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Abstract: Polarimetric inverse synthetic aperture radar (ISAR) is an important tool for obtaining high-
resolution information about satellite targets. Compact polarization provides an optimal balance between
system complexity and polarization information capacity and has been widely used in various ground-based
ISAR systems. However, during satellite transit, the onboard antenna components often undergo independent
mechanical rotation relative to the satellite main body to adjust the observation area. This motion introduces

additional frequency modulation into the echo signals, resulting in defocused ISAR images. Existing deep
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learning-based refocusing methods primarily focus on the global refocusing of ISAR images and often overlook
the frequency feature variations induced by component motion, thereby limiting the model’s focusing
capabilities. To address these challenges, this study proposes a novel refocusing method for satellite antenna
motion in compact polarimetric ISAR imaging based on a spatial-frequency feature-guided Brownian bridge
diffusion model. The core idea behind this method is to utilize the Brownian bridge diffusion model to learn the
intricate mapping between defocused and focused ISAR images. Simultaneously, spatial and frequency features
are extracted from the ISAR images to guide this learning process, thereby achieving precise refocusing of the
moving components. To validate this approach, an electromagnetic simulation dataset for polarimetric ISAR
satellite targets is established, and comparative experiments are conducted. The results show that the proposed
method achieves superior performance in refocusing moving components and exhibits enhanced generalization
capabilities.
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Fig. 1 Schematic diagram of the Brownian bridge diffusion model for refocusing moving components in satellite targets
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Fig. 2 Compact polarization ISAR satellite target moving components refocusing method framework
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A, AR EE R LIRS K.

(d) QPS-SAR A
(d) QPS-SAR satellite

R, W85 ST 2 s shtREs R 1 R i s
KGRI AR O RS T RERBG RIS . #
HZ, XN TAE—BERE T B BB M AL TS-
AREMG, W25 A 5 518 A R AZ FL AR o0 B
ZIHR LA AN R R A A R, TR IR 5 H
B 2 [ R3S — B R BT B R R .

S TR M ALISAR T & B b B 07 20808
£ Xan o TR IR AR AR B R 3 T4, il
N A0, s FAsg > 23 B R40°, 45° K500 (A0 £
THiE A AWAISAREE, Hb Ay = AoU
M5 U Aso o ERFATFEETIZIES: 1. 1A EEIRI 5>
YIGREE . SR FII B4R . 2 18 21 1 45 i AL TS-
ARKUIEFEAAT IR, SR B 0400 £ B A YN 2R S s
I BAF I I3 s 3 Ml il 5. BAkHL, 4%
PZRIBEII BN s M s Nowm FIAM 3Fh
MARIZ T NN, AL RIS, o, A%
TN Ao g5 BUE 14 B U R AR B4 24T )1 5%,
MO R IR Ao BUHE T EE MM E BEAT ML, HoAh
A58 SR A B E E LTR
IR, BRI RS B0 BE 7640 [k
G5 TR A R, He B BIRAS BAR 45 R A M
I, RS R 45 FAE VIR BN R A 2
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Tab. 1 Data scenarios for refocusing of moving components in
satellite target

by st MR
Al 40°. 45°. 50° 87641
A 40°, 45° 5844
Ao 45°, 50° 58441
i 40°. 50° 5844
Mot 40° 3641
AN 45° 3641
Mt 50° 3641

3.2 XPELSEIGth

16 HURE G 1 /N B SR AE 5 (Minimum En-
tropy, MiniEnt )28 F1JEF 7R 2% > I CV-GMTIN-
et!”) CV-CFUNet!"®l, CVPHD!' I HUA A (De-
noising Diffusion Probabilistic Model, DDPM)*!
PERXS L. Horfr, CV-GMTINetHICV-CFUNet
NCNNZEH), CVPHDNEAGANY AR
PR 2% o SIEG A I RN B A FH s B AR A 1 A
HON0.12 rad/s. FITHRTTIEFNT LG IR FE 2% 2 77
G — 1 F Adam AR A28 X 2SR IR AT U 2, S48k
BWEANB = 0.9, B = 0.999, WA IHRIKE 1074,
IR HO B 9500, LI AE A IE B N Intel Xeon
8336C CPUAMISTKNVIDIA A800 GPU.

TEE EIFMT 7, a8 B 25 4850 1% 22 (Mean
Absolute Error, MAE). £ AHALIEF5 bR (Struc-
ture Similarity Index Measure, SSTM ) FlUAE {5
tt(Peak Signal-to-Noise Ratio, PSNR){E A€ & 15
Fro Hor, MAEfS AR B KR 8 BG ) 2 i),
SSIMANPSNRAE b = 2 B H SR AR BT . i hs

H W
1 i i
MAE (0r0f30r0f gt W ; ; ( Orgf Or(jef gt )
(23)
SSIM (Orefvoref—gt)
(Z,Ufref,ugt + Cl) (2Uref ot T 02) (24)

- (/’[’r2cf + /’(’gt + Cl) ( O et + Ugt + 62)
PSNR (Oref7 Oref*gt)

— 20l0gy [ o [Ort_a]) (25)
\/MSE (Oref; Oref—gt)
)

1 H W
MSE (Oreﬁ Oref—gt = 7W Z Z (
o (26)

oY

ref—gt

oY, —

ref

Hrb, Ot M Oergy 73 I N B R AE EUE A H 52 5
E%, HFWHISARBEG K LT R, ureﬁuugt
AN ERERGM LS RERGIREEIE, 0w
Ml o 43 9] g B 58 AR GO 1 512 3R A BB IRl 2
HEZE ) Operg NEE “ﬁ@@'ﬁﬁ% R BB IR
W7, o ey RAETFH, WHEE N0,
max A HUEE #AF

3.2.1 EPHAERIGERAIAT L SCIY

fiH LA B ARt 050.12 rad /s EHRE X
FAERAT NG, PEAS [F) 8 SR A 7 VAT
AR R A PR E R R, ARIERE)
EREEINIEES EESLL@L%DSRLLL £ 40
KI5 . B E—1T h—RKRTE iR, B—FN
ANFRTTIEES ’%éﬁ% Bk, FHE(a)NEBtEE
PR FIISAR S 4 S'E T Bl (b) Ay 1R
STMMEERERME, TRHCOZETE D) 7585
/IR 7712:(Minimum Entropy, MiniEnt). CV-GMTINet
775+ CV-CFUNetJ57%. CVPHD /7%, DDPM
JHER TS E R TTE R RIS R 1A, A

FEXTH, S REAEPRARERETILZR
S X A B TR TRLER], BTtk
53| Lacrosse P &£ flRadarsat-2 T2 F M R £k &
fGE R T RTEMT, Capella B2 MQPS-SAR T A 1
W KL SE TR, 55 REREE
B

BT AR AR g3 s 3F R 5, 1
B E B TEMIMAE, SSIM, PSNRA & 144
feArgE . BT I EEAFR UGS MR 5 T 1
MAE, SSIM, PSNRAHIE & i 6 br e s 1h 5 45 R
T2 K5 . MIAAFIIZG SN RSG5 T e
FEPRI MBS Rk A, AT T IEMIMAE, SSIM,
PSNR A EMZ 545 Ax {8 47 71 280.742, 0.969,
33.518 dBA14.798 bit, MWEF T Htittae. MR T
Xt b7 i3, F)ﬁﬂiiﬁﬁ’]MAE%ﬂ%ﬁ%ﬁﬁ%
SIBRAR T 4.872%4118.011%, SSIMAIPSNR )l 2
JT+0.207%A13.511%, I&iE T Arie 7 iE e R Ao

3.2.2 M REIELRAYFTEL L

NP A [R] 5 AR T IR B e 1 2 AL RE
71, AEJRA AL EXEESE H AR N 1 &R
HN0.15 rad/sHISWIEEE . 6 H bs S 1F Dy
0.12 rad/sHEHE X BERSBEAT I 2R, 10 e X H AR
PEHE 9015 rad /sHIBHRBEATHERE . EILIE
o BRI ZR S I AR A HE AR, AT
B3 M AN [ 2 3R AR 7 VAL B A R e S5 A R Ak
RER I -
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Fig. 4 Comparison results of Sy image focusing using different methods for four types of satellites
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Fig. 5 Comparison results of Sgyimage focusing using different methods for four types of satellites
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Tab. 2 MAE results of different refocusing methods
i 220,45 245, 50 210,50 all
test test test test test test test test test test test test
MiniEnt - - - - - - - - - 1.357 1.429 1.635 1.474
CV-GMTINet 0.948 1.199 1.445 0.936 1.146 1.314 0.905 1.173 1.321 0.940 1.189 1.381 1.158
CV-CFUNet  0.769 0.983 1.260 0.788 1.071 1.157 0.793 1.085 1.173 0.740  0.949 1.134 0.992
CVPHD 0.527  0.648 1.220 1121 0.627 0.729 0.538 1.098 0.767 0.570 0.704 0.815 0.780
DDPM 0.824 0.834 0.817 0.840 0.810 0.766 0.841 0.819 0.810 0.759  0.766  0.746 0.803
FrdR 75 0.543 0.677 1.070 0.778 0.702 0.822 0.571  0.915 0.859 0.483 0.663 0.825 0.742
¥ MiniEnt G mo NG R SR, BRI TIZ.
xR 3 TEIEREFSESSIMIEIRER
Tab. 3 SSIM results of different refocusing methods
4}{@ 7\40345 7\451 50 7\40350 all
EE/Z 40 ;‘;ﬂ 250 240 ::z A0 40 ::51] 250 240 7\2:“ AP0 SSIM M 1
test test test test test test test test test test test test
MiniEnt - - - - - - - - - 0911 0924 0.921 0.919
CV-GMTINet 0.935 0.921  0.909  0.938 0.927 0.919 0942 0.927 0.920 0936 0.923 0.912 0.926
CV-CFUNet 0955 0.942 0924 0954 0935 0932 0954 0934 0931 0959 0.947 0.936 0.942
CVPHD 0.981 0977 0939 0940 0979 0974 0981 0944 0972 0978 0973 0.969 0.967
DDPM 0.923 0903 0912 0907 0918 0925 0922 0905 0910 0937 0949 0.936 0.921
PR 771 0.979 0973 0949 0964 0972 0.968 0.977 0.956 0.965 0.981 0.975 0.966 0.969
7 MiniEnt &S0 B/ NEE R G2, ERIEAT L.
& 4 TRIEREFAPSNRIEIRGR (dB)
Tab. 4 PSNR results of different refocusing methods (dB)
Exﬁ:; 7\4.()345 4?)3 50 49750 7\;11}. )
iﬁﬁ—\c 7\40 7::]5" 7\50 7\40 :ZISI 7\50 7\40 7::: 7\50 7\40 ;Z:H 7\50 PSNR i’/ﬂa T
test test test test test test test test test test test test
MiniEnt - - - - - - - - - 27.868 28.793 28.542 28.401
CV-GMTINet 30.123 28.663 28.171 29.709 28.346 28.091 29.701 27.815 27.978 30.047 28.800 28.379 28.819
CV-CFUNet 30471 29.312 27.628 30.637 27.704 28.979 30.740 27.773 28.854 31.369 29.908 29.559 29.411
CVPHD 34.377 34.548 28.974 28.720 34.548 34.745 34.008 28.525 33.191 33.013 32.140 31.782 32.381
DDPM 30.743 30.566 31.253 30.855 30.669 30.352 30.666 30.484 29.132 31.815 32.640 31.318 30.874
BT d& 752 35.290 33.920 30.521 32.521 33.553 33.611 35.173 30.918 33.106 36.251 34.309 33.042 33.518
¥ MiniEnt Gt Ns B SR, TR T IZ.
* 5 TEERESLEEGEIEFRER (bit)
Tab. 5 Image entropy results of different refocusing methods (bit)
R i o i i K
PECMO N0 MO BN M9 s a0 a0 e MR
MiniEnt - - - - - - - - - 7.589  7.614  7.965  7.723
CV-GMTINet 6.812 6.905 7.523  7.418 6.709 6.814  6.721 7.307 6.613  6.508 6.411  6.506  6.854
CV-CFUNet  6.307 6.413 7.019  6.904 6208 6.312  6.215 6.809 6.106  6.003 5907 6.011  6.351
CVPHD 5.809 5914 6522 6417 5706 5811 5713  6.308 5605 5502 5409 5510  5.852
DDPM 6.125  6.224  6.103  6.358  6.225 6.079  6.154  6.056 5911 5267 5342 6.124  5.997
P Ik 4.803  4.908 5412 5306 4.704  4.809  4.711 5207  4.605  4.402  4.308  4.406  4.798

E: MiniEnt &SRB/ NS E R ETT%, EHR BT,
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th, 5ZFHBERMETENELE, Wik 7 e dExT
T AN R TR T IE L RE T

TH R RR E IR AR T VEAEAS [R) A e T e 1
EEERGE R, PR EIMMAE, SSIM, PSNRAI &
BIEHEFRFIIIME RO R, nTLLVE S|, MHETE
AH R A e s R, & E IR ET RN

'
(b2) (c2)

(b1) (c1) (d1) (e1) (11)

T A B A [F] A e A B R S A i . R
MM, P A EA FR A s EMAE. SSIM,
PSNRAENMG SRR AT T a5 3, sl
J31°50.931, 0.957, 32.410 dBFI5.128 bit, HiHIfT
PFETTEFATT BFREE R A R s B Bz A e RE .

3.3 HELSLIL AR

X P B T A BRI 5| A AR BSOS TR )
AERACIS AR R £k 12 2 5 3R A U7 VR EAT M R Sk 36
B ARIKRS B 22 BURFAE 51 5 R R AN R 22450 2K B 4L
USSR A LA A R

R 7 ok 25 - BURF AT 5 T AR R PR AR R 58 SO A AR
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Fig. 6 Comparison results of Spimage focusing using different methods for four satellites under different rotational speeds of components
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Tab. 6 Mean quantitative indicators of different refocusing methods under different rotational speeds of components

R MAE | SSIM 1 PSNR(dB) t EIGH (bit)
MiniEnt 1.468 0.914 27.815 8.679

CV-GMTINet 1.206 0.922 28.962 7.312

CV-CFUNet 0.999 0.945 29.825 6.769
CVPHD 0.974 0.954 30.794 6.413
DDPM 0.982 0.917 29.452 6.554
P 7% 0.931 0.957 32.410 5.128

TE: RN BUE R R AL
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A, BBREREPURREINBER E BB, AF
BRI B (1425 T Sy, 3 T8 F1 Sy, 4 T8 EUE T AEXT
thgs RanE 7R E8FR, Hp 7Bl (a) MR K,
FEI(O)NSERERME, TR()ZETE(e)s 5
FERIA ., EERIBRIFTIE T IEM R EL R AR
BIMAE, SSIM, PSNRANE & 548 br 1 58 26 7
JiR e
STTAA, FEBR T SR 5] AR, 754
BAMFH BB 2R 1 Jz v ol 2 iR /D 509 1Y) 2 i) AT
FHES S, SEREMREAE. HRTPHEELR
FRUFSE SRR RN, MBI 5, BB AIMAEAR
K5 R 48 b5 2 42 TH3.639% A17.086%, SSIMAI
PSNRIEFRS A FE150.310% 11.912% . %f T 157
B, B THREMKRE, BB RRMRE
L RHLE], FEOREMERE T . SRR TEMLT,
BB MAE R G 05 16 b5 2 B2 F+7.412% A0
5.857%, SSIMAIPSNRIEFRS B BEMK0.310% M
3.022%. IRZEFR, P ARRE 5| S HUN
G EBRREA R THTHRLLIZ 00 E R EMERE.

ol
Cald
(b4)

-25 -20 -15

-10 ) 0

3.4 HFARERESHIBYNRIT

R LA R 72 5 2 P SHE R AR, A SCRE L
EES00MiREA, BEAT3MST A L, G &
T %M S HE UL LAECPURMGP U & b i B ik
FRESE] . SEEGF 5 B & Alntel Xeon 8336C CPUA!
NVIDIA A800 GPU.

T A RS 7, KRB BEfbatch size
WE N X T8/ MG H R ETTEMiniEnt,
S B B 1 HE ) 3 5 TR PSR R — 2
BRmE, 8 —BA, & 248 EGeEHETAT
— UOEAR A AL AN 104, MR ZRBY B
Wesh, 3t N ARSI B TA) B s S0 ) s gk — b
Hh, A AH SN B Bz 18] GRS O A X A2 Ak AN
1o, MR, BWHEENT — By B gk gk
Ko BHEAN—NHIEL, MR KR K8
BT R INERNE R E SR, Hoh iR
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Fig. 7 Comparison results of Sy image focusing using different models for four types of satellites
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Fig. 8 Comparison results of Sgj, image focusing using different models for four types of satellites
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Tab. 7 Mean quantitative indicators for the ablation experiment
(8K GES
ik MAE | SSIM t PSNR(dB) 1 P405 (bit) |
TATRHIE 5] AR BERBIK
HRA x v 0.769 0.966 32.877 5.138
FB v x 0.797 0.966 32.505 5.079
Pl ik v v 0.742 0.969 33.518 4.798

TE: RN BUE R R A

R 8 HEAERESHEYEIL
Tab. 8 Comparison of methods complexity and

inference efficiency

. ZHE CPUSAMWHERI (] GPU ST 7 i ]
Jrik
(M) (s) (s)
MiniEnt - 5.34+0.35 6.4740.47
CV-
12.6 18.8740.21 0.86--0.08
GMTINet
CV-CFUNet  10.9 17.4340.19 0.68+0.07
CVPHD 7.8 9.2340.13 0.4740.05
DDPM 15.3 169.24+40.53 1.0940.12
IR VAR 18.2 189.3440.67 1.2240.09

(AEFL S I BT CPUT &, WA, FFET
K RIS R 7 R GPUR AT AL 35 .
Hrr, CVPHDAECPUMGPU I {14 3 i 8] 35
5, 4rM89.2340.13 sF10.4740.05 so FTHRE RN
HEHE I B fe K, ZECPUMGPU L4351 4189.344
0.67 sF11.2240.09 s.
fEEMiniEnt J7 iAW IR FE M % S 58 5
e HTHXHZNBOIEREZR, FEREENHE
By THE G IR b R, Zid R R R
M4, MELL 7 R AGPUIATIFE . Rk,
MiniEnt#£GPU I FHEF I [A] 0% 5 T CPU. b4k,
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