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Abstract

In this paper we present a method for reconstructing Fresnel holograms using two liquid crystal devices, one to
display the amplitude information and the other to display the phase. The theoretical approach has been adapted to real
configurations of VGA panels removed from a commercial video projector. The optical setup is based on the projection
of the phase plane into the amplitude plane by means of an imaging lens. Simulated and experimental results are

presented.

Keywords: Fresnel holography; Wave front reconstruction; Liquid crystal devices; Full-complex modulation

1. Introduction

Since the generalized access to liquid crystal
displays (LCD), these devices have become the
most frequently used spatial light modulators
(SLM) in the field of optical image processing. The
modulation properties of LCDs allow a real time
manipulation of a wave front, therefore it is pos-
sible to display holographic information using
them. This operation requires the display of com-
plex functions in order to modify the amplitude
and phase of a wave. Most of the present LCDs
provide a wide range of operating modes but none
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of them allows the complete display of a full-
complex plane.

There are different strategies to achieve full-
complex modulation. A first approach consists in
codifying the complex information to be displayed
on a single device with limited modulation capa-
bilities. Several methods of codification that
transform the complex information into real po-
sitive values to be displayed on a transmissive el-
ement are reported in [l1]. Recently new
approaches were proposed in [2,3]. Birch et al. [2]
use an analog ferroelectric reflective SLM where
the information is codified using a macro-pixel
composed by two pixels of consecutive rows, the
first pixel containing the real data and the second
one containing the imaginary data. All these
methods that make use of several pixels to codify
the information entail a loss of resolution. On the
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other hand, Stolz et al. [3] have studied the prop-
erties of the coupled phase and amplitude domains
in the implementation of diffractive optical ele-
ments (DOEs) onto a single SLM, compared to the
use of amplitude-mostly or phase-mostly modes.

A second approach to obtain full-complex
modulation is to couple two SLMs. In this case
two issues have to be considered, the coupling
optical setup and the modulation capabilities of
each device. Juday and Florence [4] and Gregory
et al. [5] proposed the two common optical systems
to combine two devices: an architecture for com-
bining amplitude and phase as a sum and another
one for combining both parts as a product (cas-
cade configuration). Amako et al. [6] and
Gongalves et al. [7] use a 4f-cascade architecture to
obtain full-complex modulation taking into ac-
count the operating configurations of the coupled
SLMs. Amako et al. use a twisted-nematic liquid
crystal (TNLC) device for amplitude modulation,
and an electrically controlled birefringent (ECB)
device for phase modulation and display both data
separately. Instead, Gongalves et al. use two
TNLC SLMs in amplitude and phase regimes but
combine the two coupled modulations into the
required complex modulation by applying a look-
up table encoding method.

In this paper we present a method to recon-
struct Fresnel holograms based on the coupling
of SLMs with a simplified optical setup. In order
to display the complex information of the holo-
grams we make use of two LCDs, one for the
amplitude and one for the phase, in a cascade
configuration. Usually the phase information is
imaged into the plane where the amplitude in-
formation is placed by means of a 4f configura-
tion and plane wave illumination. We propose a
simplified setup that uses a single imaging lens to
geometrically project the first LCD plane into the
second one. In this case the illumination of the
input image plays a significant role in the imaging
process.

In Section 2 we present the method of display-
ing Fresnel holograms using two LCDs by sepa-
rating the complex information into modulus and
phase. The implementation of this method with
real devices involves the adaptation of the complex
function to the available modulation values of the

LCDs. This procedure is illustrated in Section 3
with some simulated results, which show Fresnel
holograms that focus the information at different
distances. We also compare the adjustment meth-
od with another procedure developed in [7]. In
Section 4 the optical setup to apply this method is
proposed and optical results are presented.

2. Displaying full-complex Fresnel holograms on
LCDs

A hologram is a complex function that can be
represented by a modulus and a phase. Therefore,
in order to display such a function, we need a
device able to modulate light in amplitude and
phase, i.e., a spatial light modulator. The most
common SLMs used in optical image processing
are the liquid crystal displays. These devices
modulate light depending on the applied voltage
and the polarization state of the incident light. The
behavior of an LCD can be represented by an
operating curve, which gives information on the
way this device modulates light depending on the
gray level assigned to each pixel. The most com-
mon configurations used to display images on an
LCD are [8]:

e High-contrast (HC): In this configuration the
modulator contrast ratio should be as high as
possible, although there may be a significant
phase modulation.

e Amplitude-mostly (AM): In this case the LCD
has to modulate light only in amplitude and
the phase variation should be zero. In fact there
is always a small phase modulation. With this
configuration the contrast ratio is usually much
lower than with the HC one.

e Phase-mostly (PM): Unlike the AM configura-
tion, with this operating curve the light should
be modulated only in phase but actually there
is always a small variation in amplitude.

In an ideal case, we would need an LCD able to

modulate simultaneously amplitude and phase in a

wide range of values (a spiral-like operating curve,

for example). This kind of configuration is almost
unreachable with the available panels in the mar-
ket. However, if we still want to use a single
modulator to display full-complex values, it is



possible to use codifying methods [1,2] at the ex-
pense of a reduction in resolution.

As many LCDs can operate in AM and PM
configurations the most suitable method for dis-
playing full-complex information is to use a pair of
panels, one for modulus and the other for phase.
In this case we can avoid the limitations of the
codifying methods when using a single modulator.

The use of two panels entails a significant
problem: it is not possible to achieve the ideal case
of having modulus and phase in the same plane,
due to the thickness of the devices. Therefore we
need an optical setup to have both set of data
superimposed on a single plane by imaging one
panel one-to-one (1:1) into the other, as we will see
in Section 4.

As an example of complex information distri-
bution to be displayed on the LCDs we use Fresnel
holograms. We compute these digital holograms in
order to recover an object at a certain distance
from the plane where they are displayed. We start
retropropagating the information of an image
using the inverse Fresnel transform to a distance
—d as follows.

Let f(x,y) be the original object to be codified
in the hologram. Its Fresnel retropropagation to a
distance —d is
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where k = 2r// is the wave number, and (x, y) and
(x',y") are the transversal coordinates in the planes
z = —d and z = 0, respectively.

The information to be displayed, U(x,y, —d), is
a complex function that can be represented as a
modulus, A(x,y, —d) and a phase, ¢(x,y, —d)

U(x,y, —d) = A(x, y, —d)ei(b()(?y-,*d). 2)

When modulus and phase are displayed on the
same plane and are illuminated by a plane wave,
the original object f(x,y) is reconstructed at a
distance d due to light propagation, as desired.

With this method it is possible to recover sev-
eral objects at different planes simultaneously us-
ing a single digital hologram. We have to compute

the Fresnel transform (Eq. (1)) for each object at
its corresponding distance. Then, adding all the
computed distributions we obtain a single complex
function (modulus and phase) to be displayed on
the panels. When illuminating this function, the
different objects are recovered at their corre-
sponding distances.

Gongalves et al. [7] also use two LCD panels
working in AM and PM configurations. But, in-
stead of displaying modulus and phase separately,
they consider an overall realizable complex trans-
mittance as the product of the complex transmit-
tances of the two LCDs. Then every value of a
hologram is represented as a product of two of the
available gray levels of each panel. When a modu-
lator can operate in a phase-mostly mode that
reaches 2 it is possible to display full-complex in-
formation, otherwise there are values that cannot be
represented. Nowadays, commercial LCDs are not
usually designed to provide a full 2x phase modu-
lation because they are not thick enough [9], soits no
possible to attain the whole complex plane.

2.1. Fresnel holograms with EPSON VGA devices

We want to display Fresnel holograms using the
proposed method of displaying modulus and phase
separately. We use a pair of LCDs removed from
an EPSON VGA video projector EMP-3000. These
panels offer a good performance in terms of pixel-
to-pixel addressing, which is a desired property to
display holograms. However, these devices are
limited by their resolution (640 x 480 pixels and a
pixel pitch of 42 um) and their operating modes.

These LCDs were characterized by an interfer-
ometric method [10] in order to achieve three dif-
ferent configurations: HC, PM and AM. But we
just obtained a suitable HC configuration (Fig. 1)
and a PM curve that only introduces phase mod-
ulation between 0 and 7 radians (Fig. 2). As with
these curves it is not possible to fill the full-com-
plex plane, it is necessary to adapt the data to fit
the accessible modulation values.

We have chosen the HC curve as the most
suitable mode to display the modulus because it
offers a wide range of gray levels to represent po-
sitive real values. This configuration gives a con-
trast ratio of 124:1 and a maximum phase
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Fig. 1. High-contrast configuration.
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Fig. 2. 0—n Phase-mostly configuration.

modulation of 0.75n, where the contrast ratio is
defined as the maximum intensity transmittance
divided by the minimum intensity transmittance.
We have fitted the values of the modulus to the
available discrete levels of the curve using a crite-
rion that finds the point that gives the nearest
modulus without considering the phase.

The problem of the introduction of a significant
amount of phase modulation when using this fit-
ting method can be solved by compensating the
values of the phase object. The compensation
method consists in subtracting the phase values
introduced by the HC configuration to the values
of the computed phase.

Then, the compensated phase values are adap-
ted to the PM configuration, which has a maxi-
mum phase modulation of 0.987n and a contrast
ratio of 1.1:1. In this case the adjustment is real-
ized by a minimum Euclidean distance criterion
(MED). Note that phase values between 0 and =
are binarized to 0 or .

3. Simulation results

We have carried out some simulation experi-
ments taking into account the modulation prop-
erties of the LCDs. We want to recover an image
from a Fresnel hologram displayed on our VGA
panels. The testing image is shown in Fig. 3. By
using Eq. (1), we compute the complex values of
the digital hologram at a distance of —500 mm.
The modulus is fitted to the HC curve as described
above, giving a residual phase that is used to ob-
tain a compensated phase adapted to the PM
curve.

Once we have the modulus and the compen-
sated phase adapted to the configurations, we use
them to compute the Fresnel diffraction at a dis-
tance of 500 mm, where the initial object is re-
covered, as shown in Fig. 4. We have also
simulated the reconstruction of objects at different
distances, by using the building shadow and the
letters in Fig. 3 as two independent objects to be
recovered at distances of 500 and 600 mm, re-
spectively. The simulation results are shown in
Figs. 5(a) and (b), where the object to be recon-
structed at each distance appears focused while the
other one is out of focus.

Fig. 3. Original object.



Fig. 4. Simulated reconstruction of the original object at
500 mm.

(b)

Fig. 5. Simulated recovered images: (a) at distance 500 mm
(focusing the building), and (b) at 600 mm (focusing the letters).

The loss of quality of the reconstructions com-
pared to the original object is mainly due to the
limited modulation capabilities of the LCDs, spe-
cially the phase-mostly regime in which only a
maximum phase of © radians can be attained. Note
that this is a consequence of the thickness of the
VGA panels used, that are thinner than older
CGA devices that provide 2m radians of phase
modulation [7,10].

3.1. Comparison of adjustment methods

We also have carried out a study to analyze the
differences between adjusting a complex function
with the above explained method, which uses
modulus and phase separately, or with the method
that combines the accessible values of the two
panels [7]. In order to apply the combined method
we have calculated the complex values that can be
displayed by combining the accessible configura-
tions of our two panels. Fig. 6 shows the set of the

Fig. 6. Realizable complex plane coupling the achieved HC and
PM curves.

accessible complex values that results from multi-
plying all the points of the PM configuration curve
with the HC one. As the phase modulation pro-
vided by the PM mode is lower than 2r radians, it
is not possible to cover a complete circle in the
complex plane. Therefore, there is a zone that
cannot be directly represented, where it is neces-
sary to use some kind of adjustment. We again use
the minimum Euclidean distance criterion.

In order to evaluate the quality of the adjust-
ment methods, we have calculated the root mean
squared errors (RMS) of modulus and phase be-
tween the complex function to be displayed and
the distribution adjusted to the devices, which is
what is really displayed. The complex function
that we use to calculate these RMS is the unity
complex plane (see images of (a) modulus and (b)
phase in Fig. 7). In Table 1 we can see the modulus

@ (b)

Fig. 7. Images of (a) the modulus and (b) the phase of the unity
complex plane.



Table 1
RMS error of modulus and phase for the separated and
combined methods

RMS error Separated Combined
method (%) method (%)

Modulus 3.5 16.4

Phase 9.7 2.9

and phase RMS errors for the separated and the
combined methods (see images of adjusted (a)
modulus and (b) phase in Figs. 8 and 9, respec-
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Fig. 8. Images of (a) the modulus and (b) the phase of the unity
complex plane adjusted with the separated method.
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Fig. 9. Images of (a) the modulus and (b) the phase of the unity
complex plane adjusted with the combined method.

tively). The separated method works better when
adjusting the modulus than when adjusting the
phase. This behavior is opposite in the combined
method, where the error in phase is lower than the
error in modulus. When comparing both methods
with each other, we find that the combined method
is more robust when adjusting the phase while the
separated method works better with the modulus.
Thus, both methods give accurate results with ir-
relevant differences. However, the computing time
for the separated method is much shorter than for
the combined method, due to the different number
of calculations required in the adjustment process.
In the first case, the complex function to be
displayed is separated in two, and then each one
is adjusted to the accessible 256 values that
correspond to the gray levels of each curve. In
the second case, one single function is adjusted to
256 values. For example, in a Pentium III com-
puter at 800 MHz, a complex function of
512 x 512 pixels is adjusted in about 20 s and over
1 h using the separated or the combined method,
respectively.

4. Optical setup and experimental results

We have designed an optical setup to implement
our method for displaying Fresnel holograms with
the real devices (Fig. 10). In order to have modulus
and phase information placed in the same plane,
the first LCD is imaged 1:1 onto the second one
using a collimating lens with a focal length of f.
This condition requires the panels to be situated
symmetrically at distances 2/ from the lens. In fact
there is a negative magnification that can be easily
overcome rotating one of the images or one
modulator 180°.

LCD2
polarizing
elements

LCD1
polarizing collimating
elements lens
laser Q |

lens | \
2f

Fig. 10. Optical setup.



The main drawback of this setup is the align-
ment of the displays to obtain the correct product
of modulus and phase. This required pixel-to-pixel
superimposition is achieved by controlling it with a
microscope and a micropositioning system.

We propose this 2f-cascade architecture because
by using the appropriate illumination the unde-
sirable phase terms that appear in the imaging
process can be cancelled. This configuration is also
simpler than the 4f configuration proposed by
other authors [4,5] by using less lenses.

When an object s(x, y) is imaged through a lens
the complex distribution that is formed in the
image plane is the following [11]:

1(x,3) ox p§ (2 +)s(—x, ). 3)

Considering the illumination of the object, which
in our case is a converging wave, the input func-
tion s(x,y) must be replaced by s(x,y)exp — (ik/
21)(x* +?) in Eq. (3). Therefore in the image
plane we have

1(x, ) ocs(—x, —y). 4)

Thus, illuminating the object with the suitable
converging wave we cancel the spherical phase
factor that appeared in Eq. (3). Then it is possible
to have the phase and modulus information of the
complex Fresnel hologram to recover superim-
posed on the same plane without other terms.
The described optical setup has been used to
reconstruct the object shown in Fig. 3 from the
computed Fresnel hologram, using two lenses with
a focal length of 135 mm. The compensated phase
is displayed on the first LCD while the modulus is
on the second modulator. The first LCD is placed
between two linear polarizers and two quarter
wave plates to achieve elliptical polarization suit-
able to obtain the PM operating curve. The second
one only needs two linear polarizers for the HC
configuration. A CCD camera is placed at a dis-
tance of 500 mm behind the second panel, which is
the distance used to compute the Fresnel holo-
gram. This camera captures the reconstruction of
the object as shown in Fig. 11. We have also
computed a hologram to recover the building
shadow in Fig. 3 at a distance of 500 mm and the
two letters in the same figure at a distance of

Fig. 11. Experimental reconstruction of the original object at
500 mm.

600 mm. The respective captured planes are shown
in Figs. 12(a) and (b). In these two figures we can
see that the corresponding object is focused, while
the other appears out of focus. We appreciate that
the optical results agree with the simulated ones
(Figs. 4 and 5(a) and (b)). The loss of quality is due
to experimental difficulties such as non-uniform
illumination, noise introduced by the polarizing
elements, lack of parallelism between the panels
and misalignments.

Amako et al. [6] use a different coupled setup to
record Fourier holograms and obtain optical re-
constructions with two LCDs specially designed
for amplitude and phase modulation. Their optical
setup is longer than the above proposed because it
uses an additional lens to perform the Fourier
transform of the information displayed on the
panels. In our case the distance d where the Fres-
nel holograms are recovered can be smaller and it
is easier to tune. In [7] Fresnel holograms are re-
constructed at a distance of 3 m by coupling two

(b)

Fig. 12. Experimental recovered images: (a) at distance 500 mm
(focusing the building), and (b) at 600 mm (focusing the letters).



LCDs with another cascaded setup that makes use
of three lenses instead of two, as in our case.

5. Conclusion

We have implemented a method for displaying
complex Fresnel holograms by using two LCDs in
a cascade configuration. The optical setup is based
on the projection of the phase plane into the am-
plitude plane by means of an imaging lens. The
method to adapt the complex information to real
devices starts by adjusting the amplitude to a HC
operating curve. The remaining phase introduced
when adjusting the amplitude to a HC curve is
subtracted to the true phase of the object. This
compensated phase is then adapted to a PM curve
by using a MED criterion. We have applied this
procedure to record multiple objects at different
distances in a single hologram. The simulation
performed and the optical reconstructions show a
reasonable agreement taking into account the
limitations of the devices used, which only provide
a maximum of © phase modulation.

We have compared our adjustment method
where modulus and phase are considered sepa-
rately with a different procedure that combines the
accessible values of the two panels. The quality of
both adjustments is similar but the computation
time is much shorter in our case. We have pro-
posed a simplified setup that uses a single imaging

lens to geometrically project the first LCD plane
into the second one, and a converging illuminating
wave. With such setup we reduce the number of
required lenses when using two LCDs in a cascade
architecture.
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