
Multiple-Plane Object Reconstruction Using         
Single-Pixel Digital Holography 

Abstract—We propose a method for multiple-plane object 
reconstruction using single-pixel digital holography. Multiple 
objects are placed at different axial distances from the modulator 
plane. Instead of using charge-coupled device (CCD) to record, we 
utilize single-pixel structured detection to first retrieve the 
holograms and then reconstruct the objects at different axial 
positions with a digital focusing method. In order to retrieve a 
high-quality digital hologram, 4-step Fourier spectrum acquisition 
method is used which can effectively reduce noise in the 
reconstruction. In addition, since images are commonly sparse in 
Fourier domain, it is found that only 10% Fourier spectrum 
coefficients can be used to retrieve high-quality digital holograms. 
Due to significant advantages of single-pixel imaging, e.g., imaging 
in conditions of low-light and non-visible wavelength, it is believed 
that the proposed method can effectively extend the applications 
of conventional digital holographic technique. Computational 
results are obtained and presented to demonstrate feasibility and 
effectiveness of the proposed method.  

Keywords—digital holography, single-pixel imaging, Fourier 
spectrum acquisition, multiple-plane object reconstruction 

I. INTRODUCTION 

Holography has been developed for many years, and is 
considered as a promising technique in numerous applications. 
In a holographic setup, there are usually two beams, i.e., object 
beam and reference beam. The two beams interfere with each 
other, and form an interference pattern. In the early period, 
photosensitive medium, e.g., photographic plate, was used to 
record the intensity of interference pattern, i.e., hologram. 
However, there are several disadvantages, such as low 
efficiency and complicated procedure. By taking advantage of 
the rapid development of fast-speed and high-resolution 
optoelectronic recording devices, digital holography has 
attracted more and more attention. Digital holography facilitates 
the recovery of both amplitude and phase information by using 
numerical calculation. Digital holography has been applied to 
many research fields, e.g., surface topography [1], biological 
imaging [2‒4], shape measurement [5, 6], optical encryption [7] 
and object recognition [8, 9]. However, recording device, such 
as CCD used in conventional digital holography, still have 

several limitations. For instance, CCD camera is usually not 
sensitive in the condition of low light. In addition, the CCD 
camera usually has no capability in recording the data, when 
illumination source with non-visible wavelength is used. 

It is recently found that single-pixel imaging (SPI) has the 
capability for imaging in conditions of low light and non-visible 
wavelength. The SPI utilizes a single-pixel detector (also called 
bucket detector) to collect data. Different from CCD camera 
which has a spatial resolution, single-pixel bucket detector has 
no spatial resolution. The reconstruction in the SPI can be 
conducted by using different algorithms. A basic method for the 
SPI is related to ghost imaging (GI) which is also called 
correlation imaging [10‒15]. Correlation algorithm used in GI 
usually reconstructs the object with low quality, and the number 
of measurements is usually large. Compressive sensing (CS) is 
an important tool for the SPI to reconstruct objects, which can 
significantly reduce the number of measurements [16‒19]. 
However, optimization methods are commonly used in the CS, 
which results in high computational complexity. Recently, it is 
demonstrated that by designing the illumination patterns in the 
SPI, high-quality object reconstruction can be implemented 
directly [20‒30]. However, few work has been studied by 
applying the SPI into digital holography, and there is no related 
work in obtaining the holograms by using Fourier spectrum 
acquisition method. 
      In this paper, we propose a method for multiple-plane object 
reconstruction based on single-pixel digital holography. Three 
objects are placed at different axial distances from the modulator 
plane. Instead of using CCD camera to record, we utilize single-
pixel structured detection to retrieve the hologram first, and then 
reconstruct the objects at different axial planes by digital 
focusing. In order to retrieve high-quality digital hologram, 4-
step Fourier spectrum acquisition method is used which can 
effectively reduce noise in the reconstruction. Here, 10% 
Fourier spectrum coefficients are measured and used to retrieve 
the hologram. Since images are commonly sparse in Fourier 
domain, a small part of spectrum coefficients can be used to 
carry out high-quality object reconstruction. Due to significant 
advantages of single-pixel imaging, e.g., imaging in conditions 
of low-light and non-visible wavelength, it is believed that the 
proposed method can effectively extend the applications of 
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conventional digital holography. The computational results and 
discussion are presented to demonstrate feasibility and 
effectiveness of the proposed method.  

 

II. THEORIES 

      A schematic setup for the proposed method is shown in Fig. 
1. 
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Fig. 1. (a) Schematic setup. SLM: spatial light modulator, and (b) multiple-
plane objects placed at different axial distances. 

 
 

 
As shown in Fig. 1(a), a laser beam is collimated by a 

pinhole and a lens. There are two beams after passing through a 
beam splitter. In the beam path containing objects, the beam is 
sequentially modulated by three objects which are located at 
different axial positions. The two beams interfere with each 
other just before the SLM plane. The interference pattern is 
modulated by the SLM, and the light reflected by the SLM is 
collected by a single-pixel bucket detector without spatial 
resolution. Figure 1(b) shows three different objects placed at 
different axial positions. The wavefront [ ],O m n  modulated by 

an object can be described by 

 [ ] [ ]{ } [ ]( ), , ,O m n IFT FT U m n ST p q= ,   (1) 

where FT  and IFT  respectively denote Fourier transform and 
inverse Fourier transform, [ ],m n  and [ ],p q  respectively denote 
coordinates of spatial domain and Fourier domain, [ ],U m n  
represents an object, and [ ],ST p q  denotes transfer function 
which can be expressed as 
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where 1,j = −  wave number 0 2 ,k π λ=  λ  denotes wavelength, 
z  denotes axial distance between the object plane and the SLM 
plane, and kxΔ  and kyΔ  denote frequency resolution 
corresponding to sampling periods xΔ  and .yΔ  The 
relationship between ( ),kx kyΔ Δ  and ( ),x yΔ Δ  is described by 
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where M  and N  respectively denote the dimensions in 
horizontal and vertical directions.   

In the proposed method, the interference pattern is 
modulated by a series of sinusoidal patterns sequentially 
embedded in the SLM. Hence, the hologram H  just before the 
SLM plane can be retrieved by taking advantage of Fourier 
spectrum acquisition method. The sinusoidal pattern used in 
Fourier spectrum acquisition method can be expressed as 

           cos 2 2
p q

P a b m n
M Nψ π π ψ = + + + 

 
 ,  (4) 

where a  denotes a constant which is equivalent to average 
intensity of the object, b  denotes a scale factor which is a 
constant, and ψ  denotes the phase which respectively has four 
values, i.e., 0,  2 ,π  π  and 3 2.π  Hence, 4-step Fourier 
spectrum acquisition method can be expressed as 
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where Bψ  denotes single-pixel value corresponding to a given 
phase. After four single-pixel values, i.e., 0B , 2Bπ , Bπ  and 

3 2B π  are obtained, each coefficient can be constructed by 

   ( ) ( ) ( )0 2 3 2
1

,
2

G p q B B j B B
b π π π = − + −  .  (6) 



     After the hologram just before the SLM is retrieved by using 
the aforementioned approach, free-space wave propagation 
principle [31‒34] is applied to recover each object at different 
axial positions using digital focusing.  

III. RESULTS AND DISCUSSION 

In this study, computational work is conducted to show 
validity of the proposed method, and a schematic setup for the 
proposed method is shown in Fig. 1. Each of the images has 
512×512 pixels. The objects are separated from each other with 
an axial distance of 0.5 cm. The axial distance from the SLM 
plane to the nearest object plane is 4.0 cm. It is assumed that the 
illumination source has a wavelength of 632.8 nm, and pixel 
size of SLM is set as 4.65 . 

 

 
Fig. 2. A hologram retrieved just before the SLM by using Fourier spectrum 
acquisition method with only 10% Fourier spectrum coefficients in the SPI. 

 

Figure 2 shows a hologram retrieved by using Fourier 
spectrum acquisition method with only 10% Fourier spectrum 
coefficients in the SPI. In this case, digital hologram just before 
the SLM plane has been retrieved by taking advantage of 
Fourier spectrum acquisition method, and a series of single-
pixel intensity measurements have been used to retrieve digital 
hologram just before the SLM. To verify whether the retrieved 
hologram can be further used to reconstruct the three objects 
located at different axial planes, free-space back wave 
propagation [31‒34] is numerically carried out and object 
recovery results are shown in Fig. 3. 

As shown in Fig. 3, digital hologram retrieved by using the 
proposed method can be effectively used to reconstruct the 
three objects located at different axial planes. When the axial 
distance is chosen to be 5.0 cm for free-space back propagation, 
only the letter X can be clearly observed in the reconstructed 
image, as shown in Fig. 3(a). Focal distance of the second 
object is 4.5 cm, and only the letter Y can be clearly observed 
as illustrated in Fig. 3(b) when we set the axial distance as 4.5 
cm for object reconstruction. Similarly, the letter Z can be 

reconstructed by using a correct focal distance, i.e., 4.0 cm, as 
seen in Fig. 3(c). 

 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Reconstructed objects obtained by using a focal distance of (a) 5.0 cm, 
(b) 4.5 cm, and (c) 4.0 cm. 



IV. CONCLUSIONS 

We have proposed a method for recovering multiple objects 
located at different axial planes using single-pixel digital 
holography. Fourier spectrum acquisition method is utilized to 
retrieve high-quality digital hologram. It is demonstrated that 
the retrieved digital hologram can be used to recover multiple-
plane objects. It is believed that the proposed method can 
resolve the problems existing in conventional digital 
holographic method, and applications of digital holography can 
be effectively extended.  
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