. 63, pp. 1-11, 2025, Art no. 52043 11.
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Filtering and DSM estimation on Calais

Noisy MuChaPro InSAR-Monet Amplitude

PAZ interferograms on Calais

Estimated DSM

&

LiDAR Ground Truth

Available Ground Truth: lidar DSM (Digital Surface Model) e ™
acquired by IGN (50 cm resolution) Method ¢ Cosinet RMSE (m) | MAE (m)| =+0.5m (%)t +2.0m (%)
Effectiveness of MuChaPro-R2 filtering for DSM estimate InSAR-Monet 0.54 40.159 33.552 0.8 4.0
in moderate topography area MuChaPro 0.56 4.557 2.681 17.2 61.0
MuChaPro-R2 0.71 3.283 1.864 22.9 75.7
ESA FRINGE 2026 Phi-net 0.70 4.811 2.344 20.7 73.1
\ —/
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interferometry applied
H to steep topography

Multi-chromatic
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Choice of the study area: Millau

m In some cases, it is impossible to retrieve topography with classical INSAR due to unwrapping constraints:
= Noise
m Areas separated by water
m Layover, strong topography: high fringe density

m Millau viaduct (France)
m Strong topography; well-documented viaduct dimensions
m Reference: lidar-derived DSM (IGN)

m SAR Dataset
m  Cosmo-SkyMed interferometric images acquired in 2021
m Spotlight mode, resolution az/rg: 0.70 m x 0.31 m
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Millau viaduct
SAR image

Look direction
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Lidar DSM projected in SAR geometry
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Multichromatic Analysis (MCA)

Or Split-Band Interferometry (SBI)

FFT

Two complex Two spectrums

images

FFT
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2MuCh : MultiChromatic MuChaPro

Half-Band MCA (HBMCA) + MuChaPro-R2

Af Af: frequency difference between the center of both half-bands
—n

Filtered high-frequency
interferogra

=

R i

IFFT, MuChaPro and
conjugate product

g
IS i
o] o0 %00 4000
il

FFT and ;
split-t?:nd — 1000
Two complex 2x2 sub-bands
images (complex)
FFT and M

split-band |~> Interferogram
IFFT, MuChaPro and difference
conjugate product (ph as e)

Filtered low-frequency
per interferogram
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Range of applicability

m Ambiguity height in classical monostatic INSAR:
ARsin(0)  cRsin(0)

“T 2B, 2foB,
m With 2Much, the equivalent frequency is Af. The ambiguity height becomes :
cRsin(0)

haZMuCh = ZAfBJ_
m Af~ 191 MHz, f, ~ 9.6 GHz, Razmucn _ —f ~50 = 50 times less fringes

R A
m The phase is within a fringe if z,,,, — Zimin < h here 445 m

a2 Much’

m No unwrapping needed if z,,0 — Zmin < Ry ek

m Limited unwrapping required otherwise
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Comparison InNSAR / MCA / 2MuCh

INSAR Full Unwrapping Simple Lower Precise but High
resolution  errors than MCA  problematic in
high fringe
density areas
MCA Degraded No Each band Higher Less precise Low
resolution unwrapping should be than but useful in
in range filtered INSAR high fringe
separately density areas
2MuCh Better than No Two bands In between Soon In between
(HBMCA+ MCA unwrapping should be Lowered
MuChaPro) (see range of filtered by filtering

applicability)  separately

ESA FRINGE 2026 15/06/2026 14
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2MuCh : MultiChromatic MuChaPro

HBMCA processing greatly
reduces the fringe rate
(by ~50 in our case)

MuChaPro successfully
denoised the difference of
interferograms.

HBMCA interferogram 2MuCh interferogram
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2MuCh : MultiChromatic MuChaPro

Quialitatively, 2MuCh height
estimates match IGN’s
LIDAR DSM, except for low
coherence areas and ....

... iIn wrapped areas!

Zmax — Zmin = ha2 Much !

IGN’s LIDAR HD DSM (projected)

0S¥k
00s
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Areas of “LiDAR shadow”
and low coherence (< 0.1)

are masked

MultiChromatic MuChapro
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2MuCh : MultiChromatic MuChapro

m Classical ambiguity height: h, = 89m

= 2Much ambiguity height: h,,, . =50h, = 445m
m According to Madsen & Zebker, height retrieval noise should also increase by 50!

m MuChaPro-R2 RMSE in Calais was 3.3 m. We can expect an RMSE of up to 165 m.

Method ¢ Cosinet RMSE (m) | MAE (m) | 240.5ha (%)t =1.0ha (%) *
2MuCh 1.00 89.79 60.39 6.6 13.2
HBMCA 0.99 142.7 116.8 2.3 4.6

m HBMCA does slightly better than this, at 143 m.
m Thanks to MuChaPro-R2, 2MuCh RMSE drops to 90 m, about 10 h.,.
m In fact, 2MuCh is better than classical HBMCA in every metrics (except computation time).

m The percentage of pixels within half an ambiguity height is small but hopefully enough for assisting the
unwrapping of standard interferograms in difficult areas.
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Conclusion

m MuChaPro is very effective at filtering interferograms even in split-band InSAR.
m It has no negative impact on height retrieval, only benefits.

m Ongoing work:
m 2MuCh with more than two sub-bands (4MuCh?)
m Merging topography estimates derived from different techniques
m [ests on more sites, validation

ESA FRINGE 2026
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Qu’est-ce qu’un MINS projeté en géomeétrie radar?

Différents points du sol sont projetés sur un méme pixel radar : phénoméne de « repliement »

Un MNS projeté en radar peut prendre en compte 'ensemble de ces pixels ou seulement une partie.

MNS moyen MNS « sol » MNS « objets hauts »

R
£ 1

Pour les pixels dans 'ombre au sol,
on associe la hauteur du viaduc.
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MuChaPro-R?

m  MuChaPro limitations: residual noise in low
coherence areas and sensitivity to temporal
changes

s  MuChaPro-R2 improvement: separate Ve, Yk, [Skle + pL - 12,,
reflectivity estimation, regularization and
coherence post-processing

\r; « despeckle(z;),

d kl
Vr;  despeckle(z,) Regularized estimation of y,

¢ o,
Reflectivity Projection & Joint \I;\i\;relrswn Rotlzl::’rn:rsosll’ro
Estimation Despeckling o P
regularization changes

Post-processing on coherence

Vi + despeckle(S})

1

Victor Gaya, Loic Denis, Béatrice Pinel-Puysségur, Thomas Bultingaire,
Florence Tupin, “Self-supervised interferogram restoration by regularized
inversion of despeckled projections”, submitted to JSTARS
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MuChaPro-R? : loss function

Minimization of the loss with L-BFGS for joint inversion with spatial regularization:

(71 ¢) — arg I;]JI] L(ya ¢) = Ldata (y! ¢) ta- Lreg (y: ¢)
Y,

/

Data fidelity term

\

N K
{ Liatav, @) = y{):l S:kzl (108 My, ([¥]e [@],) - 108[[7;]{,)2 }

With

Py Ce P =[] |[prlil? + [r2)e - il )?

\_

mp,e (¥, $) +2y [T1]£[r2]€ A[prlil - 1[Pklal - cosCarg([prlilpklz) + @)

Spatial regularization term

)
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+24[2 — cos(AY ) — cos(ABOTIZgh)]

Lreg(y, ) = Thoy 2, [(AYET )2+ (ABOTIZ)y2]

)
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Multichromatic Analysis (MCA)

Linéaire (a un enroulement
alpha = -0.3209443096532202, gi\r:rs:airb(;h%;d;?(%g%g'o!ogl%QQ, sigma=0.48775115040809724 p ré S) S i I a COh é re n Ce e St
. bonne, aléatoire sinon.

. Hauteur relative

1 directement proportionnelle
a la pente: pas de
déroulement

Phase (rad)

i Le nombre de sous-bande
robustifie I'estimation de la
pente, mais dégrade la
résolution en distance.

E ) " Risque de mélange de
cibles de hauteur (et donc
de pente) différentes.

Pile de N phases .
interférométriques

Etude de la phase en fonction des sous-bandes
pour chaque pixel de I'image
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Multichromatic Analysis (MCA)
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