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For the implementation of a real-time holographic 
camera, fast and automatic holographic image 
reconstruction is an essential technology. In this paper, we 
propose a new automatic depth-detection algorithm for 
fast holography reconstruction, which is particularly 
useful for optical scanning holography. The proposed 
algorithm is based on the inherent phase difference 
information in the heterodyne signals, and operates 
without any additional optical or electrical components. 
An optical scanning holography setup was created using a 
heterodyne frequency of 4 MHz with a 500-mm distance 
and 5-mm depth resolution. The reconstruction processing 
time was measured to be 0.76 s, showing a 62% time 
reduction compared to a recent study. 
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I. Introduction 

Digital holography acquisition is a method for recording 
three-dimensional information of an object using digital 
processing, and may be widely applied in various fields 
including medical imaging and historical object imaging [1].  

Among the various digital hologram acquisition systems 
available, an optical scanning holography system has several 
merits in implementing a holographic camera, and can provide 
non-observable speckle noise in a hologram owing to the 
incoherence property [2]. It can acquire a holographic image 
using an inexpensive single photodiode [3]. In comparison, 
another digital holography system is based on an image sensor 
array. In addition, this technology can be applied to an object 
from a relatively long distance. Thus, holography technology is 
considered a promising candidate for practical holographic 
cameras [3], [4].  

When reconstructing a holographic image obtained from 
optical scanning holography, one of the major issues is how 
quickly to determine the focal distance of the hologram. To 
resolve this problem, some researchers recently proposed an 
auto-focusing technique based on a Wigner distribution 
analysis of a hologram [5], [6]. This technique calculates the 
focal length using an image analysis on the stored hologram 
image data [7]–[10]. It is difficult to implement a real-time 
reconstruction because this technique waits for the acquisition 
of all hologram image data. More recently, other researchers 
proposed an algorithm to extract the distance parameter 
directly from the hologram using axis transformations. 
However, this method also has weak points in terms of its real-
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time reconstruction capability because it is based on a certain 
region of the hologram obtained [11]. 

In this paper, we propose a new depth detection algorithm 
for fast and fully automatic holographic reconstruction for 
optical scanning holography. The proposed algorithm is based 
on the time-of-flight information extracted from an optical 
beam experiencing interference using a phase-shifting method. 
To calculate the time of flight parameter, we measured the 
phase shift from the lock-in-amplifier without adding any 
devices to the basic optical scanning holography architecture. 
In addition, we showed a fast and fully automatic holographic 
reconstruction process, and compared its performance with that 
of previous works.   

In Section II of this paper, we describe the experimental 
setup for reflection-type optical scanning holography. In 
Section III, a theoretical analysis of the depth detection 
algorithm and the signal processing procedure are shown. In 
Sections IV and V, we present the measurement results and 
some concluding remarks, respectively.  

II. Experimental Setup 

An optical scanning holography configuration [12] is shown 
in Fig. 1. The light from the laser (He/Ne Laser) divides two 
beam paths through a 50:50 beam splitter. Each beam is   
then modulated using acousto-optic phase modulation with 
frequency  and , respectively. These beams are 
enlarged through a beam magnifier, BE1 and BE2, respectively.  

To create the well-known interference pattern, one of the 
beams transmits a spherical lens (L1). These beams are then 
 

interfered with in the 50:50 beam splitter (BS2) and create a 
spherical fringe pattern. This interference pattern is called a 
time-dependent Fresnel zone plate [13]. In this setup, the 
numeral aperture (NA) of L1 is related to the spatial resolution 
of the hologram.  

One of the beams interfered with by BS2 scans the object 
using a 2D galvo-scanner, and the other beam is used for a 
reference of the lock-in-amplifier. The scattered beam from an 
object is collected using a collecting lens (L2) and an area 
integrating photodetector. In this setup, each photodetector uses 
a Si photodiode with a trans-impedance amplifier of around   
5 kV/A at a 50-ohm load. 

The voltage output from the photodetector is converted into a 
sine and cosine hologram through the lock-in-amplifier.    
The oscilloscope is used to analyze the waveform of the 
interference light, which does not affect the hologram 
acquisition.  

In this setup, the length to PD1 from BS2 coincides with the 
length to the 2D scanner from BS2, in that the 2D scanner 
introduces the origin of the depth to the object. In addition, we 
easily reconcile the distance to the 2D scanner using the PD2 
from BS3 for the time-of-flight calculation. 

III. Analysis 

1. Operational Principles of Optical Scanning Holography  

Each signal modulated through an acousto-optic tunable 
modulator is given as follows.  

1 1 0ψ ( , , ; ) exp( ),x y z t j t              (1) 
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 2 2 0ψ ( , , ; ) exp ( ) .x y z t j t            (2) 

In this setup, 1  and 2  assume a Gaussian wave from 
L1 and a plane wave, respectively. In addition, 1  and 2  

are modulated with a frequency of 0 and , respectively. 
These signals are interfered with in the beam splitter (BE2), 
and then produce a time-dependent Fresnel zone plate using a 
Gaussian envelope.  

After scanning the object from an arbitrary distance, the 
output signal of the signal photodetector with gain Gs is 
proportional to the intensity of the scattered light, and is given 
by 

  0

0
1 2Re ( , ; ) cos ( , ) ,

z

z

s s s

z

s sz

V G i

G I x y z t x y dz



 





 

          
(3) 

where z0 is the distance from the 2-D scanner to the object, and  
zis the depth of the object. The symbol * denotes a 2-D 
correlation operation. In (3), s represents a phase change 
caused by the optical length, 0 02( ).zl z    Note that the 
focal point of a Gaussian beam experiencing interference is 
located at the 2D scanner, and the DC component is eliminated 
in (3). 

If we choose length l0 as the distance from beam splitter BS2 
to the reference photodetector, the output signal of the 
reference photodetector with gain is given by 

  1 2Re cos( )r r r r rV G i G t dz        .    (4) 

In (4), r represents a phase change caused by the optical 
length, l0.  

In the lock-in-amplifier, signal Vs is multiplied with the in-
phase reference signal, cos(t + r), and quadrature-phase 
reference signal sin(t +r) is shifted by 90 using each mixer, 
and then passes through a low-pass filter [13]. Based on this 
result, we can obtain the in-phase and quadrature-phase 
components of the hologram.  

 In-Phase cos ( , ; ) ( , ) cos ( , ) ,z s rH H I x y z h x y x y     (5) 

 quardaruple-Phase sin ( , ; ) ( , ) sin ( , ) ,z s rH H I x y z h x y x y    

(6) 
where we assume that 1/2 1.r sG G     

In (5) and (6), the free-space propagation impulse response 
hz(x, y) in this setup is given by 

2 2( , ) exp ( )z

j j
h x y x y

z z


 

     
 

.       (7) 

In (5) and (6), the symbol   denotes the 2-D convolution 
operation. These signals contain the 3D information of the 
object, I(x, y; z). Therefore, a complex hologram is given by the 

following equation. 

 
complex cos sin+

( , ; ) ( , ) exp ( , ) .z s r

H H j H

I x y z h x y j x y 

 

   
  (8) 

To reconstruct a hologram image at an arbitrary distance, we 
can use the convolution method.  

  1
complex( , ; ) ( , ; ) ( , ) .zI x y z H x y z h x y        (9) 

To reconstruct the hologram image of object I(x, y; z0) within 
the focus area, it is necessary to obtain the distance, z0. 

2. Proposed Depth Detection Algorithm  

If the location of the reference photodetector coincides with 
the focal point of L1 coinciding with the center of the 2D 
scanner, the phase difference s – r can be assumed based on 
the optical path distance 2(z0 + z) from it to the object, I(x, y; z). 

If an object is very thin (z  z0), we can obtain the depth 
information of the object from the phase difference, which is 
given by 0(4 )/z c       [14]. Thus, we can easily 
calculate the distance from the 2D scanner to the object as  
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sin cos

4

atan 4 ,

s rz c

c H H

   

 

   

    
        (10)  

where c is the speed of light and  is the difference in 
modulation frequency of a beam experiencing interference.  

In this setup, we use the beam splitter BS3 on the optical 
path. For the refractive index of BS3, there are two 
considerations. One is regarding the absolute distance 
measurement, and the other is the reconstruction of the 
hologram. In this setup, we used a 2-in cubed non-polarized 
beam splitter with N-BK7 substrates. The velocity of light is 
given by / ,c n   where the refractive index n of BS3 is 
about 1.5152. Therefore, the time delay of light through the 2-
in beam splitter, BS3, is about 0.115 ns. This is very small 
compared with total round-trip time of the scanning beam. For 
the other consideration, index changes do not affect the 
hologram reconstruction on the optical path because the 
hologram already reflects any changes there.  

When the modulation frequency  is determined, the non-
ambiguity range is max /(2 ),z c    and the resolution of the 
distance measurement can be expressed as 

 min min /(4 )z c      .            (11) 

For example, the measurement distance is 37.5 m, and the 
measurement resolution zmin is about 5 mm when  = 4 MHz 
and  = 8.72E-4 radians. Therefore, the strength of the 
modulated signal increases, and it is possible to increase the 
accuracy of the measurement based on the distance. In addition, 
if we use high-frequency modulation, it is possible to increase 
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the distance resolution of the system. The accuracy of the 
modulation frequency, , generally affects the resolution of the 
distance. However, because the lock-in-amplifier uses phase 
sensitivity detection technology based on the reference signal, 
other components in addition to the given  are removed and 
the measurement accuracy is unaffected. 

Another point to consider is the X-Y scanning angle (X, Y) 
of the 2D scanner to the object, as shown in Fig. 1. In optical 
scanning holography, the hologram can be obtained through 
pixel-by-pixel scanning with angle from the center of the 2D 
scanner, where =x=Y. This angle affects the measurement 
based on the distance. The variation in distance between the 
center of the 2D scanner to the center of the object is given by 

( , ) 0 /cos( )X Yz z  .                 (12) 

At the received plane (x, y), the distance based on the 
maximum and minimum value of  will be different. This 
difference should therefore be considered to accurately restore 
the hologram. In this setup, the variation in distance is 
negligible when angle  is 0.0052 radians. 

IV. Results 

Figure 2 shows a sine hologram and cosine hologram 
obtained through optical scanning holography. The modulation 
frequencies of the acousto-optic modulators are 40 MHz and     
44 MHz, as shown in Fig. 1. As a result, a beam experiencing 
interference at the second beam splitter is modulated at 4 MHz. 
The focal length of the spherical lens L1 is 1,000 mm, as 
shown in Fig. 1. A USAF 1951 negative imaging target was 
used as an object, and the scanning angle of the 2D scanner 
was 0.4°. The beam diameter is 10 mm, and the image has a 
256 pixel × 256 pixel resolution. For the detection, we used Si-
detectors for each reference and signal beam. Through these 
holograms, we can observe traces of the Fresnel time zone 
plate without speckle noise. Previous researchers have 
extracted the depth information using numerical processing, 
and by filtering the Fresnel pattern through a Wigner filter. 
However, this method incurs some errors under a noisy 
environment and must be processed after obtaining a full 
hologram. For this experiment, the distance was estimated as 
430 mm when using the Wigner method. 

Figure 3 shows a variation of the distance according to the 
phase difference between the object signal and a reference 
signal. While moving the object at about 50.0-mm intervals, 
we measured the phase change of the lock-in amplifier using 
an oscilloscope. From this result, we confirmed that the phase 
difference shows the distance information. In this case,     
the distance resolution was measured to be about 3.0 mm. 
Improving the resolution is made possible by increasing the 

 

Fig. 2. Measured holograms: (a) cosine and (b) sine holograms.
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Fig. 3. (a) Calculation and (b) waveform of distance-extracted 
phase difference. 
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repetition rate of the signal acquisition or expanding the 
resolution of the lock-in amplifier. In this setup, the resolution 
of the lock-in-amplifier was 0.02°. 

A 2D contour map showing the distance from the object is 
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Fig. 4. Depth map of USAF 1951. 
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Fig. 5. Reconstruction hologram for the proposed setup: (a)
amplitude and (b) phase hologram. 
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given in Fig. 4. The blue regions indicate the distance to the 
object, and the yellow regions refer to portions of the 
transmitted region. In this study, the average distance to the 
object was 426.1 mm. In addition, based on the distance and 
angle from the 2D scanner to the object, we can calculate the 
width and height of the object using a triangulation method. 
According to this calculation, the measurement area is    
10.4 mm × 10.4 mm. 

Based on the above depth information, we carried out a 
reconstruction of this hologram image, as shown in Fig. 2.  
Figure 5 shows a reconstructed image of the measured 
complex hologram within the areas of focus.  

For the lateral resolution, we characterized the fresnel zone 
plate using an NA, which is concerned with focal lens L1 in 

 

Fig. 6. Lateral resolution of group 2 and element 2 in Fig. 5(b).
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Fig. 7. Measured hologram at (a) 500 mm, (b) 525 mm, and (c) 
550 mm (subset, cosine hologram). 
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Fig. 8. Reconstructed hologram at (a) 500 mm, (b) 525 mm, (c)
550 mm (subset, phase hologram), and (d) relative depth
distance map. 
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Fig. 1. That is, the lateral resolution of the optical scanning 
holography is given by / . .x N A   [12]. In this experiment, 
the resolution is calculated by / . . 127 μmx y N A     , 
where the beam diameter and focal length are 10 mm and 
1,000 mm, respectively. We used the USAF 1951 resolution 
target as the object, and showed the measurement result for the 
line pair of group 2 and element 2 shown in Fig. 2 (the width of 
line 1 is 111.36 mm). Finally, the lateral resolution was 
measured at 108.6 m, as shown in Fig. 6.  

To validate the algorithm more clearly, we measured the 
holograms while changing the distance to the object. Figure 7 
shows a hologram image measured by moving the distance of 
the USAF 1951 negative target at increments of 25 mm.  

Figure 8 shows the reconstructed hologram images and 
distance map according to the relative distance. When the 
object moves at 25-mm intervals, using a linear stage, the 
phase resolution shows the same result. This indicates that the 
algorithm can extract not only the absolute distance but also the 
relative distances.  

The distance resolution is determined based on the resolution 
of the lock-in amplifier and the frequency noise of the incident 
light. Improving the depth resolution is made possible by 
increasing the repetition rate of the signal acquisition or 
expanding the phase resolution of the lock-in amplifier. In this 
case, the phase noise of the lock-in amplifier and the frequency 
stability of the acousto-optic modulator are 0.02° and 1 ppm, 
respectively.   

To compare the reconstruction time, we conducted a 
reconstruction through the iteration method, the Wigner 
method, and our proposed method using Matlab, as shown in 
Table 1. The iteration method manually applies the expected  

Table 1. Comparison with other reconstruction methods. 

Iteration 
Automatic distance measurement 

algorithm  

Manual Wigner method [5] Ourwork  

Processing 
time 

0.75 s × N 1.20 s 0.76 s 

Processing 
complexity

Manual post-
processing 

Manual post-
processing 

Automatic real-
time processing

 

 
values for the distance. A single progress takes about 0.75 s. In 
the case of the Wigner method, one progression takes about  
1.2 s because of the Fourier transform and Wigner filtering. 
Therefore, our method increases the time by only 0.1 s 
compared with a single iteration method. Therefore, our 
method shows the capability to obtain a distance value instantly 
through real-time processing. 

V. Conclusions 

In this paper, we proposed a depth detection algorithm for a 
fast and fully automatic holographic reconstruction in optical 
scanning holography. The proposed algorithm is based on the 
phase-shift measurement method for the reconstruction of a 
complex hologram. By applying this proposed algorithm, we 
can easily extract the distance parameter for the holographic 
image reconstruction.  

The reconstruction processing time was measured as 0.76 s, 
which is a 62% time reduction compared to other recent works. 
Additionally, it requires a simple calculation and can be 
implemented without additional device components. We 
believe that the proposed depth detection scheme can be useful 
toward the implementation of a real-time holographic camera. 
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