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(57) ABSTRACT 
An integrated touch-sensing display is operated to detect the 
location of one or more objects on a touch Surface. The 
integrated touch-sensing display defines a display area. A 
light guide (14) is arranged over the display area to define the 
touch surface (16). The light guide (14) is illuminated inter 
nally Such that an object (20) contacting the touch surface 
(16) causes part of the illuminating light to be scattered 
towards the display area. An array of light sensors (6) is 
integrated within the display area to detect the scattered light. 
Based on output signals from the light sensors (6), a process 
ing element obtains image data that represents the light that 
impinges on the display area excluding ambient light, and 
determines the location of the object (20) on the touch surface 
(16). Ambient light may he suppressed by a spectral passband 
filter in front of each light sensor (6), and/or by electronic 
filtering of the output signals from the sensors (6). The light 
guide (14) may be illuminated by invisible light, and may be 
arranged to cause an illuminating beam to be internally 
reflected at a peripheral edge Surface of the light guide (14), so 
as to increase the intensity of illuminating light inside the 
light guide (14). 
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INTEGRATED TOUCH-SENSING DISPLAY 
APPARATUS AND METHOD OF OPERATING 

THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application claims the benefit of Swed 
ish patent application No. 0802383-0, filed on Nov. 12, 2008, 
and U.S. provisional application No. 61/196,275, filed on 
Nov. 12, 2008, both of which are incorporated herein by 
reference. 

TECHNICAL FIELD 

0002 The present invention relates to techniques for 
detecting the location of one or more of objects on a touch 
Surface of a display apparatus. 

BACKGROUND 

0003) To an increasing extent, touch-sensitive panels are 
being used for providing input data to computers, electronic 
measurement and test equipment, gaming devices, etc. 
0004. In one category of touch-sensitive panels, denoted 
“integrated touch-sensing displays’ in the following, an array 
of light-sensitive elements is integrated in a display screen or 
panel, whereby the location of an object touching the display 
screen is detected based on output signals from the individual 
light-sensitive elements. Integrated touch-sensing displays 
are generally designed to have a form factor similar to ordi 
nary displays, and therefore the array of light-sensitive ele 
ments is arranged in proximity of the array of image-gener 
ating elements (also denoted pixel-defining elements’ or 
"picture elements’ in the following) in the depth direction of 
the display (i.e. perpendicular to the front surface of the 
display). Generally, the spacing between the arrays of light 
sensitive elements and picture elements in the depth direction 
is less than about 15 cm, and often the light-sensitive elements 
and the picture elements are interleaved on a common Sub 
strate or at least in a common geometric plane within the 
display. 
0005 WO2007/058924 discloses such an integrated 
touch-sensing LCD (Liquid Crystal Display), in which a liq 
uid crystal material is arranged between a front electrode 
layer and a rear electrode layer. By changing the potential 
applied to pixel-defining thin-film resistors (TFTs) on the rear 
electrode layer, the liquid crystal material is modified locally 
such that light from a backlight behind the rear electrode is 
selectively transmitted to a front surface of the display. The 
rear electrode layer also includes an array of light-sensing 
TFTs, which are designed to detect ambient light impinging 
on the front surface of the display. A processor determines the 
position of an object touching the front Surface, by identifying 
light-sensing TFTs that have been inhibited from sensing 
ambient light. It is also suggested to Supplement this shadow 
detection by a detection of visible light diffused from a light 
guide arranged on top of the liquid crystal material. A light 
Source is controlled to inject visible light in the light guide to 
propagate therein by total internal reflection. When the object 
touches the light guide, the internally reflected light will be 
diffused towards the light-sensitive elements. The position of 
the object may then be determined from a combination of 
transmitted ambient light, light diffused from the waveguide 
and light transmitted from the backlight and reflected on the 
object. 
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0006 Another integrated touch-sensing LCD is known 
from US2008/007.4401, in which infrared light-sensing TFTs 
are included among pixel-defining TFTs on a lower Substrate. 
A backlight is provided behind the lower substrate to produce 
visible and infrared light. A transparent window is aligned 
with each light-sensing TFT. An object touching the display 
will locally reflect the infrared light from the backlight back 
through one or more windows onto the light-sensing TFTs. 
Touch points are determined based on the output signals of 
the light-sensing TFTs. 
0007. In US2007/0296688, photosensors are disposed in a 
liquid crystal panel, and a backlight is disposed on a back side 
of the panel. The panel is controlled to operate in different 
detection modes based on the amount of ambient light. When 
the illuminance of ambient light is high, touching objects are 
identified as shadows in the ambient light reaching the pho 
tosensors. When the illuminance of ambient light is low, the 
backlight is controlled to emit invisible light and touching 
objects are identified based on reflected light reaching the 
photosensors. 
0008. The integrated touch-sensing displays of the prior 
art suffer from at least one of a number of different limita 
tions. Such limitations include sensitivity to variations in 
ambient light, difficulty to distinguish between non-touching 
and touching objects, insufficient signal-to-noise ratio 
(SNR), reduced image quality (e.g. contrast, brightness, Spa 
tial resolution) compared to an ordinary display (i.e. without 
touch-sensitivity), complex determination of positions for 
touching objects, complex device control, and need for usage 
restrictions. 

0009 Similar limitations may be equally relevant to inte 
grated touch-sensing displays that are based on other display 
technologies, such as plasma displays and OLED (Organic 
Light Emitting Diode) displays. 
(0010. The prior art also comprises US2008/0029691 
which discloses a touch surface formed by a waveguide that 
receives light that undergoes total internal reflection. A sepa 
rate camera is arranged behind the waveguide to capture 
images of the waveguide Surface. Touches on the front Surface 
of the waveguide are detected by the camera detecting light 
that escapes the waveguide due to frustration of the total 
internal reflection. This touch-sensing apparatus has quite a 
different form factor than the above-described integrated dis 
plays, since the camera needs to be arranged with significant 
spacing from the waveguide in order to capture the images of 
the waveguide surface. 

SUMMARY 

0011. It is an object of the invention to at least partly 
overcome one or more of the above-identified limitations of 
the prior art. 
0012. This and other objects, which will appear from the 
description below, are at least partly achieved by means of an 
integrated touch-sensing display apparatus, a method of oper 
ating such an apparatus and a computer-readable medium 
according to the independent claims, embodiments thereof 
being defined by the dependent claims. 
0013 Still other objectives, features, inventive aspects and 
advantages of the present invention will appear from the 
following detailed description, from the attached claims as 
well as from the drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0014 Embodiments of the invention will now be 
described in more detail with reference to the accompanying 
schematic drawings. 
0015 FIG. 1A is a top plan view of a touch-sensing display 
apparatus according to an exemplary embodiment. 
0016 FIG. 1B is a side view of the display apparatus in 
FIG. 1A, which also shows a touching object and a resulting 
sensor signal pattern. 
0017 FIG. 2 is an example of spectral irradiance as a 
function of wavelength for daylight. 
0018 FIG. 3 is a side view of an embodiment for spectral 
filtering of ambient light. 
0019 FIG. 4 is a top plan view of an embodiment for 
electronic filtering of ambient light. 
0020 FIG. 5A is an exploded side view of an embodiment 
having an array of light sensors placed behind an array of 
pixels. 
0021 FIG. 5B is a side view of an embodiment with an 
array of light sensors placed on the back side of a display. 
0022 FIGS. 6A-6B are side views of embodiments with 
lenses in front of light sensors in a display apparatus. 
0023 FIG. 7 is a top plan view of an embodiment with 
corner emitters. 
0024 FIG. 8 is a side view of an embodiment with a light 
deflector between emitter and panel. 
0025 FIG. 9 is a side view of an embodiment having a 
panel with a reflective edge portion. 
0026 FIG. 10 is a top plan view of an embodiment having 
a panel with reflective edges and a light injection port. 
0027 FIG. 11 is a flow chart of an exemplifying method 
for determining touch locations in a touch-sensing display 
apparatus. 
0028 FIG. 12 illustrates processed image data overlaid on 
the light sensors of the display apparatus in FIG. 1A. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

0029. The present invention relates to techniques for 
detecting the location of one or more objects on a Surface of 
an integrated touch-sensing display apparatus. The descrip 
tion starts out by describing general features in relation to an 
example embodiment of an integrated touch-sensing display 
apparatus. Then, different inventive aspects of the touch 
sensing display apparatus, and embodiments thereof, are 
described. The description is concluded by a data processing 
example. Throughout the description, the same reference 
numerals are used to identify corresponding elements. 

General 

0030 FIGS. 1A and 1B are plan and side views, respec 
tively, of an embodiment of a touch-sensing display appara 
tus. The apparatus includes an array of picture elements or 
pixels 2 (only shown in FIG. 1A) that are controllable to 
generate an image within a display area 4. Any known display 
technology for generating monochrome, greyscale or color 
images can implement these picture elements, e.g. LCD tech 
nology, plasma cell technology, or OLED technology. The 
pixels 2 are electrically connected to a controller (not shown) 
that controls the generation of images in the display area 4. 
0031. The display apparatus further includes an array of 
light-sensing elements or light sensors 6 arranged (“inte 
grated) within the display area 4. In the example of FIG. 1A, 
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each pixel 2 is associated with a sensor 6. In an alternative 
configuration (not shown), there is only one sensor for each N 
number of pixels, where the number N is a selected design 
parameter. The density of pixels 2 and/or sensors 6 may differ 
across the display area. The sensors 6 may be implemented by 
any Suitable photosensor technology, e.g. charge coupled 
devices, CMOS devices, photodiodes, photoresistors, bipolar 
phototransistors, and photosensitive field-effect transistors 
including thin-film transistors. 
0032. A processing arrangement 8 is connected to receive 
the output signals of the sensors 6. The processing arrange 
ment 8 may be implemented by any Suitable processing hard 
ware, optionally in combination with controlling software. 
For example, as shown, the processing arrangement 8 may 
include a central processing unit 10 and a memory 12, e.g. 
embodied as a general- or special-purpose computer or a 
microprocessor. The controlling Software may be provided to 
the processing arrangement 8 on a computer-readable 
medium comprising program instructions which, when 
executed by the processing arrangement, causes the process 
ing arrangement to perform specific operation control func 
tions and data processing functions, as will be further 
described below. 

0033. The display apparatus further includes a front panel 
14 which is arranged on top of the display area 4. The front 
panel 14, which may be either planar or curved, is illuminated 
internally by allowing radiation to propagate inside the panel 
by internal reflections. To this end, a radiation propagation 
channel is provided between two boundary surfaces 16, 18 of 
the panel, wherein the outer boundary surface (“touch sur 
face') 16 allows the propagating radiation to interact with a 
touching object 20, which may be a finger, a stylus, a pointer, 
etc. In this interaction, part of the radiation may be scattered 
by the object 20, part of the radiation may be absorbed by the 
object 20, and part of the radiation may continue to propagate 
unaffected. The scattered radiation results in a local increase 
of detected radiation within the array of sensors 6, as indi 
cated by the signal pattern S below the display apparatus in 
FIG. 1B. 

0034) Typically, the panel 14 is made of solid material, in 
one or more layers, and radiation propagates in the panel by 
total internal reflection (TIR). The above-mentioned process 
of interaction between the touching object 20 and the propa 
gating radiation may involve so-called frustrated total inter 
nal reflection (FTIR), in which energy is dissipated into the 
object 20 from an evanescent waveformed by the propagating 
radiation, provided that the object 20 has a higher refractive 
index than the material Surrounding the panel Surface material 
and is placed within less than several wavelengths distance 
from the surface 16. Generally, the panel 14 may be made of 
any material that transmits a Sufficient amount of radiation in 
the relevant wavelength range to permit a sensible transmis 
sion of energy. Such material includes glass, poly(methyl 
methacrylate) (PMMA) and polycarbonates (PC). 
0035. In the example of FIG. 1, the illuminating radiation 
(also denoted TIR radiation in the following) inside the panel 
14 is provided by a plurality of light sources or emitters 22, 
which are distributed around the periphery of the panel 14. 
The emitters 22 may be connected to the processing arrange 
ment 8 (as shown), or to a dedicated controller, for operation 
control. The emitters 22 may be of any suitable type, such as 
light-emitting diodes (LEDs), lasers, or lamps, or a combina 
tion thereof. It should be realized that the emitters 22 may be 
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Supplemented by further optical components, such as lenses, 
apertures, filters, reflectors, etc. 
0036) As indicated by block arrows in FIG. 1B, the front 
surface 16 of the display apparatus will also receive ambient 
light, i.e. light emanating from the Surroundings of the display 
apparatus. Such ambient light may contain daylight and/or 
light from artificial light sources. 
0037 Thus, the present invention, in its different inventive 
aspects to be presented below, generally relates to a touch 
sensing display apparatus, comprising: an array of picture 
elements 2 that defines a display area 4; an array of light 
sensing elements 6 arranged within the display area 4; a light 
guide 14 located in front of the display area 4 to define a touch 
Surface 16; a light source arrangement 22 for providing illu 
minating light inside the light guide 14, Such that an object 20 
contacting the touchSurface 16 causes part of the illuminating 
light to be scattered towards the display area 4; and a process 
ing element 8 configured to obtain, based on output signals 
from the light-sensing elements 6, image data that represents 
the light that impinges on the display area 4, and to determine, 
based on the image data, the location of the object 20 on the 
touch surface 16. 
0038. The present invention, in its different inventive 
aspects to be presented below, also generally relates to a 
method of operating a touch-sensing display apparatus, 
which apparatus comprises an array of pixel elements 2 that 
defines a display area 4; an array of light-sensing elements 6 
integrated to sense light within the display area 4, a light 
guide 14 located in front of the display area 4 to define a touch 
Surface 16; and a light source arrangement 22, said method 
comprising: controlling said at least one light source arrange 
ment 22 to provide illuminating light inside the light guide 14, 
Such that an object 20 contacting the touch surface 16 causes 
part of the illuminating light to be scattered towards the 
display area 4, obtaining, based on output signals from the 
light-sensing elements 6, image data that represents the light 
that impinges on the display area 4, and determining, based on 
the image data, the location of the object 20 on the touch 
surface 16. 

First Inventive Aspect 
0039. According to a first inventive aspect of the present 
invention, the location of object(s) 20 touching the front 
surface of the display apparatus, i.e. the outer surface 16 of the 
panel 14, is determined based on image data that represents 
the light that impinges on the display area 4 excluding ambi 
ent light. Thus, the identification of touching objects 20 is not 
based on any signal pattern on the array of sensors 6 caused by 
ambient light, but is exclusively based on the signal pattern 
caused by the TIR radiation scattered from the front panel 14 
by the touching object 20. This does not exclude the possi 
bility that ambient light indeed generates a signal pattern of 
the array of sensors, rather it is intended to indicate that Such 
a signal pattern is not useful for the identification of touching 
objects. Thus, the image data may comprise signal compo 
nents originating from ambient light, but these signal com 
ponents are unwanted since they decrease the touch sensitiv 
ity of the apparatus. Therefore, the display apparatus may 
comprise filter means for Suppressing the ambient light in the 
image data. Suitably, the signal level resulting from ambient 
light in the image data is thereby suppressed to less than 10% 
of the signal level of any local maximum caused by scattered 
TIR radiation from a touching object, and preferably less than 
5%, and most preferably less than 1%. 
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0040. One advantage of the first inventive aspect is that it 
inherently discriminates between touching and non-touching 
objects, since only an object 20 that touches the front surface 
16 of the panel 14 will cause scattering of the TIR radiation 
and thus produce a local maximum in the image data, whereas 
essentially no TIR radiation will be scattered on non-touching 
objects. 
0041 Another advantage is that the first inventive aspect, 
especially in combination with Suppression of ambient light, 
enables use of simple algorithms for identifying the location 
of the touching object 20 based on the image data, since there 
is no need to account for shadows caused by the object 20. 
0042. The suppression of ambient light in the image data 
may resultin animproved robustness of the location detection 
to variations in the ambient light, both spatially across the 
display area 4, and temporally. 
0043 Suppressing the ambient light may also serve to 
improve the signal-to-noise ratio (SNR). 
0044. In one embodiment, the means for Suppressing 
ambient light in the image data includes a spectral passband 
filter which is located in front of the sensors. The spectral 
filter is matched to transmit a major portion of the TIR radia 
tion, and to block a major portion of the ambient light. FIG.2 
is a graph showing a typical terrestrial spectrum of Sunlight, 
which could be representative of outdoor ambient light. The 
location and width of the passband Aw of the filter may be 
selected to achieve an adequate Suppression of ambient light 
in relation to TIR radiation. In one embodiment, both the TIR 
radiation and the passband are confined to a narrow passband 
AW of less than about 10 nm. In certain embodiments, the 
passband can be much smaller, e.g. 5, 1 or even 0.1 nm. If the 
TIR radiation is generated by a laser, the passband of the filter 
can be of the same magnitude as the line width of the laser, 
which often is 0.01 nm or less. 
0045. The provision of a spectral filter that blocks a major 
part of the ambient light will also serve to reduce the risk that 
the sensors are Saturated at high ambient levels, such as in 
direct Sunlight. 
0046 FIG. 3 is a side view of part of a substrate 24 with 
interleaved pixel-defining structures 2 (typically at least an 
electrode) and sensors 6, with each sensor 6 being provided 
with an overlying spectral filter 26. In the illustrated embodi 
ment, the filter 26 is applied to the top surface of each sensor 
6. Alternatively (not shown), one large filter may be placed 
between the panel 14 and the pixel-defining structures 2, with 
openings in the filter 26 being aligned with the pixel-defining 
structures 2. Further alternative placements of the spectral 
filter will be described later on. 
0047. In another embodiment, the presence of ambient 
light in the image data is Suppressed by electronic filtering of 
the output signals from the sensors 6. One advantage of Sup 
pressing ambient light by electronic filtering is that it does not 
affect the image quality of the displayed images. The elec 
tronic filtering is based on time-resolved detection of light 
during an exposure time by at least part of the sensors 6 in the 
array of sensors. 
0048. In one implementation, the electronic filtering is 
based on lock-in detection. As used herein, "lock-in detec 
tion denotes any signal processing technique in which a 
signal component is extracted from a measurement signal by 
non-linear mixing of the measurement signal with a known 
modulation function. 

0049. The modulation function is used to modulate the 
TIR radiation with a known modulation frequency (). To this 
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end, the emitter(s) 22 are controlled to generate TIR radiation 
modulated by the chosen modulation frequency (). The 
modulation frequency is preferably chosen Such that the 
exposure time includes several periods (typically at least 10) 
of the modulation frequency. If we assume that the amplitude 
of the TIR radiation is given by, e.g., E=Ecos(a)-t), and that 
the emitters 22 are completely turned on when cos(cort)=1 and 
that they are turned off when cos(a)-t)=-1, the amplitude of 
the scattered TIR radiation will fluctuate with the same fre 
quency. The measured irradiance at the sensors 6 will thus be 
(with an added phase (p, and possibly a DC offset) converted 
to an electronic signal I=Io'cos(cot+(p). The added phase (p may 
arise in the detection electronics or as a delay in the emitter 
electronics. Light from other sources, i.e. noise, will yield the 
irradiance I, on the sensor 6: 

I, XI, cos(a)-t-t-p), 
where the Sum is computed overall frequency components in 
the noise, each frequency component being given by an irra 
diance I, a frequency co, and a phase (p, We now want to 
extract only the relevant information, i.e. the intensity of the 
scattered TIR radiation. This may be achieved by non-linear 
mixing of the detected irradiance with a reference signal 
representing the modulation function of the emitter 22. 
0050. In a first example of lock-in detection using non 
linear mixing, the detected irradiance and the modulation 
function are multiplied, whereupon the intensity of the scat 
tered TIR radiation is determined from the resulting product 
using phase-sensitive detection. 
0051. The aforesaid mixing results in a signal D: 

Do Eocos(a)-t) (Io'cos(a)-t-p)+XI, cos(a),t-p)) 
0052 By taking advantage of that cosine functions are 
orthogonal if they have different frequency, it is possible to 
retrieve the intensity of the scattered TIR radiation. The 
orthogonality means that 

t 

t 

1 
T 

1/2 if cod = () and Pd = p. 
O if (od f (t) 

0053. If there is a phase difference between the two cosine 
functions, the integral will be somewhere between 0 and /2. 
By integrating the signal D over a time that is significantly 
longer than the modulation period, the resulting signal will be 
proportional to the product Eolo. By adjusting the relative 
phase of the signals E and I, it is possible to optimize the 
resulting signal. Since the modulation amplitude Eois known, 
the resulting signal can be converted into the intensity of the 
scattered TIR radiation. It is also possible to operate a low 
pass-filter on the signal D to remove more of the noise sources 
(they have different frequency than the modulating fre 
quency). For one skilled in the art this is easy to achieve. 
0054. A second example of lock-in detection using non 
linear mixing is based on heterodyne detection, in which the 
detected irradiance and the modulation function are added 
and the resulting sum is squared. The resulting output con 
tains high frequency, intermediate frequency and constant 
components. The amplitude of the intermediate frequency 
component is proportional to the amplitude of the scattered 
TIR radiation and may be isolated by adequate filtering. 
0055. In another implementation, the TIR radiation is also 
modulated with a known modulation frequency (), while the 
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electronic filtering involves passing the output signals from 
the sensors 6 through a dedicated bandpass filter. The cut off 
frequencies (), () of the bandpass filter is tailored to remove 
all frequency components from the output signal that are not 
close to the modulation frequency (), i.e. the bandpass filter 
blocks every frequency but the frequencies between (), co 
AC)/2 and () ()+AC)/2. The signal that passes the bandpass 
filter will represent the scattered TIR radiation, the intensity 
of which may be given by the signal amplitude. 
0056. The different implementations of electronic filtering 
mentioned above can be effected by digital signal processing 
in the processing arrangement 8, using software and/or hard 
ware components. However, for reasons of processing speed 
it may be preferable to implement the electronic filtering by 
analog electronics. 
0057. In one configuration example, shown in FIG. 4, a 
dedicated filtering hardware block 28 is provided close to the 
individual sensors 6, typically on the same Substrate or chip 
24 as the sensors 6. Suitably, the analog output signals of the 
hardware blocks 28 are conveyed, optionally via one or more 
multiplexing units 29, to one or more A/D converters 30 that 
convert the analog signals to digital signal values suitable for 
digital processing in the processing arrangement 8 (FIG. 1A). 
Each digital signal value may represent the scattered TIR 
radiation detected by an individual sensor 6. The A/D con 
verters 30 may or may not be integrated on the substrate 24. 
As indicated in FIG. 4, the filtering hardware block 28 may 
comprise sub-blocks (two shown: 28, 28") that implement 
dedicated sub-steps. In the example of phase-sensitive detec 
tion, the filtering hardware block 28 may include one sub 
block 28 for non-linear mixing, one sub-block (not shown) 
for low-pass filtering the mixed signal and one sub-block 28" 
for integrating the filtered mixed signal during the exposure 
time. In the example of heterodyne detection, the filtering 
hardware block may include one sub-block 28 for non-linear 
mixing and one sub-block for amplitude detection 28". In the 
example of bandpass detection, the filtering hardware block 
may include one Sub-block 28 for analog bandpass filtering, 
and one sub-block 28" for amplitude detection. 
0058. The configuration in FIG. 4 ensures efficient local 
pre-processing of the time-resolved output signals from the 
individual sensors, and serves to lower the demands on the 
A/D converter(s) 30 and the processing arrangement 8. 
0059. In yet another implementation of the electronic fil 
tering, the emitters 22 are modulated to emit pulsed light, by 
switching the emitters 22 between on and off states. The 
radiation detected by the respective sensor 6 when the emit 
ters 22 are in an off-state is used as a background signal level 
that may be subtracted from the radiation detected by the 
respective sensor 6 when the emitters are in an on-state. This 
kind of modulation requires that the sensors 6 are sampled at 
a frequency at least twice the position determination fre 
quency (also called "update frequency', see below). This 
electronic filtering can be effected by digital signal process 
ing in the processing arrangement 8, or by analog electronics, 
optionally on the same Substrate/chip 24 as the array of sen 
sors 6. 

0060. In all of the above implementations, the modulation 
frequency is suitably higher, and well spaced from, any fre 
quencies of amplitude variations found in regular light 
sources, e.g. light bulbs (e.g. 50/100 Hz) or other electronic 
equipment. It may also be Suitable that the modulation fre 
quency is spaced from any frequencies of amplitude varia 
tions that may occur due to daylight interference, e.g. periodic 
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blocking of sunlight that may occur when traveling by train or 
car, when objects move in the wind, by a rotating fan, etc. It is 
currently believed that a suitable modulation frequency is at 
least about 0.5 kHz, and preferably selected in the interval 1 
kHZ-1 GHz. 

0061. It should be understood that any form of electronic 
filtering of the output signal from the sensors 6 may be com 
bined with the use of spectral filters 26 in front of the sensors 
6. Such a combination may increase the Suppression of ambi 
ent light and/or reduce the required performance of the 
respective Suppression technique to achieve a certain degree 
of Suppression. 
0062. It is also to be noted that electronic filtering as well 
as spectral filtering also may serve to Suppress any light from 
the displayed image that is reflected back towards the display 
area by a touching or non-touching object. Suppressing this 
back-reflected light may reduce the risk of detection of false 
touches, e.g. caused by objects hovering above the outer 
surface 16. 

Second Inventive Aspect 

0063 A second inventive aspect, which may but need not 
be combined with the first inventive aspect, is that the TIR 
radiation that illuminates the front panel 14 is invisible to the 
human eye, i.e. the TIR radiation is made up of at least one of 
ultraviolet radiation (UV, approx. 300 nm-400 nm), near 
infrared radiation (NIR, approx. 700 nm-1400 nm), and infra 
red radiation (IR, approx. 1400 nm -1 mm). It may be prefer 
able to use NIR/IR radiation, since it is less harmful to human 
eyes than UV radiation. 
0064. The use of invisible radiation may reduce any nega 

tive impact on the displayed image, caused by potential leak 
age of TIR radiation from the front panel 14 in a direction 
away from the display area 4, i.e. towards a human viewer. It 
should be understood that although the front panel 14 is 
designed to contain the illuminating radiation by internal 
reflection, the inevitable presence of contaminants (e.g. dust, 
particles, fingerprints, liquid, etc) or scratches on the outer 
surface 16 of the panel 14 may cause leakage of TIR radiation. 
If the TIR radiation is invisible to the human eye, it will not 
impair the human perception of the displayed image. 
0065. Still further, it may be desirable to provide the outer 
Surface 16 with an anti-glare structure/layer (not shown) to 
reduce glares from ambient light on the outer surface 16 of the 
panel 14. Such glares might otherwise impair the ability of an 
external observer to view the image generated in the display 
area 4. Furthermore, when the touching object 20 is a naked 
finger, the contact between the finger and the panel 14 nor 
mally leaves a fingerprint on the outer Surface 16. On a per 
fectly flat surface, such fingerprints are clearly visible and 
usually unwanted. By adding an anti-glare structure/layer to 
the outer surface 16, the visibility of fingerprints is reduced. 
Furthermore, the friction between finger 20 and panel 14 
decreases when an anti-glare is used, thereby improving the 
user experience. Anti-glares are specified in gloss units (GU), 
where lower GU values result in less glares. Generally, the 
provision of an anti-glare structure/layer results in significant 
leakage of radiation from the panel 14. It may thus be impor 
tant for the TIR radiation to be invisible to the human eye. 
0066 Furthermore, the use of invisible radiation may 
allow for an increased SNR, since it may be possible to use an 
increased intensity of the illuminating radiation inside the 
panel 14 when using invisible radiation compared to visible 
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radiation. An increased intensity will increase the risk of 
leakage, but the radiation is invisible and will not be regis 
tered by the human eye. 
0067 Still further, modern artificial lighting, such as fluo 
rescent lamps and LED lamps, is generally designed to con 
centrate the emitted light to the visible spectrum. Thus, any 
influence from Such ambient light may be significantly 
reduced by illuminating the panel 14 by NIR/IR radiation and 
detecting the scattered TIR radiation through a corresponding 
spectral passband filter 26. Similarly, at least some display 
technologies primarily radiate visible light from the display 
area 4. Thus, detecting scattered TIR radiation in NIR/IR may 
serve to effectively Suppress any light from the display area 4 
that is back-reflected by objects hovering above the outer 
surface 16. 

Third Inventive Aspect 
0068 A third inventive aspect, which may but need not be 
combined with the first and/or second inventive aspects, is 
based on the recognition that the pixels 6 of most display 
technologies is or can be manufactured of material that is at 
least partially transparent to the TIR radiation. According to 
the third inventive aspect, as shown in FIG. 5A, the array of 
sensors 6 are thus arranged behind the array of pixels 2 as seen 
from the front surface 16. Compared to conventional touch 
sensing displays, in which the sensors are integrated with the 
pixel-defining structures on a common Substrate, the density 
of pixels 2 can be higher, since the provision of sensors 6 does 
not affect the density of pixels 2. A compact design of the 
array of pixels 2 can be obtained, e.g. if each sensor 6 is 
arranged to at least partially overlap a respective pixel 2. 
0069. Furthermore, as also shown in FIG. 5A, the afore 
said spectral filter 26 may be incorporated between the array 
of pixels 2 and the array of sensors 6, thereby eliminating any 
potential influence this filter 26 may have on the quality of the 
displayed image. Furthermore, instead of providing eachsen 
sor 6 with a dedicated spectral filter, one large spectral filter 
26 may be used to cover all sensors, reducing the need for 
alignment between the spectral filter 26 and the sensors 6. 
0070 If the display apparatus is provided with a backlight 
which is transparent to the TIR radiation, the array of sensors 
6 may be placed behind the backlight as well, as indicated in 
FIG.SB. 
0071. In all of the above inventive aspects, the sensors 6 
may detect radiation in a wide angle, hence detecting noise 
radiation from other sources than the touching object 20. If 
there is scattering in the outer surface 16, other than the 
scattering caused by the touching object 20, TIR radiation 
may exit the panel 14 and be reflected or scattered, by objects 
near the surface 16, towards the sensors 6 where it may be 
detected and form a noise signal. As mentioned above, scat 
tering in the outer Surface 16 may be caused by contamina 
tions, scratches or anti-glare structures on the outer Surface 
16. To reduce the noise from TIR radiation and display light 
scattered by objects hovering above the outer surface 16, as 
well as noise from ambient light, a lens 31 may be introduced 
in front of each sensor 6, as shown in FIGS. 6A-6B. The lens 
31, e.g., a micro lens or a GRIN (gradient index) lens, may be 
arranged to reduce the sensor's 6 field of view (indicated by 
dotted lines in FIG. 6A) and/or cause the sensor 6 to be 
focused on the outer surface 16 (FIG. 6B). By reducing the 
field of view as shown in FIG. 6A), a sharper signal pattern 
may be produced by the array of sensors 6. FIG. 6B shows the 
effect of focusing, where radiation scattered on a touching 
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object 20 (left) is projected onto a smaller area compared to 
radiation scattered on a hovering object 20 (right). Thus, by 
focusing the sensor 6 on the touch Surface 16, radiation scat 
tered by an object touching the touch surface 16 may be 
enhanced in relation to other radiation. 
0072 Returning to the embodiment of FIG. 1A, the panel 

is illuminated by emitters 22 arranged on or near the edges 32 
of the panel 14. In one implementation, the emitters 22 are 
configured to emit the TIR radiation in wide angle beams so 
that each emitter 22 illuminates a large part of the panel 14. In 
other implementations, the emitters 22 are configured to emit 
the TIR radiation in narrow angle beams, or possibly colli 
mated beams, whereby a larger number of emitters 22 may be 
required to sufficiently fill the panel 14 with TIR radiation. 
0073. The number of emitters 22 required to acquire the 
desired intensity of TIR radiation (“illumination intensity') 
in the panel 14 is determined by the radiating intensity of each 
emitter 22, the width of the beam from each emitter 22 as well 
as the size of the panel 14. 
0074 The emitters 22 may be placed equidistantly around 
the edges of the panel 14, or the distances between mutually 
adjacent emitters 22 may be randomized The randomized 
distances may be used to reduce interference phenomena that 
may appear when a number of light sources inject radiation of 
the same wavelength into the panel. 
0075 FIG. 7 illustrates an alternative emitter configura 

tion, in which emitters 22 are arranged near or at the corners 
of the panel 14. As indicated by dashed lines, these corner 
emitters 22 are positioned so as to emitradiation in wide angle 
beams, wherein the main directions of the beams are directed 
towards the centre of the panel 14 so as to spread the TIR 
radiation over as large a portion of the panel 14 as possible. 
The corner emitters 22 may be supplemented or replaced by 
emitters along the side edges of the panel, which emitters may 
also point towards the centre of the panel, so as to maximize 
the amount of emitted radiation that is used for touch detec 
tion. 
0076. In one embodiment, the emitted beams are pre 
vented from propagating inside the panel without being 
reflected in at least the outer surface 16. Any part of the beam 
that propagates through the panel 14 without being reflected 
in the outer surface 16 does not contribute to the touch detec 
tion signal as this radiation cannot be frustrated by a touching 
object. 
0077 FIG. 8 is a side view of an embodiment, in which a 
V-shaped light deflector 33 is placed between the emitters 22 
and the panel 14 to extend along one or more peripheral edges 
32 of the panel 14 (only left edge shown). The light deflector 
33 is configured to redirect, by way of angled mirror surfaces 
34, 36, rays that are emitted essentially parallel to the opposite 
surfaces 16, 18 of the panel 14. Specifically, the rays are 
redirected towards either of the surfaces 16, 18, at an angle 
that ensures propagation by total internal reflection, Suitably 
with at least one internal reflection in the touch surface 16. 

Fourth Inventive Aspect 
0078. According to a fourth inventive aspect, which may 
or may not be combined with one or more of the first, second 
or third inventive aspects, the display apparatus is configured 
to cause the illuminating light to propagate by total internal 
reflection between the outer surface 16 and the opposite sur 
face 18 of the panel 14 Such that the propagating radiation is 
internally reflected at least once against the peripheral edge 
surface 32, which suitably is orthogonal to the parallel sur 
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faces 16, 18 of the panel. Generally, this can be achieved by 
injecting at least one beam of light into the panel 14 Such that 
the beam, in a plane parallel to the outer surface 16, hits the 
peripheral edge Surface 32 at an angle which is non-parallel 
and non-orthogonal to the peripheral edge Surface 32. 
007.9 The fourth aspect will serve to increase the illumi 
nation intensity in the panel 14. The increased illumination 
intensity may be turned into an increased SNR, which may 
improve the robustness of the touch detection. Alternatively, 
the increased illumination intensity may be turned into a 
reduced power consumption of the display apparatus, by 
allowing the intensity of the emitted radiation to be 
decreased. 

0080. In one embodiment, angle between the beam and the 
normal of the peripheral edge surface 32 is larger than the 
critical angle, such that the beam will be subjected to total 
internal reflection. 

I0081. In another embodiment, at least part of the periph 
eral surface edge is provided with mirrors or reflective mate 
rial. Such an embodiment, which increases the available 
angles between the beam and the edge Surface, enables use of 
a diverging beam without excessive leakage of radiation. 
I0082 FIG. 9 is a side view of a panel 14 provided with 
emitters 22 and a light deflector 33 at one edge and a reflective 
material 38 at the opposite edge. To further increase the 
illumination intensity, a reflective material 38 is provided at 
the interface between the light deflector 33 and the edge. The 
dashed lines illustrate ray paths of the emitted radiation inside 
the panel 14. 
I0083. The embodiment in FIG. 7 may likewise be pro 
vided with reflective surfaces along the edges 32 of the panel, 
e.g. by attaching mirrors or laminating a reflecting material to 
the edge portions not associated with an emitter 22. 
I0084 FIG. 10 is a plan view of another embodiment in 
which the edges 32 of the panel 14 is provided with a reflec 
tive material 38. A beam B of radiation from an emitter (not 
shown) is injected into the panel 14 via an injection port 40 
formed by an opening in the reflective material 38. The beam 
B is injected at an angle to the edges 32 of the panel 14, 
causing multiple internal reflections of the injected beam B 
against the edges 32 of the panel 14. By way of the multiple 
reflections, the injected beam B covers a larger area of the 
panel 14 than it would if it were to pass the panel 14 only once. 
Ideally, each beam B will stay inside the panel 14 until it is 
completely reduced by scattering/attenuation by one or more 
touching objects, by leakage, or by bulk absorption. This may 
be used to reduce the number of emitters around the edges, or 
may be used to increase the illumination intensity inside the 
panel. Alternatively, it may be used to decrease the intensity 
of the emitters. If used to increase the illumination intensity 
inside the panel 14, it may further allow for a decreased 
electronic amplification of the signals detected by the sensors 
6, which may reduce the risk of sensors 6 being saturated by 
ambient light. It may be desired that the bulk absorption of the 
panel 14 is minimized so that the beam(s) B may propagate 
inside the panel 14 for longer times. At least for NIR/IR 
radiation, this may be achieved by using a panel made of 
PMMA, since PMMA has a lower absorption in this wave 
length region than e.g. glass. 
I0085. In the embodiment of FIG. 10, a wedge 42 is 
attached to the injection port 40 to couple the beam B into the 
panel 14. The index of refraction of the wedge 42 is suitably 
matched to that of the panel 14. In order to minimize reflec 
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tion losses, the wedge 42 has a beam-receiving Surface 44 
which is essentially orthogonal to the main direction of the 
beam B. 
I0086. The embodiment of FIG. 10 may be provided with 
any number of injection ports 40. The area of each injection 
port 40 is preferably small (typically <20%, preferably <10%, 
<5% or <2%) compared to the area of the associated edge 32, 
and the total area of the injection ports is preferably small 
(typically <20%, preferably <10%, <5% or <2%) compared 
to the overall edge surface of the panel 14, so that the injected 
beam(s) B is more likely to be reflected in the edges 32 of the 
panel 14 than to escape the panel 14 through an injection port 
40. It may be advantageous to use one or more lasers or laser 
diodes as emitter(s), to provide collimated radiation of high 
intensity, and narrow spectral bandwidth. 
0087. In could be noted that the internal edge reflection(s) 
of the fourth inventive aspect will not interfere with the fre 
quency modulation described above in relation to the first 
inventive aspect, since the radiation injected into the panel 
will be absorbed by the panel or leak out of the panel on a 
shorter time scale than the time scale of the amplitude modu 
lation of the emitters. 

Data Processing 

0088. In all of the above described inventive aspects, 
embodiments, configurations, arrangements, alternatives and 
variants, the processing arrangement 8 (FIG. 1A) may be 
configured to calculate the position of an object 20 touching 
the panel 14 based on the output signals of the sensors 6 
during a sensing instance. A sensing instance is formed when 
all sensors within the array of sensors 6 have been read. The 
temporal resolution of the system is determined by the update 
frequency, which is the frequency of sensing instances. For 
example, for a system designed for recording of handwriting, 
it may be desirable to have an update frequency of at least 
50-75 Hz, whereas other applications may require a lower or 
higher temporal resolution. 
0089. The touch-sensing display apparatus may be oper 
ated to determine the location of not only one object, but a 
plurality of objects touching the panel during a sensing 
instance. Only part of the illuminating radiation is absorbed/ 
scattered by each touching object, while the remaining illu 
minating radiation continues to propagate inside the panel by 
internal reflection. Thus, if two touching objects happen to be 
placed after each other in the main direction of a beam, part of 
the beam will interact with both objects. Provided that the 
beam energy is Sufficient, Scattered radiation from both 
objects may be detected with radiation from that beam. To 
increase the ability for detection of multiple touching objects, 
it may be advantageous to illuminate the panel Such that each 
area of the outer surface is illuminated by at least two beams. 
If a first beam is heavily attenuated by one or more touching 
objects, it is likely that another touching object in the path of 
the first beam will interact with a second beam of radiation to 
generate a sufficient amount of scattered radiation. 
0090. The skilled person will readily realize that there are 
numerous methods for determining the touch locations. FIG. 
11 is a flow chart of one such exemplifying method executed 
in the processing arrangement. 
0091. In a first step 60, output signals are acquired from 
the sensors in the display apparatus. These output signals 
represent the distribution of radiation (optionally within a 
limited spectral passband) that is received by the display area 
during a sensing instance. 

Feb. 5, 2015 

0092. Then, in step 62, the output signals are pre-pro 
cessed. For example, the output signals may be processed for 
noise reduction using standard filtering techniques, e.g. low 
pass filtering, median filters, Fourier-plane filters, etc. Fur 
thermore, this step may involve removing/suppressing ambi 
ent light using electronic filtering, unless the filtering is done 
by processing hardware associated with the respective sensor, 
as described above in relation to the first inventive aspect. It is 
also to be understood that step 62 may be omitted, e.g. if 
ambient light is removed/suppressed by spectral filters. 
0093. In step 64, background data is subtracted from the 
pre-processed output signals. The background data is Suitably 
two-dimensional, i.e. specific to each sensor, and may be 
time-invariant, e.g. sampled in a preceding calibration phase. 
Alternatively, the background data may be continually 
updated, by intermittently repeating the calibration phase, to 
reduce the effect of remaining fingerprints and other contami 
nants on the touch surface. FIG. 12 illustrates pre-processed 
and background-corrected image data overlaid on the display 
apparatus of FIG. 1A, where two touching objects are repre 
sented by signals in two coherent groups 46, 48 of sensors 6. 
0094. In step 66, the touch locations are determined, based 
on the image data obtained from the output signals. In a first 
Sub-step, a clustering algorithm (blob detection) is applied to 
the image data to cluster the sensors that detect the same 
touching object. The first Sub-step may be based on any 
known blob detection algorithm, such as differential methods 
based on derivative expressions and methods based on local 
maxima in the image data. One widely used algorithm is the 
Laplacian of Gaussian (LoG). The first Sub-step results in a 
set of potential regions caused by touching objects. In a sec 
ond sub-step, the touch location is computed as the “centre of 
mass” of the sensors in each potential region using the 
strength of their detected signals: 

XI, P, 
XI, 

where I, is the strength of the scattering signal for a given 
sensor, and p, is the position of the given sensor. The sums are 
evaluated for all sensors that have been clustered into a spe 
cific region/blob. The result, p. is thus the touch location. 
0095. In a variant, the image data is processed for deter 
mination of other touch data than the location of each touch 
ing object. For example, methods well-known to the person 
skilled in the art may be operated on the image data in step 66 
to generate a measure for each touching object of its contact 
area, shape, Scattered light intensity etc. 
0096. After step 68, the determined touch data is output, 
and the process returns to step 60 for processing of a forth 
coming sensing instance. 
0097. The invention has mainly been described above with 
reference to a few embodiments. However, as is readily 
appreciated by a person skilled in the art, other embodiments 
than the ones disclosed above are equally possible within the 
scope of the invention. The different features of the invention 
could be combined in other combinations than those 
described. The scope of the invention is defined and limited 
only by the appended patent claims. 
0098. For example, the sensors may be optimized to detect 
light in a specific wavelength region, Suitably corresponding 
to the wavelengths of the illuminating radiation in the panel. 
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0099 Further, the spatial resolution of the touch-sensing 
system is limited by the density of sensors, i.e. the number of 
sensors per unit area in the display area. Thus, any desired 
resolution can be achieved, provided that a sufficient number 
of sensors are used and that Sufficient amount of radiation is 
introduced into the panel. Furthermore, the spatial resolution 
can be varied during operation of the touch-sensing display 
apparatus by inactivating a number of sensors, and different 
spatial resolution can be achieved in different parts of the 
display area. 
0100. The front panel 14 need not be a separate component 
attached to the front end of a display device, such as an LCD, 
a plasma display or OLED display. Instead, the front panel 
may be formed by an integral part of Such a display device, 
e.g. a protective glass plate or a front layer that is essentially 
transmissive to the illuminating radiation and allows the illu 
minating radiation to propagate by internal reflection. It is 
even conceivable that the illuminating radiation is allowed to 
propagate throughout the entire display device. In such an 
embodiment, it may be preferable to arrange the array of 
sensors behind the display device, in accordance with the 
third inventive aspect. To avoid detection of propagating TIR 
radiation that has not yet been scattered by a touching object, 
the sensors may be arranged with an air gap to the rear of the 
display device. Such an air gap would form a TIR surface 
which prevents the light propagating in the display device 
from reaching the sensors, while allowing the light that is 
scattered by a touching object to reach the sensors. In a 
variant, such a TIR surface may be formed by a suitable 
combination of solid materials/layers in front of the sensors. 
0101. In all of the above-described embodiments and 
inventive aspects, light may be injected into the panel through 
the touch surface 16 and/or the opposite surface 18 instead of 
(or as a Supplement to) being injected through a panel edge 
32. For example, a wedge (e.g. similar to wedge 42 in FIG. 
10) may be arranged in contact with the surface 16, 18 to 
couple a beam of light into the panel 14. 

1-33. (canceled) 
34. An integrated touch-sensing display apparatus, com 

prising: 
an array of picture elements that defines a display area; 
an array of light-sensing elements integrated within the 

display area; 
a light guide located in front of the display area to define a 

touch surface, the light guide being configured to allow 
light to propagate inside the light guide by total internal 
reflection; 

a light source arrangement for providing illuminating light 
inside the light guide. Such that an object contacting the 
touch surface causes frustration of the total internal 
reflection of the illuminating light and thereby part of the 
illuminating light to be scattered towards the display 
area, 

a processing element configured to obtain image data rep 
resenting the scattered illuminating light impinging on 
the display area based on output signals from the light 
sensing elements and independent of signal patterns 
resulting from ambient light and light scattered by non 
touching objects, the processing element being further 
configured to determine the location of the object on the 
touch surface based on the image data; and 

a filter arrangement for Suppressing said ambient light. 
35. The integrated touch-sensing display apparatus of 

claim 34, wherein the light source arrangement is configured 
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to modulate the illuminating light at a predetermined modu 
lation frequency, and wherein the filter arrangement com 
prises a circuit for lock-in detection at the modulation fre 
quency, which circuit operates on the output signals from the 
light-sensing elements. 

36. The integrated touch-sensing display apparatus of 
claim 34, wherein the light source arrangement is configured 
to modulate the illuminating light at a predetermined modu 
lation frequency, and wherein the filter arrangement com 
prises at least one bandpass filter operating on the output 
signals from the light-sensing elements to remove frequen 
cies outside a passband around the modulation frequency. 

37. The integrated touch-sensing display apparatus of 
claim 36, wherein the at least one bandpass filter comprises an 
analog filter circuit. 

38. The integrated touch-sensing display apparatus of 
claim 36, wherein the array of light-sensing elements and the 
at least one bandpass filter are integrated on a common Sub 
Strate. 

39. The integrated touch-sensing display apparatus of 
claim 35, wherein the modulation frequency is at least about 
0.5 kHZ. 

40. The integrated touch-sensing display apparatus of 
claim 34, wherein the light source arrangement is configured 
to provide the illuminating light in a confined wavelength 
region, and wherein the filter arrangement comprises at least 
one spectral passband filter which is arranged in front of the 
light-sensing elements so as to suppress the ambient light in 
relation to the illuminating light. 

41. The integrated touch-sensing display apparatus of 
claim 34, wherein the illuminating light is invisible to the 
human eye. 

42. The integrated touch-sensing display apparatus of 
claim 41, wherein the illuminating light is in a wavelength 
region above 700 nm. 

43. A method of operating an integrated touch-sensing 
display apparatus, which apparatus comprises an array of 
picture elements that defines a display area; an array of light 
sensing elements integrated to sense light within the display 
area; a light guide located in front of the display area to define 
a touch surface; and a light Source arrangement, said method 
comprising: 

controlling said at least one light source arrangement to 
provide illuminating light inside the light guide, Such 
that an object contacting the touchSurface causes part of 
the illuminating light to be scattered towards the display 
area, 

obtaining, based on output signals from the light-sensing 
elements, image data that represents the light that 
impinges on the display area excluding ambient light, 
and 

determining, based on the image data, the location of the 
object on the touch surface. 

44. The method of claim 43, further comprising controlling 
the light source arrangement to modulate the illuminating 
light at a predetermined modulation frequency, and operating 
a circuit for lock-in detection at the modulation frequency on 
the output signals from the light-sensing elements. 

45. The method of claim 43, further comprising controlling 
the light source arrangement to modulate the illuminating 
light at a predetermined modulation frequency, and obtaining 
the image data from at least one bandpass filter which oper 
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ates on the output signals from the light-sensing elements to 
remove frequencies outside a passband around the modula 
tion frequency. 

46. The method of claim 43, further comprising operating 
the light source arrangement to provide the illuminating light 
in a confined wavelength region, wherein at least one wave 
length filter is arranged in front of the light-sensing elements 
So as to Suppress the ambient light in relation to the illumi 
nating light. 

47. A non-transitory computer-readable medium compris 
ing program instructions which, when executed by a proces 
sor, cause the processor to perform the method of claim 43. 

k k k k k 
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