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Fig.1. Schematic of the simple optical imaging system.
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Fig.2. The single lens imagiry/system.
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Fig.4. Layout schematic of simple optical system and the comparison of restoration results.

WEFRN SRR R S B R R G e R, 2RI 1 i
BHAGK RGN, (/87 5RO RGBS RE R, # BT
HE RGN R R, —ARKRMYUR R EE T FZ—. fHREHERE RGN E
&) 55 HoxH L [ PSFRE A HERA A THa U4 O, BIMER E JR S0%—  th 5 X [ S¢PSF

TFRE . R LHE— DG T o) fa BB B R R gt M LSBT i

10



R MR RIEG R R G ST %
Table 1. Simple lens imaging system and its implementation.
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Fig.5. Final design results of the optical system configuration.
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Table 2. Diffractive optical elements imaging system.

Fes o TAREK (om) R =2
1 410-690 AR AL 7 75 B BT HES PSF RS IR 404, fEf# Peng %5 A1)
Ll AN = | e G NN B o £ AN e A S
2 400-700 ¥ DOE S5 4 i FE g 3 R 7B BILHEAT A, &% Zhao %5 N [Y

BBz T3, ATTRRK R GRS R X
3 visible (designed T E A EIZEE PSF AR HERS, JHEAAAE2ZIE / Beomihathan

at 532) M Sess 225 M JEEME, SEll =4 R4 Y U
4 420-720 A6 DOE I i JEE ARG Ak BB B 28, (g4 N, Dun 2 A\ 189
ek SR EG
5 429-699 11 R R PR AR IR e B X RTS8 0 22 B8/ 968 Dun %5 A4
Res-Unet SR K14, B R HEBGIARE
6 420-680 AT T A A A A £ [ 2% R EHEAT IR A AL Baek 5 N[

s BEMS LB RO IR L R (A

7 visible (designed 181/ % > DOE i & S I AREE AiHse S il 510 228  Heide 25 AL
at 550) A R K1
8 875-1675 1 2 AT i 1B B B RBaL Ah A%, M FH4E9NIER:  Banerji A

EEREREIG [87]

FEME VT AR R SR R B BT 02 A 1 48 Al SRS 1 1l AR AR L A R,
8 Ffrne HITHEMEAR BB R FER AR Z [ B /D, T ORR BRI % &
GLIEEARJE L, PRIt TR ) AR T B B AL AR AR — iz /N T 1% G L

£ M8 2 SR AR T LA BRI S A (L

2013 2015 2015 2017 2018
L C ° . -
Rambus PicoCam Separable mask FlatCam DiffuserCam FZA (Hitachi)
- G oo
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=
ﬁﬂm =1

2022 2020
Lensless Compound Eye Diffractive Optics PhlatCam Spectral DiffuserCam  FZA (Tsinghua U)
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I8 HE s 1 B AGAR L R IR 20134F Rambus S5 25 2 AR A7 JE 5 FR e i e ™, 2015
EBAE Systems /A ] #2 H 7l 43 5 Doubly-Toeplitz# JE%%, Rice k4% HiFlatCam!™; 20174EUC
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Berkeley# t DiffuserCaml™®, [ 37/ & $2 3 T eV H AL R IR 0, 202040 154 k2
PR IERE LA AL, UC Berkeley$i H F T i s O BUR A BT, Rice k24 H Jk
TR FIPhlatCam™®; 20214F KAISTHE Hi AT s 14 ¥ 1% FUDOE®; 20224 3%tk 2
T E B E I R S
Fig.8. Development of mask-modulated lensless camera. Rambus lab proposed the phase
anti-symmetric spiral gratings in 2013. BAE Systems proposed separable Doubly-Toeplitz masks
and Rice university proposed FlatCam in 2015. UC Berkeley proposed DiffuserCam and Hitachi
proposed amplitude mask based on Fresnel zone aperture in 2017. Tsinghua university proposed
the Fresnel zone aperture, UC Berkeley proposed Spectral DiffuserCam, and Ricewniversity
proposed phase mask based PhlatCam in 2020. KAIST proposed DOE for.Hyperspectral-Depth
Imaging in 2021. Tsinghua university proposed lensless compound microsystem in 2022.

2.3 HHIEB L RS

R R T 2 — o R M YK R B e ek s s (R A R 454, B ARV,
B BN BHITCIER L BRI M IRIE . ARAL SRR EAT RE A R
SR I iU W= R 2 AR E BT D R =8 kel KR ) 2 AL 2 N N
i SRR AR, R MR B 2 R G AR e 0 B R A W S TR
THE RS TREEPRARGIFC R, FF@ YK SRR R E, FikiSH
PRI LA RV A AR G5 AP0, Jorh, ARSI A R A BB B TR ISP IR,
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Fig.9. (a) Plasmonic metasurface based on resonance phase. (b) Dielectric ridge waveguide based
on propagation phase. (c) Schematic of the geometric phase with Poincare sphere.
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SRALFT TR IR, NI P ) PR RSB (A 18 7 1), i 10(c) Rt B, %
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WREFPKICE N, O, G WK FEAREE. MR GUR R s,

H T JUART R (7 1R A R T RO M B 1 A R I BT B AR, 9 B LA A
D 5 N S e Al R R 4 A e 1R A 0%, T 5 ON SR O 1 53 R R R TG Ok BT
Khorasaninejad &5 N id fie s — S AL BRGN KA AL T~ ThT PN F0 A X R ARG A T 1%
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BT %, AN R K B O AR A 3R 4T 4%, ATVHER 1200 nm & 1680 nm 75 Bl

frta 2, i 10(f)FRE.

(a) I p (c) X (e)
%S '

FI10 (a) 2 7R #4221 LA S R AR Al 7 R (B Al 1 0 i 0 A (b) RER M R T s I
DAL AN[R] ] S35 A 2 THT PR3 5 o JEE{X%D/&J& EI’J?{M”] (c) Dﬁﬁ&% 1"]. PR
Xz L3 A, (d) HE KB et
(e) MR F e J LA AHLEL R R ;
Fig. 10. (a) The Huygens’ @y as well as the electromagnetlc field distribution of electric
and magnetic dipoles. ( atic of silicon metasurface and the transmission intensity of
metasurface depend iameter and wavelength of silicon cylinder. (c) Schematic diagram of
dielectric ridge waveg d electric field distribution in xz-plane. (d) Side-view and top-view of
the metasurfa ilding block and simulated phase map for the metasurface. (e) Schematic for the
metasurface b block and the geometric phase. (f) Phase profile of integrated-resonant unit
elements based on coupled nano-rods.
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22
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IAGONE (d)

=1 me

K11 HGESRNL () MGHEHE B () SR N BB (o) HiiE
PIRAZHIFL: (d) SELLANBIE B HIFLY N e) I L MBS AL () BB B s
BEZISE R FrrRIL o)

Fig. 11. Metalens cameras. (a) Pancake metalens camera. (b) Metalens of salt grain size. (c)
Metalens thermal imaging camera, (d) Nearinfrared metalens camera. (e) Long-wave infrared
metalens camera. (f)\Metalens array integrated wide-angle camera.

RO, MBI R, I SR RGBS S, AT
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Lucy-Richardson-Rosen 5 e T2 7 4 Hk o = 4 P 2119,

3 EIEBAENL
Table 3. Metal®ns cameras.
e LEEK (um) LIS =4
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Fig.12. Mathematical models of camgressive sensing.
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Fig.13. Classification of coding imaging system. (a) One-to-one map encoding with known
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Fig.16. Categories of simple optical imaging techniques. In clockwise order, they are: Depth
imaging, e.g., PhaseCam3D, the achromatic meta-lens array depth-sensing system; High resolution
and super-resolution imaging, e.g., DOE designed by end-to-end optimization for super-resolution,
imaging by the FlatScope prototype and computat?onal reconstruction of the image; Large depth of
field imaging, e.g., light-field imaging system enabled by the spin-multiplexed metalens array, the

multi-level diffractive lens that exhibits extreme-depth-of-focus imaging; Wide field-of-view

imaging, e.g., the on-chip integrated pu-CE camera, the on-chip 180360 “imaging system,
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metalens array integrated wide-angle camera.
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Advances in Simple and Compact Optical Imaging
Techniques
Liu You-hai Qin Tian-xiang Wang Ying-ce Kang Xing-wang LiuJun Wu Jia‘cheh. Cao
Liang-cai '
(Department of Precision Instrument, Tsinghua University, Beijing 100084, China)
Abstract

Computational imaging enables optical imaging systems to acquire more
information with miniaturized setups,~Cemputational imaging can avoid
the object-image conjugate limitation of the imaging system, and
introduce encoding and decoding processes based on physical optics to
achieve more efficientnformation transmission. It can simultaneously
increase the amount™of information and reduce the complexity of the
system, paving _the way for miniaturized imaging systems. Based on
computational imaging, the simple optical imaging techniques are
developed, which is also called simple optics. To develop miniaturized
optical imaging elements and integrated systems, simple optics employs
the joint design of optical system and image processing algorithms,
realizing high-quality imaging that is comparable to complex optical
systems. The imaging systems are sr211all—size, low-weight, and consume

low-power. With the developments of micro-nano manufacturing, the
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optical elements have evolved from a single lens or a few lenses, to
flat/planar optical elements, such as diffractive optical elements, and
metasurface optical elements. As a result, various lensless and metalens
imaging systems have emerged. Due to the introduction of encoding and
decoding processes, an optical imaging model is developéd to\ represent
the relationship between the target object and the acquired-signal, from
which computational reconstruction is used to, restore the image. In the
Image restoration part, the algorithms are.discussed in three categories,
the classic algorithm, the model-based optimization iterative algorithm
and the deep learning (neural network) algorithm. Besides, the end-to-end
optimization is highlighted because it introduces a new frame to minimize
the complexity of optical system. This review also discusses the imaging
techniques realizedy by simple optics, such as depth imaging,
high-resolution‘and<super-resolution imaging, large field of view imaging,
and extendeddepth of field imaging, as well as their important roles in the
development of consumer electronics, unmanned driving, machine vision,
security monitoring, biomedical devices and metaverse. Last but not least,
the challenges and future developments are prospected.

Keywords: simple optics, computational imaging, lensless, metalens
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