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(57) Abstract: The present invention relates to a controllable device for phase
modulation of coherent light with a spatial light modulator device for generating
a light distribution. Thereby,the controllable device comprises a modulator mat-
rix (10) having a plurality of liquid crystal modulator cells each being adapted
to modulate a phase value of light passing through said liquid crystal modulator
cell depending on a voltage, which is applied to said liquid crystal modulator
cell;at least one polarity area of said modulator matrix (10) including at least
one liquid crystal modulator cell;at least one storage unit for storing at least one
pair of voltage values of which one has a positive and the other has a negative
polarity for said liquid crystal modulator cells, whereby said pair of voltage val-
ues corresponds to a predetermined phase value; and a control unit for select-
ively applying one pair of voltage values to one liquid crystal modulator cell,
whereby said control unit is adapted to apply alternately said voltage values of
positive or negative polarity according to an inversion scheme such that
voltages applied to one polarity area have the same polarity.
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Controllable device for phase modulation of coherent light

The present invention relates to a controllable device for phase modulation of
coherent light with a spatial light modulator device for generating a light distribution.
Thereby, the controllable device comprises a modulator matrix having a plurality of
liquid crystal (LC) modulator cells each being adapted to modulate a phase value of
light passing through said liquid crystal modulator cell depending on a voltage
which is applied to said liquid crystal modulator cell, and at least one polarity area

of said modulator matrix including at least one liquid crystal modulator cell.

A liquid crystal display might be used as a spatial light modulator device in
accordance to the present invention and therefore, a liquid crystal display (LCD) is
used as a synonym for a spatial light modulator device or just a spatial light
modulator (SLM) throughout this document. A modulator matrix can be regarded as
a part of the spatial light modulator device which is suitable to modulate the light
interacting with the spatial light modulator device, the modulation of light is effected
by the plurality of liquid crystal modulator cells of the modulator matrix. Liquid
crystal displays are generally known which are adapted to modulate the amplitude
or the phase of a light distribution being emitted e.g. by a backlight illumination unit
of a display device to display image content to one or more observers. Furthermore,
a spatial light modulator device according to the present invention might be
operated in transmissive, reflective or transflective mode. It might be possible to
iluminate the spatial light modulator device with an illumination device as it is
explained e.g. in WO 2010/149583 A1, wherein the illumination device illuminates
the spatial light modulator device from the same side from which the observer is
looking to the spatial light modulator device (front-light illumination device).

When driving conventional nematic liquid crystal displays for amplitude modulation,
DC voltages have to be avoided since DC voltages lead to effects like image
sticking and potentially chemical degradation of the liquid crystal material.
Therefore, the sign or polarity of the driving voltage for each pixel is changed after a

predetermined time interval. For a nematic liquid crystal with dielectric coupling to
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the applied field, the liquid crystal orientation and the related optical response
depends only on the absolute voltage but not on the sign of voltage. Consequently,
in an ideal case, the optical response of a pixel is identical if a positive voltage
and/or negative voltage is applied (as long as the absolute value of voltage is not
changed). A liquid crystal display typically includes a common electrode on one
substrate and pixel electrodes on a second substrate. The inversion of the voltage
sign may for example be done by shifting the voltage level of the common electrode
after a certain while. The voltage acting on the pixel is the relative voltage between
the voltage level of common electrode and the pixel electrode. For example, the
pixel electrode voltage level may be fixed to 3 V but the common electrode voltage
level may change from 0 V for a first time frame to 6 V for a second time frame.
Then the voltage applied to the pixel changes from +3 V to -3V.

In the field of active matrix driving of liquid crystal displays modulating the light
amplitude, different inversion schemes are known. For example, in case of line or
row inversion, even pixel lines or rows are driven with a positive voltage and odd
lines or rows are driven with a negative voltage in the first time frame. In contrast,
even pixel lines or rows are driven with a negative voltage and odd lines or rows are
driven with a positive voltage in the second time frame. Moreover, a chess-board
pattern of positive and negative driving voltages is used in a dot inversion scheme.

Said inversion schemes are used in amplitude modulating liquid crystal displays in
order to avoid for example flicker effects, which result from voltage offsets in
different time frames. However, in general, capacitive crosstalk and leakage
currents in TFT based liquid crystal displays may still occur and may lead to
additional artefacts, for example luminance gradients in different areas of a liquid

crystal display.

Concerning phase modulating liquid crystal displays, said displays exist for
applications like laser beam shaping. In the past, mainly LCoS devices (Liquid
Crystal on Silicon) were developed for phase modulation as spatial light modulators

comprising a small cross section area is sufficient for laser applications.
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However, concerning TFT based phase modulating liquid crystal displays, voltage
offsets may lead to unwanted phase shifts even if the above-discussed line or row
inversion schemes are applied.

In such a phase modulating liquid crystal display, for example lens functions or
prism functions may be encoded by the relative phase distribution over some
number of pixels. Then the relative phase modulation of neighbouring pixel is more
important than the absolute phase modulation of a single pixel. In case of a lens
function encoded in the phase display, a common shift of the phase value of all
pixels in the same direction is similar to slightly changing the absolute thickness of
the lens but keeping the shape of the lens surface fixed. The focusing function of
the lens is then unaffected by the shift. If, however, neighbouring pixels get a phase
offset in different directions due to possible driving voltage offsets, the shape of the
lens may be changed which potentially degrades its focusing capability. Line
inversion and dot inversion schemes will therefore change the relative phase of
neighbouring pixel and therefore affect encoded lens and prism functions in a

negative way.

For example, prior art document WO 2010/149588 describes the combination of
light coming from two phase pixels of a phase SLM to one complex pixel with a
beam combiner. Thereby, two phase values are encoded such that their sum leads

to a complex value:
%exp(z‘d)l)Jr%exp(z‘d)z):Cos{d’l d’zj exp( ¢ + d’zj

whereby the amplitude is proportional to the difference of both phase values and
the phase is proportional to the sum of both phase values.

In case of a line or dot inversion scheme, a DC offset shifts the phase value of the

first pixel to ¢ +A¢ and the phase value of the second pixel in the opposite
direction to ¢, —A¢, whereby the simplified assumption is made that the absolute

value of the phase shift is the same for both pixel. Consequently, the amplitude
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. For a complex valued pixel, the complex data may

¢1 _(I)z +2A¢j
2

changes to cos[

be for example the result of several overlapping lens functions, which are encoded
on a holographic display. However, said amplitude change does negatively affect
the 3D scene reconstruction in case of a line or dot inversion scheme in a beam

combiner.

Moreover, a similar problem occurs in a conventional spatial light modulator device
for modulating the phase of coherent light, which is driven by a row inversion

scheme. If a phase offset A¢ is added to the nominal phase values in every second

row of a display matrix due to voltage offsets or leakage currents during row
inversion, the reconstruction of the 3D scene is incorrect and noisy since the
relative phase difference between neighbouring pixels is incorrect. This
phenomenon is shown in Figs. 1A and 1B: Fig. 1A shows the desired and ideal
nominal phase values for pixels of a spatial light modulator device, which is driven
in a row inversion scheme. In contrast, Fig. 1B shows the realistic phase values for
pixels of a spatial light modulator device which is driven in a row inversion scheme
and a phase offset is added to the nominal phase values in every second row of the
display matrix. As can be seen from Fig. 1B, the reconstruction is incorrect due to

the incorrect relative phase difference between neighbouring pixels.

It is therefore an object of the present invention to provide and further develop a
controllable device for phase modulation of coherent light with a spatial light
modulator device for generating a light distribution, a method for calibration of such
a controllable device, a display and a method for displaying two- and/or three-
dimensional image content or image sequences of the above-mentioned type which

overcome or reduce at least one of the afore-mentioned problems.

Regarding the controllable device for phase modulation, the object of this invention
is solved by the teachings of claim 1. Further preferred embodiments and
enhancements of the present invention are defined in the dependent claims.
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According to one embodiment there is provided a controllable device for phase
modulation of coherent light with a spatial light modulator device for generating a
light distribution, comprising: a modulator matrix having a plurality of liquid crystal
modulator cells each being adapted to modulate a phase value of light passing
through said liquid crystal modulator cell depending on a voltage, which is applied
to said liquid crystal modulator cell, at least one polarity area of said modulator
matrix including at least one liquid crystal modulator cell; at least one storage unit
for storing at least one pair of voltage values of which one has a positive and the
other has a negative polarity for said liquid crystal modulator cells, whereby said
pair of voltage values corresponds to a predetermined phase value; and a control
unit for selectively applying one pair of voltage values to one liquid crystal
modulator cell, whereby said control unit is adapted to apply alternately said voltage
values of positive or negative polarity according to an inversion scheme such that

voltages applied to one polarity area have the same polarity.

Consequently, the controllable device according to the present invention can be
driven by alternating voltages of different polarities in variable inversion schemes
determined by the polarity areas. However, the generated phase values in the liquid
crystal modulator cells are not dependent on the polarity of the applied voltages,
since of the predetermined voltage pairs, as stored in the storage unit, each
comprising of one predetermined voltage value of positive polarity and another
predetermined voltage value of negative polarity, each pair generates the same
distinct phase value in said liquid crystal modulator cell. Consequently, distinct
phase values between neighbouring liquid crystal modulator cells can be applied,
which are independent of voltage polarities. Thus, disturbing or unwanted phase
offsets between neighbouring liquid crystal modulator cells due to voltage offsets or

leakage currents may be reduced or prevented.

Thereby, it has to be noted that the absolute values of the positive and negative
voltages stored in the storage unit may be different for a distinct phase value.
Moreover, a liquid crystal modulator cell may be understood as a single pixel or a

plurality of pixels.
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In a preferred embodiment of the present invention, the storage unit is adapted to
store pairs of voltage values for distinct phase values or for a predetermined phase
interval with distinct phase values. Thus, it is possible to determine in advance a
plurality of desired or predetermined phase values, for example according to a
desired or predetermined bit depth, and to assign to each distinct phase value one
pair of positive and negative voltage values. Moreover, these distinct phase values
may for example be equally spaced with a predetermined phase interval. A
preferable phase interval may be for example 0 to m-2z  with m being a real
number. Thereby, the distinct phase values may be assigned to specific liquid

crystal modulator cells or polarity areas.

In another embodiment of the present invention, the size of the polarity areas is
predetermined in advance according to a display type, in which the controllable
device is included. Generally, the distance between a computer display and an
observer is different from the distance between a television display and an
observer. Thus, the sizes of polarity areas, in which voltages of the same polarity
are applied to the liquid crystal modulator cells, may be larger in television displays
than in computer displays or mobile telephone displays etc. This is especially true
for 3D holographic displays, as disclosed e.g. in WO 2006/066919 A1, which apply
sub-holograms and wherein the size and position of such a sub-hologram on the
modulator matrix depends on the current position of the eyes of the observer as
well as on the position of an object point to be generated by this sub-hologram with
the 3D holographic display. Thereby, the size and the number of polarity areas can
be optimized according to the display type, whereby sharp images are still
presented to the observer. Consequently, computing power, necessary storage

space or the like may be reduced.

In another preferred embodiment of the present invention, the control unit is further
adapted to dynamically adjust said polarity area size and/or a polarity area position
and/or a polarity area shape according to the light distribution to be generated by
the controllable device and/or the three-dimensional image content to be displayed.
Thus, it is possible to adapt the polarity areas and their positions according to the
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actual 3D image scene, which might depend on the sub-hologram distribution on
the modulator matrix in dependence with the actual observer eye position and the
objects or 3D scene to be displayed. This feature provides effective inversion
schemes for display driving, whereby computing power, necessary storage space
or the like may be reduced dynamically according to the actual image content.
Nevertheless, a sharp and correctly reconstructed 3D image scene can be provided
due to generated phase values being independent of voltage polarities and due to
driving schemes for arbitrary sizes and positions of polarity areas.

According to another embodiment, the the light distribution or the three-dimensional
image content is defined by at least one sub-hologram and the control unit is
adapted to adjust the polarity area size and/or a polarity area position and/or a
polarity area shape such that the length of intersection lines between different
polarity areas, in which one sub-hologram is generated, is minimized. Thereby, the
maximum size of a sub-hologram corresponds as in classic holography to the
modulator matrix size, which is defined by the display size. Since length of
intersection lines is minimal, the image quality of the reconstructed 3D image scene
can be further improved since a sub-hologram is generated by a minimum number
of polarity areas. In particular, the control unit is further adapted to adjust the
polarity area size and/or a polarity area position and/or a polarity area shape such
that one sub-hologram is generated within one single polarity area. Thereby, it is
imaginable that different sub-holograms are generated by different polarity areas on

the modulator matrix, especially in a dynamic manner.

According to another embodiment of the present invention, the control unit is
adapted to apply said pairs of voltage values to said liquid crystal modulator cells
according to at least one of a line inversion scheme, a row inversion scheme, a dot
inversion scheme, a chess-board inversion scheme, an arbitrary patterned
inversion scheme and a frame inversion scheme for said polarity areas. Thus, it is
possible to arrange and drive said polarity areas according to these inversion
scheme in order to further enhance the quality of the generated light distribution or

the image or the reconstruction of a 3D scene.
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In a preferred embodiment of the present invention, said one pair of voltage values
for one phase value is predetermined in advance for a single liquid crystal
modulator cell or one polarity area including a plurality of liquid crystal modulator
cells in dependence on at least one of the polarity of the voltage value, the absolute
value of the voltage, the size of the polarity area, the position of the liquid crystal
modulator cell or the polarity area in the modulator matrix, and the time frame of the
nominal phase value. Thus, it is possible to determine and store — e.g. in a storage
unit — in advance for arbitrary liquid crystal modulator cells, polarity areas and
driving schemes the corresponding pairs of voltage values of positive and negative

polarity for distinct phase values to be generated.

According to a further embodiment, the controllable device comprises a plurality of
storage units for selectively storing voltage values for at least one positive polarity,
negative polarity, a liquid crystal modulator cell and a polarity area. Thus,
respective voltage values can be stored in individual storage units, in particular in

the form of look-up tables.

In a preferred embodiment, the controllable device further comprises an illumination
unit for illuminating the spatial light modulator device with light emitted by the
ilumination unit. The illumination unit comprises a pulsed illumination or a
predetermined illumination function. Such a predetermined illumination function
could be realized such that the illumination unit emits light such that particular
positions or areas of the spatial light modulator device are illuminated as a function
of time and/or such that the illumination unit emits light having a variable intensity
as a function of time. The pulsed illumination or the predetermined illumination
function of the illumination unit is synchronized with the operation of the spatial light
modulator device or with the inversion scheme of the spatial light modulator device.
Therefore, the illumination unit can be controlled such that the spatial light
modulator device is illuminated only during a time frame or a duty cycle of the
pulsed illumination where the liquid crystal molecules of the spatial light modulator
device have approached their final orientations or orientations which are close
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enough to the final orientations — e.g. within a required bit depth — which determine
the nominal phase value which is to be applied by the control unit.

Regarding a display, the object mentioned above is solved by the teaching of claim
11. Accordingly, a display comprises a spatial light modulator device and at least
one controllable device according to one of the claims 1 to 10. The display is
designed such that two-dimensional image content and/or stereoscopic image
content and/or stereoscopic multi-view image content and/or holographic image

content is presentable.

Regarding a method for operating a controllable device according to one of claims 1
to 10, the object mentioned above is solved by the teaching of claim 12.
Accordingly, the control unit selectively applies one pair of voltage values to one
liquid crystal modulator cell, whereby said control unit applies alternately said
voltage values of positive or negative polarity according to an inversion scheme

such that voltages applied to one polarity area have the same polarity.

In general, it is necessary to calibrate a phase modulating spatial light modulator
device according to the concept of the present invention, because of the problems
mentioned above regarding the inversion scheme of the phase modulating spatial
light modulator device. Therefore, there is provided a method for calibration of a
controllable device for phase modulation of coherent light with a spatial light
modulator device preferably according to one of the claims 1 to 10 for generating a
light distribution, whereby said controllable device comprises liquid crystal
modulator cells arranged on a modulation matrix for modulating the phase of light
passing through said liquid crystal modulator cells, comprising the steps of:
applying voltages of negative and positive polarity to at least one liquid crystal
modulator cell or at least one polarity area comprising a plurality of liquid crystal
cells; measuring the phase shift for positive and negative voltages of said liquid
crystal modulator cell or said polarity area; generating a set of applied voltage
values in dependence on the measured phase shift for positive and negative
polarity, respectively; determining a phase interval, in which said sets can be fitted



10

15

20

25

WO 2014/053164 PCT/EP2012/069383

by an analytic function or by a polynomial fit; determining the voltage values of
positive and negative polarity for — preferably equally spaced — phase shift values
within said interval; and storing said voltages values of positive and negative
polarity determined from said fitted functions.

By determining said set of applied voltage values, preferably a pair of voltage
values of positive and negative polarity, for a distinct phase shift value, it is possible
to prevent unwanted phase offsets due to voltage offsets, leakage currents etc.
when generating said distinct phase shift value by a liquid crystal modulator cell and
driving the controllable device with an inversion scheme. It is has to be noted that
the terms “phase shift value” and “phase value” are used synonymously through the
present invention and characterize the shifted phase value of the coherent light
modulated by the liquid crystal modulator cells.

In particular, the phase interval is a phase range of ¢, —¢, =m-27, m being a real

number. This enables for example a phase range of 0 to 2z for distinct phase shift
values. Moreover, it is desirable to determine said phase shift values in said phase
interval for all desired wavelengths of the light which is used to illuminate the

controllable device and/or the spatial light modulator device.

In order to further control and improve the resulting phase shifts, the method
according to the present invention may further comprise the step of re-applying the
stored voltage values for determination of the calibration accuracy. Thus, the

calibration procedure may be repeated if necessary.

According to another embodiment, the voltages values of positive and negative
polarity determined from said fitted functions are further assigned to certain phase
shift values. This enables e.g. assigning phase shift values to interpolated and/or

measured phase shift values.

According to a preferred embodiment, the calibration method — but also, as
mentioned above, the operation of a controllable device or a phase modulating

10
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spatial light modulator device in accordance with the present invention — further
comprises the step of synchronizing a backlight illumination of the spatial light
modulator device and a phase shift measuring sensor such that the backlight
ilumination illuminates the spatial light modulator device only during the time frame
where liquid crystal molecules have approached their final orientations within a
required bit depth, which determine the nominal phase value. Thus, the backlight
illumination may already be switched on if for example 98 %, 99,5 % or 99,99 % of
the nominal phase value has been reached. Thus, it is ensured that the calibration
is mainly accomplished within a time frame, in which the liquid crystal molecules
have converged in their final orientations. Phase shift measurement sensors may
comprise sensors using intensity based measurement methods (for example
photodiodes) and/or phase-based interferometry methods (for example Twyman-
Green or Mach-Zehnder interferometry and imaging the spatial light modulator on a
CCD). Concerning intensity based measurement methods, a phase modulating
spatial light modulator device is placed between two orthogonal polarizers. Then,
the resulting intensity is measured, which may be used to determine the phase
shift. Concerning phase-based interferometry methods, the phase difference
between a modulated area and a non-modulated area on a phase modulating
spatial light modulator is determined, for example via cross-correlation of the
resulting interferograms of both areas.

In another embodiment, the method for calibration further comprises the step of
spatially arranging at least one phase shift measuring sensor at positions being
suitable to measure the phase shift of said liquid crystal modulator cells or said
polarity areas. Thus, it is possible to adjust the measuring sensor according to
positions of liquid crystal modulator cells or polarity areas of the liquid crystal
modulator matrix, in which the voltage dependent phase responses are to be
measured. In particular, the method for calibration further comprises the step of
synchronizing the phase shift measuring sensor according to an inversion scheme
applied to said liquid crystal modulator cells or said polarity areas.

11
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There are a number of possibilities for embodying and continuing the teachings of
the present invention. To this end, reference is made on the one hand to the
dependent claims that follow claim 1, and on the other hand to the description of the
preferred embodiments of this invention below including the accompanying
drawings. Generally, preferred physical forms and continuations of the teaching will
be explained in conjunction with the description of the preferred embodiments of the
invention and the accompanying drawings. The figures are schematic drawings,

where

Fig. 1A shows a desired nominal phase distribution of a liquid crystal

modulator matrix driven by a row inversion scheme;

Fig. 1B shows the achieved noisy phase distribution of a liquid crystal
modulator matrix of the prior art driven by a row inversion scheme, whereby phase
offsets occur;

Figs. 2A to 2C show graphs illustrating the method for calibration of a
controllable device according to the present invention;

Fig. 3 shows a graph illustrating a time frame for accomplishing the method
for calibration of a controllable device according to the present invention;

Figs. 4A and 4B show a controllable device according to the present
invention, whereby the liquid crystal modulator matrix generates the same sub-
holograms by different polarity areas resulting in different intersection line lengths;

Figs. 5A and 5B show the phase distribution of a liquid crystal modulator
matrix according to the present invention, whereby the liquid crystal modulator

matrix is driven by a frame inversion scheme.

12
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The proposed method for calibration of a controllable device for phase modulation
of coherent light with a spatial light modulator device for generating a light
distribution, whereby said controllable device comprises liquid crystal modulator
cells arranged on a modulation matrix for modulating the phase of light passing

through said liquid crystal modulator cells is depicted in Figs. 2A to 2C:

Fig. 2A shows a graph of the generated phase shift values plotted versus the
absolute voltage values of positive and negative polarity applied to for example a
liquid crystal modulator cell. Thereby, the dashed line show phase shift values for
positive voltages and the dashed-dotted line show phase shift values for negative

voltages. As can be seen in Fig. 2A, although the absolute value [V}] is the same,
applying +¥, and -7, results in two different phase shift values differing by a phase
offset A¢. Thus, applying |V1| in an inversion scheme would result in noisy phase

response distribution similar to Figs. 1A and 1B due to the unwanted phase offset

A¢ for neighbouring liquid crystal modulator cells.

In summary, Fig. 2A shows a measurement for determining the polarity-dependent
non-linear phase response of at least one liquid crystal modulator cell of a
modulator matrix 10 of a spatial light modulator device in a controllable device
according to the present invention. Thereby, the polarity-dependent non-linear
phase response can be understood as a hysteresis curve, which is for example
caused by a non-linearity in digital-to-analog converters of conventional display

driver electronics.

In the next step, an inverse graph of Fig. 2A is generated as can be seen in Fig. 2B.
In Fig. 2B, only the dashed line for the positive polarity is shown for simplification.
Nevertheless, a set of applied voltage values in dependence on the measured

phase shift for positive and negative voltage polarities is determined.

Furthermore, the inverse function of the measured curves for positive and negative

polarities can be approximated by polynomial or analytic functions. Thereby, only

13
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parts of the inverse functions, which for example represent a 2z -modulation range,
have to be selected for polynomial or analytic fitting. It is preferable that regions of
the curves are chosen, which are close to linear. As can be exemplarily seen in Fig.

2B, a phase shift interval ¢, —¢, =2r is chosen corresponding to voltage values 7,

and /.

Generally, for an equally-spaced phase range between ¢, —¢, =m- -2z, m being a

real number, with predefined bit depth (e.g. 8 bit depth resulting in 256 phase shift
values), the required voltages of positive and negative polarities for a distinct phase
value may then be calculated by the calibration polynomial or analytic function and
assigned to the distinct phase shift value, and saved in a storage unit, for example
a look-up table. Alternatively, the coefficients of a polynomial function or parameters
of an analytic function might be stored in a storage unit and the required voltages of
positive and negative polarities for a distinct phase value might be calculated on

demand.

Additionally, as can be seen in Fig. 2C, a second measurement may be
accomplished for verification of the calibration and determination of its accuracy.
Plotting the measured phase values over the non-equally spaced voltage values
(not shown on the x-axis in Fig. 2C), should result in a linear curve for the phase
shift values. Similar to Fig. 2B, only positive voltages in Fig. 2C are shown for

simplification.

Concerning the relationship between measuring time and applied voltages
according to an inversion scheme, there exist several possibilities how to further

implement the calibration method according to the present invention:

First, the spatial light modulator could be continuously illuminated with a laser light
source (cw-operation), while an inversion scheme based on a predetermined
pattern is applied to the liquid crystal modulator cells. Thereby, the illumination and
measurement time frame is larger than inversion frame rate. However,

dependencies on voltages polarities are difficult to measure with this approach.

14
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Moreover, the switching process of the liquid crystal molecules for reaching the

desired nominal phase value is taken into account as well.

It might also be possible to carry out a measurement in a time resolving manner,
where for example the light detection is carried out with a photodiode in
dependence of time and is analysed using e.g. an oscilloscope or a suitable
measurement and documentation system. From such a measurement, it is possible
to determine the effective time frame in which the liquid crystals have their final

orientation (i.e. a stable level). The times ¢,, and ¢, can be determined with such a

measurement as well.

Second, the spatial light modulator could be illuminated with a laser light source in
time pulses, while an inversion scheme based on a predetermined pattern is
applied to the liquid crystal modulator cells. Therefore, the phase shift measuring
sensor(s) may only measure distinct polarity areas having the same polarity, which
requires an exact spatial arrangement of the liquid crystal modulator cells and the
sensor(s). Moreover, either the pulsed illumination or sensor has to be
synchronized temporally with the inversion scheme.

This is explained exemplarily in the following for a chess-board inversion scheme:

A polarity area is driven in each odd frame with a negative voltage. The sensor is
synchronized such that only a negative frame per applied voltage is measured or
the sensor integrates a plurality of negative frames. The latter case may be
accomplished by a synchronized data acquisition or a pulsed illumination, which is
switched on only in odd frames. Concerning positive voltages, only even frames are
measured as explained above. Thereby, two hysteresis curves as shown in Fig. 2A
may be measured, which have to be assigned spatially (dependent on the polarity
areas) and temporally (even or odd frame) to a liquid crystal modulator cell. These
curves can be further processed as explained above in relation to Figs. 2A to 2C in

order to provide the desired exact phase response of a spatial light modulator.

15



10

15

20

25

WO 2014/053164 PCT/EP2012/069383

Third, the spatial light modulator could be driven in a frame inversion scheme.
Thereby, all liquid crystal modulator cells of the liquid crystal modulator matrix are
alternately driven with a positive or a negative polarity for different frames. Thus, a
calibration measurement for a positive frame is recorded and a calibration
measurement for a negative frame is recorded as well. Thereby, it is possible to use
a shorter integration time of the measurement sensor than the frame duration in

order avoid measuring during the switching times ¢,, and ¢, .

Fourth, similar to the third case, a correct calibration is possible if a pulsed
ilumination is synchronized with inversion frames such that different calibration
measurements for positively and negatively addressed frames may be recorded.
Likewise, it is advantageous if the illumination time is shorter than the frame

duration in order avoid measuring during the switching times ¢, and ¢, .

Said relationship between nominal phase value and switching times for the applied
voltages and backlight illumination is exemplarily shown in Fig. 3: Thereby, the
backlight illumination of the spatial light modulator and the phase shift measuring
sensor are synchronized such that the backlight illumination illuminates the spatial
light modulator only during the time frame where liquid crystal molecules have
approached their final orientations within a required bit depth, which determine the

nominal phase value. Consequently, the backlight is switched on after the time ¢_,

which is necessary for adjustment of the liquid crystal molecule orientations in the
electric field, and switched off before the liquid crystal molecules return to their

initial positions in the time ¢, . Thereby, the measurement sensor only measures

the phase response as long as the backlight is turned on. It is noted that the
adjustment time of the liquid crystal molecule orientations in the electric field might
depend on the position of a particular liquid crystal modulator cell on the modulator

matrix.

In summary, it is possible to define in advance a plurality of different polarity areas

(in detail the size, shape and position of the polarity areas on the liquid crystal
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modulator matrix according to a predetermined inversion scheme) and measure the
corresponding phase response for a multitude of absolute voltage values in
dependence on positive polarity and negative polarity as discussed in Fig. 2A. The
thus acquired phase responses can be further processed as discussed in Figs. 2B
and 2C.

Concerning the controllable device for phase modulation of coherent light with a
spatial light modulator device for generating a light distribution of the present
invention, the above-discussed calibration may be accomplished according to the
display type, in which the controllable device is included. Thus, the size, shape and
position of the polarity areas on the liquid crystal modulator matrix according to a
predetermined inversion scheme may be adapted to the display type, e.g. to a large
sized home TV display or to a desktop monitor of a suitable size.

Moreover, it is possible to measure and calibrate in advance a multitude of different
inversion schemes with their corresponding polarity areas differing in size, shape
and positions. Consequently, the control unit of the controllable device may then
dynamically adjust the inversion schemes and the corresponding the polarity areas,
in particular their size, their position and their shape on the liquid crystal modulator
matrix, according to the light distribution to be generated or the three-dimensional
image content to be displayed.

In particular, if a 3D scene is presented using a sub-hologram 20 in dependence of
the observer’s eye location and the object to be reconstructed, the control unit can
adapt the inversion scheme and the corresponding polarity area with a distinct size,
shape and position according to the image content of the 3D scene.

Thereby, multiple sub-holograms 20 may also be super-positioned, whereby a
single sub-hologram 20 may be generated by different polarity areas.

According to the present invention, the control unit adjusts the polarity area size
and/or a polarity area position and/or a polarity area shape such that the length of
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intersection lines 30 between different polarity areas, in which one sub-hologram 20
is generated, is minimized. Thus, image quality deterioration due to the discussed
phase offsets, which for example can still occur dynamically while presenting the
specific 3D scene, can be further reduced.

In a preferred embodiment of the present invention, the control unit is further
adapted to adjust the polarity area size and/or a polarity area position and/or a
polarity area shape such that one sub-hologram 20 is generated within one single
polarity area. Thereby, artifacts due to phase offsets can be prevented.

These scenarios are depicted in Figs. 4A and 4B: Fig. 4A shows a fine chess-board
pattern inversion scheme on a liquid crystal modulator matrix 10, whereas Fig. 4B
shows a coarse grained chess-board pattern inversion scheme. Thereby,
intersection lines 30 (thick black lines) that divide the sub-holograms 20 in areas,
where positive and negative voltages are applied within one frame, are also shown.
If the length sum of the intersection lines 30 is minimized, a potential error is at
minimum, too. In best case, the sub-hologram 20 is not divided as shown in top left
negative polarity area in Fig. 4B.

Note that a sub-hologram 20 can have the same size as the spatial light modulator
size (as in classic holography) or smaller than the spatial light modulator size (as in
SeeReal viewing window holography). Sub-holograms 20 have different sizes and
positions on the spatial light modulator according to the 3D scene to be encoded,;
they can be overlapped without loss of information.

Minimizing the intersection line lengths 30 may lead to a frame inversion scheme in
the controllable device for phase modulation of coherent light with a spatial light
modulator device for generating a light distribution according to the present
invention. Frame inversion as a driving scheme for a phase modulating liquid

crystal displays can be useful if phase offsets A¢ still occur dynamically while

presenting a specific 3D scene. However, it has to be noted that frame inversion
requires an individual calibration of each liquid crystal modulator cell according to a
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positive frame and a negative frame. Thus, for the same phase value a distinct
voltage pair of positive and negative polarity is assigned to each liquid crystal

modulator cell.

As an example, a controllable device according to the present invention is shown in
Figs. 5A and 5B, which is driven with a frame inversion scheme. Fig. 5A shows the
phase distribution for an even frame and Fig. 5B shows the phase distribution for an
odd frame, whereby in all frames the phase offset A¢, that may nevertheless occur,

is added to the liquid crystal modulator cells. However, in this exemplary case, the
phase difference between neighbouring pixels is reproduced correctly and due to
the same polarity the phase offset is the same for al liquid crystal modulator cells.
Therefore, the 3D scene reconstruction does not comprise artifacts because the
deviations from the actual phase value to the nominal phase value are reduced or

minimized.

If, however, liquid crystal modulator cells differ in their voltage-phase response
locally on the liquid crystal modulator matrix 10, said differences are not taken into
account and may nevertheless lead to a further phase offsets A¢ . Thus, depending
on the liquid crystal modulator matrix 10 and/or liquid crystal modulating cells,
defining and calibrating smaller polarity areas as discussed above or shown in Fig.
4B, which take local differences between liquid crystal modulating cells into

account, is recommendable.

With regard to the beam combiner as disclosed in WO 2010/149588, frame
inversion may be applied as well: similar to the discussion in the background
section, the phase of the first pixel is shifted to ¢, + A¢ and the phase of the second
pixel is shifted to ¢, +A¢ in the same direction if a phase offset A¢ still occurs.

Consequently, the amplitude in a frame inversion scheme is unchanged, namely

¢1 _¢2 ¢1 +¢2

cos{Tj. However, the phase value changes to %Ad). However, for

neighbouring complex pixels making up parts of several overlapping lens functions,
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the phase shift of each complex pixel is then again equivalent to a phase offset of
the lens functions and does in this case not affect the 3D scene reconstruction of
the hologram.

Generally, it has to be noted that the above embodiments have been described as
described in relation to phase modulating liquid crystal displays in 3D scene
reconstruction. However, the controllable device of the present invention may also
be applied in optical tweezers or in general for aberration correction as well.
Moreover, the controllable device may be used in general applications of dynamic
holography using computer-generated holograms, such as holographic projections,
digital holography, maskless lithography, optical filtering, beam splitting and
shaping, holographic memory, holographic recording and security systems, phase
shifting and coherent wavefront modulation and aberration correction, and laser
pulse modulation or for computer-generated holograms (CGH) as described in WO
2006/116965.
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CLAIMS

Controllable device for phase modulation of coherent light with a spatial light
modulator device for generating a light distribution, comprising:

a modulator matrix (10) having a plurality of liquid crystal modulator cells each
being adapted to modulate a phase value of light passing through said liquid
crystal modulator cell depending on a voltage, which is applied to said liquid
crystal modulator cell;

at least one polarity area of said modulator matrix (10) including at least one
liquid crystal modulator cell;

at least one storage unit for storing at least one pair of voltage values of which
one has a positive and the other has a negative polarity for said liquid crystal
modulator cells, whereby said pair of voltage values corresponds to a
predetermined phase value; and

a control unit for selectively applying one pair of voltage values to one liquid
crystal modulator cell, whereby said control unit is adapted to apply alternately
said voltage values of positive or negative polarity according to an inversion
scheme such that voltages applied to one polarity area have the same
polarity.

Controllable device according to claim 1, whereby the storage unit is adapted
to store pairs of voltage values for distinct phase values or for a
predetermined phase interval with distinct phase values.

Controllable device according to claim 1 or 2, whereby the size of the polarity
areas is predetermined in advance according to a display type, in which the
controllable device is included.

Controllable device according to any of the preceding claims, whereby the
control unit is further adapted to dynamically adjust said polarity area size
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and/or a polarity area position and/or a polarity area shape according to the
light distribution to be generated.

Controllable device according to any of the preceding claims, whereby the
light distribution to be generated is defined by at least one sub-hologram (20)
and the control unit is adapted to adjust the polarity area size and/or a polarity
area position and/or a polarity area shape such that the length of intersection
lines (30) between different polarity areas, in which one sub-hologram (20) is

generated, is minimized.

Controllable device according to claim 5, whereby the control unit is further
adapted to adjust the polarity area size and/or a polarity area position and/or a
polarity area shape such that one sub-hologram (20) is generated within one
single polarity area.

Controllable device according to any of the preceding claims, whereby the
control unit is adapted to apply said pairs of voltage values to said liquid
crystal modulator cells according to at least one of a line inversion scheme, a
row inversion scheme, a dot inversion scheme, a chess-board inversion
scheme, an arbitrary patterned inversion scheme and a frame inversion

scheme for said polarity areas.

Controllable device according to any of the preceding claims, whereby said
one pair of voltage values for one phase value is predetermined in advance
for a single liquid crystal modulator cell or one polarity area including a
plurality of liquid crystal modulator cells in dependence on at least one of the
polarity of the voltage value, the absolute value of the voltage, the size of the
polarity area, the position of the liquid crystal modulator cell or the polarity
area in the modulator matrix (10), and the time frame of the nominal phase

value.
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10.

11.

12.

13.

Controllable device according to any of the preceding claims, comprising a
plurality of storage units for selectively storing voltage values for at least one
positive polarity, negative polarity, a liquid crystal modulator cell and a polarity

area.

Controllable device according to any of the preceding claims, further
comprising an illumination unit for illuminating the spatial light modulator
device with light, the illumination unit comprises a pulsed illumination or a
predetermined illumination function, wherein the pulsed illumination or the
predetermined illumination function sof the illumination unit is synchronized
with the operation of the spatial light modulator device or with the inversion
scheme of the spatial light modulator device.

Display comprising a controllable device according to one of the preceding
claims, wherein the display is designed such that two-dimensional image
content and/or stereoscopic image content and/or stereoscopic multi-view

image content and/or holographic image content is presentable.

Method for operating a controllable device according to one of the claims 1 to
10, whereby the control unit selectively applies one pair of voltage values to
one liquid crystal modulator cell, whereby said control unit applies alternately
said voltage values of positive or negative polarity according to an inversion
scheme such that voltages applied to one polarity area have the same

polarity.

Method for calibration of a controllable device for phase modulation of
coherent light with a spatial light modulator device for generating a light
distribution, whereby said controllable device comprises liquid crystal
modulator cells arranged on a modulation matrix for modulating the phase of
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14.

15.

16.

light passing through said liquid crystal modulator cells, comprising the steps
of:

applying voltages of negative and positive polarity to at least one liquid crystal
modulator cell or at least one polarity area comprising a plurality of liquid
crystal cells;

measuring the phase shift for positive and negative voltages of said liquid
crystal modulator cell or said polarity area;

generating a set of applied voltage values in dependence on the measured
phase shift for positive and negative polarity, respectively;

determining a phase interval, in which said sets can be fitted by an analytic
function or by a polynomial fit;

determining the voltage values of positive and negative polarity for —
preferably equally spaced — phase shift values within said interval; and

storing said voltages values of positive and negative polarity determined from
said fitted functions.

Method for calibration of a controllable device for phase modulation according

to claim 13, whereby the phase interval is a phase range of ¢, —¢, =m -2, m

being a real number.

Method for calibration of a controllable device for phase modulation according
to claim 13 or 14, further comprising the step of re-applying the stored voltage
values for determination of the calibration accuracy.

Method for calibration of a controllable device for phase modulation according
to claim 13 or 15, whereby the voltages values of positive and negative
polarity determined from said fitted functions are further assigned to certain
phase shift values.
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17.

18.

19.

Method for calibration of a controllable device for phase modulation according
to any of claims 13 to 16, further comprising the step of synchronizing a
backlight illumination of the spatial light modulator device and a phase shift
measuring sensor such that the backlight illumination illuminates the spatial
light modulator device only during the time frame where liquid crystal
molecules have approached their final orientations within a required bit depth,

which determine the nominal phase value.

Method for calibration of a controllable device for phase modulation according
to any of claims 13 to 17, further comprising the step of spatially arranging at
least one phase shift measuring sensor at positions being suitable to measure
the phase shift of said liquid crystal modulator cells or said polarity areas.

Method for calibration of a controllable device for phase modulation according
to any of claims 13 to 18, further comprising the step of synchronizing the
phase shift measuring sensor according to an inversion scheme applied to
said liquid crystal modulator cells or said polarity areas.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-4, 7-12

The first invention concerns a controllable device as
defined in claim 1, i. e. a controllable device for phase
modulation of coherent Tight with a spatial 1ight modulator
device for generating a 1light distribution, comprising: a
modulator matrix (10) having a plurality of liquid crystal
modulator cells each being adapted to modulate a phase value
of Tight passing through said liquid crystal modulator cell
depending on a voltage, which is applied to said liquid
crystal modulator cell;at least one polarity area of said
modulator matrix (10) including at Teast one liquid crystal
modulator cell;at least one storage unit for storing at
least one pair of voltage values of which one has a positive
and the other has a negative polarity for said Tiquid
crystal modulator cells, whereby said pair of voltage values
corresponds to a predetermined phase value; and a control
unit for selectively applying one pair of voltage values to
one liquid crystal modulator cell, whereby said control unit
is adapted to apply alternately said voltage values of
positive or negative polarity according to an inversion
scheme such that voltages applied to one polarity area have
the same polarity, wherein, as claimed in claim 4, the
control unit is further adapted to dynamically adjust said
polarity area size and/or a polarity area position and/or a
polarity area shape according to the light distribution to
be generated.

2. claims: 5, 6

The second invention concerns a controllable device as
defined in claim 1 (see the first invention for further
details), wherein, as claimed in claim 5, the light
distribution to be generated is defined by at least one
sub-hologram (20) and the control unit is adapted to adjust
the polarity area size and/or a polarity area position
and/or a polarity area shape such that the length of
intersection Tines (30) between different polarity areas, in
which one sub-hologram (20) is generated, is minimized.

3. claims: 13-19

The third invention concerns a method for calibration of a
controllable device as claimed in claim 13, i. e. a method
for calibration of a controllable device for phase
modulation of coherent Tight with a spatial 1ight modulator
device for generating a light distribution, whereby said
controllable device comprises liquid crystal modulator cells
arranged on a modulation matrix for modulating the phase of
light passing through said liquid crystal modulator cells,
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

comprising the steps of: applying voltages of negative and
positive polarity to at least one liquid crystal modulator
cell or at Teast one polarity area comprising a plurality of
liquid crystal cells;measuring the phase shift for positive
and negative voltages of said liquid crystal modulator cell
or said polarity area;generating a set of applied voltage
values in dependence on the measured phase shift for
positive and negative polarity, respectively;determining a
phase interval, in which said sets can be fitted by an
analytic function or by a polynomial fit;determining the
voltage values of positive and negative polarity for -
preferably equally spaced - phase shift values within said
interval; and storing said voltages values of positive and
negative polarity determined from said fitted functions.
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