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20 Abstract: A time-sequential working, spatially multiplexed autostereoscopic 3D display design
21 consisting of a fast switchable RGB-color filter array and a fast color display is presented. The
22 newly introduced 3D display design is usable as a multi user display as well as a single user
23 system. The wavelength-selective filter barrier emits the light from a larger aperture than common
24 autostereoscopic barrier displays with similar barrier pitch and ascent. Measurements on a
25 demonstrator with commercial display components, simulations and computational evaluations
26 has been proceeded to describe the proposed wavelength-selective display design in static states
27 and to show the weak spots of display filters in commercial displays. An optical modelling of
28 wavelength-selective barriers has been used for instance to calculate the light ray distribution
29 properties of that arrangement. In time-sequential implementation it is important to avoid that
30 quick eye or eyelid movement lead to visible color artifacts. Therefore color filter cells, faster
31 switching than conventional LC display cells, must distribute directed light from different
32 primaries at same time, to create a 3D presentation. For that electric tunable liquid crystal
33 Fabry-Pérot color filters are presented. They are switch on-off the colors red, green and blue in
34 millisecond regime. Their active areas consist of a sub-micrometer thick nematic layer sandwiched
35 between dielectric mirrors and ITO-electrodes. These cells shall switch narrow-banding light of
36 red, green or blue. A barrier filter array for a high resolution, glasses-free 3D display has to be
37 equipped with several thousand switchable filter elements having different color apertures.

38 Keywords: fast switchable wavelength-selective elements, autostereoscopic image splitter, color
39 filter barrier array, computational display, Fabry-Pérot color filter, on-off filter mode

40

41 1. Introduction

42 Optical image splitters are often used to build autostereoscopic displays. A high number of
43  image splitter elements is necessary to shorten the intern projection way and to create tiny

44 projections on the level of pixels and subpixels. That causes a flat 3D display design. Some
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45  switchable techniques allow an opening and closing of alternative barrier apertures on the image
46  splitter. These components are known as spatial light modulators [1].

47 The image splitter is placed either directly in front or behind the pixel plane of the display
48  panel. Common forms of image splitters are parallax barrier and lenticular lens arrays [2]. Special
49  kinds of barriers are wavelength-selective [3-5]. Stripe, step and hole masks complete the possible
50  geometric shapes of the barrier and can be designed with various ratios and slant angles.

51 Autostereoscopic multiview displays are distinguished in several techniques characterized by
52 the geometrical relation of display and image splitter [1,2,6]. So classifications differ in two-view,
53 multiview and lightfield displays.

54 Response times of tunable color filters and optical color shutters in the millisecond regime
55  enable novel applications already in the area of image recording, image displaying and processing of
56  video sources [7,8,9]. The strong birefringence of liquid crystals, the possibility to align them by
57  confining surfaces and to trigger their alignment by an external electric field makes them well
58  suitable for tunable interference filters [10-12]. The reorientation of nematic liquid crystals (NLCs)
59  has been proved in various interference filter designs to generate fast switching times and wide
60  shifting ranges. These include Lyot filter stacks [13,14] and Fabry-Pérot filter [11,15,16]. A Lyot filter
61  stack consists of several stages of a birefringent layer and a subsequent polarizer whereby the
62  Dbirefringent layer of each stage has half the thickness of the preceding one. Electrically tunable NLC

63  Lyot filter stacks operating in the visible light range were already commercialized [12].

64 In this paper we report about a novel barrier technique for autostereoscopic displays using fast
65  switchable wavelength-selective filters as time-sequential image splitter elements. In following
66  chapters we describe the methodology of designing wavelength-selective filter barriers for
67  autostereoscopic displays. We outline two example solutions we have found with the applied search
68  strategy. We show an experimental setup for assessment of design und we report about an

69  experimental evaluation of a fast switching cell design with Fabry-Pérot characteristics.

70 2. Switchable color filter barrier for autostereoscopic display design

71 The autostereoscopic 3D-displays discussed in this paper use a time-sequential switchable
72 wavelength-selective filter barrier. Stripe-patterned filters with different transmittance ranges are
73 used for the directional separation of multiple stereoscopic image information. The visibility of
74 visual artifacts will be avoided by the transmission of all display colors in every light-emitting step

75  of the sequence.

76 2.1. Basic structure of switchable wavelength-selective barriers for multiview 3D display

71 Figure 1 illustrates schematically the cross section of such an autostereoscopic 3D-display. The
78  BGR color filter barrier FP is positioned at a selected grid distance a in front of a RGB pixel matrix
79  plane PMP. Such multiview displays emit directionally different image information into neighbored
80  viewing zones of width P. For this purpose, the screen was divided into image strips where the
81  individual views are interleaved on the subpixel level. Each image strip VP with a width of n

82  subpixels SP contains information of every view in its neighbored pixel columns.

83 Switchable color filters can be applied as shift filter and on/off filter. In the example shown in
84  Figure 1 the color filter elements are not able to change their passband. In the on-state their

85  individual barrier elements transmit only one of the red, green or blue wavelength ranges, and in the
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off-state they block all visible light. Optimal dimensions and the appropriate arrangement of the

barrier cause the emitted light rays to converge at the viewing distance D on the image projection

plane PP.
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Figure 1: Principle of time-sequential operation of a wavelength-selective multiview 3D-display at

the state on t: and 2 with resolution enhancement in the same positioned viewing zones V1 to VN

For this purpose, the individual filter elements of the width F need a certain period width L.
They are arranged in a period which is slightly smaller than the width of the image-strip VP. The
views correspond to the 1 subpixels which will be visible in one of the channels V1 to VN. Because of
the time-sequential mode, details of a number of different interlaced images corresponding to the
number of switching states will be visible. This increases the resolution of views and is proportional

to the number of switching stages of the alternative filter elements.

Figure 2: Partial view on the setup of the time-sequential wavelength-selective 3D display. The
depicted colored light-rays are transmitted through the corresponding color filter stripes. The

presentation on the left and right show the two switching states at time ¢1 and ¢2.

d0i:10.20944/preprints201702.0004.v1
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100 Common layouts of autostereoscopic barrier displays use a slanted barrier and a standard 2D
101  matrix display. In contrast, we decided to use a vertical color stripe barrier and a display matrix with
102 vertically alternating subpixel colors. Figure 2 shows this arrangement. The color stripe pattern of
103 the barrier is exactly rectangular oriented to the colors on the display matrix. Subpixels with same
104 color are located in a row. Therefore, a local emission in one of the colors does not show any change
105  of brightness at a movement of the observer within a lobe. A time-sequentially switchable,
106  wavelength-selective RGB-color-filter barrier FP was placed at a defined distance a in front of the
107  matrix display. In this arrangement the contents of the left and right views were interleaved
108  line-by-line separated by always one color. Figure 2 shows how the left view, drawn with the
109  brighter colors, and the right view, drawn with the darker colors, were interlaced with always three
110 neighbored subpixels of same color per line. From line to line, the position in the content changes by
111 two subpixels, because of the same offset of the colors in the barrier. Like in Figure 1, on this 3D
112 display design the same parameter V=6 can be defined as the number of subpixel per group VP, but

113 this separated for every colors.

114 The emitted light converges at viewing distance D in adjacently arranged stereo rhombs of
115  uniform color mixing of red, green and blue. Figure 2 demonstrates the time-sequential operating
116  mode, where alternative openings are created and the subpixel allocation is simultaneously shifted
117 by V/2 subpixels. Opposite the arrangement in Figure 1 the color filter stripes are equal distributed
118  anytime. The shift does ensure that the image contents of the adjacent stereo zones converge at the

119  same position.

120 2.2 Geometric considerations

121 Figure 3 schematically illustrates a cross-sectional view of the 3D display shown in Figure 2 for

122 arow of red subpixels and its associated red filter barriers.

s e vp o
M8
N/ /i R
\ N/ v, 1,
\NIWIN V1, 1) 70"
i/ |l[/;// I,//ﬁ// ©
_______ e ___2 /5. SN, | 1 | 7 A —
Y\ l// 4/_/
< ) E 4
1 SE
/ I\ v
SR AN LM
S il 2
S ,/// ///; )
£ \\Y gdht an
AR ‘\ \\ / % 71
/i A NN
/1 /N7
¢ g M ) %
;o W' < (i °
v
I/ I// ”//\ 17 Ié / /]
/ ,,} { / 4
Iy M 27\, /
Y A AN |
/ /a7 1 W |
7 4 / AA / ]
Vi /l LA, |
A N AR AR N
VARV YA
A AT VAN,
pa ,/y Wy 4 V
123 ! I [
124 Figure 3: Top view, horizontal cross section of the display design for single-user mode. The left and

125 the right view share always six red subpixels per group VP [19]
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126 The border rays from the subpixels of width SP pass the red barrier in distance a. It is shown
127  exemplarily how the projections of the rays from dark red drawn subpixels mark a channel T. To
128  that purpose the ratio R between subpixel width SP and the filter width F as well as the width of the
129 gaps, has to be well designed. R indicates, whether the presentation of a 3D display converges like at
130  a multiview or two-view display. In these cases the ratio has to be by R > 1 [3]. It can be calculated by
131  distance L between the opened color filters of identical wavelength and of image strip width VP or
132 from viewing distance D and grid distance a.

Sp VP D+a

133 “F+s L D

€y

134 The channel width T, which derives from the viewing distance D, can be calculated with the
135 following equation (2). This equation describes the width of every stereo zone. Figure 3 shows a
136  single-user 3D display with three bundled subpixels in one stereo channel. Two stereo rhombs are
137  created and overlapped by 1/3 of their projection width T. The central area of such a stereo-zone has

138 no optical crosstalk.

;. @+D)-(F+5P)

139 P’ )
140 To minimize crosstalk and thus to achieve a better separation gaps s can be embedded between
141  the filter barriers. These gaps reduce the crosstalk but also the luminance efficiency” [19].

142 2.3 Switching mode

143 In time-sequential operating mode, the writing of interlaced content into the display panel and

144 the shift of the filter barrier have to be synchronized. The display pixels in the LC cells don’t be
145  illuminated by the backlight before their switching operations are completed. Otherwise, image
146  content of the previous stereo image would be still visible and lead to crosstalk. Although a more
147  simple structure of the switchable filter is possible if the display panel is rotated by 90 degrees: The
148  screen layout doesn’t longer run from top to bottom but from left to right.

149 The barrier strips are also switched from the left to the right. Since the switching process of the
150 filter barrier is matching with the writing direction of the display, the display panel, filter barrier and
I51  backlight can be synchronized in a rolling shutter operation mode. That requires very fast switching
152 filter barriers and displays. The cross-talk will be minimized during switching by the progressive
153 motion of the blanking phase BP from the left to the right, in which the backlight is switched and
154 localized to black. “The required switching speed of the components results from the need to finish
155  the optical switching processes of corresponding image and filter columns within this dark phase. So
156  the system timing is determined by the slowest response time of the on/off-times. A simple control
157  scheme is possible when the length of the screen time BZ and blanking phase BP are equal. The
158  frame rate is then determined by the half number of interlaced images written in the display. The
159  number of different switching stages of the wavelength-selective filter specifies an image sequence.
160  This sequence is reproduced with a frequency on the display, which ensures a flicker-free image
161  representation. In the simplest case with two switching stages and two blanking periods, always

162 repeated 60 times, the frequency for writing the images would be 240Hz.[20]”
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163 The local white balance, realized by summation of neighbored colors can be guaranteed in each
164 switching stage, if their number isn’t a multiple of the number Nc of primary colors. At the same time
165  all opened slots transmit the same color, if the number of switching stages vy is a multiple of Ne. The
166  white balance can be achieved only time-sequential, which is visible at fast eye movements
167  (saccades) as color breakup. A circumvention of this limitation is described in the chapter about the

168 multiview mode.

169 2.4 Resolution and Luminance

170 The maximum resolution achievable by the time-sequential operating mode is the full
171  resolution in the horizontal direction and 1/N. in the vertical direction. The maximum luminance
172 Lmw, which can be achieved at optimal transmission of the filter elements, is dependent of the
173 number of switching operations vs; and the length of the blanking period BP. The general

174 relationship is shown in the following equation (3).

L
175 Linax = 5 3)
Nc * Vs - (ﬁ + 1)
176 The parameter Lrcs is the luminance of the full emitting display panel. In comparison with black

177  and white barriers the resulting luminance Lme is the same, but the resolution is improved.

178  However, using a blanking period BP identical to the screen time BZ, the luminance is reduced.

179  2.5. Two view mode

180 The display design shown in Figure 3 is carried out in Figure 4 for the two-view mode. The
181  interleaving pattern and the overlaid filter barrier are illustrate for a display with 6 subpixels per
182  subpixel group and two switching stages. The arrangements correspond to the time-sequential steps

183  of operation in an autosteroscopic single-user display.
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184 Figure 4: Right: wavelength-selective filter barrier in two switching stages t: and t.
185 Left: the corresponding interleaving of the left (1) and the right (2) image contents.
186 The left (1) and right (2) contents are dedicated to the available subpixels within

187  subpixel-groups VP. As illustred in Figure 4, through the color barriers, the left content is visible to
188  one eye. The other eye sees the right content. Subpixels covered by the blanked filter stripes are used
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189  for mixing of the content. As sign for mixing is a x used. If the user moves his head, mixing ratios
190  and positions of mixed subpixels change depending the user position. This is effectuates by a
191  tracking signal. The switching stages effect a horizontal offset of 3 subpixels between the

192 interleaving patterns.

193 The configuration of the filter barriers can be freely selected without changing the basic
194 structure of the display. Thus, additional switching stages will be generated with other filter
195  assignments to control the width of the stereo zone or the value of the optical crosstalk. The
196  interleaving pattern and the frame rate of the display or the readout frequency of the image memory
197  have to be adapted to the respective configuration. This can be adapted precise in X-Z direction to
198  the eye position of the observer. An accurate redistribution of the image content is required. For this
199  purpose the bordering subpixels I1x> and Lx1 located between the left [1and right I» image content, are
200  interpolated proportionally in dependence from the displacement value Is according to the equations
201  (4) and (5). The offset value I is a floating point number. The fractional part of the offset value
202  determines the interpolation ratio [20]. Furthermore, other approaches for a redistribution of

203  brightness intensities of the views are possible [21].

204 Lixo =1 - U= D) + I - (1= U — L)) (4)
205 Ly =1L Us— LD+ L -1 —Us— 1) (5)
206 The emission characteristic of this display design was tested in a ray tracing simulation

207  developed for wavelength-selective 3D displays. Narrow-band filters and no refractive optics are
208  used. The simulation software could be limited to the determination of the radiation behavior from
209  the superposition in the three core wavelengths. Modeling of the subpixels, their matrix and the
210 color filter barrier are based on geometrical optics and a Lambertian radiator approximation of
211 higher order [7].

120 ] ——— 120 ————T——T——T—
[— View -
100 100 4
E 80 € s
g 8
I T
S 60 S 60
£ g
E €
3 404 3 404
20 201
0 T T 1 T 0 T T T T T 1 T
20 45 40 5 0 5 10 15 20 20 45 -0 5 0 5 10 15 20
Viewing angle (deg) Viewing angle (deg)
212 Figure 5: Luminance profiles for a two-view display design, left without gaps and right with gaps on
213 the subpixel matrix.
214 The luminance profiles and thus the emission properties of each stereo channel are position

215  dependent. Their determination depends on the special design (geometry and color) of the filter

216  barrier and the necessary content distribution [18]. The luminance profiles for a single user display
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217  shown in Figure 5 are the result of such simulation. They correspond to an idealized description of
218  color filters, which have an optimal transmission characteristic. Only light of the corresponding
219  wavelengths will pass the filter barrier.

220 At first, the display matrix is modeled with rectangular subpixels without a gap. In combination
221  with the vertically oriented filter barrier a nearly rectangular gradient of intensity results on the
222 imaging plane, only similar to lenticular lens grids. Therefore, separation of the left and right image
223 content is improved. The increase in crosstalk at larger viewing angles remains moderate. In contrast
224 to lenticular lens raster there is no angle dependent field curvature, Petzval curve, of the focal point.
225  An angle dependent decrease in brightness can be read from the diagram. It is determined by the
226  emission characteristic of the pixel panel.

227 At second, the calculation uses vertical gaps with 10 % of width of the original pixel height. The
228  resulting graph shows that a 10% gap reduces the brightness similar by about the same percentage.

229  2.6. n-View mode

230 In case of switching the above display design to an n-view multiview 3D display, all subpixels
231  of a subpixel group will be assigned with more than two slightly different partial-images of a scene.

232 Those will be interleaved, dependent on the number of switching steps with a line-by-line offset.
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233 Figure 6: Multiview mode with special color filter scheme by using 9 views and 3 switching stages
234 (t1, t2, t3); on the left illustrated the color filters and on the right the corresponding interleaving
235 pattern.
236 The images in Figure 6 show a multiview 3D display with 9 views and 3 switching steps, where

237  the left side shows the filter state of the entire system and the right side the associated interleaving
238  pattern. The number of switching steps, three, corresponds to a RGB-color barrier. White

239  compensation is possible by superposition of the colors in the time domain. A local summation of all
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240 3 colors is realized by switching the filter colors in accordance to the step number in multiples of
241  three. In this special case, the sequence of 9 filters belonging to one subpixel group would be
242 changed from RGB-RGB-RGB into RGB-GBR-BRG.

243 Figure 7 shows the luminance profiles for the 9 view multiview 3D display as described above.
244  This display design also was simulated and evaluated by the simulation tool. Due to a vertical
245  aligned grid and horizontal arranged subpixel, the luminance profiles of each view get a triangle
246  shape. In the center of each view, the luminance profiles reach their maxima, because there is only
247  one single point in front of that display, where the whole area of a subpixel exactly shines through
248  the aperture. On this system we also realize that there is a linear changing of image information of
249  view 1-9. The display approach works therefore like a continuous multiview system. The maximal
250  intensity of a view is 111cd/m?, implied by equation (3), where the initial luminance is Lrcs =

251  1000cd/m? and the number of switching steps are vs=3.

252
— View 1
— View 2|
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20 15 10 5 0 5 0 15 20
Viewing angle (deg)
253
254 Figure 7: Luminance profiles for the 9-views of the multiview display design

255 3. Experiments and Results

256 3.1. Verification of switchable color filter array assembled with a large area color display

257 The display design of an autostereoscopic screen with switchable wavelength-selective
258  parallax-barrier was set up by commercially available display components. It was experimentally

259  examined how the theoretical approach corresponds to the practical behaviour.

260 Table 1: Display data
Resolution Pixel-Pitch
Display 1 5120x2880 (5K) 116,55 um
Display 2 1366x720 (1.4K) 349,50 um
261 The double-display mock-up bases on two different flat screens and is shown in Figure 8.

262  Resolution data and pixel pitches of the display are listed in Table 1. In reference to the chosen
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display design continuous RGB-color lines are arranged by 90°-twisting of the rear display 1. The

interspace distance between both displays can be aligned by micrometer screws at four positions.

For the investigations the distance a between display and barrier is set to 2.9 mm. This display

combination shows a central-perspective emission characteristic as needed for Multiview

technologies. Both displays use nematic crystals and IPS-technology with a 1:3 aspect ratio of pixel

shape. The opposite arranged polarizers of the displays are aligned in the same direction. The 3D

display arrangement in operation shows visible moiré-formation caused by the overlapping of two

periodical grids and the high area share in subpixel gap lines. To suppress those effects, the usage of

elliptical diffusors was examined. However, reduction of moiré-effects by diffusion affects the image

contrast.

Figure 8: Demonstrator, with 90° crossed display panel, mounted at a metal frame and calibration

fixture

The measured luminance losses of the system, see Table 2, are approximately 91% and are

caused by geometric properties of the display pixels and by spectral properties of the arrangement.

The question is how this value can be improved. Therefore we have to understand the conditions

that reduce this value.

Table 2. Luminance of single-displays and demonstrator with white and prime-color (red, green and

blue)
Display 1 (5K) Display 2 (1.4K)* Demonstrator, Displays 1+2
White Pixel Luminance 214 cd/m? 158 cd/m? 18,6 cd/m?
Red Pixel Luminance 56 cd/m? 32 cd/m? 5,3 cd/m?
Green Pixel Luminance 146 cd/m? 109 cd/m? 9,8 cd/m?
Blue Pixel Luminance 12 cd/m? 17 cd/m? 0,9 cd/m?

* Values measured with the own display backlight (backlight was removed in the mock-up assembly).

Figure 9 shows the geometric differences between the idealized and real appertures of the pixel

designs, in Figure 9a for the image display and in Figure 9b for the color barriers.


http://dx.doi.org/10.20944/preprints201702.0004.v1
http://dx.doi.org/10.3390/app7020194

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2017 d0i:10.20944/preprints201702.0004.v1

11 0f 22
284 . b)-
285 Figure 9: Comparison of idealized subpixel structures (only green glows) on the left with the real
286 subpixel structures on the right. That is shown for a) display 1 (image display) and b) display 2 (color
287 barrier)
288 Due to the non-transparent gaps between the pixels, the light intensity emitted by the subpixels

289  will be reduced by approx. 1/3. The idealized gap structure was simulated by the in-house software,
290  the luminance profiles in Figure 5 were calculated based on this model. Furthermore, the crossed
291  arrangement of displays and proportion of pixels cause an additional 2/3 reduction of the light
292  intensity. The geometrical reduction factor results in approx. 2/9 or 22 % transmission of the source

293  intensity of display 1.

294 3.2. Spectral, luminance and crosstalk measurements

295 It is generally known that the visible crosstalk is an overlay [33-35] by optical crosstalk due to
296  the non-ideal spectral separation of the primary colors and electrical crosstalk due to the electrical
297  coupling between the subpixels in the matrix. In our 3D display arrangement the individual spectral
298  fractions of prime-colors of both displays clearly differ. This leads to a visible color crosstalk and a
299  reduction of light transmission for this demonstrator arrangement with display 1+2. In Table 2 the

300  measured luminance of prime-colors of display 1+2 don’t add up to the measured white-luminance.

1,0x10° T T T T T T T T 1,8x10° T T T T T T T T
9.0x10% 1 (1+2) white+white pixel , (display 1) green pixel
i B . 1,6x10™ . .
- - = (1+2) white+red pixel [[[1"](display 2) green pixel
8,010 —-—- (1+2) white+green pixel 1,4x10° - (1+2) green+green pixel
7 0x10% - ---=- (1+2) white+blue pixel
—_ —_ 1,2x10° 1
26,0107+ 2
g > S 1,0x10°
2 50x10% =
7] [72] -4
5 a0x10] g 8.0x107 _ 0,224, (I=Source intensity)
£ ¢ £ .
T s0x10% T s
2,0x10* 4,010
1,010 2,0x10" o
00 T T T l = | - LB e e 0,0- T T T T
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Lambda [nm] Lambda [nm]
301 Figure 10: Left: 5SK-display1 with white spectrum and 90° tilted 1.4K display 2 with single prime-colors, visible
302 crosstalk of blue in green; Right: Spectral intensity of the green color primaries from both panels
303 In Figure 10 the measured values of the whole display demonstrator are indicated by the left

304  and the right graphs. Differences in the spectral distributions of display 1 and 2 reduce the intensity
305  from 22% to 12%. Thus, the combination of geometrical and spectral properties determines a
306  transmission loss of approx. 88 %. The measurement results of the single color arrangements will be

307  explained by one example; the Green-Green combination with max. 10 cd/m2 The White-Green
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308  combination shows a reasonable amount of red intensity in the transmitted green area from 570 to
309 620 nm. This is caused by the broad green emission and filter characteristic of display 2. The
310  measured intensity transmitted through the demonstrator corresponds to only 7% of source
311  luminance depicted in the green filled area in the right part of Figure 10. An explanation for the
312 remaining 5 % difference can be given by absorption losses and stray light in polarizer, glass and
313 filter layers of display 2.

314 To analyze the color filter design for the two view setup of chapter 2 shown in Figure 4 the
315  measurement and the simulation uses the same test pattern and parameter sets. The pixel pitches are
316  input parameters from Table 1. From Figure 9 the pixel areas were used for calculation of the
317  luminance distribution. For their analysis the first test pattern used only one emitting green column
318  per stripe image. In addition the measured green luminance of 146 cd/m? for display 1 was used as
319  simulation input. The crosstalk values were determined from the angle dependent luminance
320  profile.

321 The measured luminance distributions for the green single-columns (view 1 and 2, respectively

322 left and right) are shown in Figure 11.

5 v T T T 50 : T 7 T ] T
View 1 ; ‘ ! !
————— View 2 b 7 '
40+ — —
£ < . Lo
g < L L
= L o
? Lo [
£ g 2 — b
3 © Lo Lo
10 7 \_/ 'l\\//’l U \\‘//’ U
— View 1
fffff View 2
0 T T
20 20 -10 0 10 20
323 Viewing angle [deg] Viewing angle [deg]
324 Figure 11. Experimental measured luminance and crosstalk green, 1 channel green/1 channel black

325  Besides the main peaks there are smaller peaks visible for the two views, where the minimum
326  luminance is 0.2-0.3 cd/m2. The measured ground level of about 0.2 cd/m? cannot be explained by the
327  black level of the display. Its value of about 0.05 cd/m?was determined in a control measurement. The
328  observed increase of the lower luminance values is mainly caused by electrical and optical crosstalk.
329  Inthe process of electrical addressing, black subpixels with low intensity are slightly stimulated [36].
330 The causes for the different kinds of crosstalk cannot be precisely separated by measurement
331  technology. Therefore, it is complex to consider this in the simulation [37]. Taking this into account,
332  we have defined a parameter for the spectral residual light components that occur as a result of the
333 unwanted electrical crosstalk. That parameter is valid for the complete display assembly. It's
334  weighting the visible area fractions of the subpixels [17] and the maximum luminance of the
335  subpixel colors in the simulation. These corrected values will be part of the calculation of luminance
336  in the subpixel positions. Thus we defined further parameters of the spectral transmission for every
337  of the six subpixel positions of the stripe image. With these parameters we take into account
338  differences in color intensity of the demonstrator. They are caused by the spectral profile of the

339  backlight and the special filter characteristics of the primaries.
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340 Figure 12. Simulated and experimental luminance and crosstalk of green, 1 channel green/1 channel
341 black
342 Figure 12 shows the simulated and measured graphs of luminance and their crosstalk profiles.

343  The new defined parameters were careful modified to adapt them to the original measurement
344  graph. The difference in luminance between simulation and measurement is caused by the spectral
345  intensity losses of our mock-up arrangement. However, the simulation of the measurement is well
346  approximated for the green image parts. The spectral transmission was estimated to about 55 % by
347  integration of the overlapping area under the primary peaks of display 1 and 2, see Figure 10. The
348  low maximum transmission leads to crosstalk values round 8% for a 1-channel-arrangement and

349  min. 15% for a 3-channel-arrangement in Figure 13.
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350 Figure 13. Simulated and experimental luminance and crosstalk of green, 3 channels green/3
351 channels black
352 Furthermore, in Figure 13 the measurements and simulation results with three-times wider

353  channels (3 neighbored sub-pixel columns are bright) show a three-fold sub-structuring of
354  luminance peaks instead of the expected luminance plateaus. Actually, the reason for these
355  sub-structuring can be determined by the simulation software. It's caused by the structure of
356  subpixels, shown in Figure 9. The palmate sub-structure in the graphs of Figure 13 is dependent of
357  size and alignment of the gaps between the subpixels.

358 The proposed geometric design approach was verified by the experiment but the 3D display
359  demonstrator also shows an inadequate amount of color filter crosstalk. It has been demonstrated

360 thata very specialized display design is necessary when a fast switchable barrier with high aperture,
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361  high transmission and excellent color separation has to be planned. Therefore, a novel color filter
362  based on common nematic liquid crystals (NLC) was developed and investigated.
363 3.3. Evaluation of novel fast tunable interference color filter

364  The switching times of the electric field driven reorientation of NLCs are given by equations (6) and

365  (7), respectively.

y1d? . K1y
366 ton=—"—75—5~ th = 6
M eoldel(u? —ud,) w Yen =T e Tdel ©
y1d®
367 toff = 5o 7
off (7T2K11) 7
368 Here, y1 is the NLC rotational viscosity, d is the NLC layer thickness, ¢o is the free space

369  permittivity, A: is the anisotropy of the dielectric constant of the NLC, K1 is the NLC splay elastic
370  constant, U is the applied voltage, and U is the NLC threshold voltage. Both, fon and toff are directly
371  proportional to the square of the layer thickness. Accordingly, the Lyot filter stage with the thickest
372 NLC layer limits the switching time of the entire stack. Its usual large thickness leads to relatively
373  long switching times ranging from tens to hundreds of milliseconds. Tunable NLC Fabry-Pérot filter
374  have the potential to switch significantly faster. They consist of a single cavity sandwiched between
375  mirrors and electrodes. Their simple structure enables to minimize the NLC layer thickness and thus
376  to improve the switching time. As shown by equation (3), a decreasing cavity thickness also results
377  in an increase of the free spectral range (FSR) which stands for the distance between two successive

378  transmission peaks.

379 FSR = 2nd cos6 with = 2nd cos® ®)
m(m+ 1) A

380 Here, n is the refractive index, © is the angle of incident, m is the interference order, d is the

381  cavity thickness and A is the resonance wavelength. However, the conventional spacer technologies

382  used for the construction of the reported examples limit the minimum thickness of the NLC layer to

383 about 2 um [22]. At this layer thickness, the electro-optical properties of NLCs are still not optimally

384  utilized and the small FSR limits the applicability in the visible range. Consequently, no example of a

385  fast switchable interference filter for the visible range has yet been reported.

386 In this paper we present a design concept and three examples of a fast tunable NLC Fabry-Pérot
387  interference filter operating in the visible range. It consists of a sub-micrometer thick NLC layer
388  embedded in a matched filter design. The electro-optical properties of the interference filters were
389  characterized by Vis-spectroscopic and switching time measurements as a function of the applied
390  voltage. The obtained data proof the design concept of the fast tunable color filters. The basic
391  structure of the designed electrically tunable NLC Fabry-Pérot color filters is shown in (Figure 14).
392  The devices were manufactured by assembling two half cells followed by filling the resulting cell
393 gap with a NLC. One of the half cells consists of a glass plate successively coated with ITO, a
394  dielectric mirror and a photo structured alignment layer [23,24] and the other one of a glass plate
395  successively coated with ITO, a dielectric mirror and patterned spacer. The key element of the

396  electrically tunable color filter (Figure 14) is a sub-micrometer thick NLC layer which is
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397  homogeneously planar orientated by the adjacent alignment layer. NLC and alignment layer fill the

398  cavity between two dielectric mirrors. In the field-free state the NLC layer is birefringent.

B glass plate m spacer
= [TO-layer == NLC
mm SiOylayer H alignment layer
399 B TaOy-layer
400 Figure 14: Overview of the basic configuration of the NLC Fabry-Pérot color filter and principle of
401 the switching in an electric field E.
402 Each resonance peak is split into two mutually perpendicular linearly polarized peaks. One

403  polarized along the long and the other polarized along the short molecular axis of the NLC. The
404  distance between the two peaks is determined by the birefringence of the NLC-alignment layer
405  stack. If a voltage above U is applied in the direction of the layer normal a reorientation of the NLC
406  into a homeotropic alignment takes place (Figure 14). This results in the disappearance of the peak
407  splitting. For thin cavities of the Fabry-Pérot filter the distributed reflection of the dielectric mirrors
408  has to be taken into account to calculate the positions of the resonance peaks [25]. This effect leads to
409  a reduction of the peak distances with decreasing cavity thickness and thus to a reduction of the
410  shifting range. As a compromise of an optimized shifting range and a sufficient FSR in the visible
411  range the 21 resonance peak was selected to operate the color filters. This corresponds to an optical
412 path length of 800 to 1600 nm. [26] Taking the refractive index of the NLC into account being
413 typically in the range of about 1.5 to 1.75 cavity thicknesses of about 0.5 to 1 ym are required.

414 For the experimental verification of the electrically tunable color filter performance three test
415 devices were constructed which operate in the red, green, or blue regions of the visible range. The
416  specific device parameters are listed in Table 3.

417 Spacer thickness and the dielectric mirror of each device were adapted to the desired spectral
418  operating range. Patterned sub-micrometer thick spacers with a specific thickness were
419  manufactured by a coating process in which SiO2 was sputtered through a shadow mask on top of

420  the respective substrate. The spacer thickness thus could be controlled with an accuracy of 1 nm.

421 Table 3: Cell parameters of the devices — mirror design and layer thicknesses

Device Mirror design? Mirror materials | Electrode Spacer

Si02 / Ta20s ITO SiO2

I (HL)*H 106 nm /73 nm 40 nm 817 nm

II (HL)*H 96 nm / 64 nm 40 nm 753 nm

I (HL)*H 76 nm /51 nm 40 nm 583 nm
422 ) The layer design is denoted by (HL)™ X in which (HL) stands for the unit structure consisting of a layer H with
423 a high and a layer L with a low refractive index; both layers with an optical thickness of a quarter of the design
424 wavelength, m stands for the number of periods of the multilayer stack and X = H or L for the layer on top of the
425 substrate (here, the layer adjacent to the alignment layer or to the NLC layer of the devices)
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The optical properties of the devices were characterized by Vis-spectroscopic measurements.
As an example the spectra of device I in the off-state and on-state are displayed in Figure 15. In the
off-state a split of the 24 resonance peak into two equally sized peaks is observed. Both peaks are
mutually perpendicular linearly polarized as displayed when inserting a linear polarizer into the
path of the beam of the spectrometer. By rotating this polarizer one or the other peak can be

completely eliminated while the other reaches maximum intensity.

=50 — 50
= N
a0 = 40

600 625
A [nm]

Figure 15: Transmission of device I in the off-state (—) and in the on-state (--) measured with

non-polarized (a)) and with linear polarized (b)) incident light.

This result indicates a homogeneously planar orientation of the NLC. One peak occurs at
Amax = 596 nm corresponding to the refractive index along the short molecular axis of the NLC (1)
and the other at Amax =627 nm corresponding to the refractive index along the long molecular axis of
the NLC (ne). Applying a dc voltage of 30 V between the ITO layers leads to a switching into the
on-state and thus to the disappearing of the resonance peak splitting. The peak at Amax =596 nm
remains unaffected by the electric field while at the same time the peak at Amax=627 nm shifts to
Amax =597 nm where both peaks overlap. These findings indicate a homeotropic alignment of the
NLC. By switching off the electric field, the NLC returns to the planar orientation and again each
resonance peak splits into two equally sized peaks. In summary the 21 resonance peaks of device I
can be reversibly shifted through an applied electric field by 30 nm within the red region of the
visible range. Switching time measurements reveal that the peak shift in both directions can appear
in the millisecond regime or even faster. In responds to an applied dc voltage of 30 V a ton = 0.11 ms
and a forf = 1.1 ms was obtained. These switching times are much faster than reported for NLC Lyot
filter stacks or NLC Fabry-Pérot filters with cavity thicknesses of several um being in the range of
tens to hundreds of milliseconds [27]. Similar electro-optical properties were obtained for the
devices II and IIL. Peak positions (Amax) of the 2A resonance peaks as well as the fo and tof switching

times are listed in Table 4.

Table 4: Measured electro-optical properties of the devices for red, green and blue transmission.

d0i:10.20944/preprints201702.0004.v1

Device | Switching on-state Switching off-state Switching times (U =30 V)
Amax of the 21 resonance peak | Amax of the 24 resonance peaks | fon fotf

I 597 nm 596 nm 627 nm 0.11 ms 1.1 ms

II 545 nm 544 nm 576 nm 0.11 ms 1.1 ms

II1 479 nm 479 nm 501 nm 0.10 ms 1.1 ms



http://dx.doi.org/10.20944/preprints201702.0004.v1
http://dx.doi.org/10.3390/app7020194

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 February 2017

453
454
455
456

457

458
459

460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

17 of 22

As it can be seen there the performed variation of the cavity thickness of the devices shifts the
positions of their resonance frequencies without significantly affecting their operation range and
switching times. Whereas device I operate in the red region, devices II and III operate in the green or

blue region of the visible range, respectively.

a)

T [%]

b)

T [%]

c)

T [%]

475 500
A[nm]

Figure 16: Transmission and visual appearance for the devices dedicated to a monochromatic

incident light for red (a)), green (b)), and blue (c)).

INluminating the devices with a monochromatic backlight whose wavelength matches the
device specific peak position of the electrically tunable 2A resonance peak in the off-state, the devices
can operate as fast switchable barrier filter. This operation mode is displayed in Figure 16. In the
off-state the backlight can pass the devices and thus they shine red (device I), green (device II) or
blue (device III). Switching the devices from the off-state into the on-state shifts their 21 resonance
peaks out of the spectrum of the backlight. Accordingly, the devices appear dark (see on-state in
Figure 16). The same effect could be realized by using a narrowband LED emitting at Amax =574 nm
with a full width at half maximum of 11 nm as backlight for device II.

Again the device operates as fast switchable barrier filter and a green to dark switching is
observed. Although the anisotropy of the birefringence of the used NLC is rather small (An=0.11)
compared to high birefringence NLC (An up to 0.7) [28,29], the resulting operation range of about
30 nm is already large enough for the demonstrated barrier filter function.

Illuminating the devices with linear polarized light enables to switch the wavelength of the
transmitted light. This operation mode of device I is displayed in Figure 15b. In this mode the
polarization direction of the incident light is aligned in the direction of the long molecular axis of the
NLC and thus only the electrically switchable transmittance peak appears in the off-state. By
applying an electric field the transmittance peak is shifted by about 30 nm. This shift takes place
within the free spectral range of the off-state.

The performance of the presented filter design depends to a large extent on the choice of the

NLC. For the present study an eutectic mixture of NLC compounds known to provide low y1 and

d0i:10.20944/preprints201702.0004.v1
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480  low Umwere used [30]. A design of the NLC with a view to specific applications clearly bears a high
481  potential to improve the required NLC Fabry-Pérot filter properties.

482 For example the incorporation of high birefringence NLC should lead to strongly increased
483  operating ranges. Another potential for improvement comes from the technological side. Further
484  decrease of the cavity thickness would result in faster switching times and increased FSR as

485  displayed by equations (6), (7), and (8). Such investigations are currently underway.

486 4. Discussion

487 A time-sequential working spatially-multiplexed autostereoscopic 3D display concept
488  consisting of a fast switchable RGB-color filter array could be presented. The assembling of such
489  large array with wavelength-selective filters used as image splitter barrier has been simulated in
490  interaction with a color display matrix. As an outstanding result such barrier emits the light from a
491  display over a larger active area than common autostereoscopic barrier displays. The separation of
492  equal colored subpixel columns which are apart by two different-colored columns produces in the
493 simulation excellent crosstalk suppression.

494 According to progress in the project, no large-scaled sample of the described switchable color
495  barriers was available for the experimental verification of the arrangement. On that reason,
496  commercial display components had to be used. Because of the low switching speed of these
497  components and the non-synchrony address directions (one display is 90° rotated), the
498  measurements and correspondingly the simulations of this system were carried out on static
499  switching states. The search for suitable components yielded only a single display combination that
500  fulfilled the requirements for suitable resolutions, pixel pitches and polarizer alignment. The color
501  subpixels of these both display components are small and exhibit unfavorable geometric and optical
502  properties which greatly reduce the brightness and cause an inadmissible crosstalk. Both
503  components have been combined in a mock-up by replacing the backlight of the barrier display in
504  front of the assembly. Using a green test pattern it could be shown on the display mock-up that the
505  introduced assembling of display and color barrier array creates an autostereoscopic display image
506  in every switching state. The documentation and analysis of the image properties was only possible
507 by means of optical measurement technology. The influence of the gaps in display cells and in the
508  barrier stripes was detected and examined with the help of the simulation.

509 It wasn't possible to separate the kinds of crosstalk at the measurements of the demonstrator.
510  However, the influence of electrical and optical crosstalk could be simulated with a simulation
511  approach. On that way it was possible to reproduce the luminance curve sufficiently well, due to
512 used parameters with different influences on the luminance curve. The causes of the crosstalk (opt.
513 &electr.) in the static image could thus be assigned unambiguously by the simulation. The temporal
514 superimposition of the 3D representations generated in the successive switching stages led to the
515  desired resolution improvement. Dynamic switching processes in display and barrier increase the
516  optical crosstalk. Further research is necessary to take this into consideration in the simulation.

517 However, the hitherto done investigations show that time-sequential wavelength-separated 3D
518  displays need special designs of the LC-matrix which reduce strong the electrical crosstalk. The
519  traditionally color filter cells used at commercial nematic displays have an inadmissible high optical

520 leakages and an insufficient switching speed for their application in time-sequential
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521  wavelength-selective autostereoscopic displays. Therefore other, extremely fast switchable filter
522 designs with excellent color separation have to be used in display and barrier.

523 In this paper we present a design concept of a fast tunable NLC Fabry-Pérot interference filter
524  cell operating in the visible range. It consists of a sub-micrometer thick NLC layer embedded in a
525  matched filter design. An experimental proof of the feasibility of NLC Fabry-Pérot filters for the
526  construction of in the millisecond regime tunable color filters is given. By reducing the cavity
527  thickness of the NLC Fabry-Pérot filter into the sub-micrometer region improved switching times
528  and an extension of the FSR in the visible range were achieved. The usable operation range of the
529  presented filters amounts to about 30 nm. In combination with a matching of monochromatic or
530  narrow banded backlight the filter can operate as a barrier filter switching between a transparent
531  and a non-transparent state. [lluminated with linear polarized light the filter enables to tune the
532 central wavelength of the narrow banded transmitted light.

533 The results obtained in the simulation and in the practical tests showed that novel application fields
534  can be developed with very fast switchable color filters. The possible application fields of this
535  technology in 3D display constructions are not only the central perspective barrier designs presented
536  here for two-view and Multiview 3D displays. Rather, the design rules shown by us in [6] also
537  permit the application of the presented switchable, wavelength-based selection barrier display
538  arrangement to parallel and divergent radiating 3D displays. The good color separation of
539  Fabry-Perot cells or alternative of filter cells with bandpass characteristics can be used in
540  multi-layered displays (staked displays) [38-41]. It would cause a significant crosstalk reduction.
541 In the case of the time-consistent spectacle-free 3D representation, further investigations are
542 necessary in order to realize large-format, wavelength-selective filter arrays. This relates, on the one
543 hand, to improved, rapidly switchable filter cells with bandpass characteristics which can be viewed
544  from a large angular range. On the other hand, further work is also necessary in the matrix display
545  drive in order to enable a good image separation of spatially multiplexed 3D displays. Today's
546  displays impress with their high resolution. In the proposed design, an HD-resolution 3D display
547  requires more than 6,000 switchable color filter strips with nematic layers in the sub-micrometer

548  range. The necessary technology for large area components is not yet available.

549 5. Methods and Materials

550 The time-sequential autostereoscopic visualization with wavelength-selective barrier and
551  display is a one of the computational display technologies, in which a number of display layers
552 (1 .. Q) are controlled by means of adaptive image processing algorithms [41]. The temporal
553  sequence of differently directed image information increases the visible image resolution. The
554  simultaneous use of all primary colors of the display for the wavelength selection avoids the color
555  breakup [42] known from color-sequential display modes [43].

556 For the theoretical analysis of such complex assembles an in-house simulation tool for flat
557  spatial multiplexed 3D displays, developed by Fraunhofer HHI!, was modified with a geometrically
558  optical model of wavelength-selective barriers. It has been used to simulate several aspects of spatial
559  multiplexed autostereoscopic displays [17] and for the automatically evaluation of 3D-display
560  designs [18].

561 The tool allows you to simulate the properties of the display and the image splitter. For this

562  purpose, selected light beams emanating from the display elements are calculated on the basis of the
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563  geometrical optics. Radiated light quantities, otherwise measured by means of a spectrometer, are
564  calculated by integrating the corresponding intensities in the visible display areas depending on the
565  luminance values. In order to examine the image separation, the subpixel surfaces are provided with
566  different, interlaced image information in the simulation as in the real system. The image
567  information of the illuminating subpixel is therefore also the basis of each calculated light beam. A
568  simulation of the switching transitions has been dispensed with. Thus, only static switching states
569  are considered in order to be able to evaluate the basic functioning of the arrangement. The tool was
570  implemented on a PC system (ASUS ROG G20AJ-DE045S). The layouts of subpixels and
571  wavelength-selective image splitter were described in a modeling at idealized form. This means that
572 the subpixels and filter strips were executed as rectangular surfaces. On one hand the GPU-based
573  rendering did enable to display the path of rays by the laws of geometrical optics. On the other hand
574 it was possible to calculate the optical result, visible from the eye-position of an observer. For the
575  necessary calculations a graphics controller based on NVidia 980 GTX was applied. The algorithm
576  used DirectX11 to render the model construction and used OpenCL to evaluate a selected design
577  choice.

578 The large-area 3D display mock-up was realized on a test carrier from item™.-profiles and
579  micro meter drives. The content display (display 1) was a monitor UP2715K from DELL and for the
580  color filter barrier a RGB matrix panel LC216EXN from LG (display 2) was used. For illumination
581  purposes by display 1, the complete backlight of display 2 was removed. For the control of the
582  display combination a PC with a graphics controller based on NVidia 980 GTX was applied. The
583  subpixel pattern of the used displays, were documented by a Wild-Leica stereo-microscope MZ3
584  with 80-time magnification. The luminance measurements were taken by a PR-680
585  radio-spectrometer from Photo Research Inc. with a goniometrical rotary stage RF1 from isel
586  Germany AG and stepper motor controlled by a PC. The measuring instrument was arranged in one
587  meter distance. It registered the light in a measuring diameter of 17.4 mm.

588 An eutectic mixture of 3,4-Difluoro-4'-(4-propyl-cyclohexyl)bipheny],
589  3,4-Difluoro-4'-(4-pentyl-cyclohexyl)biphenyl and 3,4,5-Trifluoro-4'-(4-pentyl-cyclohexyl)biphenyl
590  was used as electrically tunable NLC resonator medium. The mixture exhibits a nematic phase in
591  between 17.3 °C (melting point) and 67.3 °C (nematic to isotropic transition). The refractive indices
592 of the NLC at room temperature are 7o =1.55 and 7. = 1.66. Simulations of the optical properties of
593 various filter designs were carried out by using the program OptiLayer from OptiLayer GmbH. The
594  NLC Fabry-Pérot color filters were manufactured under clean-room conditions. The two half cells
595  were plane-parallel assembled in analogy to the conventional LCD manufacturing technology
596  [31,32].

597 Switching times were measured optically at room temperature. The devices were mounted in
598  normal transmission geometry between crossed polarizers on an Olympus BH-2 microscope fitted
599  with a Hamamatsu H10722-01 photomultiplier tube and an Agiland Technologies digital storage
600  oscilloscope DSO-X-3024A. Then the device was rotated within the plane to the position of
601  maximum transmittance. Switching times were defined as the 90 % to 10 % or 10 % to 90 %
602  transmission changes in response to a pulsed dc voltage. Spectroscopic measurements were carried
603  out by using an Ocean Optics USB 2000+ spectrometer. All measurements were performed at room

604  temperature. A Jasco V-670 spectrometer was used to generate monochromatic light of specified
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605  wavelength and a Toshiba TLGU1008 LED to generate a narrowband light with a central
606  wavelength of 574 nm. These light sources were applied as backlights for the demonstration of the
607  barrier filter function of the manufactured NLC Fabry-Pérot color filters.
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