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Fig. 1. (a) Structure diagram of eight-aperture ring array of
synthetic aperture system; (b) optical system PSF after dis-

persion.
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Fig. 2. MFE-GAN General frame diagram.
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Fig. 3. Multi-scale feature aggregation module.
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TR, PRIHAR SCIE S SE 0 2 R S 4E 9N IR I (Wie-
ner filtering, WF) 5.5 B, BL TR B2~ > 1) LA
9 Deblur GAN %5.3: 10 SRN &4 6], MPR-Net
By 1A Stripformer B35 20 5 MFE-GAN 53k
PEATRS LG HARATAAEEERANTEL 8 s, Hoh [ 8(a)
G I S, K] 8(b) A £t A LR IR 1k
BRI AR AR S, K 8(c)—(g) 4351 R % L3R
RS, 5] 8(h) S MFE-GAN Fik T #i 4k

45
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(b)

K7 (a) BIGEERS (b) B EIGA H

Fig. 7. Comparison between original image (a) and degraded image(b).

T 2BV A T R R RCR, TIAE(E
{5 M LL . S5 R ARARLEE | AT 2% > B R TR SR AR AL
(learned perceptual image patch similarity, LPIPS)
A0 o 5 B B (Fréchet inception distance, FID)
4 MG BT P bR e, Horh ) R(EAF MR L8 AR TE
B2 XA RGNS R TR L 254
FARLBERE ARG 25 18 T A UG RN 5 i R T 5
JE X LG BE R R 75 T A AR AT 2 >0 SR AR
HORHARLRE 3 3 2% > SR HVRRAE SR DAk W 5K (5145 = 1]
(1) 26 S FARBLEE | BRASHT Ml S W N SR D S v i)
2557 J1ER BREE BT I A i RGN s 46 P 15 s A
FEHYINZR) Inception M 4% H HEATHFIE AR J KT
P9 RS PTG 1Y) 2 5. {1, PSNR, SSIM {8 K,
i LPTPS, FID /N3 W A pf 4 1 4R S 5 B8
B AR R AT A AR an gk 2 Al

2 NSRRI,

Table 2.  Quantitative experiment results of differ-

ent algorithms.
X LAk PSNR/dB SSIM LPIPS FID

Wiener filtering 15.227 0.5452  0.0896 3.9776
Deblur GAN 22.379 0.7011  0.0383 1.2534

SRN 17.639 0.6588  0.0697  2.1246
MPR-Net 24.725 0.7364 0.0515 0.5728
Stripformer 26.013 0.7556  0.0384 0.7138
Ours 26.408 0.7890 0.0363 0.8979

H A 08 LE AT ZE R R 8 W] UL, A g ik
AEUE P TTIEA AR S, IR BA W] B
W, AR 2 P s E di SC 4 R A WA £ T4 EL A

SERAR AR AR T AR, {Ch 15.227 1 0.5452, [F]ET
LPIPS 1 FID 545451k 0.0896 F1 3.9776, FmA:
WEMR R 22, SRS 2B K; Deblur GAN
SRR AR B R AR SRR B R 25k 3 oy I A
YT AIAEAE MR B, BEAREE PR I Al S W
{EAF M L ANZS R ARBLEE A 22.379 i1 0.7011, LPIPS
A1 FID 4351k 0.0383 1 1.2534; SRN 523 1942 i,
MG RCR NS 22, FE R ES M I AR i th e, HH
0 S N (A G A i o A e,
WA IEMELE Ry 17.639, Z5FAARIIEE N 0.6588, LPIPS
F1 FID 43514 0.0697 1 2.1246; MPR-Net &3 1Y
A S R T, ARG I A /b, (R R A
FIG T T, o EUR R B A 2k, (e
{EME LR 24.725, ZE5FIARIIEE R 0.7364; Stripformer
= R7 R (R N ol NG /-8 = = 8 W o S A
SRR /NS B, Wik 8(g) kAL
EIMG R A7 B4 R e AR I 52 5t AHLL T LRk
2, RSO T ] LA s & AR AR S, AU
REARATIR S UG BB AR S5, XA 5 B A2
R EAG, FEEAE R L A S A AR R B T
0.395 F1 0.0334, LPIPS Fl FID 43 % & 0.0363 1
0.8979.

BTG AL G RGBS T I RS B
5, AT R E IR A AT DL S OGHEIR 1R
EUR SRR ., it — 2P B ki oy i i R
EHAZ 3 P AR 44 1 25 I n 2 i T AR AL A
&, HIER BILEGHITE EATLE, anE 9 s,
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B8 XTI T AL EE R (a) ARV T R (b) IBALIEIE; (o) EHIEH 1%, (d) Deblur GAN 59%; (e) SRN 5% (f) MPR-
Net 87 (g) Stripformer 5.3, (h) A< SCH 7k

Fig. 8. Visualization results of comparison experiment: (a) Clear image; (b) degraded image; (c) Wiener filtering; (d) Deblur GAN;
(e) SRN; (f) MPR-Net; (g) Stripformer; (h) our proposed method.

Kl 9(a) A n = 0 W IE2 i 2R G R 4 fit, U B R B, BARE EA R anIE 10

R, 1B 9(b)—(d) 4R R F 4 2 TR AR, 7.
RS 2 T n BB HT P, SRR IR R BRI HIPE 10 P 0L, ARG T =0F1n =1

WHEZ N, 20 R IR 45 Rid R L. B R AR LT IC], 24 n HERE 10 B, A 21
AR SCHR AR I s AR Bk FEM ] LA I 5 R JREREA Y X BN O T B — AT A Y
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(a) (b) T (o)
Aw

B9 ORIl £ 5 25 5 T A IR Ak R
Fig. 9. Degraded images under the influence of different ringing gains: (a) n=20; (b

(a) n=0;

| .

b)yn=1;(c) n=2;(d) n=

3
Il
=
—~
o
N
3
|
N
—
[=F
=
3
Il
=
o

K10 AR IR 457 W T AR SCO7 ¥R R A S T 45 2R
Fig. 10. Results of image restoration obtained by this method under the influence of different ringing gains: (a) n = 0; (b) n = 1;
(c) n=2;(d) n=10.

Pt BEHCIR S 1S 25 1 n = 10 19 Z 45 U
TR, 5 3 PR ) & R 5 it AT AT .
& 11 AT WL, Deblur GAN (%42 4% 1A RALJH
FlH BB B Ah s, HBR R A fW2s; SRN XK
PNER N =R E X SN (BRSNS L 7y =B iR (gt
B4 IR EE AR5 ; MPR-Net J5 8% 45 #4457 AE Ab
PRACHT, BEAR G R T AR B, (R R AR A
f1; Stripformer J5 A4z i1 R & & R4y 1 26
YR S AR SO ARG B 4 A 1 T TR LR LS 1)
SHE R, LRI, —ERE LK T
TR B AR 3 Al
AR, A SOy BT84 U A
TRAF I 5 AR, sk B B AR (O 2 R s A5 7
WAL, BARZ A 12 R, Hd, B 12(a) R
ek EIE, | 12(b) iRk L 5 E
1%, B 12(c) AR SCE JFG A % . &5t it
JEWEIEAE DL, AR SOy v] LUK HL A R 1 B
BB 2t JFAR EUR I 45 H0 (5 BRI 5 8, X1

(a)n=0;(b)n=1;(c) n=2; (d) n=10

BASEEAEME T O, A SOk T LS R AR
SERRIE, JFO AR AN (5 2.
3 En = 10BN T ARG E I
i

Table 3. Quantitative experimental results of dif-

ferent algorithms under the influence of ringing gain

(n=10).
XF ek PSNR/dB SSIM LPIPS
Deblur GAN 16.867 0.6278 0.1006
SRN 19.369 0.7454 0.0545
MPR-Net 20.166 0.7624 0.0437
Stripformer 22.023 0.7472 0.0483
Ours 22.162 0.7702 0.0426

3.4 HRMSCIS

A BIE AR SC T v R A AR X A X 2% A i
RERYRZ I, PEATIH AL S0, 6 e R BRI Al 4,
HALZE A SRR FEASAS . HLAH Fl 52 56 45 5
2% 4 Frd), bRl NV FoRERIE I gad A s T
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11 IR 0= 10 I, RSO EES HAL TS X BRI R RS R T IE (a) KL, (b) Deblur GAN 53 (c) SRN 1%,
(d) MPR-Net #%%; (e) Stripformer 8.3 (f) A ik

Fig. 11. Comparison of image restoration results between the proposed method and other methods under the influence of ringing
gain (n = 10): (a) Damaged image; (b) Deblur GAN; (c) SRN; (d) MPR-Net; (e) Stripformer; (f) our proposed method.

K12 PO RwRARBMEEER  (a) o5 KGR (b) IBIL5MLL R K, (o) A SCRE RS 1A R4
Fig. 12. Repair results of abnormal light degradation images: (a) Abnormal light image; (b) degraded images of light anomalies;

(c) generated image after restoration of ours.

Xt . A SR 1S 4 R AL ST A, R RIS, SR 4 FORTESRMG 3 I2ERf B 5| A
W 1 R AR ZR R U-Net 54915 0 H il REIEE ;SR 55 9 SR 2 REEHI B 4%
HMG 2 KR U-Net JEAiH 15| AZ RBERHIERL& HEFTHIB, W 5 R AE A A I U-Net 25
B S 3 R TE 2 ] RHIE Rl & O ZEAT B 51 A Hay 22 N RPAIR B BB AN il i A B S 6
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#4

T Rl S 90 K X HE

Table 4. Comparison of G1 ablation data of coarse repair network.

A U-Net ZRERMERAHER kst RAEESE S ZNEHH% PSNR/IB  SSIM - LPIPS  FID
s Vv 19.306  0.5865 0.0841 1.2976
SRME2 Y vV 21.904  0.6714 0.0833 1.0742
HWE3 Vv Vv Vv 23.872  0.6927 0.0579  0.9103
g4 Vv Vv Vv Vv 25.425  0.7563 0.0515 0.9157
M5 Vv Vv Vv Vv 23.261  0.7401 0.0604 0.9247
WG Vv Vv Vv Vv 22.558  0.7342  0.0739  0.9508
KT Vv Vv Vv Vv 23.074  0.7095 0.0637 0.9460
HmEs Vv Y Vv 20.839  0.6584 0.0799 0.9882
Pl Vv Vv Vv 22.944  0.6627 0.0682 0.9763

IRV Vv Vv Vv Vv 26.408  0.7890 0.0363 0.8979

FORTERMG 5 B BEEAN B R G BE R, AR
PRSI, S0 7 R AR R e 4 & B

B, X U-Net #ki% 4253 51 R R AE s e e,
[R5 | AR B 22 RUBEHI 51 2% 5 SR 8 Fom
AR 2 ROBEARHE Rl A A ORTRRIE s asei, (3G
TR B IR Z2 IR 30 1] e 21 5 X AR X 2%
R RESE s SRl 9 FRORTURH U-Net 2514 | ¢
TE SR AT 22 KRB F . SEER 28 RXT Han sk 4
JIr 5.

FEmE 1R U-Net 2544 (/) Az BOGHIT I 28 B
DA ({75 R LU RN Z5 A AR DL B LU AKATR, 43531124 19.306
H10.5865, IXAF AL BLLE R0 2 Rmg 2 51 A
Z ROEFHERL GBI, AR H T BRI 2 R
FEAE, WA A7 I LU RN A5 R4 AR BLRE R | S 3
A 22 ROBERRE il 5 B oI ARRAE I i A
e, (A HE R W 28 5O oG BR i 2 REEFRRE, &
Ji 25 SRk — 2 P ey, WA (A M LU RN A5 #4 A ABLAE 43
S 3 23.872 1 0.6927, LPIPS H1 FID 435 M
0.0579 F1 0.9103; JME 4 FEGRISERFHIMATR &3
B, O BRI SRR, Ak T &R R
I (R M LY R 45 H4) A RUH: 23 i) 2 755 31 25.425
H10.7563; Mg 5 BUH T R AL, KA a8 ek
Sk 22 RUBEFI 25, A5 3 A Do 28 B Al 8, (L PR ke
DR INE, ZEAM TR 4 302, K% 6 Al
PG 7 FESARSORIEXT LT, IR TR 2 RS
BEHCFNARAE SR A IARSS G SR B A SRk 8 .
PN WO, 45 AW (515 LU NS5 R4 AR (U R R
JEF B SR O TESRME 7 BFERN_FHUN T
He, (I F M L N2 A AL 43 501 T PR 3] 22.944
#10.6627, LPIPS F1 FID 4354 0.0682 F1 0.9763,
UINRE =Wk s N PA S

AR SCHRE Y — T T 22 ROBE AR AR 3 5 1 5 AL
B F U S JE 5, xS AL 6 R G g
BRI L1 15 B R E s e, Se v i hn
EUL R B S5 F {5 B, RIB R A TR
B B T B R I 4% %o S B £ B R S TR
£ NWPU-RESISC45 i A4 TR B IOk
AT AR AR A AT REAPIAR b S 30 24 7 52 i 52
55, M T G2 R G MR )R R 2 RS
R, HEA A 0E M. AR &
TR R, BE A R A IR A 1R Ak E
1%, T & 45 R AE PSNR Fl SSIM A, $8 bk _E 43 1)
BT 1.51% F1 4.42%, LPIPS Fl FID $8#5 |4
A F] 0.0363 F1 0.8979. ILAMNEUh KR B 1 &
BOCEOCAA RS HIEN, A kRl LE
JEL, GEBA T A AR S PR o i S . AR SO
P ERAE R EUR Y 2 RE (G B TR E Rl
T U AR 28 SRR SR, 58 2B s fa xR Ak
UGS JE T (RIS, JC B S &2 5, Aok TAE
W BT X AR T A BT, B s E R L
AL R LA P TR RS R, (S
H TN, ARG S & R R T oK

SR T R BE 6 HL R BT BT 0 | a3 I S A
SGRAL SR A B SOt RGBTSR

S 30k
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Abstract

With the wide applications of high-resolution imaging technology in topographic mapping, astronomical

observation, and military reconnaissance and other fields, the requirements for imaging resolution of optical

system are becoming higher and higher . According to the diffraction limit and Rayleigh criterion, the imaging

resolution of the optical system is proportional to the size of the aperture of the system, but affected by the

material and the processing of the optical component: the single aperture of the optical system cannot be
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infinitely enlarged. Therefore the synthetic aperture technology is proposed to replace the single large aperture
optical system. Owing to the effect of sub-aperture arrangement and light scattering, the imaging of synthetic
aperture optical system will be degraded because of insufficient light area and phase distortion. The traditional
imaging restoration algorithm of synthetic aperture optical system is sensitive to noise, overly relies on degraded
model, requires a lot of manually designed models, and has poor adaptability. To solve this problem, a multi-
scale feature enhancement method of restoring the synthetic aperture optical image is proposed in this work. U-
Net is used to obtain multi-scale feature, and self-attention in mixed domain is used to improve the ability of of
the network to extract the features in space and channel. Multi-scale feature fusion module and feature
enhancement module are constructed to fuse the information between features on different scales. The
information interaction mode of the codec layer is optimized, the attention of the whole network to the real
structure of the original image is enhanced, and the artifact interference caused by ringing is avoided in the
process of restoration. The final experimental results are 1.51%, 4.42% and 5.22% higher than those from the
advanced deep learning algorithms in the evaluation indexes of peak signal-to-noise ratio, structural similarity
and perceived similarity, respectively. In addition, the method presented in this work has a good restoration
effect on the degraded images to different degrees of synthetic aperture, and can effectively restore the degraded
images and the images with abnormal light, so as to solve the problem of imaging degradation of synthetic
aperture optical system. The feasibility of deep learning method in synthetic aperture optical image restoration
is proved.
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