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1 5 7

H AL EIE (Synthetic Aperture Radar, SAR) & — i i ftdi 5 B I Ik B [HDULI A5 B 1Y) 3 Sk e R
CR—H, 2013). BT RETOR, SAR A& RN, 4 RETAERIRES), C RS UL I sk i) = 2 T
Ho 7£ SAR MG FEAN b 51 NI &, i AN [5] 45 A 8 38 2 1] PR B 5 AR A 22 S, P SRS 40 0 S s A E DR A (O
P S, 2025). 4tk SAR R3S HH. HV. VV. VH U416 (5 5 (Lee Fl Pottier, 2009), #KHU4: T
FIRCHE E, E IR SEARRT B . 2 E) 7 BRI RIS (B 45, 2025 B HIE, 2022). BRRGRAAE
B e B = K R, EAREEA R, AR TEREE K (RKE 4, 2008). MHELZ R, BURAEER
A He R 58 A0 5y FE R RN, BEfS OR BAEN =& IARAE R, IR AR 73 285 B H rh JR IR 2 3578 77 ()
YR AE, 2025 A A, 2024).

£ SAR VEVI7r KA W E 2 2 HE4e i, 3l R A RFE SR ) 173 283650 (Zhang %%, 2011: FRE 45, 2025).
T AeEd B R RS BOR IR 4G SAR B i R U AR 22 53 R, PR IZ SRR IEVE N, R LR 2 =)
S SIS RV ED SR AE R AE 2 ) h B 0 AR, AT J 57 AN AR AL B (D 20 R AR 56 2R, SEEE X AN W
M EY 238 (R 2%, 2017; Krizhevsky 2%, 2012; Xiang 4%, 2022; Yu £, 2024). K, @i SAR
Bl b IR . B X RE I RIBGHARFAE, MONERTH I BRG LR CHE (PRI, 2020; 5KIFEHE, 2010). fEIX
— R, B EER RIEEZOAER, B RS R IR S o F AT WA ) B SRR g, AT 993
KRR BE AT R R E S N (Yang %5, 2006; [5)3W: %5, 2014; Chen %, 2014).

HAT, Ak SAR 7075 e SIS KOS R, A B AT Ak S 1 & B bR o i U7 i, W 5 A M+

5rf# (Huynen 55, 19705 Li %%, 2012) FHEAHTF 70 )77 (Freeman 5, 1998; Li %%, 2020). AHF 7RI 5T

RUAR PR 75 (A R, Al ARG B A 23 284 1 40 A sOW E b 2 505 00 B AR P (K1 2 2 40 A 1K
BLARAR T IR AR e o TR e (E80E, 2024). LUARM T2 % /74 Freeman-Durden =4}
I i (Freeman I Durden, 1998). Yamaguchi PU4%r& 4 fi# (Yamaguchi %5, 2005) 1 Freeman 7} &4)fif
(Freeman, 2007).

IR A DT A A X AR AR VT, M DL R UM A B 1 IO R HE BRI . AU B AT TR
AR IR T — RBN S E T2 Cloude Rk %t AR A K B (K RFAEAR 53 AR HEAT e 4 AR AL L T BB AL FE B
G718 CUCA I SR A B AR PEAIE Y 23 28 0 T B, SRR H AR E A3 R SO W I e R, FC L PR 3 2
FIMRHIZ) (Cloude, 2007; Cloude F Pottier, 1997). %I Cloude XA/, afl S5 i MRIE 5 A AL

PIANYERE, W EHER TRV AT S50 5 23 ) A0 A RRAE . Forh, SOl A il i B i LA, v s S R AETEIMN
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M 2585 AL SRAEEIE A A AR B 22, x5 J2 0 2 1R 43 A1 5 % T S P Uk . I (WD RIS, S IX 4y
ANFRIHUR R EYISR L T RAESCEE . b4, Cloude 70 AR IFARZE HH — a1 B WA 23 RIFR 1 o BT X1 — ]
B, TR Wu (2015) 42 T SO A I, RE T T A R AL B MBI e D g2, Jf il
TSI E T XURAH — a P B 5 2 o % T2 TR (R UK AL 43, 2022 4F, Mascolo #2 tH T J: T~ Stokes
R () 3 7 1%, M M B 3 A R AR A8 2 R AR AR 53, 3 o R bt AR AR IS, 02 o XA A 4
fR I EZEAN T (Mascolo 4%, 2022).

SR L3k o3 i 7 122 R PR TR B BEALR AR 1 SAR 155, R BEf3 R T H B MU U AL, X S U R AR £
REA GRS ES S, MRS I R (RIEAE %5, 2017; Han %5, 2023). % T U,
ASCHR P T HE R A He () SAR B RFIESR U7 i, 8 I e s Ok B U ) YA 5 e A A 2 1) P g AT S AR

Be, WTTHRAHL & HE B RS B IS SO R, SRR AR Z [T SM b, 3TH 5 Mt
2 S X R R A

AR B AT A < B T AN S DI R AR JE M AR A XHEAT SE 6 o < 5 10 X E BRI R R VR ) B4 A
. M. EOK. WAL EREMGEEESE, REIMAAE R WM R AE B MBI H S LN EE. B =
B ANy T R . PR G R T, 6 B DA R AU IR BE S e s AR JE N
VUL 2 T R AME L DA AR, ARFEH il U R RO RE AR R o AR AU A FEVED SRR AIA R

PRI BT FC X A2 XL, DA 96 R e % AR 4 7 VA K 5 0% S ARG P PR SR A1 17 SRR AS o AR S IR

N

Sentinel-1 TR M S0 Bt . 1% PEIER C PBULE:, HARRM REAMNEETT. &EKEXE

AN

I RAE H A 2018 4 6 H 19 H; InAFAEJE W S256 X sAR 1 ed% H #Hh 2024 %7 A 23 H.

2.1 €EXHEKX

GETTSER XA E S, HEAE NARE 102° |« b4 38° o Pkt XAEHAXIE, XHA X
Al BESE RS 508K, B REBHRMARAAA BEERE, BIMERE, ATET T, K
SCKIX A IR TR . & BRI XA FREM MG R GBENE | s, SFE T ERKE, HhasT
ARV DXAIIEX o < B S X (90 0 B A T Sl &8, SZHF AN A S PR BR ), WU R R, R 23 ARl
RN K EIAUETEWS . 45 A FI B XA S 31290 700 km?Al1 200 km?. v SR AU T B35 2K 18, i
JACTF R T SR R A S50 . FEVUIEDIE LT, R AR SR AL, & A REEF AN R
TAEA AL RAE, —F XL, RBARFEERSEN . A XN EZ R HIHZE T B X
BUNERRER E ), X REOEIRE SR, A KETEL A I0R LA B XA T ER S . B, A

DI/ AR RN 120 R, EE B XN 22 i ARG J 11 22> 40 K.
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Fig.1 Overview of farmland experimental areas in Jinchang, Gansu
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Table 1 Total number of pixels for different crops in Jinchang farmland areas

X HhAg A G &K BHE
NE (A XD 66406
T3 25084
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3 F Tk A B XU AL SAR HIUH RFAEHR L

MR SAR F 58K BN AL A5 5 U A B 5, S S B — AR A ARAS (LR 8E, [RL 2D S R M R
B ANTE Bl AL 7> & (Lee A1 Pottier, 2009). i REMXIMALE T, KU R E S HILHIFE BN, &
JE AT B BT 4 AR AT 45 BB AL W 5 22 0«

c Z(EHHE;IH EHHE;IV)
27 \EwvEfn  EwvEnv

(1)

KA 7 Z R T AR LT R vk, AEREAT S0 SRAT, A7 e ZEMKE P rh SR L RE S RAN TR AR 40 B
ZESEHIRHIE. 2007 4, Cloude 2t T XUMAL SAR FFALAE T %0 AZITERIRZ DAL T AR T4 € I SE it
AAE VR, AT I G 1 22 AR B AR R 3 2 SR R A SR BR 1 (Cloude, 2007). 53— 71T, MAPIERBIAY (1 £ & , Mascolo
FEt 7 — 3L T Stokes KREH)| AR iR 5% ZITIESS & T WRALIERIG, 4 Stokes KRBT T ML I
ANTERMACTI A 705, 20 TXT AR B At R U A2 (Mascolo 4%, 2022).

SRT, B3R 75 508 T 2 AU B R AT R SR, X — R PR 5 S BRI EUR E B A RER T 7 3R AL
MELLH R E 2 BRI 7 RO oK (RIS 55, 2017; Han %5, 2023). o [ & AL A 5 R A J=s R 1
AR SR b 1 U A A PR AR A 2 B e e AR 53, A2 5 RIS TR R s AR R A E IR A

5, PR SHO B RAIE R B um] BLRIR N (Cloude, 2007):

%= (Singel?) @
o, a8 7 A AL A AT ACAR AL A afBLFRI R /IS ol [RIAR A M AZ SR A T PR AR O 8 P52 ke s, ML VES T O
[0,7/2]: SEMI RN AR ARG g, RAE R A [-,m]e afISFEFRR R T AL ERS 3EER (Cloude, 2007).
H 008 A K i > — o [ AR A LN, B0 PR T 1 e M A 500 ) RSO R AR S B3 92 9 A B2 2 - XU AL S

B, R XA SAR ML FE B R B AN e e A (R R 1R R

€)

P0L6)=1fT<Q1 Cn)u

€y Gy
Horpr, ERRRIT o DIFRRILHANEL B, C XA J7 ZEHREC, BB (L AN e R, PNES Res. Jlid iefese
W B € PERR AL 7S () v g i AR e, T 45 B B RS I BUNRHE . B30, Ha = 0°0, P(a,8) = HH; a = 90°6 =
0°ff, P(a,8) = HV. HlBKIE, Pa, &)XfakhS, JHF2MIFEEET 0 RSN T Cloude FHALME 7 if . X1
W A5 1 7 ¥ T DA 30 B AT S AR s O ¥ SRR I o 33K 75 2 e A 47 V2 R B s WO AR AL T 2, e
BORUAT PATC 2R 1 H AR e

BE/m, RAH=4EERERIE R EIRELHUNRAE. i 4 Frox, BARBRFIZNASR 53 51 9 P A2 40 AL,

SR YRR TR S HOHXT R HIUH RE &
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Fig.4 3D Visualization of continuous scattering characteristics

A PRI, B AR 4 TR P A A A I TE W AE S s R = AR . SR, Ead =4 R DL EL R
MTAEYIr3E, Nt LBk T =4 BBt — 0 E SR IESH. AR BE R P (a, §)BEATSE 70 b, $RHL
DL RHIE :

(1 mKEEEME

Prax = maxP(a, 6) (4)

ZRHEA =BG e B ERE, B 4 R OE SR, HNAEY) £ S AT A R HOR R . BR
i AL = AN RO XA B K RE BB, B R R X K

(2) JIhHE

Span = P(a = 0°) + P(a = 90°,8 = 0°) = HH + HV (5)

ZRHIERAE 7 2 AN 15 M BUN R, Wi 4 vl 2 NREER SR . SRR S EY SR o A & )

FHSG. BEA, TEVDIR o B S B &, T R S R B Bk ok .

(3 MALXS b

Contrast = “max—’min (6)

'max+Pmin

PRHERS BUN RER I oK, HE MR 1, RAAEY) BAALRE DS (BB 0, RAAEY) L)

H R
4wz

Skew = @71 (7)

AL SR R M I AREBREE, B RIUAER (B 4 ROM FE . LRER AR, R
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(5) “FIEE

1

Smooth = std(AP(a,6)) (8)
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T 3 IR ML S A e A T %, T LR — RANRIEA FEM 2R R ESHL, Mg sy
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4.1 €EXHKX
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Fig.5 Ground truth classification map and distribution maps of scattering parameters for the Jinchang A experimental area
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Fig.8 Ground truth map and distribution maps of scattering parameters for the California experimental area
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Fig.10 Crop classification results and misclassification maps for the Jinchang A experimental area

11 JE7R 15 B X 7885 R . BRI E, WOMOTEN T/ 22 SRR X PSRRI R I H R AF R
RES), PRERIIT, R T XA R AR AL E BB . SR, X TS IR oK 5 v
B, MATTEHRI R KRRV BAAT S, BUATRER DRSS Rrh, SRS A 7> e
AN WEAEN R ZFAED . WILRAEIET Cloude 77> A RPN R, Hoop KREIRE R B H BRI 26
TREL. AU, A XIRAEIA TR 70 85 R thAFAE RIEAR IR A . ASCTTEE R K 5P BN 70 28 B

V
(GRS
o - T - T ~
St e Sat %s Sean ke Seat i
VLT Pl _ VR ST R
= - -~ o o -3 e - s - “
- - - | - . - .
(a) EREASHRTT 5 (b) C, k% (c) Stokes 4} i () REAIF A 40
(a) Proposed method (b) €; matrix (c) Stokes decomposition (d) Eigenvalue decomposition
(c) JEREAE Y T i (D CHFE (g) Stokes/} i (hyFFAESE 43 fif
(e) Proposed method (f) €, matrix (g) Stokes decomposition (h) Eigenvalue decomposition

K11 &8 B X T ARTE R 0 J 4 R A o K

Fig.11 Crop classification results and misclassification maps for the Jinchang B experimental area



252

253

254

255

256

257

258
259

260

261

262

263

264

265

266

267

268

269

270

271

272

FAGIH T4 E AR B SR XEET A FRHESEIN E B IR . FERIRPIREE b, RSOV HME
155 96.10%, #LCHEFE. Stokes 77 fE 1 Cloude 737 ml#EF 1 4.73%. 2.23%7#1 2.83%. Kappa REJF 2 HAH
[, BiiEN 0.9536, MRTHAT . IWESANA =R BE A0, 75X 45 MBS MR8 b, B 52
MR R E . EEKRD KT, Bk (84.76%) BRI T51% (Stokes 7fif, 79.48%) #FHEIL 5%; 7E
PEASY L, WTERERE (86.17%) BUKIRMICHERE (78.72%) $R-THEIL 7%; % T 5 5N REHETE, #H5
PHRGEE (92.57%) JRWISE T HAh 757% (83.58%-84.10% ).

x4 ETAFRRHIEHNEEXEEENKER

Table 4 Quantitative classification results of the Jinchang area based on different parameters
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Fig.12 Crop classification results and misclassification maps for the California area
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Table 5 Quantitative classification results of California area based on different parameters
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Rotation-Transform-Based Scattering Characteristics Extraction and
Classification in Agricultural Areas Using Dual-Polarization SAR Data
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Abstract: Objective: In the field of polarimetric synthetic aperture radar (PolSAR) remote sensing, the
capability to conduct all-weather, day-and-night observations makes it a pivotal tool for crop classification.
Currently, establishing correlations between decomposition features and crop types via machine learning
algorithms has become a mainstream approach. However, existing dual-polarimetric decomposition
methodologies, such as Stokes or Cloude decompositions, are constrained by their reliance on predefined and
fixed scattering models. These conventional approaches are limited to extracting discrete scattering features,
which often fail to sufficiently characterize the geometric structures and scattering processes of complex
agricultural vegetation, thereby hindering the achievement of higher classification accuracy. Method: To
effectively address these issues, the paper proposes a rotation transformation methodology specifically
designed for dual-polarimetric data. By using the polarimetric scattering angle « and the polarimetric phase
angle 6, a dynamic and continuous rotation vector is constructed. This method projects the dual-polarization
covariance matrix €, onto this vector, transforming static observations into a continuous power response
distribution. Then, by utilizing «, &, and the continuous scattering power P at these rotation vectors as
coordinate axes, a three-dimensional polarimetric space is constructed. Within this visualization framework,
the research generates corresponding three-dimensional power response surfaces for different crops. Based on
this, a series of key scattering features like skewness and smoothness are extracted. These features capture
subtle physical differences that conventional fixed decomposition models fail to detect, thereby enhancing
classification robustness in complex agricultural scenes. Result: The efficacy of this approach was rigorously
validated through comprehensive experiments in Jinchang, China, and California, USA. These two regions are
characterized by distinct climatic conditions and diverse crop planting structures. Quantitative analysis
demonstrates that the proposed method achieved an outstanding overall classification accuracy of 96.10% in
the Jinchang study area, outperforming €, matrix, Stokes decomposition, and Cloude decomposition by

4.73%, 2.23%, and 2.83%, respectively. Similarly, in the California agricultural site, the method yielded a high
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classification accuracy of 93.01%, providing performance improvements ranging from 3.13% to 5.07% over
baseline methods. These results illustrate that the new method consistently delivers superior classification
performance across different agricultural landscapes. Conclusion: By constructing a rotation matrix that
allows the scattering model to vary continuously, the method transforms discrete dual-polarimetric
observations into a continuous power response. This enables the mining of richer geometric and physical
information than conventional models. Experimental results confirm that this approach achieves superior and
stable classification accuracy across diverse agricultural landscapes. While the current study utilizes single-
temporal, single-band data, future work will integrate multi-band SAR and long-term time-series observations.
This will better capture phenological growth trajectories, ultimately enhancing ability to distinguish between
structurally similar crops across different developmental stages.

Key words: Dual-polarization SAR, continuous scattering characteristics, crop classification, rotation
transformation.
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