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The tendency of the display market is towards displays with higher res-
olutions. Therefore, patterned retarder based stereoscopic displays require
smaller front glass thickness to maintain good vertical viewing angle and lim-
ited crosstalk. To properly design these stereoscopic displays and quantify
these requirements, we developed a simulation platform to predict radiance,
polarization profile, and crosstalk over viewing angles and over wavelengths.
Tunable parameters such as the distance between the pixels and the patterned
retarder, and the optical properties of the patterned retarder are included.
The simulation platform has been validated by comparing outcomes of simu-
lations to measurements. We predict crosstalk accounting for both the human
eye field of view and the diameter of the pupil. We found that to obtain a
vertical viewing angle of at least +30° and crosstalk of at most 0.11 for a
display with a pixel pitch beyond 0.27 mm, the display should include black
absorbers and the thickness of the front glass should be at most 0.5 mm. For
higher resolution displays (pixel pitch no more than 0.21 mm), a front glass
thickness at most 0.15 mm is required to produce a vertical viewing angle
beyond £14° and a minimum viewing distance of 0.3 m.

1 Introduction

The past years, efforts have been devoted to the development of displays providing a
three-dimensional (3D) image to the observers [1]. The most widespread 3D-displays
include technologies utilizing binocular disparity to generate depth in a scene. Amongst
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them, autostereoscopic and stereoscopic technologies exist. Autostereoscopic displays
do not require the observer to wear glasses, but increase of the viewing angle is at the
expense of the image resolution. Stereoscopic displays have good viewing angle and
allow for multiple observers. Patterned retarder technology is a widespread technology
in stereoscopic displays for the consumer market. Especially, LG and Samsung are known
to sell stereoscopic displays including a patterned retarder. An advantage of 3D-displays
including a patterned retarder are the lightweight passive glasses. A typical patterned
retarder based stereoscopic display is illustrated in Fig. 1. Pixels emit linearly polarized
light (rays) which becomes either left- or right-handed circularly polarized depending on
the row of the patterned retarder. To generate binocular disparity the odd rows of pixels
are allocated to e.g. the left eye image and the even rows to the right eye image. The
main cause of crosstalk in such systems is the distance between the patterned retarder
and the pixel plane. In fact, since pixels do not emit collimated light, the larger the
distance between the patterned retarder and the display, the more rays emitted by rows
of pixels intended for retarder stripe A will reach retarder stripe B.

Since the display market (both consumer |2, 3] and medical [4]) is moving to displays with
higher resolution, such as 4K, and more recently 8K, displays, it is of prime importance
to adjust the distance between the patterned retarder and the pixels. Without a proper
adjustment of this distance patterned retarder stereoscopic displays will not have such
a large vertical viewing angle anymore. A few studies [5, 6, 7] have been dedicated to
the calculation of crosstalk for patterned retarder based 3D-displays. In [7] guidelines
are given for designing the patterned retarder for a given 2D-display. In [5] and [6] a
measure for the crosstalk is obtained using a simplified pixel geometry only. Our aim was
to develop a more accurate simulation model using ray-tracing. Besides a more accurate
pixel geometry it is then easy to take into account Fresnel reflections, the wavelength
dependence of the refractive indices, as well as a more realistic model for the human eye.
Therefore, we developed a simulation platform including all the relevant components of
a display, i.e. the precise pixel structure (shape of the subpixels and the black matrix,
the emission profile and emission spectrum), and the geometry and optical properties of
the patterned retarder. With this platform we predict both polarization, radiance, and
crosstalk profiles over viewing angles, and over wavelengths. We also assess crosstalk
over viewing distance, and thus predict the minimum required viewing distance. Finally,
both the field of view of the human eye [8] and the diameter of the pupil [9] are accounted
for to measure crosstalk.

The details of the models included in the simulation platform and the framework used are
given in section 2. The validation of the platform, and an example of results obtained
with the platform for two high resolution displays are described in sections 4 and 5,
respectively. Section 6 discusses the limits, but also, the potential extensions of the
simulation platform.
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Figure 1: Schematic of the stereoscopic LC display (LCD; in section 3) including a pat-
terned retarder and black absorbers.

2 Patterned retarder based stereoscopic display modeling

Due to the optical properties of liquid crystals (L.C) [10] and to the fact that LC cells
are sandwiched between two crossed polarizers [11], light emitted by the LC panel is
linearly (either horizontally or vertically) polarized. To generate a stereoscopic display a
patterned retarder is mounted on the LC panel. As a consequence, the polarization state
of the output light is spatially altered depending on the actual rows of pixels and the
polarization state of the glasses worn by the observer. The patterned retarder consists of
two quarter wave-plates with the axis oriented at 45° or 135,° measured w.r.t. the axis
of polarization of the LC panel. Thus, left and right handed circular polarizations are
generated for the odd and even rows of pixels, respectively. To ensure that the stereo
images have a different polarization state, the left view is displayed on the odd rows of
pixels while the right view is shown on the even rows of pixels. Finally, the spectacles
worn by the observer contain left and right handed circular polarizers separating the two
stereo images and sending them to the appropriate eye.

We developed a simulation platform to predict the radiance, the polarization, and the
crosstalk behavior over viewing angles, and, over wavelengths, of a stereoscopic display
including a patterned retarder. Since the geometry of the problem is complex (we have
to find out which ray goes where depending on many parameters), we find ray-tracing
as being the perfect solution for our simulation framework. Therefore, we modeled most
objects separately from the others and include them into the ray-tracing software used.



As illustrated in Fig. 1, the stereoscopic display can be decomposed into two main parts:
(1) the 2D-display (i.e. the backlight, the back polarizer, the back glass, the TFT matrix,
the LCs, the color filters, the front glass and the front polarizer), and (2) the patterned
retarder. Additionally, black absorbers can be added on top of the patterned retarder
to increase the vertical viewing angle. The pixels of the 2D-display and the patterned
retarder are separated by the front glass, the front polarizer, and the optical bonding.

In the simulation platform, illustrated in Fig. 2, the distance between the patterned
retarder and the pixels is defined as

d3D = tfrontglass + tfrontpolarizer + tbonding’ (1)

with Zrontglasss trontpolarizer, and fhonding the thicknesses of the front glass, the front
polarizer, and the optical bonding, respectively. This simulation platform includes:

e The 2D-display (everything to the left of the front glass in Fig. 1) is modeled as a
pixel plane with a pixel shape and an emission pattern over viewing angles (1. and
2. in Fig. 2). Therefore, the model applies equally well to a standard type display
as to the COA-type.

e A single isotropic medium (3. in Fig. 2) embedding all the elements (the pixel plane,
the front polarizer, the front glass, the patterned retarder, the optical bonding, the
black absorbers) since we assume they all have the same refractive index n = 1.5.

e The front polarizer and the patterned retarder (4. and 6. in Fig. 2), which are
treated as planes since their thicknesses are accounted for in dsp.

e The black absorbers, which can be present or not (7. in Fig. 2).

The simulation platform was developed with the optical design software Zemax. The
models of the components were inserted mostly as Dynamic Link Libraries (DLL). All
simulations described in this paper were run with one million rays in the non-sequential
mode (i.e. rays can be split and scattered by the optical components).

In what follows we discuss these elements in more detail.

2.1 2D panel

In the simulation platform the 2D LC panel is made of pixels (section 2.1.1) emitting light
with a dedicated radiance profile over viewing angles, and of an O-type front polarizer
(section 2.1.2) emitting linear horizontal polarization.

2.1.1 Pixel structure and light distribution profile

The more rays are emitted from the border of, e.g., the odd rows of pixels, the more rays
are likely to reach the even rows of the patterned retarder. Therefore, crosstalk as well
as the radiance of the display are expected to vary in function of the pixel structure.
As a consequence, the precise structure of the subpixels is taken into account. In fact,
depending on the selected 2D LC panel, the pixel structure (i.e. the shape of the emitting
surface) varies, as illustrated in Fig. 3.
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Figure 2: Schematic view of the simulation platform. dsp is the distance between the
patterned retarder and the pixel plane.

Figure 3: Examples of the pixel structure of two different displays, (a) a pixel composed
of three subpixels and a fill factor of 35% (LCD; in section 3), and (b) a pixel
made of three subpixels and a fill factor of 65% (LCD3 in section 3).

The pixel structure is modeled by using data either provided by the LC panel manu-
facturer or has been measured with a microscope with a 10x objective lens. The light
distribution over angles emitted by the 2D panel has been measured while displaying a
uniform patch. Measurements of the different light profiles were carried out using either
an EZContrastXL88MS multispectral device, or an EZContrast160D system, or a Micro-
vision SS220 goniometer. Afterwards, the light profiles measured in air were corrected,
using the Fresnel equations [12], to generate the profiles as if measured in glass.



2.1.2 Polarizer

The front polarizer is modeled as a uniaxial anisotropic medium using the extended
Jones matrix method (EJM) (i.e. a 2 x 2 matrix method) in the small birefringence
approximation (i.e. no multiple reflections) as proposed by Yeh in [13|. The polarizer
was assumed to be of O-type, i.e. only ordinary waves are transmitted. Consequently,

the propagation matrix P is
10

and the transfer matrix M relating the transmitted wave amplitudes to the incident wave
amplitudes can be written as:
M = Dy PD;y, (3)

where Dy, and Dj,, are the output and input dynamical matrices [13, 14] representing the
transmission and the reflection characteristics of each side of the interface, respectively.
The ordinary index of refraction of the polarizer was set to n, = 1.5.

To verify the correctness of the polarizer model included in the simulation platform,
a few simulations were carried out and compared with experimental data published in
[13] and [15], which are based on the same model. Figure 4 depicts the transmission
of the light through two crossed polarizers as published by Yeh in [13] and the results
of the simulation using the aforementioned model of the polarizer. Over the five ¢
angles considered, the Root-Mean-Square Error (RMSE, Eq. 4) between our simulated
transmission Tgimuiated and the transmission calculated in [13] Tiaicutated €quals 6.77 x
104

RMSE = \/2?21(Tsimulated,i - calculated’i)Q (4)

n

2.2 Patterned retarder

The retarder has also been modeled following the EJM method under the assumption of
small birefringence [13, 16].

Two retarders overlaying the odd and even pixel rows respectively are included into the
simulation platform. One retarder has a polarization axis making an angle ¢ of 45° (see
Fig. 5) with the (horizontal) x direction, while ¢ = 135° for the other retarder. The
pitch of the patterned retarder, as well as the optical properties of the retarders, i.e. the
thickness and the birefringence, were obtained from the manufacturer of the patterned
retarder.
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Figure 5: (x,y,z) coordinate system with 6 the polar angle and ¢ the azimuth.

2.3 Polarization assessment

The polarization profile over angles is studied using the Stokes vector given in [17] as:

So
_ |5
S3
with,
So = Py + Py
S1 =Py — Py
- (6)
Sy = Py5 — Pi35
S3 = Pr — Py.



where Py, Py, Pys, Piss, Pr, and Py, are obtained by measuring the radiance through a
0" (i.e. horizontal) ideal (i.e. behaving the same regardless of the polar angle, and without
considering any reflection) linear polarizer, a 90 (i.e. vertical) ideal linear polarizer, a 45
ideal linear polarizer, a 135 ideal linear polarizer, a right-handed ideal circular polarizer,
and a left-handed ideal circular polarizer, respectively. Therefore, the Stokes parameters
are expressed in radiometric units, i.e. W.cm™.sr.”! Sy corresponds to the radiance of
the actual display, and therefore, is proportional to the luminance of this display.

We compute the degree of linear polarization and the degree of circular polarization as:

2 2
poLp — — Y5115 (7)
VSt + S5+ 53

S3

, (8)
V/SE+ S5+ 53
respectively. These quantities are used to compare the results of the simulation platform
with the measurements.

and
DOCP =

3 Experiments

Two LCDs, both 2 Mpixel standard type TFT-LC displays with a pixel pitch of 0.27 mm,
denoted as LCD; and LCDg in the remaining of this paper, were both simulated and
measured. The polarization profiles over angles were computed as given in Egs. 7 and 8.
LCD; and LCDs have different values for dsp, respectivly, dsp =0.88 mm and dsp =0.705
mm. Additionally, the radiance profiles over viewing angles and the pixel structures
(see Fig. 3) of the 2D panels are different. Finally, unlike LCDgy, LCD; contains black
absorbers.

To compare the simulated polarization profiles with the measurements, plots depicting
1D profiles of the polarization quantity (e.g. DOLP or DOCP) of the different outcomes
are generated. A 1D profile of a polarization quantity is produced for a fixed azimuth
(¢, i.e., the projection of the actual ray on the (x,y) in Fig. 5) but varying polar angles
(0, i.e., the angle between the actual ray and the z-axis in Fig. 5).

All measurements related to LCD; were carried out at Eldim (Hérouville-Saint-Clair,
France) using an EZContrastXL88MS multispectral (31 band pass filters regularly dis-
tributed in the visible range 400 nm — 700 nm) measurement device at the central wave-
length A = 550 nm (i.e. the wavelength the patterned retarder is optimized for) [18].
With this device, measurements are taken for all viewing angles at once using Fourier
optics. To measure polarization the EZContrastXL88MS device includes three linear po-
larizers (0°, 45°, and 90°) and two wave-plates. LCDgy was measured using a Microvision
SS220 goniometer [19] including mountable linear (0°, 45°, and 90°) and right- and left-
handed circular polarizers [20]. Contrary to the Eldim device a separate measurement is
performed for every viewing direction considered. The readings were subsequently cor-
rected for the not 100% transmission of the polarizers. Both measurement devices have
a radiance accuracy of +3%.
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Figure 6: Measured and simulated Stokes parameter Sg as a function of the polar angle
for an azimuth of 90" for (a) LCD;-2D, and (b) LCD,-2D. Simulations were
run with one million and ten million rays.

Both displays were analysed in 2D-mode (without patterned retarder) and in 3D-mode
(with patterned retarder). Measurements were performed with halve (e.g. the odd lines)
of the display fully on. In the simulations a sample of 12 (e.g. odd) rows of 40 pixels
each was taken into account. Radiance and spectral measurements were done with the
whole display fully on. Finally, except when otherwise mentioned, all measurements were
performed at the center of the displays.

4 \V/alidation

4.1 2D-display

First, the simulation platform is validated for the 2D-displays only. Figures 6-a and 6-b
depict 1D profiles of both the measured and the simulated Sy (i.e. the radiance profiles)
for an azimuth of 90" for LCD;-2D and LCD,-2D, respectively. As illustrated in Fig. 6-b,
noise in the simulations can be attributed to the number of rays only.

Figures 7-a and 7-b depict 1D profiles of both the measured and the simulated DOLP and
DOCP for an azimuth of 90 for LCD;-2D and LCD3-2D, respectively. The RMSE scores
computed over polar angles for a 90" azimuth between the simulated and the measured
Stokes parameter Sy, DOLP, and DOCP are given in tables 1-a and 1-b for both displays.
Whereas the measured and simulated Sy and DOLP are very close together for both
devices, there is a marked difference between the measured and simulated DOCP for
LCD;. It should be noted that since DOCP?+ DOLP?= 1 and DOLP= 1, the relative
error on DOCP is much larger than on DOLP, and there is no contradiction between
the DOLP and DOCP data. Assuming both 2D-displays are similar and considering the
match for LCDq, we believe that the deviation for DOCP in Fig. 7-a must be attributed
to retardation occurring in the EZContrastXL88MS measurement device.
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Figure 7: Measured and simulated DOLP and DOCP as a function of the polar angle for
an azimuth of 90" for (a) LCD;-2D, and (b) LCD,-2D.
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Figure 8: Measured and simulated Stokes parameter Sy as a function of the polar angle
for an azimuth of 90" for (a) LCD;-3D, and (b) LCD2-3D. Only the display on
the left contains black absorbers.

4.2 3D-display

As a second validation step, the simulated 3D-displays are compared with the measure-
ments. Both LCDs have the same pixel pitch and the same patterned retarder pitch.

The Stokes parameter Sy for both displays are shown in Fig. 8 for an azimuth of 90"
Again we find close agreement between the measurements and the simulations. The
RMSE computed over polar angles amounts to 1.2 x 10 and 1.53 x 10® respectively
(see table 1).

The comparison between the simulated and measured DOLP and DOCP are shown in
Fig. 9 for LCD; and in Fig. 10 for LCDy. This time and for the same reason as before,
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Figure 9: Measured and simulated (a) DOLP and (b) DOCP as a function of the polar
angle for an azimuth of 90" for LCD;-3D.

the discrepancies between simulations and measurements are most visible in the (small)
DOLP, which can also be seen in the RMSE values listed in table 1.

Since dsp is smaller for LCDs than for LCD1, the plateaus of DOCP (i.e. the range of
polar angles for which the light is almost perfectly circularly polarized) are slightly wider
for LCDs compared with LCD;.

The differences noticed between measured and simulated values of DOLP (and to a lesser
degree of DOCP) can be attributed to thickness variations of the patterned retarder,
whereas in the simulation a perfectly flat layer with the nominal A/4 thickness is assumed,
and/or to variations of the orientation of the polarization axis.
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Table 1: Overview of the Root-Mean-Square Error (RMSE) between measured and simu-
lated Stokes parameter Sg, DOLP and DOCP for LCD-2D, LCD»-2D, LCD;-3D
and LCDs-3D. NS stands for not simulated.

Display Wavelength Position  Azimuth RMSE
So DOLP DOCP

(a) LCD;-2D 550nm center 90" 1.28x10°%  0.012  0.135
(b) LCD2-2D White spectrum  center 90’ 1.34x10%  0.027  0.079
(¢) LCD;-3D 550nm center 90’ 1.20x10%  0.212 0.122
(d) LCD32-3D White spectrum  center 90’ 1.53x10%  0.218  0.122
(e) LCD;-3D 550nm top 90’ NS 023  0.142
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Figure 11: Measured and simulated (a) DOLP and (b) DOCP as a function of the polar
angle for an azimuth of 90" at 62 mm from the center of LCD1-3D (next to
the top of the display).

12



On the other hand the alignment between the 2D-display pixels and the patterned re-
tarder was found to be almost perfect. To check, we compared simulations and mea-
surements at 62 mm from the center (i.e. center of the top half) of LCD;-3D along the
vertical crossing the center of the display. In the simulations the relative position of the
pixel row and its retarder stripe was calculated from the pitch of the 2D-display and that
of the patterned retarder and assuming they are properly aligned at the center of the dis-
play. Results given in table 1-e indicate that the discrepancies between simulations and
measurements are slightly increased compared to the results at the center of the display
(table 1-c). DOLPs and DOCPs curves, depicted in Figs. 11-a and 11-b, respectively, for
an azimuth of 90", suggest an angular deviation of 1 to 1.5" between measurements and
simulations.

4.3 Influence of the black absorbers

Asg illustrated in Fig. 8 this simulation platform enables to predict the radiance profile
over viewing angles for an arbitrary width of the simulated black absorbers. The black
absorbers are evenly overlapping two rows of the patterned retarder and absorb all rays
reaching them. A proper width of the black absorbers is crucial for the design of stereo-
scopic displays. To point out the influence of the black absorbers on the polarization
profile, it is interesting to compare the degree of polarization (see Fig. 12), defined as

DOP — V/S7+ 83+ 53

e ©)
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Figure 12: Measured and simulated DOP as a function of polar angle for an azimuth
of 90" for (a) LCD1-3D and (b) LCD-3D. For the latter the DOP has also
been calculated for 550 nm resulting in the same triangularly shaped curve.
Therefore the difference in spectra is not relevant.
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Although the data for LCD; and LCD3 have been obtained for different spectra (pseudo
monochromatic 550 nm versus a white spectrum) the difference between both types
of display is due to the presence (LCD;p) or absence (LCD3) of the black absorbers.
Comparing Fig. 12 with Fig. 9 and Fig. 10 it is clear that the dips in DOP correspond with
the transitions in DOCP, where the two uncorrelated types of polarization are maximally
mixed. The black absorber limits the range of directions where both polarizations can
mix as in Fig. 12-a. Without black absorber the DOP changes gradually and results in the
triangular shaped curve in Fig. 12-b. Since the retarder is of 0-order, its depolarization
effect [22, 23| can be neglected.

Therefore, black absorbers increase the vertical viewing angle where crosstalk must be
limited. However, increasing vertical viewing angle is at the expense of the luminance
(and the uniformity) of the display. Inserting black absorbers decreases the Stokes pa-
rameter S by 53% on average for vertical polar angles between -20" and +20° (see Fig. 6a
and 8a). Yet, the luminance is a key parameter for a display and it must not decrease
below the luminance threshold of the given application.

5 Application: crosstalk

The aforementioned results indicate that the simulation platform enables to predict both
the polarization and the radiance profiles over polar and azimuth angles, and over wave-
lengths of a stereoscopic display containing a patterned retarder. Therefore, the simula-
tion platform can be used to assess crosstalk over viewing angles. We measure crosstalk
X as defined by the International Committee for Display Metrology in [21]. For instance,
for the left eye, Crosstalk X is expressed as

_ L,BW — L,BB

X, —
' LLWB-L,BB’

(10)

with Ly BW the luminance behind the left glass for a white right side image and a black
left side image, and vice versa for LW B. L;BB is the luminance behind the left glass
when a black image is displayed. In the simulation L; BB=0 and the left and the right
glasses are made of a retarder followed by a linear polarizer. Simulations were performed
for 522 odd rows of 500 pixels and a total of 270 million rays. The eye is modeled as a
simple flat detector with an acceptance angle of 30° (i.e. field of view that favors shape
discrimination) and a diameter of 3 mm (i.e. the diameter of the pupil for a luminance
of 250 cd/m?, a field of view of 30°, and an observer aged 30 [9]).

In the consumer display market, 4K (4096 (W) x 2160 (H)) 31 inch and 55 inch displays
are available. They correspond to pixel pitches ~ 0.17 mm and 0.30 mm, respectively. In
addition, in June 2015, LG demonstrated an 8K (7680 (W) x 4320 (H)) 98 inch display,
with a pixel pitch 0.28 mm. In October 2015, Japan Display released the prototype
of an 8K 17.3 inch monitor, with a pixel pitch of about 0.05 mm. Finally, in October
2014, Barco N.V. released a 12MP (4200 (W) x 2800 (H)) 33.6 inch diagnostic (medical)
display, with a pixel pitch ~ 0.17 mm. Therefore, we are interested in evaluating crosstalk
as a function of dsp, for displays with pixel pitches ranging from 0.05 mm to 0.30 mm.
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We selected three displays: (1) a 2MP (1920 (W) x 1200 (H)) 24 inch display with a pixel
pitch ~ 0.27 mm (LCD3), (2) a 3MP (2048 (W) x 1536 (H)) 21.3 inch display with a pixel
pitch ~ 0.21 mm (LCD4), and (3) a 5SMP (2560 (W) x 2048 (H)) 21.3 inch display with
a pixel pitch ~ 0.16 mm (LCDs3). In the simulation platform, LCD3-3D and LCD5-3D
include the patterned retarder, and possibly black absorbers. LCD4-3D only includes a
patterned retarder.

In 2014, two studies [24, 25| reported that crosstalk is not perceivable up to 0.02, but
disturbing from 0.11 onwards. Adopting the 0.11 crosstalk constraint, we found that de-
creasing dsp increases the vertical viewing angle. Therefore, stereoscopic displays with
black absorbers and pixel pitch beyond 0.27 mm will have a vertical viewing angle of
at least +30° for d3p smaller than 0.7 mm (i.e. front glass thickness up to 0.55 mm),
as depicted in table 2-(a). In addition, the minimum viewing distance can be as small
as 0.5 m. For higher resolution displays (pixel pitch no more than 0.21 mm), d3p of at
most 0.1 mm is required to reach £25° vertical viewing angle (table 2-(b)) if no black
absorbers can be added. Vertical viewing angles of at most £15° and +10° (table 2-(c))
are obtained with dsp = 0.3 mm (i.e. front glass thickness up to 0.15 mm) for pixel
pitches up to 0.21 mm and 0.16 mm, respectively. Nevertheless, the addition of black ab-
sorbers increases the viewing angle by 70% (£10° to £17°, table 2-(c)) for a pixel pitch of
0.16 mm and dsp = 0.3 mm. Finally, our simulations indicate that, properly configured,
these displays can be used at viewing distances from 0.3 m, which fit to the minimum re-
quired viewing distance of medical, and especially diagnostic, applications (where typical
viewing distance ranges from 0.3 m to 0.6 m). However, the minimum required viewing
angle of high resolution medical displays (pixel pitch smaller than 0.21 mm) typically
being + 40, d3p smaller than 0.2 mm (i.e. front glass thickness up to 0.05 mm), and
even (.1 mm, is required. Therefore, to realize patterned retarder based medical displays
at least one of the constraints (viewing distance, viewing angle, crosstalk constraint, dsp)
will have to be relaxed.

For LCD4-3D we also assess crosstalk considering a pixel with an aperture of 100%, and
with d3p = 0.3 mm at a vertical viewing angle of 15°. We find crosstalk of 36% compared
with 10% crosstalk found for the real pixel aperture.

Finally, modifying the acceptance angle changes crosstalk results. For example, at a ver-
tical viewing angle of 15°, LCD4-3D with d3p = 0.3 mm exhibits crosstalk of 20%, 10%
and 13% for an acceptance angle of 5° (i.e. typical narrow acceptance angle of measure-
ment devices), 30° (i.e. field of view of the human eye that favors shape discrimination)
and 60° (i.e. average total field of view of the human eye), respectively. These results
indicate that to assess crosstalk, it might not be sufficient to take into account the rays
along the viewing angle direction only, but that also the rays from the other directions
should be taken into account. Differences found between 30° and 60° acceptance angles
show that the maximum vertical viewing angle of these stereoscopic displays can slightly
vary in-between observers.
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6 Discussion and conclusions

In both medical and consumer display markets the tendency is to build displays with
smaller pixel pitches. However, in patterned retarder based stereoscopic displays, small
pixels lead to smaller vertical viewing angles if the distance between the patterned re-
tarder and the pixels is large. Therefore, we developed a simulation platform enabling to
predict both polarization, radiance, and crosstalk profiles over polar and azimuth angles,
and, over wavelengths. Crosstalk can also be measured as a function of viewing distance.
The simulation platform is restricted to stereoscopic displays containing patterned re-
tarders. The simulation platform enables to add a patterned retarder on top of existing
2D panels to evaluate their relevance for making a stereoscopic display. Additionally,
parameters (e.g. the thickness of the front glass and the addition of black absorbers) can
be tuned to assess the generated improvement. Finally, the accurate pixel geometry, the
field of view of the human eye [8], and the diameter of the pupil [9] are accounted for
when measuring crosstalk.

Table 2: Vertical viewing angle and minimum viewing distance for different distances
separating the patterned retarder from the pixel plane (dsp) for three different
displays, accepting crosstalk of at most 0.11.

Display dsp Black absorbers Vertical viewing Minimum
angle viewing distance
0.88 mm No +3.5° 1.2 m
(a) LCD3-3D 0.88 mm Yes +14° 0.6 m
0.7 mm Yes +30° 0.5 m
0.3 mm No +15° 0.3m
(b) LCD4-3D 0.2 mm No +19° 0.3 m
0.1 mm No +25° 0.3m
0.3 mm No +10° 0.3 m
(¢) LCDs-3D 0.3 mm Yes +17° 0.3 m
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We found that, to generate vertical viewing angles of at least +30° (with a crosstalk con-
straint of 0.11), displays with pixel pitch beyond 0.27 mm should include black absorbers
and a front glass with a thickness of at most 0.5 mm. For higher resolution displays
(pixel pitch no more than 0.21 mm), a front glass thickness up to 0.15 mm is required
to produce a vertical viewing angle of at least +15°. Finally, properly configured high
resolution polarized stereoscopic displays can be used for viewing distances as small as
0.3 m, which fit to the viewing distance requirement of medical, and especially, diag-
nostic, applications. However, to allow for very large viewing angles (typically, beyond
40" in medical applications), at least one of the constraints (viewing distance, crosstalk
constraint, d3p) will have to be relaxed.
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