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Abstract
The development of holographic data storage is expected as a next-generation large-capacity memory. The recording scheme 
of spatial quadrature amplitude modulated (SQAM) signal, whose amplitude and phase are individually modulated with 
multi-levels, is a promising technique to improve the recording density of the memory. In this paper, we propose a method to 
simultaneously record multiple SQAM signals with different angles in the holographic memory. We also propose a method 
to detect the amplitude and phase value of the SQAM signal from the interference intensity distribution formed by the two 
SQAM signals selectively reproduced from the memory. We evaluate the decoding accuracy when the multiple SQAM 
signals generated by the interleaved phase method are recorded and the two signals are extracted and readout numerically. 
We also give experimental result as proof of principle of the decoding process. In the end, we analyze the accuracy against 
multiple number of SQAM signals on a recording page.

Keywords Holographic memory · Complex amplitude · Spatial quadrature amplitude modulation · Interleaved phase 
method

1 Introduction

The amount of digital data generated is increasing year by 
year, and the total amount stored in data centers around the 
world is expected to reach 170 ZB by 2025 [1, 2]. In data 
centers, the consumption of enormous resources and labor 
associated with the replacement of recording media that 
have reached the end of their life has become a problem. 
Another issue is the high-power consumption. As of 2018, 
data centers are already estimated to consume 200-terawatt 
hours (TWh) per year, of about 1% of the world's electric-
ity demand. Data center power usage is also projected to 
grow nearly 15-fold by 2030, accounting for 8% of projected 
global demand [3].

Under these circumstances, the development of storage 
devices with low power consumption, long life, and low cost 

is required. The development of holographic memory with 
a high recording density of 2 Tbit/inch2 or higher, a high 
transmission rate of 500 Mbit/sec or higher, and a long life 
of more than 20 years is expected [4–7].

In recent years, the use of spatial quadrature amplitude 
modulation (SQAM) signals, in which the amplitude and 
phase are individually modulated in multi-levels, has been 
investigated to further improve recording density [8, 9]. One 
of them is a method using an optical setup in which two 
independent SLMs for intensity- and phase-modulation are 
cascaded via a 4-f optical setup [10]. It is possible to eas-
ily generate the arbitrary SQAM signals by modulating the 
amplitude and phase values of the optical signal of each 
pixel individually with the two SLMs. Another method 
using two phase-modulated SLMs connected in parallel by a 
beam splitter has been proposed [11]. Two-phase modulation 
beams reflected from the different SLMs are multiplexed 
by the beam splitter and synthesize the arbitrary complex 
amplitude signal.

As a method using only one SLM, a method for gener-
ating a desired complex amplitude signal using computer-
generated holographic technique has been proposed [12–16]. 
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By projecting the phase pattern corresponding to the inter-
ference pattern of the signal beam and the reference beam 
onto the SLM, the desired SQAM signal is generated. It is 
possible to construct the optical setup using a modulator; 
therefore, it is easy to adjust the position of the optical ele-
ments and to suppress the cost for constructing the setup. 
The interleaved phase method is a very useful and easy-
to-use technique for generating SQAM signals using only 
one SLM, one lens, and one aperture filter. In the system 
proposed below, we use this method to generate signals that 
are recorded in holographic memory.

On the other hand, methods for detecting the reproduced 
SQAM signal are also investigated. Since the phase of the 
light wave cannot be detected directly by a camera, an opti-
cal interferometer is usually used. One of the representative 
methods is the holographic diversity interferometry [17]. 
Using a beam splitter and polarization beam splitters, the 
signal light and the reference light are each split into four, 
and the signal light and the reference light are combined on 
the camera devices with the phase difference of 0, π/2, π, 
and 3π/2. The complex amplitude value of the signal light is 
calculated from the interference fringe intensity distribution 
by the phase shift method.

As another method proposed is the space division phase 
shift method [18]. Using a checkerboard-shaped phase fil-
ter with phases of 0 and π, the signal light is split into four 
and spatially arranged in parallel. A similar optical system 
is used to generate the split parallel reference beams. By 
adjusting the position of the phase filter, phase differences 
of 0, π/2, π, and 3π/2 can be obtained between the four sig-
nal beams. By interfering the signal light and the reference 
light at the camera plane, we obtain four interference fringe 
intensity distributions required for the phase-shifting method 
by a camera. Both methods require a relatively complicated 
optical system with various optical elements, such as beam 
splitters and phase filters. As a result, the optical system 
becomes larger, and the vibration resistance deteriorates.

As a method without an optical interferometer, the Trans-
port of Intensity Equation (TIE) method has been proposed 
[19, 20]. This method measures the phase of the signal light 
from multiple intensity distributions acquired by shifting 
the camera along the optical axis. Since no reference beam 
is required and fewer optical elements are used, the overall 
optical system is simple. On the other hand, it is necessary 
to take multiple images while moving the camera, so there 
is a problem that the phase cannot be detected in real time.

In this paper, as a method for detecting SQAM signals 
without using a complicated optical setup for the interfer-
ometer or mechanical moving parts for the camera device, 
we propose a signal detection method by self-interference 
of multiple SQAM signals, and a batch recording opti-
mized for the proposed method. In this method, a spatial 
light modulator is used to generate a multiplexed SQAM 

signal in which multiple SQAM signals are superimposed, 
and this is recorded with a single shot. In addition, only two 
SQAM signals are selectively reproduced from the multi-
plexed SQAM signal, and the phase of the signal is detected 
from this interference intensity distribution. Since the phase 
can be detected from the interference intensity distribution 
between the recorded signal beams without the need for an 
external reference beam, it is expected that it is expected that 
the optical system will be simplified, and vibration resist-
ance will be improved. In addition, the SQAM signal can be 
measured in a single shot without moving parts.

First, we describe the principle of batch recording of mul-
tiple SQAM signals. Second, we numerically evaluate the 
measurement accuracy of the SQAM signal by the inter-
ference fringe with the two signals selectively reproduced. 
Third, we experiment the selective readout of the SQAM 
signal and the measurement of the phase and amplitude 
value of the signal as proof of the principle. In the end, the 
numerical analysis evaluates the reproduction accuracy for 
multiplexing number of SQAM signals to one page.

2  Batch recording of multiple SQAM signal 
and signal detection by selectively 
readout and self‑interference

2.1  Generation of multiple SQAM signal

The principle of multiple SQAM signal generation is 
described below. The schematic diagram is shown in Fig. 1. 
The amplitude and phase modulated ith SQAM signal di(x, y) 
is defined by the following equation:

where Ai(x, y) and �i(x, y) are the amplitude and phase values 
of di(x, y) , x , y are the horizontal and vertical coordinates 
of the SLM, and the subscript i is the signal number. The 
liner phase code Li(x, y) defined by the following equation 
is multiplied by each SQAM signal di(x, y):

where k = 2�∕� and � are the wavenumber and wavelength 
of the light, and �x

i
 and �y

i
 are the linear phase coefficients in 

the x and y directions, respectively. The values of �x
i
 and �y

i
 

are determined so that each component for di(x, y) is focused 
at a different position in the Fourier plane. A recording page 
data C(x, y) composed of multiple SQAM signals is given by

(1)di(x, y) = Ai(x, y)exp
[
j�i(x, y)

]

(2)Li(x, y) = exp
[
jk
(
�x
i
x + �

y

i
y
)]

(3)C(x, y) =

n−1∑
i=0

di(x, y)Li(x, y)
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where dr(x, y) , which is one of di(x, y) is used for a self-
reference signal and the amplitude value of it is constant and 
the phase value is determined to be a known value.

2.2  Batch recording of multiple SQAM signals

Figure 2 shows the optical system during recording. Based 
on the interleaved phase method, the phase distribution 
P(x, y) corresponding to C(x, y) is pre-calculated by

where arg{C(x, y)} is the phase value of C(x, y) , and Δx and 
Δy are the pixel pitches in the x- and y-directions of the 
SLM. We consider (−1)

x

Δx (−1)
y

Δy as (−1)q(−1)r , where q and 
r are integers representing the number of pixels for the hori-
zontal and vertical directions of the spatial modulator. SLM 
modulates the phase of light according to P(x, y).

The complex amplitude value of the phase modulated 
light with P(x, y) is given by

(4)P(x, y) = arg
[
C(x, y)

]
+ (−1)

x

Δx (−1)
y

Δy cos−1
[|C(x, y)|]

The equations imply that the phase modulation signal 
consists of the first term corresponds to SQAM page data, 
and the second term of an unnecessary component.

Here, we define ui(x, y) by

and approximate (−1)q(−1)r with

Substituting Eqs. (6, 7) into the Eq. (5) gives the follow-
ing equation:

The phase-modulated beam is focused on the spatial filter 
by an object lens. The lens produces the Fourier transfer 
pattern of the input beam at its focal plane. The relationship 
between the distribution of the input beam w(x, y) and the 
spectrum S

(
x′, y′

)
 at the focal plane is given by the follow-

ing equation:

(5)

exp {jP(x, y)} = exp
{

j arg
[

C(x, y)
]}

exp
{

j(−1)q(−1)r cos−1 (|C(x, y)|)
}

= exp
{

j arg
[

C(x, y)
]}

cos
{

cos−1 (|C(x, y)|)
}

+ j(−1)q(−1)r sin
{

cos−1 (|C(x, y)|)
}

= |C(x, y)| exp
{

j arg
[

C(x, y)
]}

+ j(−1)q(−1)r
√

1 − |C(x, y)|2 exp
{

j arg
[

C(x, y)
]}

= C(x, y) + j(−1)q(−1)r
√

1 − |C(x, y)|2

|C(x, y)|2
C(x, y)

=
n−1
∑

i=0
di(x, y)Li(x, y) + j(−1)q(−1)r

n−1
∑

i=0
√

1 − |C(x, y)|2

|C(x, y)|2
di(x, y)Li(x, y)

(6)ui(x, y) = j
1

4

√
1 − |C(x, y)|2
|C(x, y)|2 di(x, y)

(7)
(−1)q(−1)r ≈ 1

2

{

exp
[

j�
( x
Δx

)]

+ exp
[

−j�
( x
Δx

)]}

× 1
2

{

exp
[

j�
(

y
Δy

)]

+ exp
[

j�
(

y
Δy

)]}

.

(8)

exp {jP(x, y)} =
n−1
∑

i=0
di(x, y)Li(x, y)

+ j
n−1
∑

i=0
ui(x, y)Li(x, y)

{

exp
[

j�
( x
Δx

)]

+ exp
[

−j�
( x
Δx

)]}

×
{

exp
[

j�
(

y
Δy

)]

+ exp
[

−j�
(

y
Δy

)]}

(9)

S
(
x�, y�

)
=

exp (jkf )

j�f
∫ ∫ w(x, y) exp

{
−
jk

f

(
xx� + yy�

)}
dxdy

Amplitude Phase

Amplitude Phase

Synthesis

Complex amplitude page data

Linear Phase

Fig. 1  Schematic diagram of the synthesis processing of a page data 
consisting of multiple SQAM signals
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where f  is focal length of the lens, (x, y) indicate the coor-
dinate on the SLM and 

(
x′, y′

)
 also indicate that on the focal 

plane. In the following, we rewrite the equation as F
[
u(x, y)

]
.

The spatial distribution of the phase-modulated beam 
after the Fourier transform with the lens is given by

Di

(
x
′

, y
′) and Ui

(
x
′

, y
′) are the Fourier transform of 

Ai(x, y) and ui(x, y) , respectively. We found that Di

(
x
′

, y
′) 

and Ui

(
x
′

, y
′) , which correspond to the spectra of the 

SQAM signal and the unnecessary component, are distrib-
u t e d  a r o u n d  t h e  p o s i t i o n  o f (
x�, y�

)
= ( f �x

i
, f �

y

i
), ( f �x

i
±

f�

kΔx
, f �

y

i
±

f�

kΔy
), respectively. 

Therefore, by adjusting the value of �x
i
 and�y

i
 , the spectrum 

of the each SQAM signal Di(x, y) can be arranged without 
spatial overlap. Unnecessary components Ui

(
x
′

, y
′) paired 

with Di

(
x
′

, y
′) are distributed at positions ± f�

kΔx
 for x′

(10)


[

exp {jP(x, y)}
]

=
n−1
∑

i=0
Di
(

x′ − f �xi , y
′ − f �yi

)

+
n−1
∑

i=0

⎧

⎪

⎨

⎪

⎩

Ui

(

x′ + f�
kΔx

− f �xi , y
′ + f�

kΔy
− f �yi

)

+ Ui

(

x′ − f�
kΔx

− f �xi , y
′ + f�

kΔy
− f �yi

)

+Ui

(

x′ − f�
kΔx

− f �xi , y
′ + f�

kΔy
− f �yi

)

+ Ui

(

x′ + f�
kΔx

− f �xi , y
′ − f�

kΔy
− f �yi

)

⎫

⎪

⎬

⎪

⎭

-direction and ± f�

kΔy
 for y′-direction from the focus position 

of Di

(
x
′

, y
′) , respectively. Therefore, the spectrum of each 

SQAM signal and unnecessary components are spatially 
separated, and it is possible to remove the unnecessary 
component by spatial filtering.

As an example, the intensity distribution of the recording 
page data consisting of the 25 SQAM signals on the Fourier 
plane is shown in Fig. 2. The spectrum of each SQAM signal 
Di(x, y) is focused at slightly shifted positions on the recording 
plane, so that they do not overlap. The unnecessary compo-
nents are distributed away from the position, where the signal 
is distributed.

After blocking the unnecessary spectrum with a spatial 
filter, the other components corresponding to SQAM signal 

Medium

Reference light

LensSLM
(Phase modulator)

Spatial filter

Signal spectrum

Self-reference spectrum

Signal Spectrum

Self-reference Spectrum

Unnecessary spectrum

Fig. 2  Optical system for recording



497Optical Review (2023) 30:493–507 

1 3

Di(x, y) and the reference beam are irradiated onto the record-
ing medium to record the hologram.

2.3  Reproduction of SQAM signals and phase 
detection with self‑reference technique

Figure 3 shows the optical system for the regeneration pro-
cess. A hologram is irradiated with a reference beam and all 
SQAM signals Di are reconstructed. Then, the spectral dis-
tributions of the self-reference signal Dr and arbitrary signal 
light Di are extracted simultaneously using a two-aperture 
spatial filter placed at the back of the recording medium. 
Each light passes through the lens. The interference fringes 
of the two lights are captured by the camera.

For simplicity of explanation, we consider only the 
x-direction. Assume that the amplitude and phase values of 
the self-reference beam are constant Ar and a known distri-
bution �r(x) , respectively. We also assume the linear phase 
coefficient �r = 0. The interference fringe intensity distribu-
tion g(x) with one of SQAM signal d

i(x) and self-reference 
signal d

r(x) is given by

where the complex amplitude of the SQAM signal di(x) and 
the linear phase code Li(x) are given by

(11)g(x) = ||di(x)Li(x) + dr(x)Lr(x)
||2

and

respectively from Eqs. (1) and (2). The values of the self-
reference signal are also given by

and

The complex amplitude value di(x) of the SQAM signal is 
investigated by applying the Fourier fringe analysis, whose 
process is described below, to the obtained interference inten-
sity distribution [21]. Substituting Eqs. (12–15) into Eq. (11) 
and expanding it, the following equation is obtained:

a , b , and b∗ are defined by

(12)di(x) = Ai(x)exp(j�i(x))

(13)Li(x) = exp
{
jk�x

i
x
}

(14)dr(x) = Arexp(j�r(x))

(15)Lr(x) = 1.

(16)

g(x) =Ai(x)
2 + A2

r + Ai(x)Ar exp
{

j
{

�i(x) − �r(x)
}}

exp
{

jk�xi x
}

+ Ai(x)Ar exp
{

−j
{

�i(x) − �r(x)
}}

exp
{

−jk�xi x
}

LensMedium CCD Camera

2-Aperture
Spatial filterIntensity distribution

of focal plane
Interference fringe 

image 

LensLens
2-Aperture

Spatial filterReference
light

Signal spectrum

Self-reference spectrum

Fig. 3  Optical system for regeneration
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and then rewrite the Eq. (16) as

Applying the Fourier transform to Eq. (20), we obtain

where A
(
x
′) , B(x′) and B∗

(
x
�) are the Fourier transform 

value of a(x) , b(x) and b∗(x) , respectively. We found that 
the above three components are distributed around x�

= 0 , 
x
�

= f �x
i
 and x�

= −f �x
i
 . By extracting the component 

B
(
x
�

− f �x
i

)
 distributed around x�

= f �x
i
 and shifting its 

position by f �x
i
 in opposite direction to x′ , we obtained 

the component B
(
x
′) . The appropriate range for extracting 

B
(
x
�

− f �x
i

)
 depends on the resolution of the SQAM sig-

nal. The details of determining the range are explained in 
Chapter 3.

By performing the inverse Fourier transforming on B
(
x
′),

i s  ob t a ined .  Note  tha t  b(x) cor responds  to 
Ai(x)Arexp{j(�i(x) − �r(x))} from Eq.  (18). In this equa-
tion, Ar and �0(x) are the amplitude and phase distribu-
tion of the self-reference signal and the values are known. 
By dividing b(x) by the complex value of Arexp{−j�r(x)} , 

(17)a(x) = Ai(x)
2 + A2

r

(18)b(x) = Ai(x)Arexp
{
j
{
�i(x) − �r(x)

}}

(19)b∗(x) = Ai(x)Arexp
{
−j
{
�i(x) − �r(x)

}}

(20)g(x) = a(x) + b(x)exp{jk�x
i
x} + b∗(x)exp{−jk�x

i
x}

(21)F
[
g(x)

]
= A

(
x
�)
+ B

(
x
�

− f �x
i

)
+ B∗(x

�

+ f �x
i
)

(22)b(x) = F
−1
[
B
(
x
�)]

it is possible to estimate the complex amplitude value of 
di(x) = Ai(x)exp{j�i(x)}.

3  Relationship between data resolution 
and area required for recording hologram

Figure 4 shows one of the SQAM signals included in the 
recording page data and the area on the recording medium 
required to record the signal. Several pixels of the spa-
tial modulator must be used to generate a one-symbol of 
the complex-amplitude signal using the interleaved phase 
method. Assuming that the number of pixels used for the 
one-symbol is Lp × Lp, the actual size of a symbol is given 
by

where Δx and Δy are pixel pitch of SLM, and Lp is the num-
ber of pixels used in the x and y directions of the SLM. In 
this case, the effective pitch of the SQAM signal is LpΔx 
and LpΔy against x - and y-direction, and the area required 
to record a signal composed of above pixel pitch in Fourier 
space is derived from Eq. (9) by

where the value corresponds to the area required to record 
the main lobe component of the Fourier-transformed distri-
bution of the SQAM signal. According to the relationship 
between the actual size of a symbol in the SQAM signal 
and the required recording area from Eqs. (23) and (24), 
we found that reducing the area for a symbol improves the 
resolution of the SQAM signal and increases the amount of 

(23)LpΔx × LpΔy

(24)
2f�

LpΔx
×

2f�

LpΔy

Fig. 4  Relationship between 
resolution of SQAM signal 
and recording area. a Pixels 
of SLM used for 1 symbol of 
SQAM signal and b spectrum 
of SQAM signal

Fourier
transform

A SQAM signal included
in a recording page data
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information, but the area on the recording medium required 
for recording becomes large. Therefore, there is a clear 
trade-off between the resolution of SQAM signals and the 
recording area, and the recording density for the information 
amount does not depend on the resolution of SQAM signals. 
This limitation also applies to recording signals composed 
of multiple SQAM signals.

To elaborate, let us assume that the maximum number 
of SQAM signals is bundled, and it is recorded on the 
medium under the condition that the signal components 
are arranged without overlapping and the unwanted com-
ponent are spatially separated. Figure 5 shows one of the 
SQAM signals included in the recording page data and the 
exposure intensity of the recording signal on the medium, 
where the figure below shows the result of 1/4 times the 
area of one symbol of the SQAM signal. The resolution of 

an SQAM signal is quadrupled, and as a result, the amount 
of information in an SQAM signal is also quadrupled. On 
the other hand, from the relationship of Eqs. (23) and (24), 
four times the recording area is required for each signal 
component to record a signal. Each signal component is 
irradiated onto the recording medium in a state of being 
arranged at regular intervals without overlapping. As the 
area required to record a signal component increases, the 
number of components that can be recorded in a given 
area decreases. Therefore, when recording multiple SQAM 
signals, the number of signals that can be recorded per 
the given area changes depending on the resolution of the 
SQAM signal, but if the recording area is the same, the 
amount of information recorded there is constant. Note 
that in the method proposed here, one of the multiplexed 
signals must be used as a self-reference signal. Consider-
ing this, when the number of bundle signals is reduced, 
the amount of recording information per area is reduced 
by that of for the self-reference signal, although it is small.

SQAM signal( )

Resolution 
4

Signal spectrum

Signal spectrum

Focal plane

Exposure Area
4

Signal spectrums

Signal spectrums

Focal plane at 
maximum multiplexing

Multiplexed number 
1/4

SQAM signal( ) Focal plane Focal plane at 
maximum multiplexing

Fig. 5  Relationship of resolution of SQAM signals and exposure area on holographic memory
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4  Numerical analysis of the reproduction 
accuracy of SQAM signals

The recording density relative to the amount of informa-
tion is independent of the number of multiplexes of the 
SQAM signals. However, the effect of the pixel number 
used for a symbol Lp2 on the symbol error ratio (SER) due 
to recording and reproduction of SQAM signals must be 
considered, where SER is defined as the ratio of the num-
ber of erroneous symbols to the total number of symbols. 
The reproduction accuracy of self-interference decoded 
SQAM signals was evaluated by numerical analysis. In the 
analysis, the amplitude and phase values of a symbol were 
modulated to 2 and 4 values, respectively, and the size of 
a symbol Lp was set to 16 and 32, 64, respectively. It was 
assumed that bundle SQAM page data C(x, y) consisted 
of 9 SQAM signals generated by the interleaved phase 
method.

A phase codes is given, so that the spectrum of each 
SQAM signal is arranged in a 3 × 3 matrix in the x - and y
-directions on the recording plane, as shown in Fig. 6. The 
spectrum of each SQAM signal does not overlap, where 
the spectrums are distributed around the position separated 
from each other by 2f�

LpΔx
 and 2f�

LpΔy
 in the x - and y-directions. 

The analysis conditions are listed in Table 1. 
First, the bundle SQAM signal was Fourier transformed 

and the spectral distribution consisting of the nine compo-
nents was calculated. This is assumed to be the signal 
recorded in the holographic memory and the signal to be 
reproduced later. The center SQAM signal component was 
used as the reference signal. At second, we extracted this 
and one of the other spectral components of the SQAM 
signal, where each component was extracted with a filter 
of size 2f�

LpΔx
×

2f�

LpΔy
 . The above two components were 

inverse Fourier transformed and the intensity distribution 
corresponding to the interference fringes captured by the 

camera were calculated. Finally, the SQAM signal was 
decoded using the Fourier fringe analysis described in 
Sect. 2.3.

The amplitude, phase, and constellation map of one of 
the nine original SQAM signals is shown in the upper part 
of Fig. 7. These SQAM signal is reproduced by numeri-
cal analysis and the result is shown in the lower part. The 
constellation map of the eight reproduced SQAM signals, 
excluding the reference signal, is shown in the lower right 
of the figure. The reproduced signal modulated to two-level 
amplitude and four-level phase were decoded. However, it 
is confirmed that the reproduced signal is dispersed for each 
symbol. Under the condition of small Lp , not only the spec-
trum of the SQAM signal spreads, but also the spectrum of 
the unnecessary component spreads. The unnecessary com-
ponents are distributed far from the signal spectrum, but 
their higher order components that overlap with the signal 
spectrum are passed through filters. It becomes noise, which 
degrades the accuracy of the reproduced signal.

The Euclidean distance between the reproduced signal 
and the original 8 symbol values on the constellation map 
was calculated, and the closest symbol value was con-
sidered as the value of the reproduced signal. From the 
results, SER, which is the ratio of the number of signals 
decoded with incorrect symbol values to the total number 
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Fig. 6  Spectral distribution of 9 SQAM signals on the recording plane

Table 1  Parameters for numerical analysis

Multiplexed number 9
Data number i 0 ~ 8
Bit per symbol 3
Lp 16, 32, 64
SLM pixels 1024 × 1024
Pixel pitch of SLM 10 μm
Focal length of lens f 10 mm
Wavelength λ 633 nm
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Fig. 7  Numerical results of original SQAM signals and decoded sig-
nals in case of Lp = 16 . The upper part shows the two-level ampli-
tude and four-level phase of one SQAM signal included in a record-

ing page and constellation map for eight SQAM signal without the 
reference signal. The lower part also shows the results of the decoded 
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Fig. 8  Numerical results of original SQAM signals and decoded signals in case of Lp = 32
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of reproduced signals, was calculated. The degradation 
of the reproduced signal is caused by crosstalk of higher 
order components, and the average SER was 0.94% in case 
of Lp = 16.

The results for Lp = 32 , Lp = 64 are shown in Figs. 8 
and 9. The average SER was 0% for both cases. By setting 
Lp to a large value, not only the spectrum of the SQAM 
signal but also that of the unnecessary components become 
smaller, making separation easier. As a result, crosstalk 
can be suppressed and the quality of the reproduced signal 
is improved.

5  Experimental reproduction of SQAM 
signals by self‑interference

We conducted a principle experiment to generate multiple 
SQAM page data using the interleaved phase method and 
to reproduce the amplitude and phase values of the SQAM 
signal by self-interference. The experimental setup is 
shown in Fig. 10. The experimental conditions are listed 
in Table 2. The multiplexed number SQAM signals includ-
ing the reference signal was set to 3, and the size of one 
symbol Lp was set to 16, 32 and 64. From Eq. (23), the 
area of one symbol of the actual SQAM signal is 
LpΔx × LpΔy , where Δx and Δy are pixel pitch of the 
SLM. The phase value of P(x, y) was calculated from 
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Fig. 9  Numerical results of original SQAM signals and decoded signals in case of Lp = 64
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Fig. 10  Experimental setup for reproducing SQAM signals by self-
interference

Table 2  Parameters for experimental setup

Multiplexed number 3
Data number i 0 ~ 2
Bit per symbol 3
Lp 16,32,64
SLM pixels 1024 × 1024
Pixel pitch of SLM 10.4 μm
Focal length of lens1 f1 300 mm
Focal length of lens2 f2 100 mm
Wavelength λ 633 nm
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Eq. (4), so that the three spectra of SQAM signals were 
distributed at positions separated from each other by 2f�

LpΔx
 

in the lateral direction on the focal plane, and the phase 
distribution are displayed on the SLM. The beam is 
expanded and guided to the SLM, where it is modulated 
by the SLM and focused onto the recording surface by 
lens1. The holographic memory is not actually recorded 
here. Instead, the beam used for recording is considered to 
be a reproduction beam generated by reference beam.

In the experiment, spherical aberration of the lens and 
other factors cause differences in the obtained amplitude 
and phase. To compensate for this effect, a reference signal 
with constant amplitude and phase is reproduced to obtain 
a complex amplitude distribution that is used to correct for 
aberration. Note that the bundled SQAM signal synthesized 
on the SLM have the same phase distortion because they are 
generated by the same SLM. Therefore, once the calibration 
wavefront is measured, it can be used to correct the wave-
front of all SQAM signals.

The phase-modulated light with the phase distribution 
corresponding to P(x, y) was generated by SLM and Fou-
rier transformed by a lens. A plastic plate was inserted with 
a hole whose size was adjusted to pass only two SQAM 
signal components. The spatial filter blocked the unneces-
sary components and one of the SQAM signals. Another 

component of the SQAM signal and a self-reference sig-
nal were transmitted through the filter, and the interference 
intensity distribution of these two lights was obtained by a 
camera. Fourier fringe analysis was applied to the distribu-
tion to obtain a complex amplitude distribution. From this 
complex amplitude distribution, the reconstructed SQAM 
signal was calculated by removing the already measured 
distortion.

One of the reconstructed SQAM signals is shown in 
Figs. 11, 12 and 13. The SER of Lp = 16 was 2.6%. The SER 
of Lp = 32, 64 were 0% for both cases. For Lp = 16, the SER 
increased compared to the numerical analysis. This result 
implies that increasing Lp reduces both of spread of the sig-
nal and unnecessary spectrum, thus reducing crosstalk. This 
is similar to results of numerical analysis in the Sect. 4.

6  Numerical analysis of reproduction 
accuracy for multiplexed number

In the proposed method, as the number of multiplexes 
increases, the recording area of the signal component 
becomes larger and separation of it from the unnecessary 
components becomes more difficult. To clarify this, the 
reproduction accuracy was analyzed when the multiplexed 
number of SQAM signals was set from 9 to 120. The size 
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of a symbol Lp was set to 32. The intensity distribution of 
the focal plane when the multiplexed number was set to 15, 
60, and 120 is shown in Fig. 14. As shown in the figure, the 

spectrum of each SQAM signal Di was aligned horizontally 
on the focal plane.
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Fig. 12  Experimental results of original SQAM signals and decoded signals in case of Lp = 32
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A constellation map of the analysis results is shown 
in Fig. 15. As the number of multiplexes increases, the 
complex amplitude values are further distorted from the 
original data. As shown in Fig. 16, when the number of 
multiplexes is 75 or more, the average SER is more than 
4%. The reason for this increase in SER is the effect of the 
higher order spectrums of the unnecessary components 
spreading around the signal components, as clearly shown 
in Figs. 2 and 14. The distance between the unnecessary 
spectrum and the signal spectrum becoming closer as the 
number of multiplexes increases, and the signal spectrum 
is affected by the unnecessary spectrum. According to the 
results in Fig. 16, this effect can be avoided by choosing 
the multiplex number and the aperture size of the spatial 
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Fig. 14  Multi-column spectral distribution of SQAM signals and unnecessary component
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filter appropriately. By setting the multiplex number to 
60, SER is less than 1%, and it is possible to record and 
reconstruct SQAM signals. It is also not always necessary 
to increase the multiplex number of SQAM signal in a 
page data. This is because although the amount of infor-
mation recorded in a single recording operation decreases 
as the number decreases, the actual recording density does 
not change because the exposure area on the holographic 
memory used for recording also decreases.

7  Conclusion

In this paper, we proposed a method for decoding com-
plex amplitude signals using self-referencing and gave a 
hologram recording scheme suitable for this method. In the 
recording process, multiple SQAM signals with different 
linear phase codes were generated by the spatial light modu-
lator and recorded batchwise into the holographic memory. 
On the recording medium, the spectrums of the SQAM sig-
nals were spatially split and arranged so as not to overlap. 
The spectral distributions of the unnecessary components 
paired at distant positions were also similarly arranged. A 
spatial filter shut the main component of the unnecessary 
component to avoid the unwanted exposure of the media, 
and a hologram corresponding to the spectrums of the sig-
nal components were recorded on the recording medium. 
In reading and decoding process, the two SQAM signals 
are selectively extracted and read from the memory and the 
interference intensity distribution of these light. We showed 
that it is possible to measure the amplitude and phase value 
of the selected SQAM signal by applying Fourier fringe 
analysis to the interference intensity distribution. The inter-
ference measurement between the complex amplitude signal 
regenerated from holographic memory is possible without 
the need for a reference beam propagating through different 
optical paths. It is thought that the optical system is com-
pact and has high robustness against external vibrations and 
phase perturbations caused by air.

We extracted two SQAM signals from a page data con-
sist of 9 SQAM signals and evaluated the decoding accu-
racy by numerical analysis. It was found that the smaller 
the number of SLM pixels used for 1 symbol of SQAM 
signal, the slightly lower the decoding accuracy. When 
the recording signal is generated by the interleaved phase 
method, the spectrum of the SQAM signal and the spectrum 
of the unnecessary component are distributed at distant posi-
tions. If the number of pixels is set to be small, the spread of 
the spectrum distribution becomes large, and the influence 
of deterioration of the reproduced signal due to crosstalk 
becomes strong. In this paper, we conducted a principle 
experiment and showed that a similar tendency appeared.

In the end, we evaluated symbol error rate against the 
number of SQAM signals used in a recording process. It 
was shown that it becomes difficult to spatially separate the 
spectrum of the signal light and the unnecessary component 
during recording, and the deterioration of the decoding accu-
racy due to crosstalk increases when the number of SQAM 
signals composing the page data is set large. Therefore, it is 
not appropriate to bundle too many SQAM signals into one 
page data. This means that the amount of data that can be 
recorded at one time is limited. However, note that the expo-
sure area used to record the hologram also becomes smaller 
when we reduce the number of multiple SQAM signal. In 
other words, even if the amount of information recorded at 
one time is reduced, the area of the medium used for record-
ing is reduced, so there is no change in the effective informa-
tion recording density.

In the demonstration experiment, a plastic plate was 
inserted with a hole whose size was adjusted to pass only 
two SQAM signal components, so that the position of the 
aperture is fixed. We have not fully explained how to dynam-
ically control the positions of the two apertures. In practical 
case, we have to use the spatial light modulator for control of 
the position of the two apertures. As an alternative method, 
we are considering decoding by preparing a fixed aperture 
for reading two adjacent holograms and manipulating it lat-
erally. In that case, it is only necessary to prepare a known 
reference SQAM signal in the first reconstruction step. In 
subsequent steps, the decoded SQAM signal can be used to 
decode the adjacent signals.

This paper presented the principal analysis and experi-
mental results of measuring the complex amplitude values 
of SQAM signals by generating multiple SQAM signals 
and selectively extracting them. If the hologram is recorded 
in an actual holographic memory, the accuracy of the sig-
nal reconstructed from the hologram should be affected by 
medium parameters such as medium thickness, saturation, 
and nonlinearity of refractive index change. Therefore, in the 
future, it is necessary to conduct an analysis that considers 
the above parameters. We also plan to conduct experiments 
using photopolymers.

Data availability The data that support the findings of this study are 
available from the corresponding author upon reasonable request.
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