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Resolution, super-resolution and spatial bandwidth product
expansion——some thoughts from the perspective of

computational optical imaging

ZUO Chao'**", CHEN Qian?"
(1. Smart Computational Imaging Laboratory (SCILab), School of Electronic and Optical Engineering,
Nanjing University of Science and Technology, Nanjing 210094, China;
2. Jiangsu Key Laboratory of Spectral Imaging and Intelligent Sense, Nanjing University of
Science and Technology, Nanjing 210094, China;
3. Smart Computational Imaging Research Institute (SCIRI) of Nanjing University of
Science and Technology, Nanjing 210019, China)

* Corresponding author, E-mail: zuochao@njust.edu.cn; chengian@njust.edu.cn

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. In this process, the resolution and in-
formation content of imaging are inevitably constrained by several physical limitations such as optical dif-
fraction limit, detector sampling, 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. In this paper, we introduce the basic theories and technologies associated with the resolution, super-
resolution, and spatial bandwidth product expansion, as well as some examples in the field of computational
optical imaging. By placing these specific cases into the higher dimensional framework of "computational
optical imaging", this paper reveals that most of them can be understood as a "spatial bandwidth regulation”
scheme, i.e., a process of exploiting the available degrees of freedom of the imaging system to optimally en-
code, decode, and transmit information within the constraints of the limited spatial bandwidth of the imaging
system, or figuratively speaking - "dancing with shackles". This is essentially a legal trade-off and choice
between "gain" and "loss" under physical constraints. The conclusions of this paper are expected to provide
valuable insights into the design and exploration of new imaging mechanisms and methods for various com-
plex practical imaging applications.

Key words: resolution; super-resolution; diffraction limit; sub-pixel; spatial bandwidth product; computation-

al optics; computational imaging; computational photography
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Fig. 12 Shannon-Nyquist sampling theorem. (a) The correct periodic variation of the signal can be captured when the

sampling spacing exactly satisfies the Nyquist sampling frequency 2 fiax; (b) the correct periodic signal cannot be cap-

tured when the sampling spacing is less than the Nyquist sampling frequency 2fnax; (c) when the Nyquist sampling

frequency is satisfied, the original signal spectrum is replicated along the frequency domain but no aliasing occurs; (d)

the signal spectrum is overlapped when the Nyquist sampling frequency is not satisfied
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Fig. 13 Nyquist sampling limit (mosaic effect) limited by detector image element size. (a) Information aliasing caused by un-

S pixels

der-sampling of pixels (too large pixel size); (b) The case when the Nyquist sampling limit is exactly satisfied; (c)
imaging results of a typical thermal imaging camera for a human target at different distances (image element size of
38 um, pixels of 320 x 240, and a lens of 50 mm focal length)
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quency marginal) 457 . % (convolution ) F1 B i}
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YH 53 A PR B A 25 8], 3 SRR U pe, HAs
(AL HE 5 Y6277 B S 2 To— 191 A Y 2 A5
B XA ARS8 5341 R AR — R T LA 2
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Tab.1 Properties of WDF

Properties

Representation

Explanation

Realness
Spatial marginal property

Spatial frequency marginal property

Convolution property

Ux)=U, (x)§Uz(x) W(x,u) =W, (x,u)§Wz(x,u)

Instantaneous frequency

W(x,u)eR
I(x):fW(x,u)du

S(u):jW(x,u)dx
Ux)=U;(x)Uz(x) W(x,u)=W, (x,u)§>Wz (x,u)

qu(x,u)du
f W (x,u)du C2n

W is always a real function
1(x) is the intensity
S (u) is the power spectrum

® is the convolution over x
X
® is the convolution over u
u

1 Vo (x) ¢ (x) is the phase component
Ve (x) is the instantaneous frequency
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Tab.2 Common optical transformations of WDF

Optical transformations Representation

Explanation

Fresnel diffraction

Chirp modulation (lens)

Fourier transform
(Fraunhofer diffraction)

Fractional Fourier transform

W (x,u) = Wo (x,u/ M)

MR

Beam amplifier (compressor)

First order optical system

W, (x,u) = Wy (x — Azu,u)

af
Wy (x,u) = Wy (—u,x)

W(x,u) = Wg(x,u+ X

W[A,H (x,u) = Wy (xcosf—usinf,ucos + xsinf)

A is the wavelength
z is diffraction distance

A is the wavelength
fis the focal length of lens

U is the Fourier transform of signal

ﬁg is the Fractional Fourier transform, @ is the rotation angle

M is the magnification

A, B, C, D corresponding to first order optical system

(@) Iu (b)

»

i
i
-

K15 W USSR e A AR AE . () FEIREAZ 4 (b) Chirp P81 GESE) 3 (o) 7 2848 (d) 20 7 28 46t

(e)JCHHRAR

Fig. 15 The characterization of common signal transformations in phase space. (a) Fresnel propagation; (b) Chirp modulation

(lens); (c) Fourier transform; (d) Fractional Fourier transform; (¢) beam magnifier
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Fig. 16 For conventional optical systems, the two parameters of the field of view and resolution are contradictory and cannot

be accommodated at the same time. (a) Field of view of 35 mm SLR cameras at different focal lengths; (b) typical im-

ages captured by 35 mm SLR cameras at different focal lengths
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Tab.3 Spatial bandwidth product of typical 35 mm SLR lens

Focal length/mm Fijcld of vie\::/ Typical Equivalent ' Resolution/um SBP Angular
(Diagonal)/(°) F# NA (Incident wavelength 550 nm) (Megapixel/MP) resolution/mrad

8 180 35 0.14 2.396 3.35 0.29

20 94.5 1.8 0.27 1.242 12.4 0.06

50 46.8 1.2 0.41 0.818 28.7 0.016

85 28.6 1.4 0.35 0.959 20.9 0.011

100 244 2.8 0.17 1.973 4.9 0.018

200 12.3 4 0.12 2.795 24 0.013

400 6.2 5.6 0.08 4.193 1.1 0.009

1000 2.5 8 0.06 5.591 0.61 0.005
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Fig. 17 There is a tradeoff between the resolution and
FOV in traditional microscopes: the FOV under
low-magnification objective is large with the low
resolution; for high-magnification objective, the
resolution is improved while the FOV is reduced

dramatically
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Tab. 4 Spatial bandwidth product of typical microscop-

ic objectives

' Obj'ectives ' Resolution/nm SBP

(Magmﬁcatlfm /Numerical (Incident wavelength (Megapixel/MP)

aperture/Field number) 532 nm)

1.25%/0.04/26.5 8113 21.5
2x/0.08/26.5 4057 335
4%/0.16/26.5 2028 335
10%/0.3/26.5 1082 18.9
20%/0.5/26.5 649 13.1
40%/0.75/26.5 433 7.4
60%/0.9/26.5 361 4.7
100%/1.3/26.5 250 35

5 (k) Boysh—RTE

8] A 5T AR 42 A AL A
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Fig. 18 Lukosz-type superresolution system. The signal in the object plane (OP) is propagated to the first grating (G1). The

encoded signal is then imaged to the conjugate plane located at the second grating (G2) by the 4f imaging system con-

sisting of two Fourier lenses, L; and L,. The system aperture of size A resides in the Fraunhofer plane (FP). The de-

coded signal is observed in the image plane (IP) of the system
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Fig. 19 Phase-space diagram of the superresolution system. (a) Signal passing the 4f system without encoding; (b) signal with

a bandwidth exceeding the pass band of the 4f system by a factor of two; (c) before the first grating (G1); (d) after G1;

(e) encoded signal after passing the 4f system and before the second grating (G2); (f) after G2; (g) signal back-propag-

ated to the image plane IP; and (h) after removing artifacts outside the signal area
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Fig. 21 Synthetic Aperture Ladar (SAR)!'™. (a) Principle diagram of laser synthetic aperture radar imaging based on optical

fibers developed by Aerospace Corporation of the United States; (b) comparison of imaging results (right image is dif-

fraction-limited imaging results, left image is synthetic aperture results)
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Fig. 24 Principle of incoherent synthetic aperture technology

1. (a) Process for synthetic aperture super-resolution imaging

based on time and aperture division synthetic aperture of phase reconstructive; (b) point spread function optimization

based on time and aperture division synthetic aperture of phase reconstructive; (c) image comparison before and after

super resolution
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Fig. 33  Single-frame super-resolution image reconstruction algorithm based on deep learning!"*. (a) Block diagram of single-

frame image super-resolution neural network structure based on image feature extraction; (b) results of single-frame

image neural network super-resolution reconstruction. Although the image details become clearer, most of them do

not match with the real image at all
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Fig. 36 The principle of coded aperture pixel super-resolution imaging!'!. (a) Schematic diagram of optical path structure of
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coded aperture constructive imaging
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Fig. 37 Typical experimental results of coded aperture-based pixel super-resolution imaging technique!''®. (a) Long-wave in-

frared imaging system for standard resolution target imaging test; (b)—(d) comparison of imaging resolution before

and after applying pixel super-resolution algorithm on USAF target and vehicle
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Fig. 38 Gigapan panoramic imaging system and the gigapixel panorama image obtained by stitching
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Fig. 39 Integration and stitching of multiple detectors. (a) MOA-cam3 is composed of 10 CCD4482 chips; (b) the Gaia Astro-

nomical Telescope's focal plane array consists of 106 CCDs stitched together; (c) the focal plane array of the Large

Synoptic Survey Telescope (LSST) is composed of 21 modules. Each module consists of 9 CCD detectors; (d) the

correction mirror of large sky area multi-target spectral astronomical telescope is composed of 24 hexagonal lenses
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Fig. 40 ARGUS-IS system and its imaging results. (a) ARGUS-IS system appearance; (b) the system adopts 368 image

sensors and four main lenses, of which 92 sensors are in one group and share one main lens. By skillfully setting the

installation position of the sensors, the images obtained by each group of sensors are misaligned to complement each

other, and then by image stitching, a better overall imaging result can be obtained. (c) This imaging system effect-

ively covers a ground area of 7.2 kmx7.2 km at 6000 m altitude
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Fig. 41 Multi-camera stitching system. (a) Immerge, a light field acquisition system developed by Lytro; (b) Stanford semi-

ring camera array system; (c) Stanford planar camera array system; (d) CAMatrix ring camera array system;

(e) Tsinghua University birdcage camera array system
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Fig. 42 Bionic compound eye imaging system; (a) Bionic compound eye imaging device Panoptic designed and developed by

a research team at the Swiss Federal Institute of Technology Lausanne (EPFL); (b) large field of view high-resolution

OMNI-R system; (c) Avery ground-based telescope Evryscope developed by Nicholas Law
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Fig. 43 Multiscale imaging system. (a) AWARE-2 architecture; (b) AWARE-10 architecture; (c) AWARE-40 architecture
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Fig. 44 SBP representation for different Fresnel-type holograms in Wigner space. (a) Original SBP of the object; (b) SBP for

in-line geometry; and (c) SBP for off-axis geometry matching on the different elementary apertures
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Fig. 45 Synthetic aperture-based digital holographic microscopy®”. (a) Spectrum after synthetic aperture; (b) conventional

single-aperture low-resolution reconstruction; (c) high-resolution reconstruction after synthetic aperture
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Fig. 46 Fourier ptychographic microscopy uses a 2x 0.08 NA objective and achieves an imaging resolution of approximately

20x objective in its large field of view through synthetic aperture®"!
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Fig. 47 High throughput quantitative microscopic imaging based on annular illumination Fourier ptychographic microscopy™®!
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Fig. 48 Schematic diagrams of the sub-pixel super-resolution based lensfree on-chip imaging setup. (a) Sub-pixel shifting of

illumination source®”; (b) 2D horizontal sub-pixel sensor motion®*; (c) fiber-optic array based source scanning™*,

(d) illumination wavelength scanning?®®; (e) axial scanning with multiple sample-to-sensor distances®; (f) active

source micro-scanning using parallel plates#*”



1150 R EDEE (FRgEso)

15%

9.5 hr

1 mm

0
:00___00:27:00 00:36:00 00:45:00
"Il (d6) Cell A (d7) (d8)

L
Cell By

00:54:00 07:21:00 15:00:00

K49 TiBEEBHUESR . () B R T AR 22451, (b1-b9) 18] (a) FPELHE DX BRIV AS R AL RS 3 HE
MU FFEE R (o) e T 2R Al JEiE B A IR SE, Hela 1ML 23 IRIZ 4550 (d) & () Areal XIRER

RN 5 R

Fig. 49 Lens-free microscopic imaging results. (a) Full-field results of embryonic stem cells from a projection-based imaging
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(d) time-series results of pixel super-resolution of Areal in (c)
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