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Abstract: In this paper, shift multiplex recording of phase data pages on a volume 

polarization-sensitive medium by retardagraphy is demonstrated. The origin of shift 

selectivity in volume retardagraphy is explained. In the experiment, four-valued phase data 

pages are used. Then, a coding method is proposed to correct a reconstructed phase pattern. 

The recorded phase data pages are reconstructed using the feature of the coding method. 

By comparing the reconstructed phase data pages with recording phase data pages, symbol 

error rates of less than 11% are achieved. From the experimental result, it is verified that 

volume retardagraphy is applicable to optical memory. 

Keywords: retardagraphy; polarization holography; volume holographic memory; optical 

data storage; phase data page; polarization-sensitive material 
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1. Introduction 

Volume holographic memory is expected to optical data storage with huge data capacity and high 

data transfer rate because many data pages can be recorded on a region in parallel [1]. In holography, a 

recording beam is split into a signal and a reference beam and two beams are superposed on a 

recording medium. Therefore, the optical system is complicated and when the length of two optical 

paths is independently changed by environmental vibration, the quality is reduced. In order to solve the 

problems, colinear holography has been proposed [2,3]. In colinear holography, signal and reference 

beams are spatially separated from a recording beam and superposed by using focusing lens. In our 

previous study, a signal and a reference beam were separated in polarization basis and phase 

retardation pattern between the signal and the reference beams were recorded on a recording medium. 

The recording medium is made of a polarization-sensitive material such as azobenzene-containing 

material [4], photo-crosslinkable polymer [5] and axis-selective photo-reactive molecule doped 

polymer [6]. That recording technique was named “Retardagraphy” [7–9]. Retardagraphy is based on 

polarization holography [10–12] so that it is expected that multiplex recording is applicable by 

retardagraphy. In this paper, shift-multiplex recording is demonstrated by volume retardagraphy.  

2. Principle of Volume Retardagraphy 

In retardagraphy for phase data page recording, the phase of a polarization component is modulated 

by using a spatial variable retarder such as a parallel-aligned liquid-crystal spatial light modulator 

(SLM). When the SLM modulates the phase of p-polarization component, p- and s-polarization 

components become signal ௌܷ and reference ܷோ, respectively. The vectorial complex amplitude of a 

recording beam is represented by ࢁଵሺݔ, ሻݕ = ൤ ௌܷሺݔ, ,ݔሻܷோሺݕ ሻ൨ (1)ݕ

where upper and lower components express p- and s-polarization components. The p- and  

s-polarization components can be converted into right- and left-circular polarization components using 

a quarter-wave plate (QWP) with the fast axis of 45° as follows:  ࢁଶሺݔ, ሻݕ = 12 ቂ1 −11 1 ቃ ൤exp ሺi4/ߨሻ 00 exp ሺ−i4/ߨሻ൨ ቂ 1 1−1 1ቃ ൤ ௌܷሺݔ, ,ݔሻܷோሺݕ =ሻ൨ݕ ܷୗሺݔ, ሻ√2ݕ ቂ1i ቃ + i ܷୖሺݔ, ሻ√2ݕ ቂ 1−iቃ (2)

It is assumed that the vectorial complex amplitude ࢁଶ is located at an image plane 1 as shown in 

Figure 1.  
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Figure 1. Schematic of optical system of volume retardagraphy. FTL is Fourier transform 

lens. ሺݔ, ,′ݔሻ and ሺݕ  ሻ are coordinates at image planes and a plane between FTL1 and′ݕ

FTL2, respectively. 

 

For multiplex recording, selectivity among different data pages is necessary. In this study, shift 

multiplex recording with a spherical wave is investigated. Therefore, the recording beam must be 

focused by a lens. Here, the vectorial complex amplitude after the Fourier transform lens (FTL1) is 
denoted to ࢁଷ ଷࢁ .  is expressed using arbitrary amplitudes ܣଷ,ୗ  and ܣଷ,ୖ , and arbitrary phases ߶ଷ,ୗ  

and ߶ଷ,ୖ by ࢁଷሺݔᇱ, ሻ′ݕ = ,′ݔଷ,ୗሺܣ ,′ݔൣi߶ଷ,ୗሺ	ሻexp′ݕ ሻ൧√2′ݕ ቂ1i ቃ + ,′ݔଷ,ୖሺܣ ሻexp′ݕ ൣi߶ଷ,ୖሺݔ′, ሻ൧√2′ݕ ቂ 1−iቃ= exp	ሾi߶ଷሺݔ′, ሻሿ2′ݕ ൤cos	ሾߙଷሺݔ′, ሻሿ′ݕ sin	ሾ−ߙଷሺݔ′, ,′ݔଷሺߙሾ	ሻሿsin′ݕ ሻሿ′ݕ cos ሾߙଷሺݔ′, ሻሿ′ݕ ൨ ቈ ,′ݔଷ,ୗሺܣ ሻ′ݕ + ,′ݔଷ,ୖሺܣ ,′ݔଷ,ୗሺܣሻiൣ′ݕ ሻ′ݕ − ,′ݔଷ,ୖሺܣ ሻ൧቉ (3)′ݕ

where ߶ଷሺݔ′, ሻ′ݕ = ߶ଷ,ୗሺݔ′, ሻ′ݕ + ߶ଷ,ୖሺݔ′, ሻ2′ݕ  (4)

,′ݔଷሺߙ ሻ′ݕ = −߶ଷ,ୗሺݔᇱ, ᇱሻݕ − ߶ଷ,ୖሺݔᇱ, ᇱሻ2ݕ  (5)

In general, a polarization-sensitive material exhibits sensitivity for polarization azimuth. When, a 

polarized beam is illuminated, birefringence is induced in the material. Then, the principal axis of the 

birefringence and retardance are corresponding to the polarization azimuth and long- and short-axis 

intensities of elliptical polarization. The polarization azimuth is expressed by Equation 5, and the  

long- and short-axis intensities ܫଵ and ܫଶ are expressed by ܫଵሺݔ′, ሻ′ݕ = หܣଷ,ୗሺݔ′, ሻ′ݕ + ,′ݔଷ,ୖሺܣ ,′ݔଶሺܫሻหଶ (6)′ݕ ሻ′ݕ = หܣଷ,ୗሺݔ′, ሻ′ݕ − ,′ݔଷ,ୖሺܣ ሻหଶ (7)′ݕ

Then, two phase holograms corresponding to long- and short-axis of the elliptical polarization are 

recorded as ܪଵሺݔ′, ሻ′ݕ = expሼiሾܫ∥ߛଵሺݔᇱ, ᇱሻݕ + ,ᇱݔଶሺܫୄߛ ,′ݔଶሺܪᇱሻሿሽ (8)ݕ ሻ′ݕ = exp ሼiሾܫ∥ߛଶሺݔᇱ, ᇱሻݕ + ,ᇱݔଵሺܫୄߛ ᇱሻሿሽ (9)ݕ

where ߛ∥ and ୄߛ are coefficients for the relationship between intensity and phase retardance. Then, the 

polarization hologram is expressed by  

FTL1 FTL2Im age
plane 1

Im age
plane 2

Fourier plane
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,ᇱݔሺܪ =ᇱሻݕ ൤cosሾߙଷሺݔᇱ, ᇱሻሿݕ −sinሾߙଷሺݔᇱ, ,ᇱݔଷሺߙᇱሻሿsinሾݕ ᇱሻሿݕ cosሾߙଷሺݔᇱ, ᇱሻሿݕ ൨∙ ൤ܪଵሺݔᇱ, ᇱሻݕ 00 ,ᇱݔଶሺܪ ᇱሻ൨ݕ ൤ cosሾߙଷሺݔᇱ, ᇱሻሿݕ sinሾߙଷሺݔᇱ, −ᇱሻሿݕ sinሾߙଷሺݔᇱ, ᇱሻሿݕ cosሾߙଷሺݔᇱ, ᇱሻሿ൨ (10)ݕ

When the polarization hologram is illuminated using a illumination beam ܷଷ,ୖ′, the vectorial amplitude 

of the transmitted beam is expressed by ܪሺݔᇱ, ,ᇱݔᇱሻܷଷ,ୖ′ሺݕ ᇱሻݕ = ௎య,౎ᇱ൫௫ᇲ,௬ᇲ൯ୣ୶୮ൣି୧ఈయ൫௫ᇲ,௬ᇲ൯൧√ଶ ൤cosሾߙଷሺݔᇱ, ᇱሻሿݕ −sinሾߙଷሺݔᇱ, ,ᇱݔଷሺߙᇱሻሿsinሾݕ ᇱሻሿݕ cosሾߙଷሺݔᇱ, ᇱሻሿݕ ൨ ∙൤ exp	ሼiሾܫ∥ߛଵሺݔᇱ, ᇱሻݕ + ,ᇱݔଶሺܫୄߛ ,ᇱݔଶሺܫ∥ߛሼiሾ	ᇱሻሿሽ−iexpݕ ᇱሻݕ + ,ᇱݔଵሺܫୄߛ ᇱሻሿሽ൨ݕ =௎య,౎ᇱ൫௫ᇲ,௬ᇲ൯ୣ୶୮൛୧ൣିఈయ൫௫ᇲ,௬ᇲ൯ା൫ఊ∥ାఊ఼൯ூ/ଶ൧ൟ√ଶ ൤cosሾߙଷሺݔᇱ, ᇱሻሿݕ −sinሾߙଷሺݔᇱ, ,ᇱݔଷሺߙᇱሻሿsinሾݕ ᇱሻሿݕ cosሾߙଷሺݔᇱ, ᇱሻሿݕ ൨ ∙൤ exp	ሼiሾሺߛ∥ − ,′ݔሺܫሻΔୄߛ ∥ߛሼ−iሾሺ		ሻ/2ሿሽ−iexp′ݕ − ,′ݔሺܫሻΔୄߛ ሻ/2ሿሽ൨′ݕ =௎య,౎ᇱ൫௫ᇲ,௬ᇲ൯ୣ୶୮൛ൣିఈయ൫௫ᇲ,௬ᇲ൯ା൫ఊ∥ାఊ఼൯ூሺ௫ᇱ,௬ᇱሻ/ଶ൧ൟ√ଶ ൤cosሾߙଷሺݔᇱ, ᇱሻሿݕ −sinሾߙଷሺݔᇱ, ,ᇱݔଷሺߙᇱሻሿsinሾݕ ᇱሻሿݕ cosሾߙଷሺݔᇱ, ᇱሻሿݕ ൨ ∙ቄcosሾሺߛ∥ − ,′ݔሺܫሻΔୄߛ ሻ/2ሿ′ݕ ቂ 1−iቃ + isinሾሺߛ∥ − ,′ݔሺܫሻΔୄߛ ሻ/2ሿ′ݕ ቂ1i ቃቅ =௎య,౎ᇱ൫௫ᇲ,௬ᇲ൯ୣ୶୮൛୧ൣ൫ఊ∥ାఊ఼൯ூሺ௫ᇱ,௬ᇱሻ ଶ⁄ ൧ൟ√ଶ ∙ቄcos ቂ൫ఊ∥ିఊ఼൯୼ூ൫௫ᇲ,௬ᇲ൯ଶ ቃ ቂ 1−iቃ + iexpሾ−i2ߙଷሺݔᇱ, ᇱሻሿsinݕ ቂ൫ఊ∥ିఊ఼൯୼ூ൫௫ᇲ,௬ᇲ൯ଶ ቃ ቂ1i ቃቅ  

(11)

where ܫሺݔ′, ሻ′ݕ = ,′ݔଵሺܫ ሻ′ݕ + ,′ݔଶሺܫ ,′ݔሺܫሻ (12)Δ′ݕ ሻ′ݕ = ,′ݔଵሺܫ ሻ′ݕ − ,ᇱݔଶሺܫ ᇱሻ (13)ݕ

When ሺߛ∥ + ,′ݔሺܫሻୄߛ ሻ′ݕ 2⁄  and ሺߛ∥ − ,ᇱݔሺܫሻΔୄߛ ᇱሻݕ 2⁄  are enough small, Equation 11 can be 

approximately rewritten as ܪሺݔᇱ, ᇱሻܷଷ,ୖᇱݕ ሺݔᇱ, =ᇱሻݕ ܷଷ,ୖ′ሺݔᇱ, ∙ᇱሻ√2ݕ ቄቂ 1−iቃ+ iሺߛ∥ − ,ᇱݔଷ,ୗሺܣሻୄߛ ,ᇱݔଷ,ୖሺܣᇱሻݕ ,ᇱݔᇱሻexp൛iൣ߶ଷ,ୗሺݕ ᇱሻݕ − ߶ଷ,ୖሺݔᇱ, ᇱሻ൧ൟݕ ቂ1i ቃቅ= ܷଷ,ୖ′ሺݔᇱ, ᇱሻ√2ݕ ቄቂ 1−iቃ + iሺߛ∥ − ,ᇱݔሻܷଷ,ୗሺୄߛ ,ᇱݔᇱሻܷଷ,ୖ∗ሺݕ ᇱሻݕ ቂ1i ቃቅ 
(14)

The first and the second terms of Equation 14 are the zero-order beam with left-circular polarization 

and the first-order diffracted beam with right-circular polarization, respectively. The reconstructed 

signal is included in the first-order diffracted beam. The reconstructed signal beam is expressed by ܷଷ,ୗ′ሺݔ′, ሻ′ݕ = iΓܷଷ,ୗሺݔ′, ,′ݔሻܷଷ,ୖ∗ሺ′ݕ ሻܷଷ,ୖᇱ′ݕ ሺݔᇱ, ᇱሻ (15)ݕ
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where Γ is a coefficient dependent on the sensitivity of recording material and exposure time. At the 
Fourier plane, ܷଷ,ୗ is Fourier transform pattern of ܷୗ and represented by ܷଷ,ୗሺݔᇱ, ;ᇱݕ ݖ = 0ሻ = ඵܷୗሺݔ, ሻݕ expൣ−i2ߨ൫ߥ௫′ݔ + (16) ݕdݔ൯൧dݕ′௬ߥ

where ߥ௫ᇱ = (17) ݂ߣᇱݔ

௬ᇱߥ = (18) ݂ߣᇱݕ

Here, ߣ  and ݂  are wavelength of recording laser and focal length of FTL1, respectively.  

Equation 16 can be rewritten as ܷଷ,ୗሺݔᇱ, ;ᇱݕ ݖ = 0ሻ = ඵܷୗ൫−ߥ௫, ௬൯ߥ− expൣi2ߨ൫ߥ௫ݔ′ + ௬ߥ௫dߥ൯൧d′ݕ௬ߥ , (19)

where ߥ௫ = − ௬ߥ(20) ݂ߣݔ = − (21) ݂ߣݕ

Equation 19 shows plane wave expansion of the complex amplitude of signal beam at Fourier 
plane. Therefore, ܷଷ,ୗ at arbitrary position is expressed by ܷଷ,ୗሺݔᇱ, ;ᇱݕ =ሻݖ ඵܷୗ൫−ߥ௫,−ߥ௬൯ exp ቎i2ߨ ቌߥ௫ݔᇱ + ᇱݕ௬ߥ + ඨݖ ଶߣ1 − ௫ଶߥ − ௬ଶቍ቏ߥ dߥ௫dߥ௬ (22) 

In the case of ܷୖ =  ଷ,ୗ is similarly expressed byܷ ,ୖܣ

ܷଷ,ୖሺݔᇱ, ;ᇱݕ ሻݖ = ඵୖܣexp	 ቎i2ߨ ቌߥ௫ݔ′ + ′ݕ௬ߥ + ඨݖ ଶߣ1 − ௫ଶߥ − ௬ଶቍ቏ߥ dߥ௫dߥ௬ (23) 

In this study, it is considered that the position of an illumination beam is shifted by ሺୖݔ′, ,ᇱݔሻ. Then, ܷଷ,ୖ′ is expressed by ܷଷ,ୖ′ሺ′ୖݕ ;ᇱݕ =ሻݖ ඵୖܣexp	 ቐi2ߨ ቎ߥ௫ሺݔ′ − ሻ′ୖݔ + ′ݕ௬ሺߥ − ሻ′ୖݕ + ඨݖ ଶߣ1 − ௫ଶߥ − ௬ଶ቏ቑߥ dߥ௫dߥ௬ (24) 

In the case of |ߥ௫|, หߥ௬ห ≪ 1 ⁄ߣ , that is, |ݔ|, |ݕ| ≪ ݂, ܷଷ,ୗ, ܷଷ,ୖ, and ܷଷ,ୖ′ are approximated as ܷଷ,ୗሺݔᇱ, ;ᇱݕ =ሻݖ ඵܷୗ൫−ߥ௫,−ߥ௬൯exp	 ൜i2ߨ ൤ߥ௫ݔ′ + ′ݕ௬ߥ + ߣݖ − 2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ൠߥ dߥ௫dߥ௬ (25) 
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ܷଷ,ୖሺݔᇱ, ;ᇱݕ ሻݖ = ඵୖܣexp	 ൜i2ߨ ൤ߥ௫ݔ′ + ′ݕ௬ߥ + ߣݖ − 2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ൠߥ dߥ௫dߥ௬= − iݖߣୖܣ expቆiߨ ᇱଶݔ + ݖߣᇱଶݕ + i2ߣݖߨ ቇ 
(26) 

ܷଷ,ୖ′ሺݔᇱ, ;ᇱݕ =ሻݖ ඵୖܣ exp ൜i2ߨ ൤ߥ௫ሺݔᇱ − ᇱୖݔ ሻ + ᇱݕ௬ሺߥ − ᇱୖݕ ሻ + ߣݖ − 2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ൠߥ dߥ௫dߥ௬= − iݖߣୖܣ exp ቈiߨ ሺݔᇱ − ᇱୖݔ ሻଶ + ሺݕᇱ − ᇱୖݕ ሻଶݖߣ + i2ߣݖߨ ቉ (27)

The complex amplitude of the reconstructed signal beam generated from a plane ݖ is expressed by  ܷଷ,ୗ′ሺݔᇱ, ;ᇱݕ ;ݖ 0ሻ= iΓ ൬ݖߣୖܣ൰ଶ exp	 ቆiߨ ଶ′ୖݔ + ଶ′ୖݕ − ᇱୖݔ2 ′ݔ − ᇱୖݕ2 ݖߣᇱݕ ቇඵܷୗ൫−ߥ௫,−ߥ௬൯ exp ൜i2ߨ ൤ߥ௫ݔ′+ ′ݕ௫ߥ + ߣݖ − 2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ൠߥ dߥ௫dߥ௬= iΓ ൬ݖߣୖܣ൰ଶ expቆiߨ ଶ′ୖݔ + ଶ′ୖݕ − ᇱୖݔ2 ᇱݔ − ᇱୖݕ2 ݖߣᇱݕ ቇ iFT ൜ ୗܷ൫−ߥ௫,−ߥ௬൯ exp ൜i2ߨ ൤ߣݖ− 2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ൠൠߥ ሺݔᇱ, ;ᇱݕ ሻݖ , 
(28)

where iFT denotes inverse Fourier transform. When the reconstructed signal beam is propagated by ݖ′, 
the complex amplitude is expressed by ܷଷ,ୗ′ሺݔᇱ, ;ᇱݕ ;ݖ =ᇱሻݖ ඵFTൣܷଷ,ୗ′ሺݔᇱ, ;ᇱݕ ;ݖ 0ሻ൧൫ߥ௫, ௬൯ߥ expቐi2ߨ ቎ߥ௫ݔᇱ + ᇱݕ௬ߥ

+ ඨ′ݖ ଶߣ1 − ௫ଶߥ − ௬ଶ቏ቑߥ dߥ௫dߥ௬
≈ ඵFTൣܷଷ,ୗ′ሺݔᇱ, ;ᇱݕ ;ݖ 0ሻ൧൫ߥ௫, ௬൯ߥ exp ቊi2ߨ ቈߥ௫ݔᇱ + ᇱݕ௬ߥ − +ߣᇱݖ ᇱ2ݖߣ ൫ߥ௫ଶ + ௬ଶ൯൨ቋߥ dߥ௫dߥ௬= iΓ ൬ݖߣୖܣ൰ଶ exp	 ቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇඵܷୗ ቆ−ߥ௫ − ݖߣᇱୖݔ , −௬ߥ− ൰ݖߣᇱୖݕ expቐi2ߨ ൝ߥ௫ݔᇱ + ᇱݕ௬ߥ − ݖ + ߣᇱݖ
+ ݖሺߣ + ᇱሻ2ݖ ൥ቆߥ௫ + ቇଶݖߣᇱୖݔ + ቆߥ௬ + ቇଶ൩ൡቑݖߣᇱୖݕ dߥ௫dߥ௬ 

(29)

where FT denotes Fourier transform. In the case of ݖᇱ =  Equation 29 is rewritten as ,ݖ−



Appl. Sci. 2014, 4 164 

 

 

ܷଷ,ୗᇱ ሺݔᇱ, ;ᇱݕ ;ݖ =ሻݖ− iΓ ൬ݖߣୖܣ൰ଶ expቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇඵܷୗ ቆ−ߥ௫ − ݖߣᇱୖݔ , −௬ߥ− ൰ݖߣᇱୖݕ expൣi2ߨ൫ߥ௫ݔᇱ + =௬ߥ௫dߥᇱ൯൧dݕ௬ߥ iΓ ൬ݖߣୖܣ൰ଶ expቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇඵܷୗ ൬ݔ − ݖ݂ ᇱୖݔ , −ݕ ݖ݂ ᇱୖݕ ൰ expൣ−i2ߨ൫ߥ௫′ݔ + =ݕdݔ൯൧dݕ′௬ߥ iΓ ൬ݖߣୖܣ൰ଶ expቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇ FT ൤ ୗܷ ൬ݔ − ݖ݂ ᇱୖݔ , ݕ − ݖ݂ ᇱୖݕ ൰൨ ൫ߥ௫′,  ௬′൯ߥ
(30)

By inverse Fourier transform of Equation 30 using FTL2, the complex amplitude of the reconstructed 

signal beam is written at image plane 2 as ܷସ,ୗᇱ ሺݔ, ;ݕ =ሻݖ iΓ ൬ݖߣୖܣ൰ଶ exp ቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇܷୗ ൬ݔ − ݖ݂ ᇱୖݔ , ݕ − ݖ݂ ᇱୖݕ ൰ (31)

As shown in Equation 31, the position of the reconstructed image and the phase are shifted 

corresponding to ሺݔᇱୖ , ᇱୖݕ ሻ, ݖ and ݂ . Equation 31 shows the case of the thickness of the recording 

medium is thin, that is, the recording medium is located at only ݖ. Here, the surface position and the 

back position of the recording medium are respectively defined as ݖଵ and ݖଶ (ݖଵ < ଶݖ ,ଶݖ < 0). Then, 

the reconstructed signal beam is expressed by ܷୗᇱሺݔ, ሻ=නݕ iΓ ൬ݖߣୖܣ൰ଶ exp ቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇܷୗ ൬ݔ − ݖ݂ ᇱୖݔ , ݕ − ݖ݂ ᇱୖݕ ൰ dݖ௭మ௭భ  (32)

When ୖݔ′ = 0 and ୖݕ′ = 0, the reconstructed signal beam is expressed by ܷୗᇱሺݔ, ሻ=නݕ iΓ ൬ݖߣୖܣ൰ଶ ܷୗሺݔ, ௭మ௭భݖሻdݕ = iΓୖܣଶሺݖଶ − ,ݔଵሻܷୗሺݖ ଶݖଵݖଶߣሻݕ  (33)

As shown in Equation 33, the recorded signal can be reconstructed. In retardagraphy, the phase 

pattern must be extracted. The phase pattern can be extracted by phase shifting algorithm using a 

transmitted illumination beam. The polarization state of the illumination beam is orthogonal to 

reconstructed signal beam. To use the phase shifting algorism, the polarization states of reconstructed 

signal beam and transmitted illumination beam are converted into two orthogonal linear polarizations 

and the phase difference is shifted by using a variable retarder. Then, two polarization components are 

interfered by using an analyzer and captured using an image sensor. The phase of the reconstructed 

signal beam is extracted from some captured images by a phase-shifting algorithm. 

Next, the case of ୖݔ′ ≠ 0  and/or ୖݕ′ ≠ 0  is considered. When ܷୗ  is a plane wave as ܣୗ expൣi2ߨ൫ݔୗ′ݔ ൗ݂ߣ + ݔ′ୗݕ ൗ݂ߣ ൯൧ , Equation	32 is written as 
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ܷୗᇱሺݔ, =ሻݕ න iΓ ൬ݖߣୖܣ൰ଶ exp ቆiߨ ଶ′ୖݔ + ݖߣଶ′ୖݕ ቇ exp ቊi2ߨ ቈݔୗ′݂ߣ ൬ݔ − ݖ݂ ᇱୖݔ ൰௭మ௭భ+ ݂ߣ′ୗݕ ൬ݕ − ݖ݂ ᇱୖݕ ൰቉ቋ dݖ= −Γୖܣଶܣୗ expሾi2ߨሺݔୗ′ݔ ⁄݂ߣ + ݕ′ୗݕ ⁄݂ߣ ሻሿߨߣሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ∙ሻ′ୖݕ′ୗݕ2 ቈexp ቆiߨ ଶ′ୖݔ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ଶݖߣ′ୖݕ′ୗݕ2 ቇ− expቆiߨ ଶ′ୖݔ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ଵݖߣ′ୖݕ′ୗݕ2 ቇ቉= −Γୖܣଶܣୗ expሾi2ߨሺݔୗ′ݔ ⁄݂ߣ + ݕ′ୗݕ ⁄݂ߣ ሻሿߨߣሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ሻ′ୖݕ′ୗݕ2 exp ൤iߨ ଵݖ + ଶݖଵݖߣଶ2ݖ ሺୖݔ′ଶ + +ଶ′ୖݕ ′ୖݔୗᇱݔ2 + ∙ሻ൨′ୖݕ′ୗݕ2 ൜exp ൤−iߨ ଶݖ − ଶݖଵݖߣଵ2ݖ ሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + −ሻ൨′ୖݕ′ୗݕ2 exp ൤iߨ ଶݖ − ଶݖଵݖߣଵ2ݖ ሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + =ሻ൨ൠ′ୖݕ′ୗݕ2 2Γୖܣଶܣୗ expሾi2ߨሺݔୗ′ݔ ⁄݂ߣ + ݕ′ୗݕ ⁄݂ߣ ሻሿߨߣሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ሻ′ୖݕ′ୗݕ2 exp ൤iߨ ଵݖ + ଶݖଵݖߣଶ2ݖ ሺୖݔ′ଶ + ଶ′ୖݕ + +′ୖݔୗᇱݔ2 ሻ൨′ୖݕ′ୗݕ2 sin ൤ߨ ଶݖ − ଶݖଵݖߣଵ2ݖ ሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 +  ሻ൨′ୖݕ′ୗݕ2

(34)

Therefore, ܷୗᇱ  becomes zero in case of ݖଶ − ଶݖଵݖߣଵ2ݖ ሺୖݔ′ଶ + ଶ′ୖݕ + ′ୖݔୗᇱݔ2 + ሻ′ୖݕ′ୗݕ2 = ݉ (35)

where ݉ is an integer except for zero. In the case of ݉ = 1 and ݕᇱୖ = ᇱୖݔ ,0  is expressed by 

ᇱୖݔ = ୗᇱݔ− ± ඨݔୗᇱ ଶ + ଶݖଶݖଵݖߣ2 −  ଵݖ
(36)

From Equation 36, it is found that shift multiplex recording is realized in volume retardagraphy. 

3. Experimental Procedure 

Figure 2 shows the experimental setup for volume retardagraphy. A diode laser with a wavelength 

of 406 nm was uses for recording and reconstruction. A liquid crystal on silicon spatial light modulator 

(SLM; Hamamatsu X10408-5) was used to give data pages to recording beam. The polarization state 

of the laser beam after QWP1 is adjusted to linear with an azimuthal angle by rotating a half-wave 

plate (HWP1) and QWP1. By using QWP1, p- and s-polarization components were converted into 

right- and left-circular polarization components, respectively. In this setup, when the homogeneous 

image was inputted to the SLM and the pixel value was changed, the azimuthal angle of the linear 

polarization was changed corresponding to the pixel value because the phase difference between right- 

and left-circular polarization components were changed. The size of patterns modulated by the SLM 
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was reduced by two lenses and the beam was focused by using an objective lens. A  

polarization-sensitive recording medium made of 9,10-phentanthrenenequinone doped 

polymethylmethacrylate (PQ-PMMA) was put between two objective lenses. The thickness of the 

medium was 1 mm. Then, the position of the back of the medium was set to the position of the Fourier 

plane of the recording pattern. The recording beam was illuminated onto the medium. The power of 

the recording beam at the recording plane and the irradiation time were set to 8 mW and  

33 ms, respectively. 

Figure 2. Experimental setup for volume retardagraphy. L, OL, M, HWP, QWP, P, A, 

SLM, VR are lens, objective lens, mirror, half-wave plate, quarter-wave plate, polarizer, 

analyzer, spatial light modulator, variable retarder, respectively. Focal lengths (mm) are 

denoted around lenses. The polarizer is used in only reconstruction. 

 

In recording, a phase data page as shown in Figure 3 was displayed on the SLM. In the SLM, the 

phase of p-polarization component was modulated corresponding to the phase data page. The phase 

data page consisted of 15 × 14 symbols. A symbol consisted of 2 × 2 data pixels. The data pixel 

consisted of 10 × 10 pixels of SLM. The pixel size of SLM is 20 μm × 20 μm. The phase value was 

four-valued and the valued of 0, 0.5π, 1.0π, 1.5π rad was used. In a symbol, the phase value was set as 

the four values were different each other. Then, a symbol can express 24 cases, that is, the information 

amount of symbol is more than 4 bits. Therefore, a recording digital data was divided by every 4 bits 

and converted into phase data pages. In this experiment, 12 phase data pages were recorded in multiple 

by laterally shifting the position of the medium by using a linear stage (SIGMA KOKI  

SGSP20-20(X)). The shift amount was set to 100 µm. 

In reconstruction, a homogeneous pattern was displayed on SLM and a polarizer was put between 

the SLM and the QWP1. The transmission axis of the polarizer was set as s-polarization component is 

transmitted. Then, the s-polarized beam was converted into left circular polarized beam by using 

QWP1. The recorded phase data pages were reconstructed by illuminating the left circular polarized 

beam. Then, a reconstructed signal beam with right-circular polarization was generated from the 

recorded medium. The reconstructed signal beam was imaged on a CCD plane by using an objective 

lens and telecentric optical system. The right- and left-circular polarization components were converted 

into 45° and −45° linear polarization components by using QWP2. The reconstructed signal beam with 

45° linear polarization and the transmitted illumination beam with −45° linear polarization were 

interfered through an analyzer. Therefore, an interference pattern between reconstructed signal beam 

and transmitted illumination beam was captured using the CCD camera. Then, the phase between the 
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reconstructed signal beam and the transmitted illumination beam was shifted by using a liquid crystal 

variable retarder (Meadowlark LDC-100) and four images were captured. By using the four step 

phase-shifting algorithm, the complex amplitude of reconstructed signal beam was extracted. 

Furthermore, pixels between reconstructed data page and CCD camera were matched by cubic spline 

interpolation. Then, the phase was calculated from the complex amplitude.  

Figure 3. Phase data page. (a) four-valued phase data phase; (b) four symbols. 

 

3. Results and Discussion 

Figure 4b shows a reconstructed phase pattern. The phase value is shifted by π/4. The shift value is 

required by correcting initial phase in recording. It does not seem that the reconstructed phase pattern 

is similar to recording data page (Figure 4a). The extinction ratio of right-circular polarization component 

to left-circular polarization component is not zero in this system. Therefore, the right-circular 

polarization component is slightly included in the illumination beam. The reconstructed signal beam is 

superposed with the right-circular polarization component of transmitted illumination beam. Therefore, 

the reconstructed phase value was changed. By considering the coding method, the transmitted 

illumination component can be eliminated. In the coding method, the average of complex amplitude of 

a symbol is always zero when it is assumed that the intensity is homogeneous. When the complex 

amplitude values of the reconstructed signal pattern in a symbol were averaged, the transmitted signal 

beam component is obtained. A data pixel consisted of 10 × 10 pixels. The central 6 × 6 pixels in the 

10 × 10 pixels were used to average the complex amplitude. Then, the standard deviation of real and 

imaginary parts was calculated and an argument was calculated from the real and imaginary parts. 

When the phase difference at a pixel is larger than the argument value, the complex amplitude value at 

the pixel is not used to calculate average complex amplitude. By substituting the average complex 

amplitude from the reconstructed signal complex amplitude, corrected phase pattern is obtained. The 

corrected phase pattern is shown in Figure 4c. Furthermore, to evaluate symbol error rate (SER), the 

reconstructed phase pattern must be four-valued. The sine and cosine of the phase value are calculated 

Phase value

(a) (b)
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in a symbol and compared with 16 cases of symbol pattern. Then, the phase pattern is substituted by a 

symbol pattern with the least square of the sum of the difference. By the method, a phase data page 

was reconstructed. The reconstructed phase data page is shown in Figure 4d. The symbol error rates 

(SERs) of reconstructed 12 phase data pages are shown Table 1. As shown in Table 1, SERs were under 

11%. Those values were enough low to make zero by using an error correction method. The symbol 

error rate is dependent on the resolution and the positioning accuracy of the linear stage because of shift 

selectivity. In this experiment, the resolution and the accuracy are 2 µm and 10 µm, respectively. 

Figure 4. Reconstructing process. (a) Recording phase data phase; (b) Reconstructed 

phase pattern; (c) Corrected phase pattern; (d) Reconstructed phase data page. 

 

Table 1. Symbol error rate (SER) of reconstructed phase data pages. 

Page no. 1 2 3 4 5 6 

SER (%) 3.33 0 2.38 0.48 0 5.71 
Page no. 7 8 9 10 11 12 
SER (%) 10.95 10.95 2.86 1.90 2.86 0.48 

In this study, the data pixel size of phase data pages was reduced from 200 µm to 60 µm. Then, the 

width of the data page was calculated to ܹ = 30 × 60 = 1.8 mm. When the recording medium is thin, 

that is, ݖଵ = ଶݖ , and it is located at ݖଵ = ଶݖ = −1	mm ᇱୖݔ| , | = |ଵݖ|ܹ ݂⁄ = 450	μm  is required to 

record another phase data page. When the thickness becomes greater, that is ݖଶ approachess zero, the 

reconstructed image is eliminated by shifting the recording medium with less than 450 µm. Therefore, 

(a) (b)

Recording
and

reconst ruct ion

Correct ing

4-valued

Com paring
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shift multiplex recording was realized with the shift amount of 100 µm. When the shift amount is 

decreased, the crosstalk noise is increased. Therefore, SER is increased. For a shift amount of  

100 μm, it has been determined that the SERs fall below about 10%. To achieve higher shift 

selectivity, the low spatial frequency components of recording phase data page must be removed. It is 

possible to decrease the value to remove the low spatial frequency components of signal beam pattern 

by using other coding methods of the phase data pages. In this study, a PQ-PMMA plate with a 

thickness of 1 mm, which is easy to prepare, was used as a recording medium to experimentally verify 

the principle of volume retardagraphy. By improving the polarization-sensitivity of recording medium 

as well as shift selectivity, it is expected to increase data capacity and data transfer rate. 

4. Conclusions  

In this paper, some phase data pages were recorded and reconstructed by volume retardagraphy 

with shift multiplexing. The shift amount was set to 100	μm. From the result, it was verified that 

volume retardagraphy has shift selectivity. However, the shift selectivity of 100	μm is low to apply a 

next-generation optical memory. By using a coding method without low spatial frequency components, 

the shift selectivity can be higher. Therefore, volume retardagraphy is expected to apply a next-generation 

optical memory with parallel recording and a simple optical system. 
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