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Table 2 Quantitative comparison of unwrapping errors and computational cost under different weighting strategies for

%109 x10°

1 2 3

3 = =T

-3 —2 ~], 1 2 3

0
BRI
(d) RZRSUE Y SR ZEUS
(d) Error fitting in high fringe density scenarios

0
e
(o) MRfEME LR iR

(¢) Error fitting in low signal-to—noise ratio scenarios

BRI

K8 4Ty T s SRR 22 ) IE S/ a4 1L

Fig.8 Comparison of normal distribution fitting of unwrapping residuals under four interferometric scenarios

FHALRFIEAL A R A

R2 FEMBEREEIETHEMULENBERES T SITERE

four interferograms

) T AR 1 TUAHAL 2 T AR 3 TR 4

ik RMSE o #EMl/s RMSE u o FEN/s RMSE o FEHf/s RMSE  u o FEN/s
WAREHEAE 877 083 1.2 834 538 0057 085 864 293 -0.12 045 711 564 -037 081 459
MEFEAE 16.56  1.83  1.90 1432 521 0020 082 1382 347 -028 047 1192 539 -0.18 084 6.17
AR 640  -0.02 1.02 1005 491 0015 078 989 260 -001 041 962 485 001 077 562

E B LR W 7 ER e %A b P AR A e L A5 2R

a2 R AL T REAT

AR T X 35
i Fe AT DX 3K

O L 1 L L 1 L L ]
0(M) 200 400 600 800 1000 1200 1400 1600(N)

FEA
——Z%DEM —— FARFEAL
BRI E —— SRR

P19 L F T AR AN TR TSRS T B e 45 2R X L
Fig.9 Comparison of unwrapped phase profiles under different

weighting strategies

5 4% 8

Bt XF ML InSAR AL fff 4 75 w55 25 SO L L IR

AH TP B 3% 2% o5, 25 42 DX bt IR 25 14 4% 5 fi i
AFE MHERR , A SCHEH T —Fh I F 2R ERL A
(IR 98 5 1% o %5 IR AE IRLSIRALHEZR |
AORRG THT SARARWGIHRE . T T
FEASE 1) 25 A8 R AE LA B B 1 SR A 2o 2 114 22 AR 3 25
fiE, fa TSI AR SR E R E AN
REINAUSE Y SEEL T XA R 3 5 a9 22 54
ZYP HE N o SEIAL B SR B, A
BT B —RRAE B W, T B 5 R AEARAE MR L
50 HIL T A J3E R R T 2 A T A LY TR sk 3 5 rh 3
R TR e, RMUBERIRT 55 %
DEM ¥ iR 22 (RMSE), Hfif 2 5% 22 5 B
Bt TR S AR E 22 RS A Re s [RIAT,
LR WEAE R R L ) 0] 5 2% B i N TR T
ARCSEILT LAA B 530 AR foke JE o e 4K B ) H
B, NEZHIE T 1Y kG B2 AL InSAR 1 223 4 1t
TSR TR



5578 A ZRHIE RS AL LR InS AR AR5 A 4 77 1% 1007

2 % 30k (References)

Bignami C, Ruch J, Chini M and Neri M. 2012. Volcanic product de-
tection after the 2010 Merapi eruption by using VHR SAR data//
2012 IEEE International Geoscience and Remote Sensing Sympo-
sium. Munich: IEEE, 2012: 1337-1340 [DOI: 10.1109/IGARSS.
2012.6351289]

Buckland J R, Huntley J M and Turner S R E. 1995. Unwrapping noisy
phase maps by use of a minimum-cost-matching algorithm. Ap-
plied Optics, 34(23): 5100-5108 [DOI: 10.1364/A0.34.005100]

Chen C W and Zebker H A. 2000. Network approaches to two-dimen-
sional phase unwrapping: intractability and two new algorithms.
Journal of the Optical Society of America A, 17(3): 401-414
[DOTI: 10.1364/JOSAA.17.000401]

Chen C W and Zebker H A. 2001. Two-dimensional phase unwrapping
with use of statistical models for cost functions in nonlinear opti-
mization. Journal of the Optical Society of America A, 18(2): 338-
351 [DOI: 10.1364/JOSAA.18.000338]

Chen L Q, Zhao C Y, Lu Z and Zhao J Q. 2025. A novel weighted
method for phase unwrapping based on interferometric fringe den-
sity. IEEE Geoscience and Remote Sensing Letters, 22(1):
4014805 [DOI: 10.1109/LGRS.2025.3626351]

Costantini M. 1998. A novel phase unwrapping method based on Net-
work programming. IEEE Transactions on Geoscience and Re-
mote Sensing, 36(3): 813-821 [DOI: 10.1109/36.673674]

Derauw D. 1995. Phase unwrapping using coherence measurements//
Proceedings of SPIE 2584, Synthetic Aperture Radar and Passive
Microwave Sensing. Paris: SPIE: 319-324 [DOI: 10.1117/12.
227141]

Ding Z G, Sun T, Wang Z, Zhao J, Shi Y P, Chen H L, Chen Z Z, Wang
Y and Zeng T. 2024. MCJ-UNet: a dual/multi-channel-joint phase
unwrapping network for interferometric SAR. Journal of Radars,
13(1): 97-115 (T PN, Phds, F5%, KA, s —9, Wkt e, Rz
W, EE, 8. 2024, MCI-UNet: —FiiL/Z2 i 18 1545 InSAR A
PfRERZ | BIA2EAR, 13(1): 97-115) [DOI: 10.12000/JR23185]

Dubois-Taine B, Akiki R and D’ Aspremont A. 2025. Iteratively re-
weighted least squares for phase unwrapping. Optimization Meth-
ods and Software, 40(6): 1368-1408 [DOI: 10.1080/10556788.
2025.2522348]

Ghiglia D C and Romero L A. 2013. Minimum L’-norm two-dimen-
sional phase unwrapping. Journal of the Optical Society of Ameri-
ca A, 13(10): 1999-2013 [DOI: 10.1364/JOSAA.13.001999]

Goldstein R M, Zebker H A and Werner C L. 1988. Satellite radar in-
terferometry: two-dimensional phase unwrapping. Radio Science,
23(4): 713-720 [DOI: 10.1029/RS023i004p00713]

Itoh K. 1982. Analysis of the phase unwrapping algorithm. Applied
Optics, 21(14): 2470 [DOI: 10.1364/A0.21.002470]

Jiang J L and Lohman R B. 2021. Coherence-guided InSAR deforma-
tion analysis in the presence of ongoing land surface changes in
the Imperial Valley, California. Remote Sensing of Environment,

253: 112160 [DOI: 10.1016/j.rs.2020.112160]

LiJP,An D X, Song Y P, Xu J Y, Feng D, Chen L P and Zhou Z M.
2024a. Absolute phase estimation in repeat-pass CSAR interfer-
ometry based on backprojection and split-bandwidth techniques.
IEEE Journal of Selected Topics in Applied Earth Observations
and Remote Sensing, 17: 2409-2421 [DOI: 10.1109/JSTARS.
2023.3346950]

LiJP,An D X, Song Y P, Xu J Y, Shen L and Zhou Z M. 2024b. Esti-
mation of residual motion errors and phase ambiguity for repeat-
pass In-CSAR without external DEMs. IEEE Transactions on
Geoscience and Remote Sensing, 62: 5214915 [DOI: 10.1109/
TGRS.2024.3411171]

Liang F, Xie X M, Xu Y M, Song M H and Zeng Q N. 2021. An im-
proved U-Net phase unwrapping method[J]. Remote Sensing In-
formation, 36(5): 134-141 (0%, e, 1347 38, R U, 5 IR
T 2021, —Fh B 19 U-Net A7 i 98 7 7% . 38 5 B, 36(5):
134-141) [DOI: 10.3969/j.issn.1000-3177.2021.05.018]

Liu G, Wang R, Deng Y K, Chen R P, Shao Y F and Yuan Z H. 2014. A
new quality map for 2-D phase unwrapping based on gray level
co-occurrence matrix. IEEE Geoscience and Remote Sensing Let-
ters, 11(2): 444-448 [DOI: 10.1109/LGRS.2013.2264857]

Pinheiro M, Reigber A, Scheiber R, Prats-Iraola P and Moreira A.
2018. Generation of highly accurate DEMs over flat areas by
means of dual-frequency and dual-baseline airborne SAR interfer-
ometry. IEEE Transactions on Geoscience and Remote Sensing,
56(8): 4361-4390 [DOTI: 10.1109/TGRS.2018.2817122]

Qu C W, He Y and Gong S G. 2002. A survey of airborne SAR devel-
opment. Modern Radar, 24(1): 1-10, 14 (il 3¢, ] &, 28306 .
2002. HL#L SAR K& JRAENL . AR 1K, 24(1): 1-10, 14) [DOL: 10.
3969/j.issn.1004-7859.2002.01.001]

Wang HY, Tong L, Li Y X and Xiao F H. 2019a. Phase unwrapping al-
gorithm based on improved weighted quality graph/IGARSS
2019 - 2019 IEEE International Geoscience and Remote Sensing
Symposium. Yokohama: IEEE: 1769-1772 [DOI: 10.1109/IGARSS.
2019.8898671]

Wang K Q, Li Y, Qian K M, Di J L and Zhao J L. 2019b. One-step ro-
bust deep learning phase unwrapping. Optics Express, 27(10):
15100-15115 [DOI: 10.1364/0E.27.015100]

Wang L F and Yan M. 2013. Weighted Kalman filter phase unwrapping
algorithm based on the phase derivative variance map. Applied
Mechanics and Materials, 475-476: 991-995 [DOI: 10.4028/www.
scientific.net/ AMM.475-476.991]

Wang Y, Rao Q F, Tang J and Yuan C Y. 2015. Phase unwrapping algo-
rithm based on the amplitude of wavelet ridge coefficient vari-
ance derivative quality map. Acta Photonica Sinica, 44(2):
0210001 (53, GeBhaE, JEuk, & 4. 2015, R/ NICH F AR
5 S B0 22 0 TR ARV T 325 . OB F2# 4R, 44(2): 0210001)
[DOTI: 10.3788/gzxb20154402.0210001]

Xu W and Cumming 1. 1999. A region-growing algorithm for InNSAR
phase unwrapping. IEEE Transactions on Geoscience and Remote
Sensing, 37(1): 124-134 [DOI: 10.1109/36.739143]

Yang L, Zhao Y J and Wang Z G. 2006. Redundancy removal algo-

rithm in minimum spanning tree phase unwrapping for interfero-



1008

metric SAR. Journal of Remote Sensing (in Chinese), 10(6): 879- gorithm based on a quality graph. Applied Optics, 64(19): 5240-

884 (W%, B4, T BN . 2006. e/ N B AR 7 A7 28 v TUAY 5249 [DOI: 10.1364/A0.561117]

BRI E K AL, 10(6): 879-884) [DOI: 10.11834/jrs. Zhong X L, Xiang M S, Guo H D and Chen R Y. 2013. Current devel-

200606129] opment in airborne repeat-pass interferometric synthetic aperture
YuHW, Lan Y, Yuan Z H, Xu J Y and Lee H. 2019. Phase unwrapping radar. Journal of Radars, 2(3): 367-381 (BP35 3%, M) %2k, SR1EAR,

in InSAR: a review. IEEE Geoscience and Remote Sensing Maga- BRoT. 2013, LA EFL T -E AR T IA A LT . Tk, 2

zine, 7(1): 40-58 [DOI: 10.1109/MGRS.2018.2873644] (3): 367-381) [DOI: 10.3724/SP.J.1300.2013.13005]

Zhang Y, Zhang Z L and Zhu Y J. 2025. Hybrid phase unwrapping al-
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Abstract: Airborne interferometric synthetic aperture radar (InSAR) plays a key role in high-precision topographic mapping and surface
deformation monitoring. However, phase unwrapping, a core step in InSAR data processing, continues to be a challenging ill-posed
problem, particularly in complex environments. When interferograms suffer from high fringe density, large-area decorrelation, or dense
phase residues, traditional phase unwrapping algorithms based on single-feature weighting methods often fail to evaluate phase quality
accurately. This inadequacy leads to significant unwrapping errors; for optimization-based algorithms in particular, such a defect inevitably
results in incorrect cost function assignments, thereby triggering severe regional unwrapping failures across the entire interferogram. To
address these limitations, this paper proposes a novel multifeature fusion weighted phase unwrapping method tailored for airborne InSAR
systems, with the aim of providing robust constraints for the global optimization model and significantly improving the reliability of the
unwrapped phase in complex scenarios. The proposed method establishes a comprehensive cross-domain weighting framework that
uniformly integrates SAR image intensity features and interferometric phase features. First, a normalized representation model is constructed
for multisource dimensional features to overcome physical dimension differences. Instead of relying on a single data source, the algorithm
adaptively regulates the weight allocation strategy by combining the structural characteristics of the interferometric phase with the scattering
properties of the targets. Specifically, the actual fusion weight is mathematically designed using a power-law multiplication strategy, which
enhances the contrast between high-quality and low-quality regions. Furthermore, the proposed fusion weight is embedded into the Iterative
Reweighted Least Squares (IRLS) phase unwrapping framework. An iterative direction weight is derived and introduced to further refine the
constraint mechanism of the global cost function and prevent local anomalous gradients from diffusing within the solution network. Unlike
traditional fixed-parameter methods, this direction weight is dynamically updated and adaptively assigned on the basis of its own weight
distribution during the iteration process, thereby significantly enhancing the numerical stability and global convergence of phase
unwrapping. The performance of the proposed algorithm was rigorously evaluated using measured airborne InSAR datasets that represent
four typical complex scenarios: large-area decorrelation, high residue density, low signal-to-noise ratio, and high fringe density. Quantitative
and qualitative analyses were conducted to evaluate the unwrapping quality and computational complexity. As detailed in the comprehensive
statistics shown in Table 2, the proposed multifeature fusion weighting method consistently outperforms both the stand-alone image feature
and phase feature weighting methods in terms of unwrapping accuracy across all tested conditions. Rather than yielding localized
improvements, the fusion weight systematically achieves the lowest root mean square error in every scenario. Furthermore, the statistical
distribution of the unwrapping residuals confirms that the proposed method tightly constrains the mean error (x) near zero and significantly
minimizes the standard deviation (o). These overall results verify that the proposed algorithm effectively isolates local errors in severely
degraded areas and maintains phase continuity in dense fringe regions, delivering highly robust unwrapped phases while maintaining
competitive computational efficiency. In conclusion, the proposed multifeature fusion weighted phase unwrapping method effectively
overcomes the limitations of single-weight models in airborne InSAR applications. By combining cross-domain features via power-law
multiplication and dynamically updating iterative direction weights within the IRLS framework, the algorithm successfully prevents local
error diffusion in severely decorrelated and noisy regions. It provides a highly robust, continuous, and accurate unwrapped phase,
demonstrating substantial potential for operational airborne InSAR topographic mapping in complex environments.

Key words: airborne InSAR, phase unwrapping, coherence, interferometric phase, multi-feature fusion, interferometric phase, L'-norm
optimization, iteratively reweighted method
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