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ABSTRACT

We have developed a miniature liquid lens compobestd on electro-wetting. It is designed to beygdd on a fix
focus camera module lens to provide both opticalgenstabilization (OIS) and auto-focus (AF) funetiawithout any
mobile mechanical parts. The OIS/AF liquid lens poment features a conical shape supporting thédligperface in
order to maintain a stable optical axis and a raltctrode design able to induce an average tithefliquid interface
when a bias voltage is applied to the differenteteles. The miniature size of the OIS/AF liquiddeeomponent is well
adapted to imaging applications with ¥4 inch, 1/6himnd possibly 1/2.5 inch sensor formats. We mridlsent general
rules for the optical design with an OIS/AF ligué&hs. In this context, we will describe a simplécakation, based on
the well known Maréchal criterion, to estimate thgtical wave front error requirement of an opticaimponent
positioned in the aperture stop plane of an imagng design to perform images with a pixel resofuguality. We will
also present the principle of command of a multizebde liquid lens in order to perform AF and @USctions with an
optimal image quality.
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1. INTRODUCTION

The camera phone evolution is to increase pixelntowhile maintaining small sensor formats for @lersize
constraints. The pixel shrinking has led to degréght sensitivity and to increase the picturepasure time. The
image quality of most of the indoor pictures takeith high resolution miniature camera modules dfutar phones is
limited by the handshake bfuiSeveral groups have been pointing this majorlprotin mobile imaging, which can only
be resolved by an Optical Image Stabilization syéteAmong the different OIS technologies under depelent, a
liquid lens component based on electro-weftigan generate an electrically controlled optidalritwo directions with
a tilt range and a response time well adaptedgaésign of an OIS on a miniature mobile phone cammdule. Liquid
lens actuated by electro-wetting is composed dlkfiled of two immiscible liquids with the sandensity, realizing a
very robust and acceleration independent devicdewbeping its flexibility for fast changes of liggl interface shape. It
brings an optical component presenting the bespcomise between low actuator forces, focusing ratigeange and
roughness. An OIS liquid lens can also provide $ocantrof and enable the realization of a miniature OIS dotois
(AF) camera module without any mobile mechanicatan this paper, we present the OIS/AF liquidsi@rinciple and
we describe an example of implementation in a camedule. We explain the principles of the eleatrmommands of
optical focus and optical tilt. We present a rufelmmb for performing optical design with a liguiehs and we give
some examples of reference designs of miniatureecamodules with liquid lens. At the end of the grape list some
possible applications for the OIS liquid lens comgat.



2. OIS/AF LIQUID LENS: PRINCIPLE AND OVERALL DESCRIPTI ON

The liquid lens is composed of two liquids, onelectrically insulating like oil, and the other oisean electrolyte. They
have substantially the same density to prevent fioear acceleration effect and a refractive indéferenceAn, to
form an optical interface having an optical powkfth = An/R with R the curvature radius of the liquid ifitee. These
two liquids are standing on a hydrophobic and dtele coating of parylene C, forming a triple irfeere characterized
by a contact angle. When voltage is applied to the dielectric coatitie wettability of liquids is modified due to
charge density modification at the interface betw® dielectric coating and the liquids. In theecaf a drop of non
conducting liquid, surrounded by a conducting ldquelectro-wetting phenomenon is fairly well delsed by the
following equation”:

Cosa = Cosa, —%VRZMS 1)

with agp the natural contact angle (as measured withouteghpoltage) between the oil and the surfacthe dielectric
constant of the dielectric layeg,the permittivity of vacuumgl the dielectric thicknesg; the interface tension antkys
the rms value of the applied voltage. This equatemains valid as long as the voltage does notegktige saturation
voltag€. In liquid lens technology, applied voltage isA@ voltage having a frequency between 1 and 5kiHd,azero
voltage average (<V>=0) to prevent from chargeditipm in the dielectric coating. As described bg tlectro-wetting
equation, contact angle from the non-conductingplétois thus increasing with applied voltage. Tenomenon is
highly reversible with low hysteresis with propedgsigned liquids and coating, namely liquids hgwnlow contact
angle when no voltage is applfedh a liquid lens, the oil droplet is spatiallyrdimed in a conical cavity and acts as a
lens having a variable focal length, dependinghendontact angle and the applied voltage conselguésee figurel).
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Figure 1. A: schematic principle of electro-wettingolving a drop of oil (0) having a contact anglen an insulating
coating (green) of thickness d, surrounded by auacting fluid (w) - B and C: images of the same odplon a
parylene coating at 0 and 60V rms (1kHz sinus) s&ematic view of the lower part of a liquid leimgluding

the dielectric coating (green), the oil drop coafirin the conical cavity. (0) and the conductiogid (w).

The conical shape is insuring a restoring forcethier liquid interface to come at the center positi®vhen the same
voltage is applied on the whole surface of theadigic coating, liquid interface has the same adrdaagle at every point
of the contact line and the shape of the liquictrifisice remains both spherical and centered on dh&al cavity
symmetry axis. When multiple electrodes are usegpy differential voltages on the dielectric dogt see figure 2,
multiple contact angle are available along the a&cintine, allowing complex liquid interface shapedathus more
complex optical functions like astigmatism or tktpending on the voltage profile. The principled§ lens driving is
explained in more details in the section 4. Theicaptperformances of A316S OIS liquid lens compdnare
summarized in the table 1 below and presented ire metails in a previous publicatibn



Figure 2. A316S OIS liquid lens with 4 electrodes

Table 1. A316S — OIS liquid lens main features

ltem Value
Optical transmission >95%
Optical tilt range +/-0.6°
Full range tilt response time @ 25°C 30ms @ 90%hefull tilt command
Focus range 0 to 15 diopters
Optical wave front error in AF mode See Equation 12
Optical wave front error in OIS mode <50nm-rms/0.1° over 1.6mm diameter
(focus range for OIS is 0 to 5 diopters)
Operating temperature From -10°C to 60°C
Storage temperature From -40°C to 85°C

3. OIS/AF CAMERA MODULE WITH A LIQUID LENS

A fix focus camera module can be simply transforrmed an AF/OIS camera module with the implemeptatof a
liquid lens component. The liquid lens is mechalfygalugged onto the fix focus camera lens of a eeamodule (add-
on design) and it is electrically connected to chenmand board with a flexible printed circuit bodRCB). The auto-
focus adjustment of the camera module can be dataiith a closed loop command of the optical powfethe liquid
lens from an estimation of the sharpness of thegé®y the image processor. The principle of opiitalge stabilization
consists in measuring the instantaneous handslitaékthe camera module with a two axis gyroscapd generating an
opposite tilt with the liquid lens. A theoreticatenation of the efficiency of OIS with a liquidis has been presented in
a previous publicatidi We have developed a small electronic set-up beaabling to evaluate experimentally the
image quality, the focus control and the OIS pemnimnces. The experimental set-up includes a sepstrot board with
an image processing, an A316S OIS liquid lens raaiet on the camera module with a compressiongarid a liquid
lens control board including a dual-axis gyroscapsignal post processing microcontroller and aididens driver. The
driving circuitry of the OIS liquid lens is very spact due to the availability of a specific intagdadriver from Maxim
Integrated Products, see. Figure 3. We show onovidan example of a film taken with our experimesgt-up to
illustrate the efficiency of a real time tilt cocten that can be performed by the A316S OIS lidaits.

Figure 3.Liquid lens and driver MAX14574EWL+ witkiternal components



Video 1. Example of optical image stabilizationfpemed with A316s liquid lens on a vibrating table.
Tilt amplitude: +/-0.5°; Frequency: 4Hz. A316s_OWglechttp://dx.doi.org/doi.number.goes.here

4. OIS LENS DRIVING.

4.1 Principle of liquid lens driving

The curvature and the tilt of the optical dioptamfed by the two liquids of the liquid lens are irolted by the addition
of a uniform voltage ¥ and a non uniform voltage varying as a functiorthef azimuth anglep along the cone, see
figure 4. The optical tili#,, induced by a geometrical tifliq, of the liquid interface depends on the opticakindf the
two liquids and can be simply expressed with thellSDescartes refraction law.
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Figure 4: Definition of the azimuth angigalong the cone.

The curvature of the spherical interface betweentwo liquids is imposed by a uniform voltage comgat \4 applied
on the contwhich generates a homogenous anglg between the liquids interface and the cone acugrtth the
equation 1. When the liquid interface is tiltede #ingle between the liquid interface and the aofig depends on the
azimuth angle. The differenag(@) -a, is obtained by the application of an additionah+umiform voltage along the
cone. The theoretical non —uniform voltadg.{ ¢ required to create a tilfiy, of the liquid interface along an azimuth
directiong can be expressed with equation (1) on the basisgeometrical estimation of the local ang{@) between a
sphere and the cone surface as a function of timuétz. When the liquid interface is plane, the egsion ofa(g@is
simply given by the following equation:

a(@) = ay, +biq, [COS@- @) (2)

Practically, the combination of a uniform voltagg anhd a non uniform voltage along the cone is obthinith a design
featuring 4 electrodes and a resistive layer beatwibe electrodes. The common electrode is the neafalof the lens.
When 4 different voltages Mt), V,.(1), Vi.(t), V,.(t) are respectively applied on the 4 electrodls, instantaneous
voltageV(¢t) along the cone is linearly variable from an eledé to another. The application of a DC voltagetton
liquid lens is not possible because of polarizagéiects on the cone. For this reason, the 4 veltagnmands Y(t), V,.
(1), V(1) Vy(t) are modulated at a frequency of a few KHz. Tiedulation frequency is significantly higher théue t
focus and the tilt response time of the liquid lenghat it has no impact on the optical charasties of the liquid lens.
The calculation of the rms voltage along the azinmaitthe cone depends on the waveform of the vetagplied on the
electrodes Vi(t), V.(t), Vi.(1), Vy:(t). In case if the four voltages are synchronoashplitude modulated, the evaluation



of the rms voltag&/au.ms(@) is similar to the evaluation of the instantanewokageV(gt) : upon the 4 electrodeg=
0°, = 90°, p= 180°andp= 270° the values 0Fau.ms(¢) are respectively the rms valueg, Vs Vy-ms Vx-rms Vy+ rms

of Vy(t), Vy.(t), Vi(t), Vy+(t) and the voltag®/aw-ms(@ s linearly variable from an electrode to anothWe show on
figure 5 a calculation o¥y,.d @ andVau-ms(@® Wwith a voltage Y = 50V corresponding to plan interface (O dioptery
with a non-uniform voltage component correspondiagan optical tiltedd,, = 0.5° along the along the azimuth
direction ¢ = 0°. For power consumption optimization, it igeiresting to drive the electrodes with 4 Pulse Widt
Modulation (PWM) signals. In that case, the valoe¥pwm-md @) are respectively ¥ ms Vy- mms Vx- ms Vy+ rms UpON
the 4 electrodes, bWpwu.md@ is not anymore simply linearly variable from alectrode to another. We show on
figure 4 a calculation 0¥pwu-md @) Obtained for an optical focus of 0 diopter aad optical tiltg,, = 0.5°, assuming a
synchronous bipolar PWM signal with a peak voltafjg0oV.
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Figure 5. Voltage along the azimuth of the coneothtical value and rms values with a four ele@rddsign with AM
or PWM signals

Based on equation (1) and equation (2), a Fougenrhposition of the difference between the reahaiypwiv-rmd @
and the theoretical signaly.{@ enables to estimate the optical wave-front altiemracontributors in a Zernike
polynomial decomposition. The average valud/gfm..md @ - Vined @ over [0, 27 induces a defocus and the cogin
and sin (ng harmonics of Vewmmd @ - Vined @, for n>1, generate an optical wave front err@peztively proportional
to Z," andZ,” Zernike polynomidf. We show in the table 2 the Zernike polynomialgesponding to the first Fourier
harmonic of the differencowmimd @ - Vined @-

Table 2. A316S — Optical aberration generated byhdrmonic of the voltage error for a tilt command

Fourier harmonic of (Vpwwm-rms - Vineo) (@ Corresponding optical wave-front aberration Zernike Polynomial
Constant defocus z9
Cos @) Tilt along @=0° z!
Sin (¢) Tilt along @=90° z*
Cos (%) Astigmatism along g=0° zz2
Sin (2¢) Astigmatism along g=45° z;?
Cos (¥) Trefoil along g=0° z3
Sin (3p) Trefoil along g=30° z3?
Cos (4) Tetrafoil along @=0° z8
Sin (4¢) Tetrafoil along @=22.5° z*




The analysis of the rms optical wave-front errongyated with a PWM signal for different amplitudesl directions of
tilt shows that the wave-front error depends ondinection of the tilt, that it is proportional the tilt amplitude and that
90% of the rms wave-front error is due to defoastigmatism and trefoil. The size of the electrodr influence the
wave front error pattern. In figure 5, we madedlsumption that the electrode size was negligitith a PWM signal,
the defocus induced during a tilt due to the vatabf the average value of the differenNégym.rmd @ - Vined @ over [0,
2] is a predominant term, see figure 5. It is juesto make this term negligible with a correctiamv adjusting the
average value o¥pywy.md @ - Vined @ close to zero for all the possible tilt comma¥de give below an example of a
matrix command for the 4 electrode voltages ofAB&6S lens with PWM signals such as those genetatatie quad-
driver MAX14574EWL+from Maxim Integrated Products. This matrix commamdudes a correction law reducing the
focus and tilt cross talk by a factor of 10:

VX+ 1 + Gtilt 0 € 9
V. -V, 1 N Gyt 0 ¢ 0, (3)
Vi 1 0 +Gy ¢ _
6,-6,|+|6,+6)
\Y 1 0 -G, € Y Y

With:
oetie) @

The focusis set by changing the 4 electrode voltages as#mee time at a given valdg. Once the focus voltage is set,
the voltage variation on each electrode with resfmeprevious matrix provides the tilt. The te@y, describes the linear
dependence between an optical tilt and a voltageebbetween opposite electrodes. The terim a parameter of the
focus correction law specific to the PWM signaler Elit commands with amplitudes smaller that 0th% rms wave-
front error over a 1.6mm diameter useful opticarayre is of the same order of magnitude as theeviimnt error limit
in AF mode and it is mainly due to random irregifjaof the electrical and mechanical features @& tone. For tilt
commands with amplitudes higher than 0.1°, the wasge-front error over a 1.6mm diameter useful @btaperture is
mainly due to the astigmatism and to the trefod @&mremains smaller than 50nm/0.1° in any tiltediions. We show in
figure 6 the rms wave-front error measured withicaitl lens sample over a 1.6mm diameter for 8 diffie tilt
configurations. We use the matrix command describesjuation (3): the optical tilt amplitude is 0&nd the azimuth
directions of the tilt start frongy = 0° and are regularly spaced of 45°.
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Figure 6.Wavefront error measurement of an OISdi¢ens over a 1.6mm diameter for a 0.4° tilt atople along 8
different directions



4.2 Tilt response time optimization

The tilt response time of the lens presented itetdlcan be improved by applying an over voltagendua controlled
time. This driving process can be done by apphangpecific overshoot filter to the tilt commandregin order to
accelerate the tilt of the oil drop. We illustratefigure 7 the tilt response acceleration obtaingth a linear second-
order pass band filter.
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Figure 7.Comparison of the tilt response of the @88DIS liquid lens with and without overshoot comoha

The effect of this overshoot is particularly irgsting at low temperature because the viscosithefliquids is more

important and the tilt response time of the lengduced. An optimal tilt response time of the iiglens over the whole

operational temperature range of the camera cabtaéned with a coarse linear adjustment of the géithe filter as a

function of the liquid lens temperature. The imprment of the blur correction using this filter Heeen evaluated on an
OIS system described in figure 8 with different éisimake movements.
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Figure 8. Schematic of an OIS gyroscope signatgssing with overshoot filter

The efficiency depends of the kind of movementthatresult is always positive. The figure 9 shawsexample of tilt
accuracy improvement on a recorded real handsligkal svith the overshoot filter:
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Figure 9: Comparison of tilt response accuracy @ axis with and without overshoot filter.



5. IMAGE QUALITY AND OPTICAL WAVE FRONT ERROR

5.1 Introduction

The AF/OIS liquid lens is a modular component whidn be simply plugged on several existing cameoauhe
designs. Due to the relatively low optical powertloé liquid lens, the relative centering of theuldjlens within the
camera lens is not a critical parameter of thecaptilesign. One important parameter is the optiale-front error
induced on the camera lens by the liquid lens. apiecal wave front-error of the liquid lens is dieenon-homogeneities
of the cone surface or of the electrical field @dhe cone. We present below rules of thumb englalirapid evaluation
of the feasibility of the implementation of a ligulens on a given fix focus camera module with atingal image
quality. We perform an estimation of the opticalverdront error requirement of the liquid lens, whis based on an
extrapolation of the Maréchal criterion from diffteon limited optical systems to pixel resolutiomited imaging
systems. We extend this estimation to OIS systems.

5.2 Wave front error requirement for a pixellated imaging system.

André Maréchdf has shown in 1946 that an optical imaging systemicc perform optimal image resolution at a
wavelengthA under the condition that the rms value of theagbtivave front error - difference between the mglcal
wave-front and an ideal wave-front - is smallerntd14. An optical system meeting the Maréchal criteris
commonly given as diffraction limited. Today mosttiee imaging systems have an optoelectronic sewgbran array
of pixels and the intrinsic limit of the image réd@n is often due to the pixel spacing of the g@aensor rather than to
the diffraction spot size. The achievement of a e@rwith an optimal image quality doesn’'t necebgsagquire a
diffraction limited camera lens. For a given ogtioave-front pattern, the aberration spot sizarégortional to the rms
value of the wave-front error. As a consequencaeriiis wave-front error requirement WEE,sfor a camera lens of an
imaging system with a resolution intrinsically lied by the pixel spacing can be linearly expredsma theA/14 rms
wave-front error requirement of a diffraction liemit system and from the ratio of the respective anmagolution limit
from the pixels and from the diffraction spot. Teweler of magnitude of this last ratio is the radiopixel spacingdyiy
over the diffraction spot sizeA/D wheref is the focal distance of the camera lens and Ddihmeter of the aperture
stop. A more accurate estimation of ratio of thage resolution limit from the pixels and from théfrdction spot can
be given by the calculation the inverse ratio & $patial frequency corresponding to a standatdri@iof 50% loss of
MTF for respectively a sensor array and for a mrdéfraction limited camera lens:

/1 I/SO%MTF —diffraction
VVFEIens—rms < ﬁ E
I/SO%MTF —sensor

or (5)
A

\NFEIens—rms < ﬂ

The case wheWsgyarr.sensor 1S Sighificantly higher thamsgoarr-gifiraction COrresponds to a case when the diffraction spot is
significantly larger than the sensor pixel spacM{th a perfect diffraction limited lens featurirgcircular stop, the
spatial frequency expressed in number of cyclesmeger corresponding to 50% MTF and is givehtby

04
Vs06MTE —diffraction — m (6)

For the MTF of array sensors, we use the calculatioa pseudo MTF assuming that all the phasebepattern are
equally likely in order to average the effect oé thliasing. The spatial frequency expressed in rurob cycles per
meter corresponding to 50% loss of MTF of an as@ysor can be generally expressed with the follgwiuation:



K

VSO%MTF—sensor = == (7)

dpix

The valuekgnsr is depending on the geometry of the sensor patidra highest value can be obtained with an array
sensor with square pixels and a filling factor 60%. The value Okensr IS Significantly reduced with a color sensor
array”. We give in the table below some valuegfs, for different type of sensor array:

Table 3. Value okgnsr cOnstant for different types of sensors

Type of sensor Ksensor

Monochrome sensor with square pixels and ideal 1fllitig factor 0.6

Color sensor with a Bayer pattern filter - squaisesls with an ideal filling 0.28
factor of 100%

From the equations (5), (6) and (7), we can singxgress the WFE requirement as a function of thieapsystemf
number N=f/D and as a function of the pixel spacufg as follow:

<1 g—d PiX (8)
lens—-rms k 35|:|N

Sensor

WFE

for a pixel limited resolution or

d.
WFE,. .. <i when —=- < 25[N A4 (9)
lens—-rms 14

Sensor

for a diffraction limited resolution. With a clasal color sensor with Bayer filter, the previous BVfequirement is:

WFE < Hon 10
lens-rms 1C [ N ( )
for a pixel limited resolution or
A
VVFEIens—rms <— (11)
14

for a diffraction limited resolution. The secondnteof equation (9) gives a simple evaluation oéaser requirement for
pixel spacingdyix andKksnsr in Order to perform image quality of the same omfemagnitude as the diffraction limit of a
perfect lens. We give in the table 4 below examplesave-front error requirements estimated frornagpn (10) for
the most standard color camera modules in the mogbilone context. Since inch-based sensor formasnat
standardized, exact number of pixels may vary.



Table 4. Estimation of the wave-front error requiemts for f/2.8 and f/4 camera lenses featuringresar array with a
Bayer color filter:

Color camera module features WFE requirement (um)
Pixel spacing | nb of Mpixel indicative f/2.8 f/a
(um) (4/3 format) | optical format | aperture aperture
5.0 1/4"
1.4 7.9 1/3.2" 0.051 0.036
12.6 1/2.5"
3.2 1/4"
1.75 5.1 1/3.2" 0.064 0.045
8.1 1/2.5"
2.0 1/4"
2.2 3.2 1/3.2" 0.080 0.056
5.1 1/2.5"
1.2 1/4"
2.8 2.0 1/3.2" 0.102 0.071
3.2 1/2.5"

5.3 Wave-front error requirement: application to the liquid lens

The wave-front error of the liquid lens is mosthduced at the interface between the two liquids. ha'ee shown in
figure 7 the Zernike polynomial decomposition o tivave-front error for the specific case of a Qidapplied on the
liquid lens. When no optical tilt is applied (puk& mode), we observe that the wave-front is maghlg to astigmatism
and the estimation of the rms wave-front error niagile induced by the liquid lens in an optical systcan be
expressed as a function of the useful optical diani® at the interface between the two liquids as follow

Duse ’
VVFErms—D :VVFErms—l.G( 16 ] (12)

Dy is expressed in unity of millimeter. With A316SSJiquid lens component, the maximal valuedgi, is 2.6mm and
we guarante®VFE, .16 < 50nm over a 1.6mm diameter and over the -5DL&D+optical power rande

The estimation of the feasibility of the implemdita of a liquid lens in a camera module desigrhwid degradation of
the image quality can be performed from the equat{8) and (11) and from an estimation of the Usgdtical diameter
at the liquids interface of the liquid lens. Foradd-on design, with a given aperture and a giiedd df view, the best
optical performances can be obtained with a vafuB @ as small as possible. This can be obtained byipoisig the

liquid lens as close as possible to the aperturp sf the camera lens and it can be further impiowdth the

implementation of the aperture stop of the optgatem in the liquid lens. We have validated thpsiam on A316S
component with the implementation of an optionatarpupil on the inner face of the liquid lens wing see. section
6.3.

5.4 Wave-front error requirement for OIS systems

With a camera featuring no OIS function, a handsh#kwith an amplitude o#l,s will transform a sharp object point
into a blurry image spot line with an amplitudedof; as follow:

dr, = f [, (13)

Wheref is the focal length of the camera lens. The OIgfion enables to reduce the blur image down &salual blur
amplitudedr,esdua-ors :



— drhs
residual —ois BRF

dr, (14)

where BRF is the blur reduction factor, characterizing threrfprmances of the OIS systfinWe have given in the
previous section a rule of thumb for the evaluatbthe wave-front error requirement of a camere Igo as to perform
images with a resolution smaller than a pixel. Wikir evaluation of the wave-front error requireenOIS mode can
be performed assuming that an OIS lens should perimages with a resolution smaller the residuadgmblur during
a tilt. We can provide an approximate evaluatiothig condition based on the following extrapolataf the Maréchal
criterion:

VVFEIens—rms < i dm (14)
14 f[A/D

This expression gives a simple rule of thumb ewanaof the acceptable WFE of the OIS camera lena function of
the optical tiltd,; generated by the system:
D Elgopt

VVFEIens—rms <=
14 BRF

(15)

For example, with a +/-33° field, f/2.8 aperturaldi3.2 inch sensor, the wave-front error requingneé an OIS camera
module featuring a blur reduction factor of 4 is1600.1°. The A316S OIS liquid lens performarica® in line with this
requirement.

6. EXAMPLES OF REFERENCE DESIGNS FOR OIS CAMERA MODULE
6.1 Introduction

We describe below two examples for the implemeomatf A316S OIS liquid lens in a camera module veith inch
sensor. Those systems have been defined accoadthg tlesign rules of the previous section so a&tform an image
quality with a resolution of one pixel.

6.2 A316S added on a standard 1/4 inch sensor camerage

Below is the example of a transformation of a 3.2¢p4 inch sensor fix focus camera module into a8/@F camera
module. The A316S OIS liquid lens is plugged orite tamera module lens. The design presents nottiigneThe
liquid lens provides a focus range from 5¢cm toriitéi and a +/-0.6° tilt correction range for theSGuinction.

7777 L7

Standard camera lens
/2.8

Distance from camera lens )
stopto liquid lens ; +/-33 flel&i Cameralens aperture stop

should be smaller than

0.1mm

1/4inch sensor

Figure 10. A316S on standard camera lens (f/2.8-inth sensor — 3.2Mpix — +/- 33° field).



6.3 A316S with intra-pupil added on a custom 1/4 inchensor camera lens

We show in figure 11 the example of an AF/OIS camaodule with a 5Mpix, ¥ inch sensor and f/2.8rape. The
camera lens is specifically designed for a 1.25mameter intra-pupil positioned in the A316S liqleds.

Liquid Lens 1.25
mm@ intra-
pupil

P, 1P

Custom
camera lens
designed with the intra-pupil of
the liquid lens as aperture
stop
A6/2.8) /]

1/4 inch sensor

Figure 11. A316S on custom camera lens (/2.8 - sensor — 5Mpix — +/-33° field).

7. EXAMPLES OF APPLICATIONS FOR THE OIS LIQUID LENS

The OIS liquid lens is mainly dedicated to imageb#ization for miniature camera modules. The eleat command of
the optical power and of the optical tilt with ani@iture component can also be used in a wide rahggplications in
optics. The main design rule when using a liquitsles the limitation of the useful diameter of tlgiid lens according
to the optical wave-front error requirement for tlems operation in a given focus and tilt ranger Koaging
applications, the calculation principle of the nmaal useful diameter of the liquid lens is descriliedection 5. For
applications demanding diffraction limited optissich as mono-mode laser optics, we use the Maréditadion. We
give below possible examples of applications of@8 liquid lens

7.1 Optical beam fine tuner

With a single OIS liquid lens it is possible todlp tune the tilt and divergence of a light beaniti/2 OIS liquid lenses
separated with a spacer as described in figuré 2possible to finely tune the geometry of aticad light beam:

- The tilt of the light beam can be adjusted bijtadmmand on one or both liquid lenses.
- The translation of the light beam along x-y agas be obtained with an opposite tilt command arm éens.

- The divergence and size of the light beam catubed with a combination of the focus command &f 2h
lenses.

Figure 12. Optical beam fine tuner using 2 OlSitigenses for beam translation, tilt, size and djeace control

The optical beam fine tuner can be used for meltptical setups demanding fine alignment suchassrlcavity or
optical coupling in an optical fiber. We presenfigure 13 the principle of an automated systemiaitdd to optimize
the light injected in an optical fiber. A simpliiedesign featuring only one liquid lens for tiltntml with a collimating
lens is presented in figure 14.
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Figure 13. Optimized fiber injection using 2 OI§did lenses and a fiber collimation lens
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Figure 14. Optimized fiber injection using 1 OI§uid lens and a fiber collimation lens

7.2 Tunable wavelength filter

The association of an OIS liquid lens with a passiwmponent having a transmission depending oimtigent angle of
the light beam creates an active wavelength filtkle show in figure 15 below the optical scheme ofa&tive

wavelength filter based on the association of a8 I@juid lens and a diffractive grating. The tramssion wavelength of
the filter can be adjusted By tilt command on the liquid lens.

Transmitted wavelength

------------ Blocked wavelength

Point s e,
source i
k Diffraction

grating

Diaphragm

Figure 15. Wavelength selection wihtilt command on an OIS liquid lens

7.3 Optical multiplexing

In the design shown in figure 16, two arrays oficgit waveguides (input / output) are interconnectéth two

collimating lenses and two OIS liquid lenses. Ohthe light beams from the input array can be detbavith a given x-
y tilt command of the first OIS liquid lens, andupded into one of the optical wave guides of thépatarray with
another given x-y tilt command of the second Otfili lens.
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Figure 16. Optical multiplexing between 2 waveguadays using 2 OIS liquid lenses

8. CONCLUSION

We have presented the principle, the driving metiadl the performances of our A316S OIS liquid lemsponent. We
have explained optical design rules for the impletaon of the liquid lens in optical systems and have shown
different possible application designs. The A31681ponent is silent, robust and easy to integratean combine OIS
and smooth AF for picture and video with low eleett consumption. The current reliability featumstained today- 1
million AF/OIS cycles from -10°C to 60°C and 120h85b°C storage - are being improved to keep up with most
severe mobile phone reliability requirements.
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