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Abstract: In this paper, a fast method for displaying a digital, real and off-
axis Fresnel hologram on a lower resolution device is reported. Preserving 
the original resolution of the hologram upon display is one of the important 
attributes of the proposed method. Our method can be divided into 3 stages. 
First, a digital hologram representing a given three dimensional (3D) object 
is down-sampled based on a fix, jitter down-sampling lattice. Second, the 
down-sampled hologram is interpolated, through pixel duplication, into a 
low resolution hologram that can be displayed with a low-resolution spatial 
light modulator (SLM). Third, the SLM is overlaid with a grating which is 
generated based on the same jitter down-sampling lattice that samples the 
hologram. The integration of the grating and the low-resolution hologram 
results in, to a good approximation, the resolution of the original hologram. 
As such, our proposed method enables digital holograms to be displayed 
with lower resolution SLMs, paving the way for the development of low-
cost holographic video display. 

©2013 Optical Society of America 
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1. Introduction 

With the advancement of computing technology, digital holography has undergone rapid and 
encouraging development in the past two decades. To date, a medium size digital Fresnel 
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hologram can be generated numerically swiftly based on a commodity personal computer 
(PC) [1,2]. However, there is a lack of devices for displaying the hologram which generally 
requires a resolution of over 2400dpi (about 10 microns) to provide an observable 
reconstructed image. Existing spatial light modulators (SLMs), such as the Liquid Crystal on 
Silicon (LCoS), are small in size and rather expensive. Although both the resolution and size 
of these devices can be enhanced with the use of multiple units, or the active tiling (AT) 
method [3–6], the complexity and cost of the setup is increased substantially. A solution to 
address the above problems has been proposed by Tsang et al. [7] with the concept of binary 
mask programmable hologram (BMPH). The BMPH is formed by overlaying a fixed, high- 
resolution binary grating onto a low-resolution binary mask. By generating the correct binary 
mask through an iterative process based on Simple Genetic Algorithm (SGA) [8], the BMPH 
can mimic a hologram with identical resolution as the grating, thereby capable of 
reconstructing an image with the same resolution of the original hologram. As the binary 
mask can be displayed with a less stringent display device of lower resolution, the cost and 
complexity of implementing the holographic display (either as a single or a tiling structure) 
can be reduced. However, the BMPH method suffers from 3 major problems that severely 
limit its application in practice. First, the computer memory, as well as the time taken to 
compute the binary mask is overwhelming. Second, so far only small on-axis hologram of 
size 256x256 pixels can be realized. For larger holograms, the correct mask cannot be found 
even after prolong period of computations, probably due to the difficulty in locating the 
optimal solution in the search space with the SGA. Third, for certain object images, the 
method fails to generate the correct binary mask even after large number of iterations. Despite 
all these shortcomings, the BMPH has casted light on the feasibility of using a low-resolution 
SLM to reconstruct an image obtained from the higher resolution of the original hologram. In 
this paper, we follow the concept of the BMPH and propose a fast method for displaying an 
off-axis digital hologram with a lower resolution SLM. Our proposed method, together with 
the experimental evaluation, are presented in sections 2 and 3, respectively. Finally, a 
conclusion is given in section 4, summarizing the essential findings. 

2. Proposed method 

Our proposed method can be divided into 3 stages as shown in Fig. 1. The input is an 
amplitude, off-axis digital Fresnel hologram ( ),H x y  that is generated as follows. Given a 3-

D object scene comprising of P  object points, a complex hologram ( ),CH x y  is first derived 

with the Fresnel diffraction equation shown in Eq. (1). 
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where λ  is the wavelength of the optical beam, and ( ),x y  being the horizontal and vertical 

coordinates of the hologram plane. The terms ja , ( ),j jx y , and jz  denote the intensity, the 

horizontal and vertical co-ordinates on the vertical plane, and its axial distance from the 
hologram, of the jth  object point, respectively. The hologram pixel is assumed a square 

shape with side length δ . Subsequently, the complex hologram is converted into a real, off-

axis hologram ( ),H x y  by multiplying with an off-axis plane reference wave 

( ) ( )exp 2 sin /R y i yπ δ θ λ= , and taking the real part of the product as 

 ( ) ( ) ( ), Real , .CH x y H x y R y=     (2) 

In the optical experiments that follow, the off-set angle θ  is taken to be o1.2  
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Fig. 1. Proposed method for generating the low-resolution hologram and the high resolution 
grating. 

In the first stage, we apply the “regular grid jittered down-sampling” (RGJD) [9–11] to 
the input digital hologram. In RGJD, the sampling instance of a regular lattice is shifted to a 
random position within the sampling interval (a process commonly referred to as jittering). 
According to the analysis in [9–11], the RGJD results in significant reduction in aliasing 
errors if the jitters are uncorrelated to the signal, thereby preserving the basic composition of 
the signal spectrum. On the downside, high frequency contents are attenuated, and uniform 
noise is imposed on the sampled signal. As the analysis on RGJD has been reported in many 
literatures, such as [11], the details will not be reiterated here. Instead, we shall focus on the 
effect of RGJD on the signal spectrum. Given an arbitrary one dimensional (1-D) signal 

( )s x , applying the RGJD results in a down-sampled signal ( )ds x  given by Eq. (3). 
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where k  is the sampling interval, m  is a positive integer, and 10 kτ≤ < is a random integer. 

Let ( )S ω , ( )dS ω , and ( )ϕ ω  denote the frequency spectrums of ( )s x , ( )ds x , and the 

sampling lattice, respectively. According to [11], if the random variable 1τ  is uncorrelated to 

( )s x , ( )dS ω  can be expressed in Eq. (4) as 
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where ( ) sin /sinc x x x= . The term ( ) ( )( )21 sin / 2jN c kω ω = −   is a term which is zero at 

0ω = , and increases with frequency. The convolution of ( )S ω  and ( )jN ω  results in the 

jittered noise. From Eq. (4), it can be inferred that the signal and the noise strength are 
decreased by factors of 2k  and k , respectively. In addition, ( )dS ω  is free from the aliasing 

error. The 1-D RGJD can be easily extended to down-sample a 2-D hologram. The hologram 
is uniformly partitioned into non-overlapping square blocks of size k k×  pixels, where k  is 
the sampling interval. Within each block, a single pixel is sampled at random, while the rest 
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are set to 0 (i.e., opaque). Mathematically, this process can be represented by multiplying 

( ),H x y  with a RGJD lattice ( ),G x y  given by Eq. (5). 

 ( ) 1 21( ample point) and
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 (5) 

where ,m n  are integers. 1 2,τ τ  are random integers that are smaller than k . The down-

sampled hologram ( ),JH x y  is the product of ( ),H x y  with ( ),G x y  as shown in Eq. (6) 

 ( ) ( ) ( ), , , .JH x y H x y G x y=  (6) 

As we shall demonstrate later, the reconstructed image of a jittered down-sampled hologram 
is similar to the one obtained with the original hologram. In the second stage, an interpolated 
image ( ),M x y  is derived from ( ),JH x y  by filling the blanked pixels in each block of 

( ),JH x y  with the value of the sampled pixel (i.e., interpolation by pixel duplication). 

( ),M x y  is composed of non-overlapping k k×  square blocks, each with a homogeneous 

intensity equal to the value of the sampled pixel in ( ),JH x y . Each block can be taken as a 

pixel in ( ),M x y  with a dimension that is k  times larger than that of the pixel in ( ),JH x y  

along both the horizontal and the vertical directions. In another words, the effective resolution 
of ( ),M x y  is only 1

k th  of that of the original hologram, and can be displayed with a device 

of relatively lower resolution. In the third stage, we note that ( ),JH x y  can be obtained with 

the product of ( ),M x y  and ( ),G x y , as given in Eq. (7). 

 ( ) ( ) ( ), , , .JH x y M x y G x y=  (7) 

As such, the jittered sampled hologram can be realized by overlaying the grating ( ),G x y  

onto the low resolution hologram ( ),M x y . For the sake of clarity, the above process is 

illustrated with Figs. 2(a) to 2(d). A small 4 4×  hologram ( ),H x y , and a grating ( ),G x y  

corresponding to a RGJD lattice with sampling interval 2k = , are shown in Figs. 2(a) and 

2(b), respectively. In the grating image ( ),G x y , sampled pixels (with value ‘1’) are shaded 

in white and non-sampled pixels (with value ‘0’) are shaded in black. The down-sampled 
hologram ( ),JH x y , obtained by the product of ( ),G x y  and ( ),H x y  (Eq. (7)), is shown in 

Fig. 2(c). The interpolated hologram ( ),M x y  is shown in Fig. 2(d). ( ),M x y  is generated 

by duplicating the sampled values in ( ),G x y  within each k k×  square block. It can be easily 

seen that the jittered down-sampled hologram ( ),JH x y  can be obtained through the product 

of ( ),H x y  and ( ),G x y  [See Eq. (6)] or equivalently the product of ( ),M x y  and ( ),G x y  

[See Eq. (7)]. The expected result of the proposed method is as follows: ( ),M x y , being the 

low-resolution of the hologram (has been down-sampled and through interpolation) is 
displayed on a SLM. The RGJD grating ( ),G x y , of the same resolution as the original 

hologram, is placed immediately against the SLM for display as shown in Fig. 3. Upon 
illumination with a planar optical wave, the reconstructed image will have the same resolution 
as that obtained from the original hologram. In the next section, we show results to 
substantiate our claim. 
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Fig. 2. (a) A digital hologram ( ),H x y . (b) The RGJD lattice ( ),G x y , which is also 

adopted as the grating. In each 2 2×  square block, there is only one sampled pixel (the white 

pixel). (c) The hologram ( ),
J

H x y  obtained by down-sampling ( ),H x y  with ( ),G x y . 

(d) The low resolution hologram ( ),M x y  obtained by filling each k k×  square block in 

( ),
J

H x y  with the sampled pixel. 

 

Fig. 3. Optical setup of the LCoS device, the grating, and the illumination 

3. Experimental results 

Our proposed method is evaluated with an off-axis digital hologram ( ),H x y  comprising of 

2048 2048×  pixels, representing the planar image “Lenna eyes” shown in Fig. 4(a). The 
image is parallel to, and at an axial distance of 0.6m from the hologram. The latter has a pixel 
size of 7 m 7 mu u× , and is generated with 650 muλ = . The reference plane wave ( )R y  is 

inclined at an angle of o1.2  along the vertical direction. The numerical reconstructed image at 
the focal plane is shown in Fig. 4(b). Next, we simulate the outcome when the hologram is 
displayed with a device of coarser resolution, having a pixel size of 14 m 14 mμ μ× . This is 

accomplished by down-sampling the hologram with a factor of 2 along both the horizontal 
and vertical directions, so that effective pixel separation is 14 m 14 mμ μ× . The numerical 

reconstructed image of the decimated hologram is shown in Fig. 4(c). Due to the reduction of 
the hologram resolution, the quality of the reconstructed image is very poor, and the Peak 
Signal to Noise Ratio (PSNR) as compare with the reconstructed image in Fig. 4(b) is only 
11.2dB. To evaluate our proposed method, we apply RGJD (i.e., Eq. (3)) to down-sample the 
hologram ( ),H x y  with a factor of 2. The RGJD lattice ( ),G x y  is taken as the high 

resolution binary grating. Subsequently, the down-sampled hologram, denoted by ( ),JH x y , 

is interpolated to a lower resolution hologram ( ),M x y  with pixel duplication. With a factor 

of 2k = , the effective pixel size of ( ),M x y  is 14 m 14 mμ μ× . As explained previously, 

( ),JH x y  can be realized by overlaying the binary grating ( ),G x y  onto the low resolution 
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hologram ( ),M x y . Hence, evaluating ( ),JH x y  will be equivalent to the evaluation of the 

integration of ( ),G x y  and ( ),M x y . The numerical reconstructed image of ( ),JH x y  is 

shown in Fig. 4(d). We observe that apart from some noise contamination and blurring, the 
reconstructed image is similar to that derived from the original hologram, and having a PSNR 
of 23.85dB. Referring to Eq. (4), it can be inferred that further increasing the sampling factor 
is not preferred as the signal strength will be decreased substantially. However, for the sake of 
interest, we evaluate the result for 3k = , increasing the effective pixel size to 21 m 21 mμ μ× . 

The numerical reconstructed image is shown in Fig. 4(e). Although the quality of the image is 
still acceptable, the noise contamination becomes more prominent, and the PSNR drops by 
almost 3dB to 20.89dB. 

 

Fig. 4. (a) Source image “Lenna eyes”. (b) Numerical reconstruction of original hologram 
representing the image in Fig. 4(a). (c) Numerical reconstruction of the original hologram after 
down-sampling by 2 times with a uniform sampling lattice. (d) Numerical reconstruction of the 
original hologram after down-sampling by 2 times with the RGJD lattice. (e) Numerical 
reconstruction of the original hologram after down-sampling by 3 times with the RGJD lattice. 

4. Conclusion 

In our proposed method, we apply RGJD and interpolation to convert a real, off-axis digital 
Fresnel hologram into a low-resolution hologram. By overlaying the low-resolution hologram 
with a binary grating that is generated based on the same RGJD lattice, a good approximation 
of the original hologram can be realized. The process only involves negligible amount of 
computation and is not restricted by the size and content of the hologram. Deriving the RGJD 
lattice and its associated binary grating is an off-line process, and once generated, they can be 
applied universally to all the input holograms. Experimental evaluation reveals that with our 
proposed method, the reconstructed image of a hologram can be preserved favorably after its 
resolution has been decreased to one third of its original value. The encouraging result 
suggests that such technique can be readily applied to enable high-resolution holograms to be 
display on a relatively lower resolution device. 
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