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Abstract: Conventional optical imaging is essentially a process of recording and reproducing the intensity signal of
a scene in the spatial dimension with direct uniform sampling. Therefore, the resolution and information content of
imaging are inevitably constrained by several physical limitations, such as optical diffraction limit and spatial
bandwidth product of the imaging system. How to break these physical limitations and obtain higher resolution and
broader image field of view has been an eternal topic in this field. Computational optical imaging, by combining front-
end optical modulation with back-end signal processing, offers a new approach to surpassing the diffraction limit of
imaging systems and realizing super-resolution imaging. In this paper, we introduce the relevant research efforts on
improving imaging resolution and expanding the spatial bandwidth product through computational optical synthetic
aperture imaging, including the basic theory and technologies based on coherent active synthetic aperture imaging
and incoherent passive synthetic aperture imaging. Furthermore, this paper reveals the pressing demand for
"incoherent, passive, and beyond-diffraction-limit" imaging, identifies the bottlenecks, and provides an outlook on
future research directions and potential technical approaches to address these challenges.

Keywords: optical synthetic aperture detection; computational imaging; super resolution; Fourier ptychography;

incoherent synthetic aperture; far-field imaging

1 35l

M N8 AR I 8 T IR 7 Dok
b FITRAIARASAF TR TR, RN “detection” —iR]HE T
T “detectio” HUHEREE (8 25 2% R R Gen ) B A=
T, Hrp“de” o=, “tectic” MBI, LILE
WA s 25 55 R G2 2R G b AT R0 Y 2 ] ——— A
WEE HARTCFTEI . H 1608 4F73 T -2 5 250K 9 B ids
BEREHAE LA IR U B G, AR I T
DT RS . BARE, RITCEEZBNK
il FRY . BIREARETBUS K A i
BEHAABARNL . oY THLE S R SR RS,
AT R R EEER AR Bt il LU R E 5% T s (1 5
o 1525 THMEEEICH: (charge-coupled device, CCD)
51 @ E ALY K (complementary metal oxide
semiconductor, CMOS) [ &, Jf5 5 A fid k.
ettt AR 2, IR R T AR
WAL, WA AR R A - AR R S
EHE AR H T 130 AZ4ERTA ELEIER, =AY
NS [ R E 0 8 TCHRAE Ty PRI 25 58, 5 DR ) 4
JE B SEIXGAAE S L . DGR N AR A
PSEARMFR L, FIIRTER S Ak ok fe a4 5
L BT SN B AR A TR A O

T

BURRGerh, JIRTEW 336 . S HR L iR
RIGSESFEZ ) — P RGBS HAR R

24 H, SGEMREAR T ZARRT “Br LA
s B UE R, RN TE SO R S P e
BUGSHR, SRR E AR IEZE L L Z T . YL
ZIRR N BRI R, SR, ARGOEF URTARA
F G st R AR S A R 4R RS A B 5%
FEOR SR IR s E& R A2 g iriitsE
REBGLINLIERG, (LRGHME R H bR Z )i i
VA SO0 PN RS DS P 7N A L [
15 2 1B 280 BT AR A 1S TE B TSR HLBE A6 47
IS BRI EER . Rt BRI R
55 BN m RS 52 BT AT R | R0 Bk
Kkf . 23 [al4H 5 (space-bandwidth product, SBP) %
LA 24

T, JEFERURED; TSR . R B
BAFEY T DOCH BUR AR OB g, g
T CAERBUE ., 7R RS 1L 507 1l
BEARRBAARMSS, Jee R R GEATE X IR LF-A
FEAEMAPERAE R, R RGN 25 [A)HF Fa AR IR 2 BR
THEZEE RN, FEE Y a4
B GRE P B S R T F A
YEJE F IO R TR K o R A [ 3 BERAE N R

230090-2



Af%, 2 J6HL TR, 2023, 50(10): 230090

https://doi.org/10.12086/0ee.2023.230090

S AT I N PR G e A R Y
HEFEDR, KA LLRSZBR TG A7 54 BR A &5 =5
BCRAER R s ARl TR RS T
—ANEMGAF S I GE IR A, B2l B ARE B
W STEREAT T EAR AR, FRZ AT A BR 52 0 i)'ty
YR, JRAE R TR RS R R R A T EUR
H/NTT, BRI HBA, BRI,
MG AR E S SR, (HZ BRI BERL . HIFE
T2 G . DHFERAR SRR R ARSI, DG
G IT RS T TR S 46 /), FSEd ey JEBR 4
K, FRZ IR R o P, aTLAYE, 3
A ERBREMEIGE “BAL” . “BARWE .
B 1 B BRI R

AN TR AR B PR I 28R R BRI,
A BR X 2R 58 AR o3 e 1 R BRI AS Bz 12 R Ge AL
R, BARRE RS AR TR R G A
GYHERETT . B ARG A HER R BOR T2 B
T Lukosz i/ #R B, @it 2 /NARLF RS
() UG A G A RRORAR K DA R G RE )
B4 A AL UG R (NG LR R IR) & —Fh 3t F
F2 B0 REBH B AH T BRI B G AL o 38 2 & 5 KB g7
SeR G S (NPEIRME ), X HAR RS T ko
JE4G, PAFmm B E B R R BT
&5 BARtHXT I s S OL T, R H 28 e ny e
Ak, RSB AN EN B HER (S5 S5l
AL, e LA AE S ] A B — S LR ALAR
SEEUOTAERAE, R R ERR R, LT
ERE T, A AR BAR C SRR G2
M. RECEHED TG BB S AL
IR, G RARE AR AR A&
{518 )5 FRTE Lukosz it i “25 (a1 S BL 4% B
e, BRI T PR AT A TSR A R AR A Ak
FERSEN B, R & LR AT AR AAR R 14 52
BIEAH AR, A LA AR A RE SR IH B I ZE 3
IR RGIR R Z S

BEE (R B R AR S AT, JaF USRI T
THE ST, 7E 20 tHhad 90 AR, A H 5 T
Ui VI G2 GBI TN R R A T MG - A 3
BN TEN R T S5 H 0 A L
PTG R 5 R I PRI 5 A B TER AR T
“DHA %" (Computational Imaging) Wiz M4z, 14T
AETEE T ARSI AN BaET

AP DG E A PR L Se ik o B RO
FL AR R T A DA R e A BERE ) B 5 8T, sy,
HROL AR E R — T THRE RO | A
RO BUUE SRR UL AR TR
WSSOI . AETH R AR R T
AR, FHEE] Lukosz T Y “5 (447 SE AR 27 B
W, A RS EORBEBT R AP S b R R
U BARRDE R R ARSE, oA Lukosz #873
P TR TSR R RS R 2, /D “SeiRih]
PHAE, wa il X Rt —8ey” g
WA o FERlE, BEE TR MR AR R A
B2 UG LR — 2P 5 A G AR, TR
BOURT 15 AL AT REME . NI, TRk
Bl HE— P RIE T, SRR EARPIAN T Y T 5
IR FMEZ

TEMHE R, AR LER TR R EOR
TEIL 7G5 WAL AR B 9 I SR o R e
REABARSR A ISR A KHEZL AR 2 v h X A
28 T G A LR BORBEA TR, AL T3 nifsd
AREEIDC B ARBE RS, LIS Gl i
SEA AR BRI 73, BEMIRR R A S n)
R SRR AT TE . 5 AT R IRATE S PO AT
SYROFARE R T 0 BR S R ARG R =0
AT A AL AR B IR S HAE SR e B K e 5
W, 2T Lukosz 48 70 HF I i 1 & i LAREL
AT LA RRARR y “2 A) A S AR SR o £ A DU Y
L, FRATPRE L TR O R A LR EOR
M4, th S ST THE SR, FERA
UTLLAL AT LS B Eh S A LA R AT S FR AL
BETATIE . A8 T AT R TS AL
JAEEIAR , IR H A R TT 03647 T AR . S8 T TR
AT ET AR TIGE S & AR TR,
BT WA TS AR ER B AR O
AR A, B R T HT AR T
JCURWEE | BT R R 0 aa DR SR B B
FAAERIRA T, R /S B T 4 R AR FE 77 1]
DA K figh phe ok 6 [ n] BE B H AR i AR

2 TR S M

e AR I R R — O R i A, B
BT, — D5 /N sl B R G A
SAERIHLRIP M —I0T5 /MG i SR, R LD

230090-3



Af%, 2 J6HL TR, 2023, 50(10): 230090

https://doi.org/10.12086/0ee.2023.230090

FIRT SR R R TR 42, WS 2l iR R 48
JE YUY BUEOREE, B “SCHEBE . AR
DX 43 P 2580 1) P e/ N 85 R AR R G 1 235 i)
PR (JE fRIFRa PR, IF BT 2 BRE 1R A2 5
PER) . AR IR ARG, DL —A 9 = OB R
D5 AW PR AR — R 5 A S DL
RERE B I AL B, TSR R GRS 104%
BRMER, HAKXFRs =1.224f/D, HHhDN
JEERG N, fREERGENE, AFRREK,
RN o3 B 5 A R L 5 AR BUE He

wmE 1(a) B — B RGN &SR, B
Y RGRIRER, ek, RYEE A,
TER GG IREE R, BN R G T AR
KRR B G BERE I E AL . R4 AT i PR
Xt RGESAG S HERE T BRHIAR T 12 RGEFLAR I R ]
RIAT BR Y R e LA PR T U5 3R GE 0 AR 53 g
AR ALRVE N H AR TF Bl T/ BER AR T A% 0 2L
U G, DAARORE R R GRS LA N
RGENRAE T RN F BT, R, Mg &R

Imaging system
Scene

Camera/Lens = iphone
Comparison legend 6s

Canon
‘ G7X &

. Fourier ptychography is
107 performance and cost |«
E competitive
10°
Beyond manufacturing limits,
Dk computational methods are
e 10 neccessary
=
§10°
=
3 10?
(0]
14
104
10° ©

800

200 400 600 1000

Canon T5i === 400 mm

A (300 mm lens) M

s) 5.6

G5 CUAR A3 02 s L EE B R B AR ARG, FERT ARG
G, RGP S EE . AN E LRI
E1(b) s BEONEER, ROCEEG DL K igg T
B A5 RS R A% X iz 28 B Y PR ) 4 T O R A
1976 4F L 51 KH-11 f EB 2248 2.4 m, AT
ERERN 110, 1986 4F & 5 KH-12 19 £ 1
BORETT 0.8 m, DEREBEMEIKE T 17 01,
PRI M2 A B . ANk, TR %
R BAS 24 5 R 48 ARG 2.76 O5 BLIE H, ALt
R DR R R Gk 235 R sUAMELL i,
11990 45 & 5 T3 (i 2 [ B A 1) 258 Rk
2.4m, HMWHFRIBIFE, SIS TR 12423608,
TAEZEAR RS AT AR 100 242370, mimiiE
T4EE 2 AZE TR . T EE T 2007 AR & S
A ER I i T8 9 A5 45 A i R BRI & 2021 4R
A RETIES L HAN, BEE ORI, BREEET
IEXERE . X RGEAARIER | A 1 B A4
[, SEAELPRBIER ARG, —IREINRGEHR
AL, 25 BTk, BT PR ETAR” i AL G g

Image

=== 800mm === 400 mm

A 5 A, A

=== 1600 mm === 1700 mm
756 42 a0

1700 mm
(price_unknown)

107 ¢ - 1600 mm
Low resolution
inexpensive camera: &x
5 High resolution
10 expensive lenses
C i3 1200 mm

B sl 7|

¥~ Regime of
proposed coherent

N 400 mm
s 5.6
Point .and'i
shoot

N 104
10 Balvetl camera arrays
Smart-
phones - 800 mm
108
400 mm
5.6
102 Mid-range DSLR cameras
107" 10° 10 102 108

Distance/m

Low resolution imaging,
consumer cameras suffice

Weight/kilograms

A1

HHRAFE R A%, (a) BRAFERILE S /T2, (b) ZHIEN T RE)

RAZ RGP B AR, EEHFE AR

[2].
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Fig. 5 Tippie's system schematic for obtaining 200-megapixel
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camera scanning and the quantitative enhancement
effect of USAF resolution chart®"
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Fig. 8 Schematic diagram of the camera array Fourier ptychography imaging®”. (a) The single aperture imaging scheme with a size of 12.5

mm; (b) The scheme to achieve 125 mm synthetic aperture imaging results using the camera array; (c) The imaging scheme in (b) using the
aperture scanning to obtain effective high-resolution imaging results
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Fig. 9 Synthetic apertures for long-range and subdiffraction-limited visible imaging using Fourier ptychography .
(a) Imaging schematic; (b) Structural diagram of the system at 1 m imaging distance
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Fig. 10 FP for improving spatial resolution in diffuse objects®™. (a) Resolution of a USAF target under coherent light under various imaging

modalities; (b) Magnified regions of various bar groups recovered by the five techniques; (c) Contrast of the bars as a function of feature size;
(d) Speckle size and resolution loss are inversely proportional to the size of the imaging aperture
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Fig. 13 Constructed vehicle dynamic pursuit imaging results“?. (a) Comparison of imaging results; (b, ¢) Comparison of magnified details;
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Fig. 14 12 m far-field imaging experiments based on quasi-plane wave. (a) Experimental setup of the R-FP system; (b) The poker card
scenario as the detection target; (c) Partial area enlargement of the R-FP system and low-resolution image capture; (d) Raw image of target by

the sub-aperture and corresponding line profile; (e) The result of cumulative averaging method and corresponding line profile;
(f) Reconstruction result of R-FP with TV regularization and corresponding line profile
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Classification and development of synthetic aperture technique in the far-field detection

Overview: More than 80% of human perception of external information comes from vision, and acquiring more
information about the objective world is the eternal goal of human pursuit. Conventional optical imaging is essentially a
process of recording and reproducing the intensity signal of a scene in the spatial dimension with direct uniform
sampling. Therefore, the resolution and information content of imaging are inevitably constrained by several physical
limitations such as optical diffraction limit, and spatial bandwidth product of the imaging system. How to break these
physical limitations and obtain higher resolution and broader image field of view has been an eternal topic in this field.
Computational optical imaging, by combining front-end optical modulation with back-end signal processing, offers a
new approach to surpassing the diffraction limit of imaging systems and realizing super-resolution imaging. Although
synthetic aperture techniques first exploited the idea of computational optical imaging to achieve resolution
enhancement, they have never been encapsulated as a system in computational optical imaging. In this paper, we
introduce the relevant research efforts on improving imaging resolution and expanding the spatial bandwidth product
through computational optical synthetic aperture imaging, including the basic theory and technologies based on
coherent active synthetic aperture imaging and incoherent passive synthetic aperture imaging. Furthermore, this paper
reveals the pressing demand for "incoherent, passive, and beyond-diffraction-limit" imaging, identifies the bottlenecks,
and provides an outlook on future research directions and potential technical approaches to address these challenges.
The rapidly advancing computational imaging technology has provided new ideas, methods, and theories for far-field
synthetic aperture detection. It significantly enhances the imaging efficiency of traditional synthetic aperture techniques
and reduces excessive reliance on "interferometric phase acquisition” in synthetic aperture technology. It breaks through
the functional/performance boundaries that traditional synthetic aperture technology can achieve and provides
possibilities for extensive expansion and extension in the field of far-field synthetic aperture. Within the current
computational imaging system, there are still a series of new concepts and new imaging techniques that are being
perfected. It can be anticipated that as a branch of computational imaging, far-field optical synthetic aperture detection
technology will undoubtedly experience rapid development and bring forth more possibilities in remote sensing,
military reconnaissance, and near-Earth satellite detection, among other fields.
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