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A B S T R A C T   

Edge enhancement is emerging as an essential technique for object recognition in recent years. The edge 
detection of three-dimensional (3D) imaging has been successfully demonstrated in Fresnel incoherent corre
lation holograph (FINCH) system; however, with a relatively low resolution which needs to be further improved 
to meet practical requirements. In this work, a modified Michelson interferometer system using a spatial light 
modulator (SLM) is proposed, which realizes 3D vortex imaging with high resolution and low background noise. 
Compared with the spiral phase modulated polarization multiplexing FINCH system, the resolution of this system 
has apparently improved from 50.80 lp mm− 1 to 57.02 lp mm− 1. The improvement is assumed to be ascribed to 
the inherently high luminous flux utilization configuration of the Michelson interferometer and the precision 
phase shifts. More importantly, the proposed system exhibits prominently improved performance of edge 
enhancement for different objects, including the standard resolution target and label-free biological living cells. 
The experimental results of the small watch parts also demonstrate its ability in 3D vortex imaging with edge 
detection. These results provide a promising strategy for high-quality 3D vortex imaging and edge enhancement, 
and might pave the way for future applications in the fields such as edge detection and pattern recognition.   

1. Introduction 

Edge enhancement is emerging as an essential technique for object 
detection, which ensures its fascinating applications in the fields of 
feature recognition [1,2], astronomical observation [3,4], bioimaging 
[5], and x-ray imaging [6,7]. Compared with the computer digital edge 
detection method, optical edge detection has the advantages of high 
speed, low energy consumption, parallel processing, and large infor
mation capacity [8]. Vortex filtering based on Hilbert transform can lead 
to edge contrast enhancement for both the phase and amplitude objects 
due to its sensitivity to the gradient of the complex refractive index of an 
object [9–11]. With a phase-only spatial light modulator (SLM), the edge 
enhancement of one-dimensional and two-dimensional (2D) images has 
been demonstrated [12–14]. Further edge detection in 3D imaging is of 
considerable interest due to its potential application in cell counting, 
biological tissue morphology analysis, and non-destructive detection of 
industrial scratches. It is anticipated that more details about the objects, 

such as finer edges and better contrast, could be distinguished by the 
edge enhancement techniques, which are conducive to promote the 
quality and process efficiency of the imaging system. 

Holographic technology, which can record the complex amplitude of 
an object, is an important way to realize 3D imaging [15]. Coherent 
digital holography based on laser has obvious advantages of real-time, 
high speed, non-contact, and full field of view, which has been widely 
applied in various fields such as 3D imaging and display, particle tracing 
and sizing, and quantitative phase imaging. However, the high coher
ence of the laser used in the coherent holography puts forward strict 
requirements for the stability of the system. In addition, it can also lead 
to unavoidable speckle noise, which will seriously affect the imaging 
quality. To overcome the defects of coherent digital holography, inco
herent digital holography illuminated by spatially incoherent light with 
a broad bandwidth has been proposed [16,17]. Subsequently, various 
kinds of incoherent digital holography systems, including triangular 
holography [18], Michelson holography [19–22], Mach-Zehnder 
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holography [23], and Fresnel incoherent correlation holography 
(FINCH) [24–28] have been proposed, which have shown apparent 
merits of no time and space scanning, high resolution, high imaging 
speed and easy to match with existing mature optical systems. 

In recent studies, the FINCH system combined with vortex filtering 
has been successfully demonstrated to realize the edge enhancement of 
the objects in 3D imaging [29–32]. Xu et al. established a precise 
mathematical model of the spiral FINCH system and realized the edge 
enhancement of biological living cells [30]. Bu et al. demonstrated edge 
enhancement FINCH with tunable width enhancement effect using a 
high-order vortex filter [31]. Anand et al. proposed a computational 
optical technique for edge enhancement in interferenceless imaging 
techniques and FINCH with reconstruction by cross-correlation [32]. 
Despite these advances, the resolution of current edge enhancement 
digital holographic systems is far from satisfactory, and further 
improvement is urgently needed. 

In this paper, we propose a novel spiral phase modified Michelson 
interferometer-based incoherent digital holographic system to realize 
high performance 3D vortex imaging. Compared with the spiral polar
ization multiplexing FINCH, this new system shows a prominently 
improved resolution from 50.80 lp mm− 1 to 57.02 lp mm− 1. Moreover, 
the visibility of the corresponding edge enhancement of the recon
structed images is also considerably improved. We also demonstrate that 
the system is of high compatibility with the microscopic system, where 
the edge enhancement of label-free onion cells could be easily observed 
with much reduced noise compared to the polarization multiplexing 
FINCH system. These results provide a promising route to achieving high 
resolution 3D vortex imaging and edge enhancement, and might pave 
the way for applications such as edge detection and pattern recognition. 

2. System analysis 

Fig. 1 presents the schematic of the spiral imaging system based on 
the modified Michelson interferometer. Unlike a standard Michelson 
interferometer, the mirror in one of the optical paths is replaced by the 
SLM, which acts as a spiral phase filter (SPF) and a phase shifter [30]. A 
white light source illuminates a 3D object, and the reflected light from a 
point on the object propagates through the beam splitter (BS). After 
passing through the BS, the light is divided into two beams. These two 
beams enter L1, M, and L2, SLM, respectively, and then are reflected to 
the BS. Finally, the two beams interfere to form a point source hologram 
(PSH) on the CCD. 

We first analyze the imaging characteristics of the system. Suppose 
an ideal point source at Q(xs, ys, zs) induces a diverging spherical wave. 
The spherical wave passes through the BS and L1 successively and is 
reflected by M to L1, and BS, and finally reaches the receiving surface of 
CCD. The complex amplitude on the CCD can be expressed as [22]: 

H1(x, y) = A1exp
[
ih1

(
x2

s + y2
s

)]
exp

{
iπ
λz1

[
(x − MT1xs)

2
+(y − MT1ys)

2]
}

(1) 

As for the complex amplitude of the other optical path, the only 
difference is that the spherical wave is modulated by the SLM. The 
reflection function of the SLM is expressed as: 

R(x, y) = exp
[
− imφ+ iθj

]
(2)  

where m is the topological charge which denotes the winding number of 
the spiral, and φ is the azimuthal angle on the SLM plane. θj (θj=0, 2π/3, 
4π/3) is the phase constant, which can be used to eliminate the zero- 
order and twin images. The complex amplitude created by this optical 
path can now be deduced to be: 

H2(x, y) = A2exp
[
ih2

(
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s + y2
s
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×exp
{
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2
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Here A1 and A2 are the amplitudes of the two waves arriving at the 
CCD plane. MT1, MT2, and z1, z2 are as follows: 

MT1 = f 2
1 [f1(f1 − 2zs1) + d1(zs1 − f1)]

− 1 (4)  

MT2 = f 2
2 [f2(f2 − 2zs2) + d2(zs2 − f2)]

− 1 (5)  

z1 = h1 − f1 +
f 2
1

(h1 + f1)(f1 − d1)
(6)  
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1

h2 + f2

{
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f 2
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h2
[
f 2
2 (5d2+6zs2) + 2d2

2(zs2 − f2) − 7d2f2zs2
]
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(7)  

Here, zs1, zs2, h1, h2, and d1, d2 are the parameters of the distance be
tween different devices, which are illustrated in Fig. 1. 

The PSH of the point can be expressed as:   

Here B and C are complex constants, where B = A1
2+A2

2, h = h1-h2, C is 
a complex constant relevant to the spatial location (xs, ys), c.c. is the 
complex conjugate of the second term on the right, zr is the recon
struction distance which equals z1z2/(z2-z1), MT is the lateral 

Fig. 1. Schematic of the spiral imaging system based on the modified Michel
son interferometer. BS, beam splitter; CCD, charge-coupled device; SLM, spatial 
light modulator; M, plane mirror; L1, L2 are positive spherical lenses with focal 
lengths of f1 and f2, respectively. The phase masks with phase shifts of 0, 2π/3, 
and 4π/3 are displayed in the upper right corner. 

IP(x, y) = |H1(x, y) + H2(x, y)|2

= B + Cexp

[

ih
(
x2

s + y2
s

)
× exp

{
iπ
[
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2
+ (y − MT ys)

2]

λzr
+ imφ + iθj

}

+ c.c
(8)   
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magnification of the system which denotes as MT =(MT1z2− MT2z1)/(z2- 
z1). The three items in equation (8) represent the zero-order, the virtual, 
and the real images contained in coaxial PSH, respectively. 

It should be noted that the incoherent holographic system based on 
the on-axis type Michelson interferometer usually uses the piezo- 
actuator [19] or the generalized phase-shifting interferometry [22,33] 
to eliminate the zero-order and twin images. However, for the 
piezo-actuator, the phase shift is not valid for different input wave
lengths [34]. And the generation of phase shifts using the piezo-actuator 
can induce mechanical movement, which will seriously reduce the im
aging speed. While for the generalized phase shift interferometry, the 
unknown and unequal phase shifts can be extract by this method. 
However, the phase shifts would be affected by environmental distur
bance, which might result in the inaccuracy of the calculated value and 
seriously degrade the reconstructed image quality [22,33]. Alterna
tively, the SLM can achieve fast and accurate phase shifting without 
mechanical motion and greatly improve the reconstructed image qual
ity. Using a common computation routine of phase stepping [30], three 
holograms with different phase shifts are captured and superimposed in 
the computer to eliminate the zero-order and twin images. 

IF(x, y) = I1(x, y)[exp( ± iθ3) − exp( ± iθ2)]

+I2(x, y)[exp( ± iθ1) − exp( ± iθ3)]

+I3(x, y)[exp( ± iθ2) − exp( ± iθ1)]

= Dexp
[
izh

(
x2

s + y2
s

)]
exp

{
iπ
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2
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2]
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}

(9) 

Here D is a complex constant relevant to the spatial location (xs, ys). 
The point spread function (PSF) of the system can be reconstructed from 
IF(x, y) by Fresnel propagation as 

Ipsf (x, y) = IF(x, y) ∗ exp
[

iπ
λzr

(
x2 + y2)

]

(10) 

For a general 3D object, the reconstructed image is the convolution 
of overall object intensity g(x, y, z) and the PSF as follows: 

S(x, y, z) = g(x, y, z) ∗ Ipsf (x, y) (11)  

3. Experimental results 

Fig. 2 shows the experimental setup of the spiral imaging system 
based on the modified Michelson interferometer. A xenon lamp (CEL- 
TCX250, 250 W) is used as the incoherent illumination source. The BF is 
a bandpass filter with a peak wavelength of 633 nm and a bandwidth of 

10 nm. Since SLM is polarized-dependent, a polarizer is placed after the 
BF, and its polarization direction is adjusted to that specified by the SLM. 
L1 and L2 are positive spherical lenses with the same focal length of 100 
mm. Phase-only SLM (Holoeye Pluto, 1920 × 1080 pixels, and 8 µm 
pixel pitch) is adopted. The CCD (Q-IMAGING digital camera RETIGA 
6000) has 2750 × 2200 pixels, and its pixel size is 4.54 µm. For the 
convenience of subsequent processing, only 2048 × 2048 pixels are used 
here. In order to make the perfect interference of the two beam cones 
[27], the other parameters in the experiment are set as: zs1 =97.5 mm, 
zs2 =102.5 mm, d1 =105 mm, d2 =95 mm, h1 =97.5 mm and h2 =88 mm. 

Before verifying the feasibility of edge enhancement, comparative 
imaging experiments of the conventional incoherent digital holography 
were carried out between the polarization multiplexing FINCH [35] and 
the modified Michelson interferometer system. In order to eliminate the 
zero-order and twin images of the Michelson interferometer system, two 
algorithms, including the generalized phase shift interferometry and the 
three-step phase shift technology, are considered. The setup of the po
larization multiplexing FINCH can be found in Ref. [35]. In the polari
zation multiplexing FINCH system, the incoherent illumination source, 
bandpass filter, CCD, and SLM are kept the same as we used in the 
modified Michelson system, while the focal length of the single lens 
phase mask is 1500 mm. To achieve the best imaging quality, we also 
carried out comparative experiments about the degrees of the two 
polarizers. And we found that the optimum angles for the input and 
output polarizers are both 45◦. 

The experimental results of the resolution target are shown in Fig. 3. 
Fig. 3(a) and 3(b) are the reconstructed images of the polarization 
multiplexing FINCH system and the standard Michelson interferometer 
system using the generalized phase shift interferometry at the best focus 
plane, respectively. As can be seen from their enlarged images in Fig. 3 
(d) and 3(e), the resolution of the two systems both reach 50.80 lp mm− 1 

(Element 5 of Group 5). But in terms of signal-to-noise ratio and back
ground noise, the Michelson interferometer system is superior, which 
can be clearly seen from the comparison between Fig. 3(g) and 3(h). We 
speculate that the improvement could be attributed to the unique beam 
splitting configuration of the Michelson interferometer, which maxi
mizes the optical flux and is therefore helpful to retain more information 
of the objects and increase the signal-to-noise ratio [36,37]. Fig. 3(c) is 
the reconstructed image of the modified Michelson interferometer sys
tem using the three-step phase shift technology. As shown in Fig. 3(f), 
the resolution is further improved to 57.02 lp mm− 1, where Element 6 of 
Group 5 of the resolution target can be clearly distinguished. Besides, 
compared with the first two cases, the signal-to-noise ratio of the images 
is further improved, which can be seen in Fig. 3(i). The above results 
indicate that the accurate phase shifts eliminating the zero-order and 
twin images in on-axis holography can significantly improve the quality 
of the reconstructed images. 

To analyze the spiral imaging property of the modified Michelson 
interferometer system, a small circular aperture with a diameter of 10 
μm is investigated first. The topological charges are set to be either m =
0 or m = 1. The corresponding PSHs with phase shifts of 0, 2π/3, and 4π/ 
3 are shown in Fig. 4(a)–(c) and 4(e)–(g), respectively. When m = 0, the 
PSHs are in the form of a conventional Fresnel zone plate; while when m 
= 1, the PSHs show a typical shape of the spiral pattern. Fig. 4(d) and 4 
(h) show the corresponding simulated PSFs. The experimental results of 
PSHs and PSF for m = 1 are presented in Fig. 4(i)–(l), which demon
strates a good agreement with the simulation. These results suggest that 
the spiral imaging system proposed in this paper is highly feasible and 
effective. 

We next investigate the edge enhancement performance of the sys
tem. The USAF 1951 resolution target is used as the object, and the 
topological charge is set to m = 1. Fig. 5(a) and 5(b) show the recon
structed images of the spiral polarization multiplexing FINCH system 
and the modified Michelson interferometer system, respectively. As can 
be seen from the partially enlarged images of the red box area (Fig. 5(a) 
and 5(b)) in Fig. 5(c) and 5(d), the modified Michelson interferometer 

Fig. 2. Experimental setup of the spiral imaging system based on the modified 
Michelson interferometer. 
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Fig. 3. Experimental results of the USAF 
1951 resolution target. Reconstructed images 
for (a) polarization multiplexing FINCH sys
tem, (b) standard Michelson interferometer 
system by using the generalized phase shift 
interferometry, (c) modified Michelson 
interferometer system by using the three-step 
phase shift technology; (d)-(f) enlarged im
ages of the areas with the red box in (a)-(c); 
(g)-(i) normalized intensity profiles of the 
area from (d) to (f) depicted by the red and 
blue lines.   

Fig. 4. PSHs and PSFs for different topological charges m. (a)-(c) Simulated PSHs of m = 0; (e)-(g) simulated PSHs of m = 1; (i)-(k) Recorded PSHs of m = 1; (d), (h), 
and (l) PSFs from the corresponding simulated and recorded data. The scale bar is 20 μm. 
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exhibits distinctly higher lateral resolution and lower background noise 
than the polarization multiplexing FINCH system. To make a quantita
tive comparison for the results, the visibility of each unit of group 5 for 
the reconstructed images is calculated and compared, as shown in Fig. 5 
(e). The visibility is widely used to characterize the resolution of the 
imaging system, which is defined as (Imax-Imin)/(Imax+Imin). Compared 
with the spiral polarization multiplexing FINCH system, the visibility of 
the modified Michelson interferometer system shows a significant 
improvement for both the horizontal and the vertical elements, e.g., unit 
6 of group 5 of the modified Michelson interferometer system shows the 
visibility of ~0.5, which is even higher than that of unit 1 of group 5 of 
the polarization multiplexing FINCH system. These results demonstrate 
the superiority of the modified Michelson interferometer system in 
achieving edge contrast enhancement with high resolution and contrast, 
and also highlight the necessity of adopting accurate phase shifts to 
improve the reconstructed image quality. 

To demonstrate the edge enhancement in 3D vortex imaging, ex
periments of the small watch parts are carried out on the setup illus
trated in Fig. 2. Fig. 6 shows the reconstructed images of the serrated 
component and the arc-shaped component of the watch 4 mm apart. And 
Fig. 6(a) and 6(b) show the reconstructed images at the best focal plane 
of the right serrated component and the left arc-shaped component, 
respectively. It can be seen the edge features of the objects can be clearly 
distinguished, especially the serrated profile. These results also 
demonstrate its ability in 3D vortex imaging with edge detection. 

Since high-resolution edge detection is of great interest in bio
imaging, a microscopic imaging system based on the modified 

Michelson interferometer configuration is further built. A 20 ×, 0.4 NA 
microscope objective with a working distance of 5.9 mm was inserted in 
front of the BS (see Fig. 2). Fig. 7(a) and 7(c) show the reconstructed 
images of the polarization multiplexing FINCH and the modified 
Michelson interferometer configuration, respectively. While Fig. 7(b) 
and 7(d) present the reconstructed images of the spiral polarization 
multiplexing FINCH configuration and the modified Michelson inter
ferometer configuration, respectively. As was expected, the modified 
Michelson interferometer configuration again exhibits higher resolution 
and lower noise than the FINCH configuration, as the edge information 
of the cell nucleus and cytoplasm can be clearly distinguished. 

For future development, we believe that the resolution could be 
further improved by enlarging the aperture of the system [27,38,39], 
and the idea of spiral phase modulation could be further extended to 
other kinds of incoherent digital holography beyond the Michelson 
interferometer. In addition, by replacing the SLM with the spiral phase 
plates and utilizing the generalized phase shift interferometry, we can 
also get a faster and simpler 3D vortex imaging system. 

4. Conclusion 

In conclusion, we have proposed a novel incoherent digital holo
graphic system based on a modified Michelson interferometer to realize 
3D vortex imaging. A high resolution of 57.02 lp mm− 1 with low 
background noise has been obtained. Meanwhile, compared with the 
spiral polarization multiplexing FINCH system, this new system also 
exhibits prominently improved performance of edge enhancement for 

Fig. 5. Edge enhancement experimental results of the USAF 1951 resolution target for different systems: (a) spiral polarization multiplexing FINCH configuration, (b) 
modified Michelson interferometer configuration; (c)–(d) partially enlarged images of the red box area in (a) and (b), respectively; (e) the visibility of each unit of 
group 5 for the reconstructed images in (a) and (b). 

Fig. 6. Experimental results of the small watch parts. Spiral reconstruction with (a) the right serrated component and (b) the left arc-shaped component in focus. The 
scale bar is 200 μm. 
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different objects, including the standard resolution target and label-free 
biological living cells. We also demonstrate its ability in 3D vortex im
aging with the small watch parts. The results of this work provide a 
promising optical strategy to further improve the performance of edge 
enhancement in 3D imaging and might pave the way for its practical 
application in edge detection and pattern recognition. 
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