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We propose an experimental holographic imaging scheme combining compressive sensing (CS) theory 

with digital holography in phase-shifting conditions. We use the Mach-Zehnder interferometer for hologram 

formation, and apply the compressive sensing (CS) approach to the holography acquisition process. Through 

projecting the hologram pattern into a digital micro-mirror device (DMD), finally we will acquire the 

compressive sensing measurements using a photodiode. After receiving the data of two holograms via 

conventional communication channel, we reconstruct the original object using certain signal recovery 

algorithms of CS theory and hologram reconstruction techniques, which demonstrated the feasibility of 

the proposed method.
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I. INTRODUCTION

Over the past several years, the huge storage and 

bandwidth requirements for storing or transmitting holo-

graphic data has been a main limiting factor for application 

of digital hologram technology [1-4]. Fortunately, the 

newly developed theory known as compressive sensing 

(CS) [5-7] provides a new direction for imaging system 

designs. One of the most influential hardware realizations 

of imaging systems is the CS-based single-pixel camera [8, 

9]. Based on compressive sensing, many new applications 

have already sprung up in the realm of holography. The 

group of The Duke Imaging and Spectroscopy Program 

(DISP) first formulated hologram data compression as a 

compressive sensing problem [10]. Then we may mention 

on-line compressive holography [11-13], off-axis compressive 

Fresnel holography [14], compressive incoherent holography 

[15-16], compressive single exposure on line holography 

[17]. In the optical domain, few applications of this single- 

pixel imaging setup in digital holography extending to the 

coherent regime have been reported although many successful 

applications of compressive sensing for holography have 

been demonstrated [11-17].

To fully exploit the advantages of CS theory and 

holography, we develop a new holographic imaging scheme 

combining the CS-based single-pixel-camera with holography 

in the optical domain. Here, we use phase-shifting holo-

graphy to generate holograms of an object, and then address 

the acquisition step by measuring the inner products between 

the hologram and the pseudo-random binary patterns 

generated by a digital micro-mirror device (DMD). With 

this method, we can directly acquire the compressed holo-

gram using a photodiode, and never need the CMOS or 

CCD to record the hologram during the acquisition step. 

Then the acquired data is processed to produce a recon-

struction of the object using reconstruction algorithms of 

CS. Our team has demonstrated the feasibility of the 

optical image recovery of four-step phase-shifting holography 

based on compressive sensing [18-19]. A proof-of-concept 

experiment evaluating the phase distribution of an ophthalmic 

lens with three step compressive phase-shifting holography 

is provided [20]. But it is necessary to record a lot of data 

with imaging architecture and spend a lot of time conducting 

an experiment. To overcome this drawback, on the basis 

of the method of four-step phase shifting holography based 

on a CS, we propose the establishment of two-step phase 

shifting holography based on CS, in which half of the data 
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FIG. 1. Holographic imaging system.

is recorded to reconstruct the original object, speed of the 

reconstruction time is faster than the four step method. 

Moreover, when making use of our imaging system to 

simulate digital holographic imaging, we get holograms 

generated by the phase-shift digital hologram principle, in 

this process we use Fresnel to get similar holograms. In 

the process of recording data of holograms, we can 

directly acquire the compressed hologram using a photodiode. 

However, we reconstruct the original object using the 

compressed hologram rather than directly using holograms 

generated by the phase-shift digital hologram principle. 

The data need experience a lossy compression process. 

Because half of data is reduced in two-step phase shifting 

holographic method compared with four-step phase shifting 

holographic method, in two-step phase shifting holographic 

method error caused by a lossy compression process will 

be less, real-time performance is also better than four-step 

phase shifting holographic method. We reconstruct the 

original object using corresponding hologram algorithm 

instead of four-step phase shifting algorithm, simulation 

results demonstate that reconstruction quality of image is 

better than four-step phase shifting holographic method.

 II. COMPRESSIVE SENSING

Compressive sensing combines sampling and compression 

into a single non-adaptive linear measurement process. It is 

mainly made up of three sections: sparse representation, 

random projection and reconstruction. This subsection presents 

a very brief CS overview necessary for the following sections. 

Suppose that a basis matrix ϕ  with size N N×  can 

provide a K-sparse representation for a real value signal 

(e.g., image signal) X with length N. We can write

X= Aϕ (1)

A with length N can be well approximated using only 

K N�  non-zero entries. Let us define the acquisition 

model by

Y X Aϕ= Φ = Φ (2)

X is the input object, Y with size 1M ×  is our 

measurement, and Φ  is an M N×  measurement matrix, 

which is incoherent with ϕ . The goal is to reconstruct Y 

from few measurements. One can recover X from Y only 

from ( log )M O K N= , where K  is the number of 

non-zero elements in A (
T

A Xϕ= ) and N is the total 

number of object pixels. As demonstrated in [5-7], we can 

recover x  from y  via 1
l  norm optimization problem:

1
argmin such thatA A A Yϕ′= Φ =

)

(3)

III. COMPRESSIVE HOLOGRAPHIC IMAGING 

SYSTEM BASED ON COMPRESSIVE SENSING

Our holographic imaging setup based on CS theory is 

shown in Fig. 1. Where a linearly polarized laser beam is 

expanded, collimated, and then divided into an object 

beam and a reference beam. The phase of the reference 

wave is controlled by an electro-optic phase modulator. 

Then the two waves overlap to form interferograms. A 

traditional hologram generating device is different in that a 

single-pixel camera based on CS theory is used to collect 

signal and compress data in our system. We adopt a 

Digital Micro-mirror Device(DMD) for producing the 

measurement matrix Φ and computing random linear mea-

surements of the interferograms H
I  and the measurement 

matrix Φ. We can directly acquire the compressed hologram 

to obtain the compressed data Y using a photodiode. 

In the case of the two-step algorithm [23] based on the 

traditional two-step quadrature phase-shifting holography 

[21-22], when we set the phases of the reference wave in 

the first and second exposure to 0 and 2

π
 respectively by 

regulating the electro-optic phase modulator, then two 

quadrature-phase holograms 1H
I  and 2H

I  are recorded 

sequentially on the DMD and expressed as 

[ ]

2

1 , 1

0

( )

( , ) 2Re ( , )

H H H r H

H H H H H r

I x y u u

I x y u x y A

= +

= + ⋅
(4)

[ ]

2

2 2

2

0 ,

( , )

( ) 2 ( , )

H H H r H

r H

H H H H H r

I x y u u

iA u

I x y Im u x y A

= +

= +

= + ⋅

(5)

( , )
H H H
I x y  is a record of the interference between a 

reference field r
u  and an object scattered field H

u . rk
u =

exp( )
r rk

A iϕ , k=1, 2, 
r

A  and rk
ϕ  are the amplitude and 

phase of the reference wave respectively. 0
I  is the zero- 

order light given by

22

0
( , )

H H r H
I x y A u= + (6)

The DMD consists of many micro-mirrors, each mirror 

corresponds to a particular pixel in X and m
φ  and can be 
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independently oriented either towards lens (corresponding 

to one at that pixel in m
φ ) or away from the lens 

(corresponding to a zero at that pixel in m
φ ). Here m

φ  

can be considered as rows to form the random mea-

surement matrix Φ( [ ]1 2
...

T M N

M
Rφ φ φ ×Φ = ∈ ). When the 

hologram ( , )
H H H
I x y=  produced in our setup formed on 

the DMD, the biconvex lens is used to collect the 

reflected light, and then it is focused onto a photodiode 

that integrates the product m
Xφ  to compute the mea-

surement m m
y Xφ=  as its output voltage. { }1,2,3,...,m M∈ .

[ ]1 2
,

m m H H
y I Iφ= (7)

To compute CS randomized measurements = X= AY ϕΦ Φ

[ ]1 2
A= ...

T

M
y y y , we set the mirror orientations m

φ  randomly 

using a pseudorandom number generator, measure m
y , and 

then repeat the process M times to obtain the measurement 

Y(Φ is the measurement matrix generated by the DMD).

[ ] [ ]1 2 1 2
, ,

H H
Y Y Y I I= = Φ (8)

Y is the measurement data, 2M
Y R

×∈ ,
1N

Hk
I R

×∈ ,Φ∈
M N

R
× . The optical signal was transformed to a digital 

signal by a photodiode and transmited through conven-

tional channels to the computer. Then we can reconstruct 

the interference wave intensity by solving a CS recon-

struction problem in the computer. According to CS, we 

can get the optimal estimation by solving the following 

convex optimization problem:

1
argmin .

Hk Hk k Hk
I I s t Y I= = Φ
)

(9)

Since the hologram is piecewise constant with large 

gradient at the edge, we adopt a Total Variation(TV) 

algorithm to measure the 1
l  norm as:

argmin .
Hk

Hk Hk k Hk
TV

I

I I s t Y I= = Φ
r)

(10)

Here we adopt the 1
_l magic  to solve this optimization 

problem. Then we need to compute ( , )
H H H

u x y ( the 

complex amplitude of the object optical field) by putting 

the optimal estimation 1H
I
)

, 2H
I
)

together. Finally we can 

get the original object image by the inverse Fresnel 

transformation. Now we will compute ( , )
H H H

u x y  as 

follows. We show such an algorithm, which determines the 

reference wave intensity
2

r
A directly from the hologram 

without the actual need to record the reference wave 

intensity at all. From holographic imaging principle, 
2

r
A  

should be within 0 and the maximum of 1H
I . Now we 

construct a 2-D correlation coefficient, called CC [23].

( ) ( )
T

CC abs E abs E= ⊗ (11)

In Eq. (11), abs (.) denotes the amplitude of (.); 
r

E is 

the image decrypted by 1H
I and the correct keys; E 

denotes the decrypted image with two holograms and the 

correct keys, which is calculated by the assumed values 
2

rc
A (the value is gotten by searching from 0 to max ( 1H

I ) 

without actual measurements) of the reference light 
2

r
A , 

Eq. (15) and Eq. (16). We then draw the curve of CC 

versus rc
A  and set the criterion such that the minimum 

point of the curve locates the actual value of r
A . The 

algorithm can be expressed as follows: 

[ ]1 2 0 0

0 0

2 Re( ) Im( )

2

C H H rc H H

rc H

I I iI I iI A u i u

I iI A u

= + = + + +
= + +

(12)

r
A  in Eq. (4), Eq. (5) and Eq. (6) was replaced by rc

A  

in this algorithm, then we construct a complex hologram 

C
I  as shown above. In the formula, Re( )

H H
u u=

Im( )
H

i u+ . By taking square of the absolute value of both 

sides of Eq. (12), we obtain the solution to a quadratic 

equation in 0
I :

2

1 2

0

2 2 2 2 2

1 2 1 2

2

2

(2 ) 2( 4 )

2

rc H H

rc H H H H rc

A I I
I

A I I I I A

+ +
=

+ + − + +
±

(13)

Transposing and rearranging Eq. (4) and Eq. (5), we 

can write

[ ]
2

1 2

0

2
Re( ) Im( )

2

rc H H

rc H H rc

A I I
I A u u A

+ +
= − + + (14)

The quantity, F( Re( ) Im( )
rc H H

F A u u= + + ), will be 

positive everywhere if the intensity of reference light is 

large than that of the object wave intensity, which is 

generally true in practice [23], so the minus sign should 

be chosen for Eq. (13). Then we can calculate 

2

1 2

0

2 2 2 2 2

1 2 1 2

2

2

(2 ) 2( 4 )

2

rc H H

rc H H H H rc

A I I
I

A I I I I A

+ +
=

+ + − + +
−

(15)

we can calculate the complex amplitude from Eq. (12) 

1 0 2 0
( ) ( )

2

H H

H

rc

I I i I I
u

A

− + −
= (16)

Putting the optimal value 1H
I
)

, 2H
I
)

 calculated from the 

above with CS theory into Eq. (16)
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 2. The simulation results using our architecture. (a) Original image of letter K. (b) Digital hologram of letter K. (c) Reconstruction 

from 2048 (50%) measurements using the method of four-step phase shifting holography based on compressive sensing (CS). (d) 

Reconstruction from 3276 (80%)) measurements using the method of four-step phase shifting holography based on CS. (e) 

Reconstruction from 3686 (90%) measurements using the method of four-step phase shifting holography based on CS. (f) 

Reconstruction from 2457 (60%) measurements using current method of two-step phase shifting holography based on CS. (g) 

Reconstruction from 3276 (80%) measurements using current method of two-step phase shifting holography based on CS. (h) 

Reconstruction from 3686 (90%) measurements using current method of two-step phase shifting holography based on CS.

1 0 2 0
( ) ( )

2

H H

H

rc

I I i I I
u

A

− + −
=

) )

)

(17)

Finally we can get the original object image by the 

inverse Fresnel transformation.

IV. COMPUTER SIMULATIONS

In the following, we made a series of computer simulations 

to verify the effectiveness of our method. The object we 

used was grayscale image “K” as shown in Fig. 2(a) with 

64×64 pixels (hence, N=4096). The measurement matrix 
Φ generated by the DMD is random sequences of 0/1. 

The hologram ( , )
H H H

u x y  was digitized shown in Fig. 

2(b). When we took 2048 measurements and 3276 measure-

ments, we respectively got the reconstruction of the 

original image “K” shown in Fig. 2(c) and Fig. 2(d) using 

the method of four-step phase-shifting holography based 

on CS. When we took 3686 measurements, we got the 

reconstruction of the original image “K” shown in Fig. 

2(e) using the method of four-step phase-shifting holo-

graphy based on CS. When we took 2457 measurements 

and 3276 measurements, we respectively got the reconstruction 

of the original image “K” shown in Fig. 2(f) and Fig. 2(g) 

using the method of two-step phase-shifting holography 

based on CS. When we took 3686 measurements, we got 

the reconstruction of the original image “K” shown in Fig. 

2(h) using the method of two-step phase-shifting holography 

based on CS. According to the simulation results, it is 

clear that the new holographic imaging method we propose 

is feasible. We can see that there is ambiguous noise in 

Fig. 2(h), because we reconstruct the original object using 

the compressed hologram rather than directly using two 

holograms generated by the phase-shift digital hologram 

principle. The data experiences a lossy compression process.

Fig. 2. The simulation results using our architecture. (a) 

Original image of letter K. (b) Digital hologram of letter 

K. (c) Reconstruction from 2048 (50%) measurements 

using the method of four-step phase shifting holography 

based on compressive sensing (CS). (d) Reconstruction 

from 3276 (80%)) measurements using the method of 

four-step phase shifting holography based on CS. (e) 

Reconstruction from 3686 (90%) measurements using the 

method of four-step phase shifting holography based on 

CS. (f) Reconstruction from 2457 (60%) measurements 

using current method of two-step phase shifting holography 

based on CS. (g) Reconstruction from 3276 (80%) measure-

ments using current method of two-step phase shifting 

holography based on CS. (h) Reconstruction from 3686 

(90%) measurements using current method of two-step 

phase shifting holography based on CS. 

V. CONCLUSION

In this paper, we reconstruct an original image by recording 

two holograms in the optical domain using certain signal 

recovery algorithms of CS theory and hologram recon-

struction techniques, which greatly enhances the hologram 
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photography and recovery efficiency. First, we can directly 

acquire the compressed hologram using a photodiode and 

never need the CMOS or CCD to record the hologram 

during the acquisition step, which reduces the complexity 

and size of holographic imaging devices. In addition, 

speed of the reconstruction time is faster than the four step 

method. Real-time performance in two-step phase shifting is 

also better than that in four-step phase shifting. It will make 

coherent dynamic imaging possible. Our method is useful for 

substantially reducing the bandwidth or storage requirements 

of detector pixels and the scanning effort in the acquisition 

step. The most significant advantage about the holographic 

imaging system design is the enhancement of detector 

efficiency, because only significant components in the images’ 

transformed space, which are important for people’s visual 

perception, are collected. Our current work involves improving 

the quality of the image reconstruction according to the 

feature of hologram and CS theory, in the meantime, we are 

building an experimental platform for verification.
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