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Abstract. A technique, based on a modified Gerchberg-Saxton algorithm 
(MGSA) and a phase modulation scheme in the fractional Fourier-transform 
(FrFT) domain, is proposed to reduce crosstalks in multiple-image encryption 
and multiplexing. First, each plain image is encoded into a phase function by 
using the MGSA. Then all the created phase functions are multiplexed, with 
different fractional order of FrFT, and phase-modulated before being combined 
together into a single phase only function (POF). Simulation results show that 
the crosstalks between multiplexed images have been significantly reduced, 
compared with prior methods [1, 2], thus presenting high promise in increasing 
the multiplexing capacity and encrypting graylevel and color images. 
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The use of opticall multiplexing to achieve multiple-image encryption has been popu-
lar for a long time [1-4]. Differing from storing thousands of images in a single 
photorefractive crystal [5-8], multiple-image encryption uses two phase only function 
(POFs) to record several images [3, 4]. Image encryption using two statistically inde-
pendent POFs is conventionally based on the Fourier-transform (FT) domain [9, 10], 
Fresnel-transform (FrT) domain [11, 12], or fractional Fourier-transform (FrFT) do-
main [13].  

For multiple-image encryption purpose, the most important issue is to increase the 
multiplexing capacity (i.e., the number of images that can be encrypted simultane-
ously), or, to reduce the crosstalks on extracting the desired information encrypted 
therein. Situ and Zhang proposed the schemes of wavelength multiplexing [3] and 
position multiplexing [4] for binary images. Their methods, however, present limited 
applicability if the crosstalks can not be further reduced. The annoying crosstalk also 
prevents Situ and Zhang’s schemes from applications to graylevel images.  
                                                           
* Corresponding author. 
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A novel multiple-image encryption scheme is proposed here to overcome the 
above crosstalk problem, aiming to increase the multiplexing capacity and enable the 
encryption of grayscale, or even color, images. To simplify the system complexity, 
we propose a modified Gerchberg-Saxton algorithm (MGSA) [15-17], operating on 
the FrFT domain (rather than the FT domain for conventional GSA [15, 16]), to re-
trieve the phase function of an image. The retrieved phase functions for all images to 
be encrypted are then modulated and combined (in a multiplexing manner) to form a 
single POF for storage. 

Figure 1 shows the block diagram of the proposed MGSA. The algorithm starts 
with performing the inverse FrFT (abbreviated as IFrFT) on the input target image 

1 1( , )g x y , which then gets an intermediate phase function 0 0( , )g x yψ . Next, the 

phase function 0 0( , )g x yψ  is constrained with a unity amplitude and then Fresnel-

transformed to obtain an approximation 1 1ˆ ( , )g x y  with a phase function 

ˆ 1 1( ,  )g x yψ can be obtained. Again, the target image 1 1( , )g x y with an updated phase 

function ˆ 1 1( ,  )g x yψ is inversely Fresnel-transformed. The above process is iterated 

until a required correlation (similarity) between 1 1( , )g x y and 1 1ˆ ( , )g x y is achieved. 

The converged 0 0( , )g x yψ is then determined as the retrieved phase of 1 1( , )g x y , i.e., 

0 0( , )g x yψ will satisfy:   
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where 2pα π=  and p  is a fractional order of FrFT. When the input POF recorded 

with 0 0( , )g x yψ which is FrFTed, the approximation image 1 1
ˆ ( ,  )g x y  will be recon-

structed at the 1 1( , )x y  plane.  

Figure 2(a) illustrates the multiple-image encryption process based on the proposed 
MGSA.  First, each individual image 1 1( ,  )ng x y , 1 ~n N= , is encrypted into its cor-

responding phase function 0 0( , )
ng x yψ . Then, the iteration process of generating 

phases based on MGSA in accordance with different fractional order np of FrFT is 

performed to obtain 0 0( , )
np x yψ . For different fractional order np  multiplexing, each 

0 0( , )
np x yψ satisfies: 
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Fig. 1. Block diagram of the proposed MGSA based on FrFT domain 
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where different fractional order np satisfies the relation: 2n npα π=  and ˆ 1 1( , )
n

p
g x yψ  

is the accompanied phase term. These N different fractional order np  multiplexed 

phase functions, 0 0( , )
np x yψ , 1 ~n N= , can be recorded together into one POF. 

Each encrypted image 1 1( ,  )ng x y  can then be extracted or recovered from the POF as 

the approximation 1 1
ˆ ( , )p

ng x y  in Eq.(2). However, since crosstalks exist between the 

encrypted images which are different fractional order np multiplexed, the error of 

1 1
ˆ ( , )ng x y may be perceivable even the key for deciphering is correct. To reduce the 

annoying crosstalks among multiplexed images, the N encrypted images 1 1
ˆ ( , )ng x y  

are spatially translated to different positions by using the phase modulation property 
of FrFT:  
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where  0 0 0 0 0 0( , ) ( , ) 2 ( ),

n np p n nx y x y x yψ ψ π μ ν′ = + +
                                                (4) 

1 1( , )x yφ  is the accompanied phase term, and nμ  and nν  denote the respective 

shift amounts of 1 1
ˆ ( , )p

ng x y  in the 1x  and 1y  direction, respectively, at the output 

plane. It is obvious from Fig. 2(b) that crosstalks can be reduced significantly with a 
proper arrangement of ( , )'sn nμ ν . 

To synthesize a POF for the purpose of multiple-image encryption, phasors corre-
sponding to 0 0( , ),

np x yψ ′ 1 ~ ,n N=  obtained from Eq.(4) are summed to get 

T 0 0exp ( , )pj x yψ⎡ ⎤⎣ ⎦ :  
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where arg denotes the argument operator. To the best of our knowledge, this method 
is new for multiplexing (encrypting) N images with only one POF! 
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Fig. 2. (a) Block diagram of the proposed multiple-image encryption method. The opti-
cal/digital decryption system based on one POF in the fractional Fourier domain can be per-
formed by: (b) the different FrFT order based de-multiplexing (with different order np ). 

The image decryption (extraction) process with different fractional order np  can 

be expressed, respectively, as 
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Fig. 3. (a) Nine images 1 1 1 9 1 1( , ) ~ ( , )g x y g x y  for encryption; (b) and (e) are 3 1 1( , )g x y and 

6 1 1( , )g x y  chosen for FrFT order 3 1.25p =  and 6 2.0p =  multiplexing, respectively; (c) 

and (f) are the decryption results corresponding to images in (b) and (e); (d) and (g) are the 
enlarged version of the selected regions in (c) and (f) , respectively. 

where 1 1( , )
npn x y  represents the noise terms or crosstalks resulting from deciphering 

of the remaining images with incorrect keys. Fortunately, the proposed technique 

based on Eq. (6) can recover the encrypted images, 1 1ˆ ( , )p
ng x y , with different spatial 

translations to artfully avoid the crosstalks 1 1( , )
npn x y .  
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Computer simulations are performed to verify our proposed method. Figure 3(a) 
shows nine original grayscale images of size 64 64×  pixels. For different fractional 
Fourier transform order np  based multiplexing, the order np are varied 

as 0.5+0.25  np n= , where 1, , 9n = … . Figures 3(b) and 3(c) show the original 

3 1 1( , )g x y  and the decrypted 3 1 1
ˆ ( , )pg x y ( 3 1.25p = ), respectively, and Figs. 3(e), (g) 

depict the original 6 1 1( , )g x y and the decrypted 6 1 1
ˆ ( , )pg x y ( 6 2.0p = ), respectively. 

Comparing Fig. 3(b) with Fig. 3(d) (the enlarged version of one part in Fig. 3(c)), a 
correlation coefficient of ρ =0.95 is obtained. A similar performance can be achieved 

( ρ =0.94) for order 6 2.0p =  multiplexing. The shifting amounts are designated to be 

( , ) ( , )n n aD bDμ ν = , where  and a b  are integers within the range [ 3,  3]−  and 

64D = . Figure 4 shows the comparison on the correlation coefficient between the 
original and the decrypted images for our proposed and the methods in Refs. [3, 4]. 
The proposed method evidently causes lower crosstalks (i.e., larger correlation coeffi-
cient) and hence achieves a higher storage capacity (i.e., larger N at a specified 
crosstalk). 

NNumber of encrypted  images

      Situ's wavelength multiplexing method [3] with Gaussian low-pass filtering 
      Situ's wavelength multiplexing method [3] without filter                    
      Proposed multiplexing method                                     
      Situ's position multiplexing method [4] with Gaussian low-pass filtering   
      Situ's position multiplexing method [4] without filter  

 

Fig. 4. Comparison of the proposed method with the Situ’s methods [3, 4] in terms of  
correlation coefficient 
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In conclusion, our proposed method is new and efficient (low crosstalks) for multi-
plexing (encrypting) N images with only one POF (in contrast to traditional works 
which require two POFs). By the way, a lensless optical system based on FrFT is more 
compact, simpler and easier to implement owing to its minimization of the hardware 
requirement. Optical experiments will be soon conducted in our future research. 
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