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Abstract
Because of its simple optical system setup and robust noise tolerance, non-interferometric phase retrieval is an important 
technique for phase-modulated holographic data storage. Usually, the iterative algorithm of non-interferometry needs hun-
dreds of iteration numbers to retrieve phase accurately, the data transfer rate decreases severely. Strong constraints such as 
adding embedded data into the phase data page can reduce the iteration numbers, but this method decreases the code rate 
severely. In this paper, we proposed the advanced non-interferometric phase retrieval method based on the collinear system. 
By encoding the reference beam of the collinear optical holographic storage system with embedded data, the storage space 
of the signal beam data page is completely released and the encoding rate is doubled. The embedded data can provide more 
modulation index including phase and amplitude to shorten iterations, so the data transfer rate is also increased. In the simu-
lation, we recorded a four-level phase pattern and retrieved the phase correctly.
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1 Introduction

With the development of the information age and the arrival 
of the big data era, the information storage demand has 
increased dramatically. The current storage technologies 
have been becoming unable to meet the human needs for 
data storage. In recent years, holographic optical storage 
technology has gradually become one of the most prom-
ising storage technology because of its high storage den-
sity, fast data transfer rate, and low cost and stable storage 
[1–4]. Optical holographic storage can encode and store 
data information in two ways: amplitude modulation and 
phase modulation. Because of its signal-to-noise ratio and 

encoding rate are relatively low, the amplitude-modulated 
holography storage technology has been unable to meet the 
current explosive data storage requirements gradually [5, 6].

Phase-modulated holography storage technology has 
attracted more and more attention because of its higher 
signal–noise-radio and storage density compared with the 
amplitude-modulated method. Since phase information can-
not be detected directly by detectors such as CMOS or CCD, 
people use interferometry or non-interferometry method to 
retrieve the phase. There is a phase ambiguity problem in 
interferometry because of the cosine relationship between 
the interference intensity and the phase difference. Mean-
while, the interference intensity is unstable due to environ-
mental disturbance. Multi-step phase-shifting interferometry 
can be used to solve the phase ambiguity problem and get 
the accurate phase information [7–9]. But multiple opera-
tions will reduce the data transfer rate and increase the error 
possibility. Using coding pairs can realize single-shot inter-
ferometry [10], but this method loses half of the code rate.

Non-interferometric methods for phase retrieval can not 
only solve the phase ambiguity issue but also have higher 
vibration tolerance. The iterative Fourier transform algo-
rithm (IFTA) is one of the easiest non-interferometric 
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iterative methods. It is originated from R.W. Gerchberg and 
W. O. Saxton in the 1970s and modified by James R. Fienup 
in the 1980s [11–13]. In our previous work, phase retrieval 
was achieved within 10 iterations using embedded data as a 
strong constraint for IFTA [14]. This work is applied to off-
axis holographic systems and the illustration of the system 
is shown in Fig. 1. Because 50% of the storage capacity is 
used to store embedded data, the code rate is low.

In this paper, we propose the advanced non-interferomet-
ric phase retrieval method based on the collinear system to 
increase the code rate and storage density and accelerate 
phase retrieval further. Since the collinear system allows 
the signal beam and the reference beam in the same plane, 
the embedded data can be added to the reference beam only. 
Since the embedded data does not use signal light coding, 
the system coding rate is increased 2 times.

2  Methods

Collinear holography storage system [15, 16] was first pro-
posed in 2005. It uses one spatial light modulator (SLM) to 
modulate the reference beam and signal beam, which are bun-
dled on the same axis. In the recording process, the reference 
and signal beam irradiate on the recording medium through 
a single objective lens and a two-dimensional page data is 
recorded as a volumetric hologram in the material. In the read-
ing process, only the outer ring reference beam is loaded on the 
SLM and irradiates the hologram. The reconstructed beam will 
be diffracted in the central area, and the zero-order diffraction 
of the reference beam will transmit to the corresponding posi-
tions with incident plane. Reconstructed light can be filtered 

separately using an aperture to get the signal part. The record-
ing and reading process is shown in Fig. 2.

Since the reference beam and the signal beam of the col-
linear system are in the same plane, we propose to modu-
late the reference beam by known embedded data only. The 
encoding method of collinear and off-axis system are shown in 
Fig. 3. Compared with the off-axis method, since the reference 
beam has been known, there is no extra cost in the encoding, 
so that about 2 times the code rate is increased compared with 
the off-axis system.

So, our whole collinear non-interferometric phase retrieval 
system is illustrated in Fig. 4. Original phase data is the sig-
nal beam in the central part of the SLM, and embedded data 
is the reference beam in the outer part of the SLM. In the 
writing process, the signal beam and reference beam are both 
illuminated to record a hologram in the media. In the reading 
process, only the reference beam is illuminated and the recon-
struction beam is diffracted. We designed to add an attenua-
tor on the position of reference beam, because the diffractive 
signal part is too weak compared with the reference part. The 
Fourier intensity of the data page includes the reference and 
the signal part is captured by CMOS. Then, the fast iterative 
Fourier transform algorithm is used to recover the phase of 
the data page.

The calculation method of IFTA is as follows. At the begin-
ning, we set an initial guess distribution �0 , includes embed-
ded phase data in and random unknown phase data. Assign 
�0 to �

k
 , where k = 1, 2,… denotes iteration number. Then we 

get a complex amplitude distribution U
k
 in the object domain 

as shown in Eq. (1):

(1)U
k
= exp

(
i ∗ �

k

)
.

Fig. 1  Illustration of non-interferometric phase retrieval system
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Fig. 2  Recording and reading process of collinear holographic storage scheme

Fig. 3  Data page of collinear and off-axis system
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We can get a complex amplitude distribution V
k
 on the Fou-

rier domain after Fourier transform as shown in Eq. (2):

where F denotes Fourier transform operator, ||Ak
|| and �

k
 

denote amplitude and phase, respectively. Then we use 
the root square of intensity I captured by the CMOS to 
replace the amplitude ||Ak

|| , thus a new distribution V′

k
 can 

be obtained, as shown in Eq. (3):

where I denote the intensity distribution image captured by 
CMOS.

After the inverse Fourier transform, a complex amplitude 
distribution U′

k
 in the object domain is got, as shown in Eq. (4):

where ||
|
A

′

k

||
|
 and �′

k
 denote new amplitude and phase values, 

respectively, in the object domain.
We use the constraints of phase-only and embedded phase 

data to correct the complex amplitude distribution. Therefore, 
amplitude ||

|
A

′

k

||
|
 set to 1. The phase of the unknown data position 

is kept and the data in the embedded position is replaced by 
embedded phase data. Then we get a new distribution ||

|
U

′′

k

||
|
 

shown in Eq. (5):

(2)V
k
= F

[
U

k

]
= ||Ak

|| exp
(
i ∗ �

k

)
,

(3)V
�

k
=
√
I exp

�
i ∗ �

k

�
,

(4)U
�

k
= F

−1
[
V

�

k

]
=
||
|
A

�

k

||
|
exp

(
i ∗ �

�

k

)
,

(5)U
��

k
= exp

(
i ∗ �

��

k

)
,

where �′′

k
 is the new phase distribution and �′′

k
 will be the 

new guess �(k+1) for the next iteration. Then, we compute 
the new Fourier intensity distribution I

k
 by Eqs. (6) and (7):

where V��∗
k

 is the conjugation of V′′

k
.

We compute the intensity error rate E
k
 as shown in 

Eq. (8), and the difference between two adjacent intensity 
error rate ΔE as shown in Eq. (9). Both I and I

k
 are normal-

ized to 0–255. Set a threshold ɛ = 10−4 as the stop criterion, 
if ΔE falls below ɛ, the loop is terminated and phase dis-
tribution �′′

k
 is regarded as original phase code. Otherwise, 

phase �′′

k
 will be a new guess going into next iteration:

3  Simulation results and discussion

We performed a realistic collinear non-interferometric 
phase retrieval experiment whose parameters are consistent 
with the actual experiment settings. The laser wavelength 
is 532 nm. The pixel pitch of SLM is 20 μm and we use 
2 × 2 pixels to denote 1 phase data. We set 50 × 50 four-
level phase data in the signal part and a similar amount of 

(6)V
��

k
= F

{
U

��

k

}
,

(7)I
k
= V

��

k
⋅ V

��∗
k
,

(8)E
k
=

∑��Ik − I��∑
I

,

(9)ΔE = E
k
− E

k−1.

Fig. 4  Illustration of collinear non-interferometric phase retrieval system
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four-level phase data in the reference part of the data page. 
The pixel pitch of CMOS is 5.86 μm, and we captured twice 
the Nyquist size of the Fourier intensity of the input. The 
focal length in front of the CMOS is 150 mm.

When considering the amplitude of signal part and refer-
ence part 1:1, the simulation result is shown in Fig. 5. The 
input phase data page is shown in Fig. 5a. Fourier domain 
detected by CMOS is shown in Fig. 5b. Figure 5c is the 
phase retrieval result by the IFT algorithm. After the four-
level phase discretizing as Fig. 5d the reconstruction results 
is shown in Fig. 5e. The bit-error-rate (BER) becomes 0 after 
18 iterations. In the simulation, we didn’t consider the effect 
of the recording medium which would cause some noise 
such as degeneration noise mainly.

We tried to improve the weight of the reference and 
researched the reconstruction results. The complex ampli-
tude distribution U

k
 in the object domain is represented by 

U
k
= Asig exp

(
i × �sig_k

)
+ Aref exp

(
i × �ref_k

)
 , where Asig 

and Aref are amplitude of signal and reference, respectively, 

and �sig_k and �ref_k are phase distributions in signal part 
and reference part, respectively. The specific data processing 
process is the same shown in Sect. 2.

Figure 6 shows the iterations under different amplitude 
weights of the reference ( Aref∕Asig ). When the amplitude 
weight of the reference is improved, iterations are short-
ened. Because with the amplitude weight of the reference 
increasing, the proportion of known information increases; 
therefore, the phase reconstruction is accelerated and itera-
tions are shortened. Figure 7 shows the histograms of phase 
retrieval data under different amplitude weight of the refer-
ence. The BER is all 0, but the accuracy of the IFTA phase 
retrieval result is different. As the amplitude weight of the 
reference beam increases, the intensity of actual signal light 
relatively decreases. Then the noise appears and leads to 
the broadening of the reconstruction value become wider. 
Before the broadening phase reconstruction aliases, it can 
still be accurately reconstructed. If aliasing occurs between 
different phases, the bit-error rate will appear. Due to the 

Fig. 5  Simulation result with 1:1 amplitude of signal part and reference part



424 Optical Review (2020) 27:419–426

1 3

influence of noise, the broadening of phase value will affect 
the final reconstruction accuracy. Therefore, we need to set 
the weight of reference to achieve a balance between recon-
struction speed and accuracy.

We simulated the anti-noise performance by adding ran-
dom detection noise on CMOS. The CMOS gray value is 
0–255. We add ± 1 pepper noise to the CMOS detection 
surface to simulate the actual detection noise. That is, each 
pixel value of the phase plane will randomly fluctuate ± 1 
in the true value range. The histograms of original phase 
retrieval data with detection noise are shown in Fig. 8. Fig-
ure 9 shows iterations and BER under different amplitude 
weights of reference situations. We can see that when the 
amplitude weights of the reference are large enough, the 

BER appears and grows. Still, we need to balance iterations 
and BER to get the best result.

We simulated the different encoding levels from 4-level 
to 8-level and compared their iterations and BERs under 
different reference weights, as Fig. 10 shows. It has been 
proved that the relation between iteration times and refer-
ence weight does not change much under different coding 
conditions. With the increase of the weight of the reference 
beam, the number of iterations gradually decreases and tends 
to balance, as Fig. 10a shows. However, as in Fig. 10b, when 
the reference amplitude reached 5 times of signal, the BER 
started to increases with the increase of the weight of refer-
ence gradually. Moreover, the higher the coding order, the 
larger the BER and the faster the growth. Therefore, in the 
actual experiment, we need to consider the coding order, 
reference beam weight as well as the system BER at the 
same time. We calculated 10 different phase patterns in the 
simulation and all the results showed the same trends about 
these performances.

4  Conclusions

In this paper, we proposed the advanced non-interferometric 
phase retrieval method based on the collinear system. There 
are unique advantages for the collinear non-interferomet-
ric phase retrieval system. First, the code rate is increased 
by about 2 times, so storage density is increased. Second, 
embedded data can provide more modulation index includ-
ing phase and amplitude to shorten iterations, so the data 
transfer rate is increased. In the near future, we will simulate 
more complex noise modes and higher phase-level code. 

Fig. 6  Iterations with different amplitude weight of the reference

Fig. 7  Histograms of original phase retrieval data with different amplitude weight of the reference
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Meanwhile, the experimental demonstration is also going 
to be done.

Fig. 8  Histograms of original phase retrieval data with detection noise

Fig. 9  Iterations and BER with different amplitudes weight of refer-
ence

Fig. 10  Iterations and BER with different amplitude weight of reference
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