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Incoherent Correlation Digital Holography: Principle, Development,
and Applications
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Abstract According to D. Gabor’s proposal, holography is a coherent imaging technique where the object’s three-
dimensional information is first recorded and then reconstructed from the hologram that obtained through the
interference of object and reference beams. The coherence of light originating from any two points on the object is
required for holographic techniques. However, this requirement on spatial coherence prevents holography from
being used in incoherent light applications. Indeed, the development of incoherent holography is important because
the incoherent light sources widely exist and are easy to obtain in nature compared with the laser source. Merz and
Young first proposed Fresnel-zone-plate coded imaging technique with incoherent illumination and explained their
methodology according to holographic theory. Lohmann further presented wavefront retrieval of incoherent objects
based on the skills of beam split and self-interference of an object beam and a same originated reference beam,
thereby forming the academic idea of incoherent holography. The spatial coherence is no longer necessary in
incoherent holography since using specific beam splitting skills to form the hologram of incoherent illuminated or
self-luminous objects by the interference of two beams that originated from the same point. In the past few decades,
enormous efforts have been addressed to develop the basic principle and reconstruction algorithms and improve
imaging performances and applications of incoherent holography. This review focuses on demonstrating the basic

concept and applications of various incoherent coded aperture correlation digital holography techniques, with or
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without a two-beam interference, to provide a clear picture of recent progress in incoherent holography. We also
discussed the main challenges and limitations of existing methods and potential directions in which efforts can be
made to advance incoherent research holography.

Key words imaging systems; digital holography; incoherent holography; cross-correlation reconstruction; three-

dimensional imaging

OCIS codes 090.1995; 110.1758; 100.1830; 100.3010; 100.6890

1 51 7

JeFEWAR T AR R RE AL RERAEW T 24
APt 2 28 1 Bh X AR R BEAT BE 5T . 88 1 AL Y
A AT S A A N AL S B O X S
SER AT TORTRE RO MR RE . DL U BRAE N
WMLEEHRM A R TR, — ER M A R Az
— o T HE RSB = 4E R R 2 4R R NZ
FIR 37 65 10 PR 19 £ 8 S Bl ol 150 300 5 BB AT S A BR 1)
73 HE O AR - A A5 A i 9 R IR [ 1 4 A
BB X By A5 RE 1Y 52 PR AR A O R 4L
AR —ELAE AN B 57 A0 5 M, I A2 VF 22 0 T 40 0
5 AT . 2 ] R A O U AY 3 kA AR
Ty ARICEE AR A5 A 3 T 2EO0 IR A AR A T R
TR BATH T2 5975 5K DT A5 LU Wy 59 BT 58 K

HET/INAL AR I B A R T oK B9 XS 2 A HLTE
RICAGUISATE) T )2 B9 R R i T A LAt
fE 3 55, FLoxh 8 g 2 AR 0 A2 BR . Mertz Al
Young" 48 X S LR MIBL Y 4T AL ey — A~ IR H ik

Bl 1 AER H AR A A

¥ i (Fresnel zone plate, FZP) , # ¥ FEIR H- i w7 A
1 Ry i FL o 6 Fop L AR 223 G A L AR )5 o AE R
T A5 1) A L A B B85 L xS IRV H A %
585 B I BT R P AR 3 53 R Ok, B O 3 Y Y
P AT E A, AR B AR K 1R . Mertz Al
Young B X — AR T7 2 Fr O AR 9 3R IR B 4 (]
St AR WE 1) fr ) I dE— 4 B Rogers'™ 1Y
PSR T X — UG . AT dE AR AR AR TG R
PRI T o — IR H B VR R g AL
L AR £ T A a3 e 33X A G B L AT O 2 R
TE AT 55 - T A5 21 36 2618 6 5 R 10 8 PRI A, X —
PR A B P Ry 4 L IEL L B AR 1 O K B T 0 1
SR (IR IED (5 B = e A0 B A5 B . 38 3l > 1 i A
T3 2 n s ik i 19 30 748 48 gl mT LA E A 4 B
DTS2 B % Ji2 4 4 4k = 4 % . 1B 1 (b) FifoR R
Mertz Fl Young 4 I 9 52 46 45 28 , 52 56 i) H AN 375 W]
it b AL b T AR IR A ORI AT L Ot ok
ke o S S A RS I R SN Y N A
LK 1o g TR o 8 AR ARy O ik AT 4 LK
PP 6 B

(©
RECONSTRUCTED
HOLOGRAM IMAGE;
!

+ v
POINT OBSTRUCTING
SOURCE LENS sPOT INTERFERENCE

FILTER
EYEPIECE

(a) 4 B P 0 R 2 P (X LR D 5 (b)) SERIC St A 4 B (Z) i

AR AT 5 (o4 B E g 1Ok %

Fig. 1 Images of Fresnel transformation and reconstruction” .

(a) Schematic of the recording of hologram (X-ray star

camera); (b) hologram recorded by the experiment (left) and reconstruction image (lower right); (c¢) light-path of

the hologram reconstruction
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Fig. 2 Schematic of incoherent holographic wave splitting mode

M (a) Amplitude beam splitting by means of a

birefringent double-focus lens; (b) beam splitting by diffraction on a Fresnel zone plate; (c¢) beam splitting by

division of aperture, one half of which is covered by a lens, the other half by a plane plate for compensation of

thickness; (d) beam splitting by division of aperture, which is divided into unequal portions
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based on FINCH in upright fluorescence microscopes'®"!
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Fig. 13 Resolution comparison of wide-field and «-BBO FINCH imaging of fluorescent beads™"

. 8 pm X 8 pm zoomed
selections of 110 nm fluorescent beads for resolution comparison of the same area between (a) wide-field
{luorescence and (b) «-BBO-FINCH images, the [ull {ields were 62 pm X 62 pm; (¢) (d) 1 yrn2 zoomed images
of the same randomly selected beads from Figs. 13(a) and (b), respectively, the beads in the respective parts of
Figs. 13(c¢) and (d) are the same; (e) a histogram of full-width at half-maximum (FWHM) size distributions
among the 20 beads that were measured in Figs. 13(c) and (d), showing the approximately twofold reduction in
FWHM by FINCH; () plots depicting the average FWHM sizes of the 110 nm beads as measured by wide-field
fluorescence and «-BBO-FINCH microscopy, with normalized Gaussian functions of the average width measured

from the 20 selected beads
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Fig. 14 The experiment results of the SRI-FCOACH. (a) The SNR of reconstructed image varied with CPM scattering
degree and number of sparse points; (b) the visibility of reconstructed image varied with CPM scattering degree
and number of sparse points; (c¢) &, N) (product of visibility and signal-to-noise ratio) of reconstructed image
varied with CPM scattering degree and number of sparse points; (d) resolution plate reconstruction with optimal

scattering degree and number of sparse points; (e) direct imaging result
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Fig. 17 Comparison of MP-NLR imaging method with non-linear and conventional imaging
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linear adaptive reconstruction; (f) phase filtering reconstruction
FINCH &8 5. 742 FINCH R BE  RPIE S0 45 R 19 PR . Tahara % i
J¥ , Kelner % 42 1T — il o380 T8 ) 5L 20 46 N P 2 i R A N S U G e o S NI 5 B N
R 2 B e T 2, R R SO R D TR R e R B RBCR R & T R SR R
45 1 RIRT o A A AR R = MR R S B J AR Man 557 B0 UE T3 2 i O AT A

® (i)

W1, RC

,‘./.\l |
\\-'Iwith.igth\l

Source

4z Polanzation sensitive SLM

RC-resolution chart;
BPF-bandpass filter;
BS-beam splitter;
SLM-spatial light modulator;
M-mirror;
CCD-charge-coupled device;
P1 and P2-polarizers.

PR 19 B YR BRI BT T 0 A A ol R T B A BRI O TR B R GO B RIS 45 UYL (D RGO B R B R GD SE s 2
B, Gira) ~ Gii-d) B VIR Y6 T 1 (8 HL 728 6 o 2 | 19 O MR S 41 7 B O 00 1 8 0 = YRR OSB AN RS A Y 45 R L Giire) S0 0
rpe S A AL, Gi-D R T HE B8 Ah 0 5 S, Gi-g) 1 Gi-h) 43 51 W45 R L2 A= {5 B A A 1) 3 %

Fig. 19 Schematic of system optical path and experimental results of Fourier incoherent single channel holography
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(FISCH) recorder™™ . (i) Schematic of system optical path; (ii) experimental results. (ii-a)—(ii-c) are digitally
reconstructed images for z, =30 cm from a single exposure, two, and three exposures holograms, respectively;
(ii-d) is the optically reconstructed equivalent of (ii-b); (ii-e) is a two exposures hologram (shown partially to
reveal details, recorded with 2, =25 cm) and (ii-f) is its digitally reconstructed image at the best plane of focus;
(ii-g) and (ii-h) are optical reconstructions of (ii-e) at the best plane of focus of one of the images and its twin,

respectively
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Fig. 20 Results of depth-of-field extended dual channel imaging experiment with F=COACH system™. (a) (b) Direct

images of objects in two axial positions; (c) direct image with RQPF and DSL; (d) reconstructed image of DOFE-
based modified F=COACH
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Fig. 21 Comparative imaging of three different Golgi
apparatus proteins in Hela cells by wide-field

and «-BBO FINCH™ . (a) Widefield image;

(b) reconstructed results of FINCH;;

(¢)(d) enlarged images in the range shown in

the dotted box in Figs. 21(a) and (b) respectively
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Fig. 22 Computational adaptive 3D fluorescence
microscopic imaging results based on FINCH of
actin-labeled MCF7  breast cancer cells™ .
(a) (b) before and (¢) (d) after AO correction on

different layers within the cell, (a) (c) depth is
2.75 pm, and (b)(d) depth is 6.5 pm
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Fig. 23 Comparison of experimental results of confocal microscopy and confocal FINCH (CINCH) "% . (a) Confocal

images of microtubules; (b) super-resolved CINCH images of microtubules; (c¢) plots of microtubule lateral

FWHM from the images shown in Figs. 23(a) and (b)
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Fig. 24 Incoherent holographic 3D color imaging results

for the dice on different planes based on FINCH™
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Fig. 25 Incoherent off-axis Fourier color holographic
triangular

imaging results based on

interference® . (a)—(c) the hologram
reconstruction images corresponding to three
different color channels respectively; (d) color

reconstruction image after chromatic aberration

correction
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Fig. 26 3D localization of a single 0.1 pm fluorescent
bead based on

(a) Histograms of 68 localizations in x, y, and

0.1 pm red (580/605)

incoherent  holography™ ™ .
2 of one single
fluorescent bead on a coverslip, and the standard
deviations of the measurements are o, =0, =
5 nm and 6, =40 nm; (b) representative image
of a single bead imaged with SIDH acquired in

one 50 ms frame, and the scale bar is 50 pm;

(c) localizations plotted in three dimensions
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Fig. 27 Phase mask acquisition for partial aperture imaging and comparison of imaging results’
of phase mask for PAIS system; (b) comparison of the reconstructed images of PAIS system with different annular

aperture size masks and direct imaging results; (c) acquisition method of phase mask for M-PAIS system;

(d) comparison of imaging results between PAIS and M-PAIS systems
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Fig. 28 COACH scattering medium imaging system and imaging result
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Fig. 29 Structure and experimental results of multispectral imaging system in the COACH system
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