Phase shifting digital holography implemented
with a twisted-nematic liquid-crystal display
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We describe and experimentally demonstrate a phase shifting method based on the lateral displacement
of a grating implemented with a twisted-nematic liquid-crystal spatial light modulator. This method al-
lows an accurate implementation of the phase shift without requiring moving parts. The technique is
implemented in a Mach-Zehnder digital holography setup in which the field transmitted by the sample

object freely propagates to the hologram plane.
OCIS codes:

1. Introduction

Digital holography (DH) allows the measurement of
both the amplitude and the phase of a complex opti-
cal field by computer processing of digitized holo-
grams of this field [1-8]. These holograms are
recorded with electronic imaging devices, e.g., CCDs,
limited by poor spatial resolution, which reduces the
spatial frequency bandwidth of the complex fields
that can be analyzed, especially if the recorded holo-
grams employ an off-axis reference wave. This draw-
back is minimized by use of the phase shifting
interferometry (PSI) technique [9-11], since it can
be implemented with on-axis DH setups. However,
PSI requires at least two holograms of the studied
field that must be recorded under high mechanical
stability of the optical setup. In addition, this techni-
que requires a controlled phase shift between the re-
ference beam and the object field that interfere to
form each hologram. In general an accurate realiza-
tion of this phase shift is not an obvious task, espe-
cially when the number of phase steps is four or
more. A simplified and convenient version of PSI
is the one that employs only two phase levels [12,13].
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PSI is usually implemented by means of piezoelec-
tric transducers [9-11] or, alternately, by employing
passive or electro-optic phase plates [14-17]. We
describe a two-step PSI method for DH based on
the lateral displacement of a binary grating, which
is generated by a twisted-nematic liquid-crystal
(TNLC) spatial light modulator (SLM). A laser beam
that illuminates this grating is transformed into
several beams from which the first-order beam is em-
ployed as the reference wave. If the grating is later-
ally displaced, this beam is affected by a phase shift
that is proportional to the displacement. This imple-
mentation of the phase shift is accurate since the re-
quired lateral displacement of the grating is simply
performed by changing the image displayed in the
SLM. In this approach the exact modulation of the
generated grating, which in general is complex, does
not affect the accuracy of the generated phase shift.
For this reason it is possible to employ a conventional
TNLC SLM, which is relatively inexpensive and
widely available.

The phase shifting based on the lateral displace-
ment of a grating was previously applied in a common
path interferometry setup [18,19]. However, this
setup, which is based on a double-Fourier transform
processor, permits analysis only of low bandwidth ob-
jects, because of the paraxial operation of the Fourier
transforming lenses. We evaluate the performance
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of the PSI technique, based on the displacement of
gratings, in a Mach—Zehnder optical setup that regis-
ters holograms of a field freely propagated from the
sample object to the electronic register plane. This
technique, as with any other PSI method, can recover
sample objects with a relatively large bandwidth by
use of on-axis holograms. This PSI method and the op-
tical setup in which we implement it, together with
the digital process for reconstruction of the analyzed
complex field, are described in Section 2. An experi-
mental demonstration of the method is reported in
Section 3, and final remarks are presented in
Section 4.

2. Optical Setup and the Phase Shift Technique

The optical setup that we employ to implement the
PSI method is schematically depicted in Fig. 1. The
beam transmitted by beam splitter BS1 arrives at
the TNLC SLM, where a binary grating is generated.
Lens L; is used to focus the multiple beams dif-
fracted by this grating. Spatial filter SF; is placed
at the focal plane of lens L;, where the multiple
beams appear focused, to transmit only the first-
order diffracted beam generated by the grating. Lens
L, recollimates the transmitted beam, which is em-
ployed as the reference beam. The width of this beam
is controlled by the ratio f5/f1, where f, and f5 are
the focal lengths of lenses L; and L, respectively.
The beam reflected by beam splitter BS;, which is
employed to illuminate the object, is expanded by
the pair of lenses L3 and L4, and cleaned by spatial
filter SFy. The interference of the object field with
the reference beam, allowed by beam splitter BS,, is
recorded by a CCD.

We assume that a binary grating with vertically
oriented fringes and fundamental period p is gener-
ated by the SLM. The transmittance of this grating
can be expressed by the Fourier series

glx) = Z ¢, exp <i2nzx), (1)
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Fig. 1. Optical setup for implementation of the two-step phase
shift method.
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where coefficients ¢, are complex constants. For this
representation of the grating transmittance as a one-
dimensional function we disregard the vertical mod-
ulation that is due to the pixelated SLM structure.
The consideration of this feature does not provide es-
sential differences in the results. In our experimental
implementation of the PSI method, the beam that en-
ters beam splitter BS1 (Fig. 1) is the one obtained
directly from the He—Ne laser. The laser beam trans-
mitted by this splitter arrives at the SLM with a
waist radius (<2mm) that is much smaller than
the SLM width (=2.5 cm). Therefore, if the complex
amplitude of the laser beam that illuminates the
grating is b(x,y), the beam transmitted by the
SLM can be expressed as b(x,y)g(x), where g(x) is
the grating transmittance, without the necessity to
introduce an explicit SLM pupil function. Consider-
ing Eq. (1) it is noted that this field is formed by mul-
tiple copies of beam b(x,y), propagating in different
directions. In particular, the first-order beam, whose
complex amplitude at the SLM plane is

g1(x,y) = c1b(x,y) exp(i27x/p), (2)

is used to form the reference beam in the DH setup
(Fig. 1). When we perform lateral displacement Ax in
the grating loaded to the SLM, its new transmittance
is given by

glx—Ax) = Z ¢, exp <—i27zZ Ax> exp <i27sz) .
(3)

When this shifted grating is illuminated by beam
b(x,y), the new transmitted first-order beam is

82(x,y) = exp(-i2zAx/p) g1(x,y). (4)

As a result, lateral displacement Ax in the loaded
grating introduces phase shift exp(-i2zAx/p) in
the first-order diffracted beam.

To implement the two-step PSI in the DH setup,
we obtain the reference beam from the first-order
beam transmitted by the grating generated with
the SLM. In this PSI method, the required phase
shift in the reference beam is exp(iz/2). According
to Eq. (4), this phase shift is obtained by grating dis-
placement Ax = —p/4. Partial views of the binary
gratings uploaded to the SLM to perform the phase
shift are shown in Fig. 2. The images in this figure
correspond, respectively, to gratings g(x) and g(x -
Ax) in Egs. (1) and (3). Grating g(x — Ax), whose dis-
placement is Ax = —p/4, generates the reference
beam with phase shift exp(iz/2). In the above deri-
vation the result is independent of the explicit ex-
pression for grating transmittance function g(x). In
particular, the result is independent of the pixel pitch
and pixel size of the SLM. In Section 3, a two-step
phase shift is experimentally implemented loading
the LC SLM with a binary grating whose period p
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Fig. 2. Several periods of the gratings loaded to the SLM to
generate phase shifts of (a) 0 and (b) z/2.

is equal to 4 SLM pixels, which correspond to the
maximum possible spatial frequency that allows lat-
eral displacement Ax = —p/4.

The focusing and isolation of the first-order beam
transmitted by the SLM grating are performed, re-
spectively, by lens L; and spatial filter SF;. Since lens
L, operates as a Fourier transform, the distance be-
tween adjacent focused beams can be much greater
than the waist of these beams by simply ensuring
that the beam waist, at the grating plane, is much
larger than the period of this grating. Therefore, it
is not difficult to isolate and transmit (practically
without clipping) through an appropriate pinhole,
only the first-order focused beam. Afterward, the fo-
cused reference beam is transmitted by the spatial
filter and is expanded and collimated by lens Ls. A
similar expansion and collimation are performed
on the object beam using lenses L3 and L, and spatial
filter SF,.

The complex field propagated from the object to
the CCD plane is expressed as

o(x,y) = a(x,y) explig(x,y)]. (5)

On the other hand, the complex amplitude of the
reference beam at the CCD plane is given by

r(x,y) = ax(x,y) exp{i[2n(uox + voy) + 6]}, (6)

where 6 is the phase delay controlled by the lateral
displacement of the grating implemented in the
SLM, and 2z(ugx + vgy) is a linear phase that ap-
pears if the reference beam does not propagate per-
fectly on axis. Phase shift exp(i§) that appears as a
factor of the first-order beam diffracted by the SLM
grating when it is laterally shifted is a constant,
which is maintained during expansion, filtering,
and collimation and transforms this beam into the
reference field. If one considers the distortion of
the beam by possible aberration of lenses L; and

L,, the phase factor in Eq. (6) would be transformed
into exp{i[27(uox + voy) + w(x,y) + 5]}, where w(x,y)
is the wave aberration at the CCD plane. In general,
it is necessary to measure aberration w(x,y), if it is
not negligible, to eliminate it from the measured
phase of the object phase. Here our main purpose
is to present a demonstration of the two-step PSI im-
plemented with a displaced grating generated with a
SLM, so the analysis and compensation of aberra-
tions that are due to the lenses is disregarded.

The intensity of the recorded hologram, obtained
by the superposition of fields o(x,y) and r(x,y)
[Egs. (5) and (6)] is

I(x,y) = a?(x,y) + a®(x,y)
+ 2a,(x,y)a(x,y) cos[p(x,y)
= 2n(upx + voy) - 4. (7)

We make the reasonable assumption that amplitude
a,(x,y) of the reference beam is not constant but pre-
sents nonzero values within the recording area. We
have also assumed that the phase of the reference
beam is close to that of a plane wave. If in addition
to hologram I(x,y) the intensity patterns Iy(x,y) =
a?(x,y) and I,.(x,y) = a?(x,y) are recorded, we can
compute the modified hologram I, =1[I-1y-
L]/ (ZIrl/ ?). If we consider phase shifts 6=0 and
6 =r/2, I, takes, respectively, the form of functions

Ic(xvy) :a(xay) COS[¢(x7y)_2”(u0x+UOy)]7 (8)

Li(x,y) = a(x,y) sin[p(x,y) - 2z(uox + vey)].  (9)

Considering Egs. (8) and (9) it is shown that object
field o(x,y) is recovered as

o(x,y) = [[c(x,y) + il;(x,y)] exp[i27(uox + voy)].
(10)

We assume that the spectrum of object o(x,y) is cen-
tered at origin (0, 0) in the Fourier plane. Therefore,
factor expli2z(ugx + voy)] is obtained as the linear
phase modulation that must be applied to the func-
tion I, (x,y) + il,(x,y) to obtain its Fourier spectrum
centered at the origin in the Fourier plane. The com-
plex field at the object plane is computed by backpro-
pagation of reconstructed field o(x,y) to the
object plane.

3. Experimental Implementation of the Phase Shift

We implemented the optical setup depicted in Fig. 1
using a TNLC SLM (Model LC2002, Holoeye Photo-
nics AG, Berlin-Adlershof, Germany) with a pixel
pitch of 32 ym and screen format of 600 x 800 pixels.
The SLM is sandwiched between two linear polari-
zers that allow the operation of this device as mostly
an amplitude modulator. A polarization rotator (not
shown) is employed to align the polarization of
the beam that illuminates the object to that of
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the reference beam. We used a He—Ne laser with a
wavelength of 632.8nm as the illumination source.
The holograms were recorded and digitized using a
CCD (FireWire DC310, Thorlabs, Newton, New Jer-
sey) with 1024 x 768 pixels and a pixel pitch
of 4.7 ym.

For the first experiment we performed direct mea-
surement of the phase shift generated with the pro-
posed method. For this purpose we removed the
sample object in the setup and tilted the reference
wave slightly to obtain a sinusoidal interference pat-
tern at the CCD plane. To generate the phase shift in
the reference beam, the SLM is sequentially loaded
with the two relatively displaced gratings shown in
Fig. 2, with a period equal to 4 SLM pixels. The two
recorded interference patterns are depicted in Fig. 3.
The black lines superposed at the fringes correspond
to their numerically computed intensity peaks. A
unit in the spatial scale on the axes of the figure cor-
responds to the CCD resolution (4.7 um). To evaluate
the relative phase shift in the reference beam (intro-
duced by the grating displacement), we measured the
positions of the peak intensities along a horizontal
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Fig. 3. Interference patterns obt)ained when both the object and

the reference beams are plane waves. These patterns were ob-
tained when the loaded gratings were those depicted in Fig. 2.
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line at the middle of the patterns (traced as dashed
lines). The measured peak positions in pixels are
[2 73 145 215] for the pattern in Fig. 3(a) and
[19,92,163,235] for the pattern in Fig. 3(b). With
these peak positions we determined that the average
displacement of peaks in the second pattern is 18.5
pixels, whereas one quarter of the average period
(along the horizontal axis) is 17.875 pixels. The error
obtained when these lengths are compared is less
than one pixel of the CCD. Thus, the phase shift is
close to z/2, with an error that is within the limits
imposed by the CCD resolution.

As sample objects we employed a deteriorated ar-
ray of microlenses and a plate containing a bleached
bar test pattern. The samples, which were placed at a
distance of approximately 17mm from the CCD
plane, were illuminated by a uniform section of the
expanded and collimated laser beam. The reference
beam, appropriately expanded and collimated, illu-
minates the CCD area almost uniformly. The normal-
ized real values of holograms I (x,y) and I (x,y)
[Egs. (8) and (9)] for the array of microlenses, ob-
tained with phase shifts § = 0 and 6 = z/2, are shown
in Fig. 4. The computed Fourier spectrum modulus of
complex field Iy (x,y) = I.(x,y) + il,(x,y) is partially
shown in Fig. 5. It is noted, using Eq. (10), that
the Fourier spectrum of Ip(x,y) is given by
o(u + ug,v +vg), which corresponds to the Fourier
spectrum of object field o(x,y), centered at the spatial
frequency coordinates (—ug, —vg). The origin (0,0) in
the Fourier spectrum of I} (x,y), which is easily found
in the discrete Fourier transform operation, is iden-
tified by the small white cross in Fig. 5. The Fourier
spectrum in Fig. 5 is formed by a periodic array of
bright spots that are due to the periodicity of the ob-
ject under study. The small shift of this array with
respect to origin (0, 0) is due to the linear phase shift
expli27z(ugx + voy)] in the reference wave [Eq. (6)]. In
this particular experiment, coordinates (-ug,-v)
are identified at the brightest point of the closest spot
to the origin, which is marked in Fig. 5 by the small
white arrow. This choice is based on the fact that the
tilt introduced in the reference wave was very small.
Spatial frequencies (-ug,—vy) were obtained by tak-
ing into consideration the resolution in this spectrum
given by Ax~1, where Ax is the lateral size of the ma-
trix that contains the discrete values of function
Iy (x,y). Using these computed spatial frequencies
we obtained the linear phase shift exp[i27z(ugx +
voy)] that is required to obtain the complex field
o(x,y) expressed in Eq. (10). This o(x,y) field is back-
propagated to the object plane by use of the exact an-
gular spectrum method. A portion of the wrapped
object phase obtained with this propagation, de-
picted in Fig. 6, shows the phases of microlenses with
different degrees of deterioration. The corresponding
unwrapped object phase relief is displayed in the
three-dimensional plot of Fig. 7. Most of the irregular
artifacts observed in the reconstructed phase corre-
spond to deteriorated features of the tested lenslet
array. Other artifacts correspond to defects in the



Fig. 4. Partial views of holograms (a) I.(x,y) and (b) I(x,y)
obtained with the array of microlenses employed as the sample
object.

unwrapping process and deficiencies in the registra-
tion of holograms, which was not optimized. In the
experimental result shown in Fig. 7, we estimated

0.005 pm-

Fig. 5. Modulus of the computed Fourier spectrum of the function
Ir (x,y) =1,(x,y) +il,(x,y) obtained for the array of microlenses.
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Fig. 6. Wrapped phase of the reconstructed array of microlenses.

a total phase delay of microlenses of approximately
20 rad and a lens width of 127 ym. With these para-
meters we computed a focal length close to 2mm,
which approximately coincides with the directly
measured focal distance. The recording and recon-
struction were also performed for a bleached bar test
pattern used as the input object. In this case, the
real-valued holograms I, and I, together with the
unwrapped phase of the recovered object, are shown
in Fig. 8. The result shown in Fig. 8(c) indicates that
the phase modulation that results from bleaching the
original bar pattern is approximately 12 rad. In both
cases, the relatively high resolution of the recon-
structed phase objects is obtained by computing
and interlacing multiple reconstructions with the di-
rect angular spectrum approach for which different
small linear phase shifts are applied to the field
o(x,y). As is well known, the spatial resolution for
each of these reconstructions is equal to the CCD re-
solution. The resolution of the reconstructed phases
in Figs. 6-8 was improved by a factor of 1/9 with re-
spect to ‘the CCD resolution.

Fig. 7. Three-dimensional representation of the unwrapped
phase of the reconstructed array of microlenses.
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Fig. 8. Normalized real values of holograms (a) I.(x,y) and
(b) I;(x,y) for the bleached bar test pattern, and (c) corresponding
to the three-dimensional image of the reconstructed unwrapped
phase of this sample object.

4. Conclusions and Remarks

We have described and experimentally demon-
strated a two-step PSI method based on the lateral
displacement of a binary grating generated with a
TNLC SLM. The demonstration was performed in
a Mach-Zehnder DH setup, where the field trans-
mitted by the sample object freely propagates to
the CCD plane. The lateral displacement of the grat-
ing generated by the SLM is obtained with high ac-
curacy by simply changing the displayed image in
this device. Since the generated phase shift depends
only on this displacement and not on the exact grat-
ing transmittance, the phase shift generated with
this method is highly accurate.

We implemented the above method employing a
deteriorated array of microlenses and a bleached
bar test pattern as sample objects. The reconstruc-
tion in the first case, depicted in Figs. 6 and 7, shows
the imperfections of the different microlenses in the
sample. However, some irregular artifacts in the re-
construction can be due to errors in the unwrapping
procedure and to the fact that the electronic register
of holograms was not so refined. The detailed analy-
sis of these issues was not developed in this study,
which is only aimed as a first demonstration of the
proposed PSI method. Nevertheless, the results pro-
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vide a validation of the proposed PSI technique as a
promising method for DH reconstruction of moder-
ately high bandwidth complex fields.

References

1. J. W. Goodman and R. W. Lawrence, “Digital image formation
from electronically detected holograms,” Appl. Phys. Lett. 11,
77-79 (1967).

2. M. A. Kronrod, N. S. Merzlyakov, and L. P. Yaroslavskii, “Re-
construction of a hologram with a computer,” Sov. Phys. Tech.
Phys. 17, 333-334 (1972).

3. U. Schnars and W. Jiiptner, “Direct recording of holograms by
a CCD target and numerical reconstruction,” Appl. Opt. 33,
179-181 (1994).

4. E. Cuche, F. Bevilacqua, and C. Depeursinge, “Digital hologra-
phy for quantitative phase-contrast imaging,” Opt. Lett. 24,
291-293 (1999).

5. E. Cuche, P. Marquet, and C. Depeursinge, “Simultaneous am-
plitude-contrast and quantitative phase-contrast microscopy
by numerical reconstruction of Fresnel off-axis holograms,”
Appl. Opt. 38, 6994-7001 (1999).

6. U. Schnars, “Direct phase determination in hologram
interferometry with use of digitally recorded holograms,” J.
Opt. Soc. Am. A 11, 2011-2015 (1994).

7. T. M. Kreis, “Frequency analysis of digital holography,” Opt.
Eng. 41, 771-778 (2002).

8. L. Xu, J. Miao, and A. K. Asundi, “Properties of digital
holography based on in-line configuration,” Opt. Eng. 39,
3214-3219 (2000).

9. I. Yamaguchi and T. Zhang, “Phase-shifting digital hologra-
phy,” Opt. Lett. 22, 1268-1270 (1997).

10. T. Zhang and I. Yamaguchi, “Three-dimensional microscopy
with phase-shifting digital holography,” Opt. Lett. 23, 1221—
1223 (1998).

11. F. Dubois, C. Minetti, O. Monnom, C. Yourassowsky, J.-C.
Legros, and P. Kischel, “Pattern recognition with a digital
holographic microscope working in partially coherent illumi-
nation,” Appl. Opt. 41, 4108-4119 (2002).

12. P. Guo and A. J. Devaney, “Digital microscopy using phase-
shifting digital holography with two reference waves,” Opt.
Lett. 29, 857-859 (2004).

13. D. Kim and B. Javidi, “Distortion-tolerant 3-D object recogni-
tion by using single exposure on-axis digital holography,” Opt.
Express 12, 5539-5548 (2004).

14. B. Javidi and E. Tajahuerce, “Three-dimensional object recog-
nition by use of digital holography,” Opt. Lett. 25, 610-612
(2000).

15. C. Guo, L. Zhang, H. Wang, J. Liao, and Y. Zhu, “Phase-shifting
error and its elimination in phase-shifting digital holography,”
Opt. Lett. 27, 1687-1689 (2002).

16. G. Popescu, L. P. Deflores, J. C. Vaughan, K. Badizadegan, H.
Iwai, R. R. Dasari, and M. S. Feld, “Fourier phase microscopy
for investigation of biological structures and dynamics,” Opt.
Lett. 29, 2503-2505 (2004).

17. Y. Takaki, H. Kawai, and H. Ohzu, “Hybrid holographic micro-
scopy free of conjugate and zero-order images,” Appl. Opt. 38,
49904996 (1999).

18. V. Arrizén and D. Sdnchez-de-la-Llave, “Common-path inter-
ferometry with one-dimensional periodic filters,” Opt. Lett.
29, 141-143 (2004).

19. C. Meneses-Fabian, G. Rodriguez-Zurita, and V. Arrizén, “Op-
tical tomography of transparent objects with phase-shifting
interferometry and stepwise-shifted Ronchi ruling,” J. Opt.
Soc. Am. A 23, 298-305 (2006).



