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A Holographic Projection System With an Electrically
Adjustable Optical Zoom and a Fixed Location of
Zeroth-Order Diffraction

Ming-Syuan Chen, Neil Collings, Hung-Chun Lin, and Yi-Hsin Lin

Abstract—An electrically tunable optical zooming holographic
projection system with a fixed location of zeroth-order diffraction
is demonstrated. By using two liquid lenses and an encoded Fresnel
lens on a liquid crystal on silicon (LCoS) panel, the size of the pro-
jected image of the holographic projection system is changeable;
meanwhile, the locations of both of the zeroth-order diffraction
and the first-order diffraction are unchanged. Therefore, the ze-
roth-order diffraction can be removed by using a fixed optical high-
pass filter. We can use it to realize an image size matching system
for green light (532 nm) and red light (632.8 nm) without any po-
sitional motion of the optical elements. The optical zoom function
enhances the feasibility to realize a high-resolution full-color holo-
graphic projection system.

Index Terms—Holographic projection, liquid lens.

I. INTRODUCTION

ICRODISPLAYS are commonly used in two types of

projection systems, one is a conventional projection
system based on amplitude modulations of microdisplays,
the other is a holographic projection system based on phase
or amplitude modulations of microdisplays to generate the
diffraction patterns [1]-[3]. The advantages of holographic
projections are high light efficiency and the feasibility of
real 3D images [4]. Nevertheless, the different wavelengths
of coherent light sources result in a mismatch of chromatic
image sizes for full color applications [5]-[7]. To solve the
mismatch of chromatic images, we proposed a holographic
projection system adopting a liquid crystal lens to optically
adjust the chromatic image sizes [8]. Makowski et al. proposed
a method to divide the liquid crystal on silicon (LCoS) panel
into three subzones for different computer generated holograms
(CGH) [9]. However, many problems still need to be overcome,
such as the slow response time of the liquid crystal lens (>2
seconds), the reduction of the resolution of the image due to
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subzones, and vignetting resulting from the small aperture size
(~ 2 mm). Moreover, the location of the projected image of the
zeroth-order diffraction varies when we adjust the size of the
projected image at different wavelengths. In order to eliminate
the zeroth-order diffraction, we can mechanically adjust the
location of an optical high pass filter and the system is then
bulky for practical applications. In this paper, we demonstrate
a holographic projection system using two liquid lenses which
exhibits not only an electrically tunable optical zoom, but also
a fixed location of projected image of zeroth-order diffraction.
The aperture size of the liquid lens is large (~ 1 cm) and
the switching time is fast (<80 ms). We can eliminate the
zeroth-order diffraction without mechanically changing the
position of the optical high pass filter. In addition, the zoom
ratio of the first-order diffraction is 1.98:1. The system we
propose is more practical for full color holographic projec-
tions based on the time-sequential projection approach, i.e., a
single-panel solution. A single-panel solution allows a simpler
optical system and a reduced cost compared with a three-panel
solution. Moreover, our proposed system not only solves the
mismatch of the chromatic image size, but also the positional
shift of the zeroth-order diffraction.

II. STRUCTURE AND OPERATING PRINCIPLE

The holographic projection system with an electrically tun-
able optical zoom consists of lasers, two beam expanders, a
beam splitter, a polarizer, an analyzer, a mirror, reflective liquid
crystal on silicon (LCoS) panel, one solid lens, two liquid lenses,
an optical high-pass filter and a screen for observation, as shown
in Fig. 1(a). The lasers we used were a He—Ne Laser (A =
632.8 nm) and a diode pumped solid state laser (A = 532 nm).
The transmission axes of polarizer and analyzer are parallel to
each other. The angle between the direction of linearly polar-
ized light and the x-axis of LCoS panel is 45 degree.

The phase information created by the phase modulation of
the LCoS panel includes a Fourier hologram and an encoded
Fresnel lens. The function of “liquid lens 1” is to control the
divergence of the laser beams impinging on the LCoS panel
[equivalent to adjusting d; in Fig. 1(b)]. Two electrically tuning
lenses: the Fresnel lens encoded on the LCoS panel and the
“liquid lens 27, are optical elements in charge of the function of
optical zoom to adjust the image sizes at different wavelengths
(chromatic image size). The “solid lens” is used to observe the
Fourier transform of the hologram displayed on the LCoS panel,
in the effective back focal plane of the “solid lens”. The high
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Fig. 1. (a) Structure of the image matching holographic projection system. (b) Schematic illustration of the liquid lens 1 and LCoS panel in (a). (¢) Schematic
effective optical system of (a) with zeroth-order diffraction and first-order diffraction.

pass filter is a transparency with a black area to block the beam
spot of zeroth-order diffraction.

Fig. 1(b) is the schematic effective optical system of the liquid
lens 1 and LCoS panel in Fig. 1(a). L is the distance between
laser and LCoS panel, dg is the distance between the “liquid lens
1” and LCoS panel, and d; is the distance between the image
plane of the “liquid lens 1” and LCoS panel. Assume the lens
power of the “liquid lens 17 is pj;. According to the thin lens
formula, d; can be expressed as a function of py; :

_pu(A)do-(do— L)+ L
=) - D+

d1(pin (X)) (1)
where A is the wavelength. The effective optical system is de-
picted in Fig. 1(c), where the light source is a spherical wave
originating at a distance d; in front of the LCoS panel. d; can
be controlled electrically by the “liquid lens 1”. The distance
between the LCoS panel and “liquid lens 2” is d, d3 is the dis-
tance between the solid lens and the image of the zeroth-order
diffraction, and d4 is the distance between the solid lens and
the image of the first-order diffraction. We place an optical high
pass filter to filter out zeroth-order diffraction and a screen for
observation of the image of the first-order diffraction. Assume
PF, P12, and ps are the lens powers of the encoded Fresnel lens,
“liquid lens 27, and “solid lens”, respectively. The “liquid lens
2 and “solid lens” are attached together and the effective lens
power (pis) of the combination then equals the summation of
the two lens powers (i.e., pis = P12 + ps). The lens power of
the encoded Fresnel lens does not affect the location of the ze-
roth-order diffraction. According to the thin lens formula, d3
can be expressed as

di(pri(A))+da

ds(pis(A, A),d1(pr(A)) = Pl A, N) % [d(pr( V) +de] _(12)

where A is the electric current of the “liquid lens 2”. In (2), ds
is a constant and dg is a function of py; and d;. Equation (2)

indicates that the image of zeroth-order diffraction changes with
the lens powers of the “liquid lens 1”and the “liquid lens 2”. For
practical applications, the image of the zeroth-order diffraction
should be fixed (i.e., d3 = constant = c¢;); otherwise, the
high pass filter has to be moved accordingly to filter out the
zeroth-order diffraction. We actually can adjust d; and pj, to
fix the image location of the zeroth-order diffraction. d; and py,
have to satisfy (3) which is derived by rearranging (2)

dy - ¢y 'pls(A7 )\) —dos— ¢

dl(p]l()\)) - 1—¢ 'Pls(A« )‘)
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Next, we use the Nazarathy and Shamir operator method to ana-
lyze the first-order diffraction in a coherent optical system [10],
[11]. The transform operator 7" of the optical system can be ex-
pressed as

T =R[da] - Ql=pis(A; N)] - Rlds] - f(,y) - Q[—pr(N)]

1

|amom) @
where f(x,y) and pr are the Fourier hologram and the lens
power of the encoded Fresnel lens displayed on the LCoS
panel, respectively. @ is the operator for the multiplication by
a quadratic-phase exponential. 12 is the operator for free-space
propagation. The lens power of the encoded Fresnel lens pp(\)
is adjustable by setting the phase profile of the encoded Fresnel
lens. According to the relations between the operators, (4) can
be rewritten as
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In (5), the operator, F', is the Fourier transform, and the operator,
V, is scaling by a constant. The first (7 operator in (5) can be
ignored since the phase modulation of the observed image is
not observable on the camera. In order to obtain the Fraunhofer
diffraction pattern, the second ) operator is then set to be unity,
which means (6), shown at the bottom of the page. From (6), the
image location of the first-order diffraction is related to pis, pr,
and d;. This also means we are able to fix the image location
of first-order diffraction by adjusting pis. We assume that d4 is
a constant, ¢». To fix both of the image locations of the zeroth-
order diffraction and the first-order diffraction, pr and p;s have
to follow the relation in (7) (shown at the bottom of the page)
according to (2), (3), and (6). From (7) and (3), we can always
find the corresponding pis and d; when pg changes. pis and dy
(because d; is a function of py;) are controllable by two liquid
lenses. This also means we can adjust the focal length of the two
liquid lenses in order to keep the image location of the zeroth-
order diffraction and the first-order diffraction constant.

Since we have fixed the image location of the zeroth-order
diffraction and the first-order diffraction, the magnification can
also be derived. After ignoring the first () operator in (4) and
setting the second () operator to be unity, the transform operator
T can be expressed as

1

T =
VG 4 ds pld )

|- Ff. (®)
Then, the magnification of the output image M can be written
as (9), shown at the bottom of the page. After putting dy = ¢;
and dy = c¢o into (9), M is

M, pis(A,A) = A X (da+ ca —da-ca - pis(A,N)). (10)
From (10), we can see that the projected image size can be mag-
nified by manipulating the lens power p;( A, A) which depends
on the applied electric current. As a result, the mismatch of chro-
matic images can be adjusted electrically by liquid lenses. In
addition, the corresponding d; and pr can be obtained from
(3) and (7). d; is determined by p;; which is electrically con-
trollable from (1). Therefore, we can design the holographic
projection system using two liquid lenses. The system exhibits
not only an electrically tunable optical zoom, but also fixed
image locations of the zeroth-order diffraction and first-order
diffraction.

JOURNAL OF DISPLAY TECHNOLOGY, VOL. 10, NO. 6, JUNE 2014

Current off
L J
i fluid 1
Ring [ T
Polymer i € 10 oo®
membrane I fluid 2 5 8} ”0‘00’.
[ 1 % 6 ‘!’00
Current on 2,
. L
Pressure fluid 1 g 2 |
direction $§ X 1 - 0 . ) .
fhndz 0 20 40 60 80
Cover )
glass 1 Electric current, mA

(a) (b)

Fig. 2. (a) Working principle of liquid lenses. (b) Measured lens power as a
function of the electrical current through a liquid lens. A : 632.8 nm.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To demonstrate the concept of a holographic projector with
electrically tunable optical zoom, we adopt the reflective LCoS
panel (LC-R 2500, HOLOEYE) and two liquid lenses: “liquid
lens 1”(ML-20-35-VIS-LD, Optotune) with an aperture size of
20 mm and “liquid lens 2”(EL-10-30-VIS-LD, Optotune) with
an aperture size of 10 mm. The resolution of the LCoS panel
is 1024 x 768 with a pixel pitch of 19 um. The working princi-
ples of the electrically tunable liquid lens (“liquid lens 2”) are
shown in Fig. 2(a). The liquid lens consists of glass substrates,
two optical fluids and a polymer membrane as a separator. The
polymer membrane, a special selection of polymers, offers good
optical and mechanical properties, such as high elasticity, a large
elongation at break, low haze, are transmissive >90% from 240
to 2200 nm, non-absorbing (damage thresholds >25 kW/cm ?2),
long-term stable and easy to process [12]. When an electric cur-
rent is applied to the liquid lens, a piezoelectric ring transducer
pushes the polymer membrane in the outer part of the lens and
then the “fluid 2” is pumped to the center of the lens. The cur-
vature of the polymer membrane is changed. As a result, the
lens power of the liquid lens changes. When the liquid lens is
used in the holographic projection system, the liquid lens does
not need to change the position to affect the zooming properties
of the system, only change the lens power at the same position.
The measured lens power of the liquid lens as a function of elec-
trical current is shown in Fig. 2. The measured lens power of the
liquid lens (“liquid lens 2”) can be switched from 6.44 m~?! to
10.27 m~! when the applied electrical current increases from
0 to 75 mA. The curvature of “liquid lens 1” is mechanically
tunable. The measured lens power of the liquid lens (“liquid

di(pi(N) + do — di(pn(N)) - d2 - pr(N)

d4(pls(A)‘)pF()‘)dl(pll()‘))) = pls(A7 )\) K (dl(pll()‘)) + d2 _ dl(pll()\)) K dQ ])F()‘)) — (1 — dl pF(/\)) . (6)
pF(/\) - ((31 “dy 'pls(Av )\) —C1 — d2) : ((32 “dy 'pls(Aa )\) —C2 — dz). M
M, prs( A A), pr(A, di) = A x (do + da(pis (A, X)), prp(A), di) — do - da(pis (A, X)), pr(A), di) - pis(A, X)) )
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Fig. 3. (a)ds as a function of p;, when p;; = 0.56 m~!. Red squares stand
for experimental results and gray triangles stand for theoretical prediction. (b)
pi1 as a function of p;s when d; = 0.3 m. Blue dots stand for experimental
results and gray triangles stand for theoretical prediction.

lens 2”) can be switched from —16.5 m~! to 20.2 m~' when
we pressed the ring manually. Actually, the “liquid lens 17 can
also use the electrically tunable one. The resolution of the liquid
lens we measured is 15 Ip/mm for modulation transfer function
(MTF) >0.5. The response times of the liquid lens from 0 mA to
75 mA and 75 mA to 0 mA for light intensity at focus switched
between 10% and 90% and between 90% and 10% are ~ 35 ms
and ~ 78 ms. The slow response time may be because it takes
time to change the volume of the liquid as we switch the piezo-
electric transducer. The power consumption of the liquid lens
is in a range between 30.4 mW and 92.4 mW when the driving
voltage is switched from 0.76 V (current: 40 mA) to 1.32 V (cur-
rent: 70 mA).

To measure d3 as a function of pjs, we then arranged the ex-
perimental setup as shown in Fig. 1(a). In experiments, L was
2.37 m, dy was 10 cm, dy was 20 cm, and the lens power of
the solid lens was —5 m~'. ¢; was set at 30 cm. A current of
40 mA was applied to “liquid lens 2” and then we adjusted the
lens power of the “liquid lens 17 (~ 0.56 m~!) in order to make
sure the light focused at d3 = 30 cm after light passed through
the solid lens. The lens power of the “liquid lens 1” was then
setas ~ 0.56 m~!. Then we increased the current of the “liquid
lens 2” from 40 mA to 75 mA which meant the corresponding
lens power of pj; was increased from 3.35 m~! to 5.27 m~ L.
Then we measured the distance d3 which is the distance between
the solid lens and the focal spot of the zeroth-order diffraction.
The measured results are shown in red squares in Fig. 3(a). In
Fig. 3(a), d3 decreases from 30 cm to 18.5 cm when p) increases
from 3.35 m~! to 5.27 m~!. The gray triangles in Fig. 3(a)
stand for the theoretical prediction based on (2) which agrees
well with the experiments. As a result, when the lens power of
“liquid lens 1 is fixed (i.e., py; is fixed), the image location of
zeroth-order diffraction (i.e., d3) changes with the lens power
of “liquid lens 2”(i.e., p;2). That also means the high pass filter
has to be moved around to block out the zeroth-order diffraction
when the power of “liquid lens 2” is adjusted for changing the
image size at different wavelengths. In order to keep d3 a con-
stant, the lens power of the “liquid lens 1”(i.e., p;1) should be
adjusted when pjg changes. To find out the relation between pjy
and pys, we put the screen 30 cm in the rear of the solid lens (i.e.,
d3 = 30 cm) and observed the spot size on the screen. When the
electric current of “liquid lens 2 was increased, we observed an
enlarged laser spot on the screen. Therefore, we compensated
this by adjusting the electric current of “liquid lens 1”(p;;) in
order to reduce the laser spot size and thereby maintain the min-
imum laser spot size on the screen. We then recorded p;; and the
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Fig. 4. (a)d4 as a function of pi,. pr = —2.07 m~1. Red squares represent
experimental results and gray triangles represent theoretical prediction. (b) pr
as a function of pj.. d4 = 0.3 m. Blue dots squares represent experimental

results and gray triangles represent theoretical prediction.

current from which pys can be calculated. p;; as a function of py,
is shown in Fig. 3(b) (blue dots) which agrees well the theoret-
ical prediction of (1) (gray triangles). As a result, we can always
find out a corresponding p;; as p;, changes in order to maintain
the position of zeroth-order diffraction.

To measure the image location of first-order diffraction (d4)
as a function of py;, we input a Fourier hologram with the
resolution 384 x 384 pixels. From previous paragraph, p;; was
0.56 m~! and d3 = 30 cm. We placed the screen at 50 cm away
from the solid lens. (i.e., d4 = 50 cm) and we recorded images
on the screen using a webcam (Logitech, PR9000). We then
adjusted the lens power of the Fresnel lens (pr) and analyzed
the corresponding images. When pr equals to —2.09 m~1, the
contrast ratio of the image is maximum. The value of pr was
then fixed at —2.09 m~!. We then increased pj, by changing the
current of the “liquid lens 2” and also changed p;; according to
Fig. 3(b) in order to keep d3 = 30 cm. We moved the screen
to record the images and recorded the distance (d4) between
the screen and the solid lens when the contrast ratio of the
image is maximal. dy as a function of pys is shown in Fig. 4(a).
d4 decreases from 50 cm to 36.9 cm when py; increases from
3.35 m! to 5.27 m~!. The experimental results agree well
with the theoretical prediction of (6). This indicates that when
pr is unchanged, the image location of first-order diffraction
(d4) changes with the lens power of the “liquid lens 2” (pys)
even though the image location of zeroth-order diffraction (d3)
is unchanged.

Next, we measure pjs as a function of pp when dy is fixed
(d4 = 50 cm). Once again, we increased py; by changing the
current of the “liquid lens 2” and also changed p;; according to
Fig. 3(b) in order to keep ds = 30 cm. We then changed pp
and recorded the images on a screen using a webcam. When the
contrast ratio of the image is maximal, we recorded the value of
DF- Pis as a function of pr is shown in Fig. 4(b). pr decreases
from —2.09 m~! to —5.7 m~"! when py, increases from 3.35
m~! to 5.27 m~!. The experimental results agree well with the
theoretical prediction of (7). As a result, when we adjust the
lens power of the Fresnel lens (pr), we can always find a corre-
sponding lens power pj; by adjusting the current of the “liquid
lens 2” in order to keep both image locations of zeroth-order
diffraction and first-order diffraction (dg and d4) unchanged.

To measure the magnification, we input a Fourier hologram
with the resolution 384 x 384 pixels and projected at the screen
50 cm in the rear of the solid lens. In the experiments, the dis-
tances of ds, ds and dy4 in Fig. 1(c) were set at 20 cm, 30 cm,
and 50 cm, respectively. We did similar experiments to change
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P11, and pr as pys changes in order to obtain fixed image loca-
tions of the zeroth-order diffraction and the first-order diffrac-
tion (d3 = 30 cm and dy = 50 cm). A webcam was used
to take photos of the screen and calculate the magnification
by comparing the sizes of images. For calibration, the image
when pi, = 5.27m ! (ie, A = 79 mA), pi1 = —4.19 m™ 1,
pr = —5.7 m~! was set as M = 1. Fig. 5 shows the magni-
fication as a function of pyy (blue squares). The magnification
decreases from 1.98 to 1 when py, increases from 3.35 m™' to
527 m™ ', p;1 increases from —4.19 m™! t0 0.56 m~ !, and pg
increases from —5.7 m~! to —2.09 m~!. The theoretical pre-
diction (gray triangles) is similar to the experimental results.
The zoom ratio is 1.98:1 in Fig. 5. Therefore, by adjusting the
lens powers of “liquid lens 17, “liquid lens 2” and the encoded
Fresnel lens, we can change the size of the projected image
while maintaining the image locations of zeroth-order diffrac-
tion and the first-order diffraction.

To compare the images with and without the zeroth-order
diffraction, we captured the images on the screen without and
with the optical high pass filter, as shown in Figs. 6(a) and (b).
The parameters of the experimental setup are: L = 2.37 m,
dog = 10 cm, do = 20 cm, ds = 30 ¢cm, d4 = 50 cm, a cur-
rent of 40 mA for “liquid lens 2”, pjy = 3.35 m~ ', py = 0.56
m~', and pr = —2.09 m~'. Without the high pass filter, the ze-
roth-order diffraction seriously affects the image on the screen,
as shown in Fig. 6(a). Using a high pass filter to block the
zeroth-order diffraction is necessary for a holographic projec-
tion system, as shown in Fig. 6(b). In Fig. 6(c), the image is
smaller when the wavelength decreases compared to Fig. 6(b).
The image size of Fig. 6(b) is 1.20x larger than that of Fig. 6(c).
According to (10), the ratio of two wavelengths is 632.8 : 532 =
1.19 : 1 which is close to 1.20:1. We adjust the lens powers:
P =3.96m™ !, pp = —0.23m™ !, pr = —2.86 m~ ! and the
size of the red image in Fig. 6(b) can be reduced to the size of
the green image in Fig. 6(c), as shown in Fig. 6(d). Since the
location of the zeroth-order diffraction and first-order diffrac-
tion are fixed, we can adjust the image size at different wave-
lengths without changing the high pass filter and the observation
plane (screen). Besides, the liquid lenses we used are affected by
gravity. Gravity results in an asymmetrical parabolic phase pro-
file of the liquid lens which produces aberration. As a result, the
image of the first-order diffraction is distorted and this affects
the image quality of the projected image. However, the aber-
ration of the liquid lens can be compensated by adjusting the
hologram on the LCoS device. The image quality can also be
improved by improving the liquid lenses or liquid crystal lenses
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Fig. 6. Projected images of “LC”: (a) without a high pass filter (A : 632.8 nm,
the current of the “liquid lens 2” 40 mA); (b) with a high pass filter (A : 632.8
nm, the current of the “liquid lens 2”=40 mA), and (c)with a high pass filter
A 1 332 nm, the current of the “liquid lens 2”=40 mA). In (a), (b), (¢), p1c =
3.35m™Y, p;y = 0.56 m™, pr = —2.09 m~!. (d) The projected image with
a high pass filter (A : 632.8 nm, the current of the “liquid lens 2” =50 mA,
P =396 m™ L py = —0.23m™ !, pp = —2.56 m™L).

Fig. 7. Projected images of “H” with a high pass filter. (a) The current of the
“liquid lens 2”=40 mA, p;. = 3.35 m~}, p;; = 0.56 m~!, pp = —2.09
m~!. and (b) the current of the “liquid lens 2”=50 mA, pi. = 3.96 m—*,
ru = —023 m~% py = —2.86 m!, and (c) the current of the “liquid
lens 2°=60 mA, p;s = 442 m~ ‘. p; = —1.24 m~*, pr = —=3.2 m~ L.
A = 632.8 nm.

[13]-[15]. The image quality of tunable focusing liquid lenses
has been reported [16]-[19]. In order to achieve a fast refresh
rate, the response time of the liquid lenses should be faster. A
tunable focusing lens using blue phase liquid crystals can be fast
<1 ms [20]. This should be fast enough for the color-sequential
approach.

The image size can also be changed by changing the lens
power of the liquid lens. In Fig. 7, we projected a lattice pat-
tern and changed the current of “liquid lens 2”. The image size
reduces when pj, increases, py; decreases and prp decreases.
Therefore, the image size of the first-order diffraction is tunable
by adjusting the lens powers of the liquid lenses while keeping
the zeroth-order diffraction blocked.

IV. CONCLUSION

We have demonstrated an electrically tunable optical
zooming holographic projection system with a fixed location
of zeroth-order diffraction. By adding two liquid lenses in a
holographic projection system, we can fix the locations of both
of the zeroth-order and the first-order diffraction and change
the size of the projected image at the same time. Therefore, we
can remove the zeroth-order diffraction by using a fixed optical
high-pass filter. The zoom ratio of our system is ~ 1.98 : 1
which is large enough to compensate the mismatched image
size in the visible range (i.e., 700:400 or 1.75:1). When the
image quality of the liquid lens is good enough, the focusing
spot of zeroth-order diffraction is small and we can block this
spot by using a small spatial filter. In this way, we can filter
away the zeroth-order diffraction without affecting first-order
diffraction. The best way to improve the image quality is to
improve the performance of the liquid lens. We demonstrate
the concept using two wavelengths in this paper. The required
optical zoom ratio is 1.75:1 in visible range (400—700 nm), but
the optical zoom ratio in the experiments can be up to 1.98:1 for
red light. As a result, our design can be used to realize full color
projected imaging. The optical zoom function enhances the
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feasibility to realize a high resolution, three color, holographic
projection system.
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