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ABSTRACT

An electrically-tunable optical zoom system using liquid crystal (LC) lenses is demonstrated. The mechanism of
the optical zoom system is to use two lenses and a camera system to achieve focusing and zooming function. In this
paper, we analyzed the imaging conditions and the magnification of the optical zoom system. The relation between the
focusing properties of LC lenses and zoom ratio of the optical zoom system is also discussed. The electrically-tunable
optical zoom system using two LC lenses has high zoom ratio (~7.9:1 to ~5.5:1), short system length (<10 cm) and the
object can be zoomed in or zoomed out continuously at the objective distance of infinity to 10 cm. The potential

applications are cell phones, cameras, telescopes and pico projectors.
Keywords: Liquid-crystal devices; Liquid-crystal lenses; Non-mechanical optical zoom.
1. INTRODUCTION

Electrically tunable optical zoom systems are essential for portable optical applications, such as cell phones, cameras,
pico projectors and the night vision of hand-carried weapons'~. Traditional optical zoom systems which consist of many
solid lenses, delicate driving motors and an image sensor are bulky, complicated, and fragile. To realize electrically
tunable optical zoom system, several active-focus elements can be adopted, such as liquid lenses'?, deformable mirrors®,
and liquid crystal (LC) lenses*’.The features of LC lenses are low cost, light weight, and no mechanical moving part.
Tam proposed and did a theoretical analysis of electro-optical zoom lenses based on two spatial light modulators and two
solid lenses, but did not show the experimental results’. Following the analysis, Ye and Valley also demonstrated the
electro-optical zoom system.*” However, the disadvantages of the proposed designs are the discrete magnifications,
fixed location of an object, large size of the system (>50 cm), and a small zoom ratio (~2:1). It is important to realize an
electrically tunable-focusing optical zoom system based on LC lenses with a small size of the system, a continuous
tunable objective distance and a continuous tunable image magnification.
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In this paper, we demonstrate a compact electrically tunable-focusing optical zoom system using two LC lenses. The
optical principle in the system is investigated first. To obtain a large zoom ratio, we design a composite LC lens which
consists of a sub-LC lens and a planar polymeric lens with a fixed negative lens power. The zoom ratio of the optical
zoom system reaches up to ~7.9:1 with 10 cm system length. The object can be zoomed in or zoomed out continuously at
the objective distance from infinity to 10cm. In addition, optical zoom system with 2 cm system length is also
demonstrated. However, the zoom ratio is smaller (~1.9:1) when the system length is reduced. The potential applications

: : 10-11
are cell phones, cameras, telescopes and pico projectors.'”

2. OPERATING MECHANISM

Figure 1 depicts the structure of the optical zoom system consisting of a target (or an object), two LC lenses, and a

camera system which is focused on an infinite distance. The focal length and the lens power, defined as the inverse of

focal length, of the LC object lens are f, and ¢0 , respectively. The focal length and the lens power of the LC eyepiece

lens are f, and ¢e , respectively. The distance between the target and the LC object lens is p, the distance between the LC

object lens and the LC eyepiece lens is d, and the distance between LC eyepiece lens and the lens is q. A collimated light

is incident on the lens in order to collect the incident light into the image sensor.
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Figure 1 : The structure of the zoom system. IS: image sensor. f;: the focal length of the lens.

In order to obtain a collimated light right after the LC eyepiece lens, the relation among ¢0 , ¢e , p, and d should be'*:
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From Eq. (1), the magnification (M) of the optical zoom system in Figure 1 can be written as:
X
Mo Pxp 2

(1-¢,xp)

We assume that magnification is positive (i.e the erect image) and the LC lens could be switched as a positive or a

and a maximum @

negative lens. The lens power of the LC lens is¢) and @ has a constraint: a minimum ¢ ) o (1€

G SP<¢ ) Bothof ¢ . and ¢ limit the tunable lens power range of the LC lens. The minimum lens

power @, . is negative, and the maximum lens power ¢

ax 18 positive. In the experiment, the maximum lens power is

usually larger than absolute value of minimum lens power (ie @, > |¢min ) under two mode switching of a LC lens.

From Eq. (1) and Eq. (2), when ¢

' equals ¢min , the system has a minimum magnification (My;,):

14
" p+d—d><p>< ‘min
When ¢e equals ¢mm , the system has a maximum magnification (M.x):
Mmale_dx¢min' (4)

The range of the magnification of the optical zooming system is then limited by Mp,.x and M,;;,. The zoom ratio
(ZR) of an optical zooming system can be defined as the ratio of M,x to My,i,. From Eq. (3) and Eq. (4), the ZR turns

out:

ZR=(¢,

min

xd—l—ipd%mxd—ﬂ. 5)
p

From Eq. (5), the zoom ratio of the system is related to three parameters: ¢

min >

d, and p. In order to obtain a larger
zoom ratio, the LC lenses we used in Figure 1 are the composite LC lenses which have small minimum lens power. The
composite LC lens consists of a sub-LC lens and a built-in planar polymeric lens. The lens power of the polymeric lens is
negative and fixed. The composite LC lens was operated by two voltages, (i.e. Vi and V, or V5 and V, in Fig.1). Because

the structure of the two LC lenses in the system is identical, we just use the LC object lens to illustrate the LC lens
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properties. The lens power of the composite LC lens ( ¢c (V,,V,)) can be expressed as:

8. V.V =V V2) + 4, (©)
where @, (V,,V,) is the voltage-dependent lens power of sub-LC lens contributed from the LC layer and ¢p is the

fixed lens power of the polymeric lens. The ¢LC(V1 ,V,) depending on the wavelength of light (1), aperture size (w),

and phase difference (AJ) can be written as Eq. (7):"

4x AxAS(V,,V,)

2
TXW

¢LC (Vl > Vz) = . (7

Therefore, we can control the applied voltages of the composite LC lenses to adjust lens power of the composite LC

lenses continuously and then realize an electrically tunable-focusing optical zoom system with large zoom ratio.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Composite LC lens
3.1.1 Focusing ability

The detail structure of the composite LC lens for LC object lens and LC eyepiece lens in Figure 1 consists of three
Indium-Tin Oxide (ITO) glass substrates with thickness of 0.7 mm, an isolating layer (NOA 81, Norland Optical
Adhesive) with thickness of 35 um, mechanically buffered alignment layers (Polyvinylalcohol or PVA), a polymeric
layer with thickness of 35 um and a LC layer with thickness of 50 um. The ITO layer in the middle of glass substrate

was etched with a hole-pattern within a diameter of 1.28 mm.

To observe the phase profile of two composite LC lenses, we observed the image of the composite LC lenses at
different voltages under crossed polarizers. Figure 2(a) shows the images of the composite LC lens. The rubbing
direction of the composite LC lens was 45 degree with respect to one of the polarizers. In Figure 2(a), the left-top one is
the phase profile of the positive lens with maximum lens power, the right-top one is the phase profile with no lens power,
the left-bottom one is the phase profile of the polymeric lens, and the right-bottom one is the phase profile of the
negative lens with minimum lens power. The number of concentric rings of Figure 2(a) is proportional to the phase

profile of the composite LC lens. We convert the phase profile to the lens power according to the relation:
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P =8xAxN/ D? , where D is the aperture size, A is the wavelength, N is the number of rings of the phase profile.
The lens powers of two composite LC lenses as a function of applied voltage are shown in Figure 2(b). In Figure 2(b),
because of the polymeric layer with lens power ~ -5.3 m™, the composite LC lens is a negative lens with lens power ~
-5.3 m"! when V, = V,. When V,< 80 Vims at V1= 80 V., the lens power of the composite LC lens is switchable from
53 m! to 21.8 m'. At V,= 80 Vims and V= 38 V., the lens power of the LC layer equals the lens power of the
polymeric layer and there is no phase difference in the phase profile, as shown in Figure 2(a). As a result, the lens power
of the composite LC lens is zero. At V;< 40 Vs and V,= 40 V,,, the composite LC lens is a negative lens with
switchable lens power from -13.5 m™ to -5.3 m™. From Figure 2(b), the tunable lens power range of the composite LC
lens is from minimum lens power -13.5 m™ to maximum lens power 21.8 m™. It also means the tunable focal length

range of the composite LC lens is smaller than -7.4 cm or larger than 4.6 cm.

V1=80\7,.:“§ ==
V2=0 Vims

Lens power, m-!

Ny N 60
V=40V S5~ - -~ ’ = = v” vrms bo % VZ! \Ir“\S
Vo=dov ; (b)

Figure 2. (a) The phase profiles of the composite LC lens at different voltages. (b) The lens power f, the composite LC lens as a

function of applied voltages V; and V,. A = 532 nm.
3.1.2 Response time

The measured response time of the composite LC lens, including the focusing time and defocusing time, is around
3.8 sec when we switched the voltages between (V1,V3) = (80 Vins,80 Vi) and (V1,V3) = (80 Vis,0 Vins), as shown in
Figure 3(a) and (b). We also measured the response time of the LC lens without the polymeric lens, as shown in Figure
3(c) and (d). The measured response time of the LC lens without the polymeric lens is around 3.8 sec. This means the
polymeric layer of the composite LC lens does not affect the response time.

Because the thickness of the LC layer of the composite LC lens is fixed, we can assume the response time of the

LC lens is similar to the LC homogeneous cell. The rise time t;, and fall time tg; of a LC homogeneous cell are

t

rise

=t NV, /V,) —1] andt,, =y, -d,. (K, -7>).” Vicis the applied voltage of the LC layer, Vy, is the
fall !V fat = V1@ &y,

threshold voltage, v, is the viscosity constant of the LC, K;; is the splay elastic constant of the LC, and dc is the

thickness of the LC layer. V| ¢ can be obtained by calculating parallel-plate capacitor of the LC lens. The applied voltage
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of the LC layer of the composite LC lens Vi c_com can be written as: 14

dic-€,°¢,

—V.

®)

LC—com
dic-€,°6,+d, gc-¢,+d, &€,

In Eq. (8), dic, d, and d, are the thickness of the LC layer, the thickness of the polymeric lens and the thickness of
the glass, respectively. &.c, €, and g, are the dielectric constants of the LC layer, the polymeric lens and the glass,
respectively. V is the applied voltage on the electrode. The applied voltage of the LC layer for the LC lens without the
polymeric layer (Vi c.or ) can be expressed as:

dLC ’ gg

Vicowr =V - . 9)
Le ch‘gngdg'ch (

In the experiments, d,>> d, and d,>> di.c. Eq. (8) and Eq. (9) can be simplified as V' -[(d . -&,)/(d, - &,)].

Therefore, the response time of the composite LC lens almost equals the LC lens without the polymeric layer.
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Figure 3. (a) The focusing and (b) de-focusing response of the composite LC lens and the (c¢) focusing and (d) de-focusing response of
the LC lens without the polymeric layer. The black line indicates the applied voltage V,. The blue line indicates the light intensity. V,

= 80Vims.
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3.2 Optical zoom

To measure the zoom ratio of the system in Figure.l, we attached a polarizer on the LC object lens whose
transmissive axis is parallel to the rubbing direction. We also placed a target with black squares with the area of 0.55 mm
x 0.55 mm and then adjusted voltages of two composite LC lenses to obtain the images with different magnifications. By
measuring the size change of the central square of the image, we can measure the magnification. The captured images for

different p and d at M=1, M,,;;, and M, are shown in Figure 4.

(a)
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Figure 4. Images taken with the optical zoom system when (a) d=10 cm, p=10 cm, (b) d=10cm, p=20cm, and (¢)d=2 cm, p =

10 cm.

The relation between magnification and the object distance p is already discussed in the previous published literature.
"2 The magnification as a function of d which is the distance between two LC lenses is shown in Figure 5. The maximum
magnification (black dot in Figure 6) decreases from 2.35 to 1.29 and the minimum magnification (blue triangles in
Figure 5) increases from 0.29 to 0.69 as d decreases. After putting the experimental parameters to Eq. (4): ¢@,. =-13.5
m' and p = 10 cm. The theoretical maximum magnification decreases form 2.35 to 1.27 which is closed to the
experimental result. From Eq. (3), the minimum magnification increases 0.30 to 0.68 which is also closed to the
experimental results. From Figure 5, we can obtain the zoom ratio as function of d as shown in Figure 6(blue dots). The
maximum magnification and the minimum magnification approach to 1 when d decreases. Therefore, the zoom ratio

decreases from 7.93:1 to 1.86 :1 when d decreases from 10 cm to 2 cm. According to Eq. (5), the theoretical as a function
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of d is also plotted in Figure 6(gray line). The experimental and theoretical results agree well.
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Figure 5. The measured magnification as a function of the distance between two LC lenses (or d). The black dots indicate the

maximum magnification and the blue triangles indicate the minimum magnification.
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Figure 6. The zoom ratio as a function of the distance between two LC lenses (or d). The blue dots indicate the experimental results

and the gray line indicates the simulation results.

4. CONCLUSION

We have demonstrated electrically tunable focusing optical zoom system by using two composite liquid crystal
lenses. The zoom ratio depending on the location of object is up to ~7.9:1 when the size of system is 10 cm. The optical
zoom system also can be achieved with smaller size compare with the previous designs. When the size of system is 2 cm,
the zoom ratio of the system is ~1.9:1. The object from infinity to 10cm can be zoomed continuously by changing the
voltage of two composite LC lenses. Compare with the conventional optical zoom system which needs spaces for optical
elements moving, our designed system has a smaller size of the electrically tunable-focusing optical zoom system.
However, the zoom ratio of the system decreases when the size of the system decreases. We can increase the tunable lens

power range of the LC lenses by improving the birefringence of liquid crystal materials and enlarging the cell gap to
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maintain the zoom ratio large. Enlarging the cell gap would result in the slow response time and the scattering. To
improve the light efficiency and image quality, polarizer-free LC lenses with large aperture size and achromatic designs

should be developed. The potential applications are cell phones, cameras, telescopes and pico projectors.
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