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(57) Abstract: An optical navigation device for use with mobile telephones and the like is disclosed, which has a reduced height as
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OPTICAL NAVIGATION DEVICE
FIELD OF INVENTION

The disclosure relates to an optical navigation device, a method of
manufacturing an optical navigation device, a mobile communications
device comprising an optical navigation device and a method of operating
an optical navigation device.

BACKGROUND

Current mobile or computer devices use a variety of different navigation
mechanisms including trackball devices, multi-click joysticks and
capacitance based touch areas. However, there are problems associated
with each of these. Trackballs and joysticks can be unreliable and
relatively expensive to implement. In addition, capacitance based touch
areas do not operate satisfactorily if the finger is covered, for example by a
glove, and their size can be large in relation to devices such as mobile

phones and PDAs.

Optical navigation devices are also known which operate on the same
principals as optical mice by comparing successive frames of an area
image. However, conventional devices use LED light sources which
require collimation and imaging optics which contribute to the thickness of
the devices.

There is therefore a need to provide an optical navigation device which
has a reduced thickness compared to existing devices and which operates
in a safe manner. In addition, it is desirable that such a device can be
manufactured in a simple manner and with a low part count at a suitable

cost.

SUMMARY OF INVENTION
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A first aspect of the disclosure provides an optical navigation device
comprising: a laser having a principal optical axis; an image sensor having
an imaging surface; and an optical element having an exposed user
surface, a first total internal reflection (TIR) surface, and a second TIR
surface on the underside of the exposed user surface, wherein the optical
element, laser and image sensor are together arranged to direct radiation
emitted by the laser onto the imaging surface at least partly by total
internal reflection by the first and second TIR surfaces, and wherein an
angle between the principal optical axis of the laser and the first TIR
surface is above 30° and below 40°.

It will be understood that, when a user touches the exposed user surface
with an object (e.g. a human digit or a stylus), total internal reflection at the
second TIR surface may be frustrated, leading to a pattern being formed
on the imaging surface. Scrolling user inputs can be derived from

sequential image patterns formed on the imaging surface in this way.

The inventors have realised that an angle of above 30° and below 40°
between the principal optical axis of the laser and the first TIR surface is
particularly advantageous. This is because, at angles within this range,
the second TIR surface can be illuminated to a sufficient degree that a
reliable user input can be derived at the imaging surface from frustrated
TIR at the exposed user surface. In addition, a relatively low device height
can be achieved (e.g. 5mm or below), using an off-the-shelf (and therefore
relatively inexpensive) laser diode and an optical element having a
refractive index which can be manufactured with readily available,
inexpensive materials (such as polycarbonate or poly-methyl-
methacrylate). It will be understood that relatively low device heights are
particularly advantageous for optical navigation devices used in, for
example, mobile communications devices where miniaturisation is a key

design driver. In addition, reflective coatings need not be applied to the
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first or second TIR surfaces to make them reflective, since the principles of
TIR can be employed at these angles (i.e. the laser light is totally internally
reflected by the first and second TIR surfaces, so they do not need to be
coated with reflective materials such as aluminium/silver). This makes

manufacture of the device faster, simpler and less expensive.

It will be understood that the principal optical axis of the laser and the first
TIR surface typically intersect. Typically, the angle between the principal
optical axis of the laser and the first TIR surface referred to above is the
angle between them where they intersect.

Typically, the optical navigation device according to the first aspect of the
disclosure further comprises a third TIR surface, the optical element, laser
and image sensor being together arranged to direct radiation emitted by
the laser onto the imaging surface at least partly by total internal reflection
by the first, second and third TIR surfaces. By providing a third TIR
surface, the image sensor can be positioned on the same (or parallel)
plane to the laser which facilitates a more compact design. In addition, by
making the third surface a TIR surface, it is not necessary to coat the third
surface with a reflective coating, making manufacture of the device faster,

simpler and less expensive.

Where a third TIR surface is provided, it is preferable that an angle
between a principal optical axis of the image sensor (i.e. the centre of the
field of view of the image sensor) and the third TIR surface is above 30°
and below 40°. In this case, the image sensor is typically mounted on a
parallel plane to (or the same plane as) the laser. This allows the optical
element to be substantially symmetrical, which can make manufacture of

the optical element and assembly of the optical navigation device easier.

It will be understood that the principal optical axis of the image sensor and
the third TIR surface typically intersect. Typically, the angle between the
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principal optical axis of the image sensor and the third TIR surface
referred to above is the angle between them where they intersect.

In a preferred embodiment, the angle between the first TIR surface and
the principal optical axis of the laser is between 32.5° and 37.5°. The
inventors have found that angles in this sub-range provide a number of
preferred embodiments. For example, in one such preferred embodiment,
it is possible to capture four or more finger print ridge periods on the
exposed user surface of the optical navigation device when the device has
a height of 5mm, which has been found to be optimal in some

circumstances.

Where the angle between the first TIR surface and the principal optical
axis of the laser is provided in this range, and where the optical navigation
device comprises a third TIR surface, it is preferable that the angle
between the principal optical axis of the image sensor and the third TIR
surface is also between 32.5° and 37.5°.

More preferably, the angle between the first TIR surface and the principal
optical axis of the laser is between 35° and 36°. The inventors have
found that angles in this sub-range provide a number of preferred
embodiments. For example, in one such preferred embodiment, it is
possible to capture five finger print ridge periods on the exposed user
surface of the optical navigation device when the device has a height of
5mm, which has been found to be optimal in some circumstances. In this
case, and where the optical navigation device comprises a third TIR
surface, the angle between the principal optical axis of the image sensor
and the third TIR surface may also be between 35° and 36°.

In yet another preferred embodiment, the angle between the first TIR
surface and the principal optical axis of the laser is between 31° and 36°.
The inventors have found that angles in this sub-range provide a number
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of preferred embodiments. For example, in one such preferred
embodiment, it is possible to capture more than two finger print ridge
periods on the exposed user surface of the optical navigation device when
the device has a height of 3mm or above. In this case, and where the
optical navigation device comprises a third TIR surface, the angle between
the principal optical axis of the image sensor and the third TIR surface
may also be between 31° and 36°.

In yet another preferred embodiment, the angle between the first TIR
surface and the principal optical axis of the laser is between 31.5° and
32.8°. The inventors have found that angles in this sub-range provide a
number of preferred embodiments. For example, in one such preferred
embodiment, it is possible to capture more than three finger print ridge
periods on the exposed user surface of the optical navigation device when
the device has a height of 4mm or above. In this case, and where the
optical navigation device comprises a third TIR surface, the angle between
the principal optical axis of the image sensor and the third TIR surface
may also be between 31.5° and 32.8.

Typically, the optical element comprises a material having a refractive
index of between 1.4 and 1.65. More preferably, the optical element
comprises a material having a refractive index of between 1.57 and 1.63.
In an alternative preferred embodiment, the optical element may comprise
a material having a refractive index of between 1.47 and 1.53. Choosing
refractive indices in any of these ranges enables readily available,
inexpensive materials to be used for the optical element, while keeping the
refractive index sufficiently high to provide an exposed user surface of
sufficient size for most applications.

For example, the optical element may comprise polycarbonate or poly-
methyl-methacrylate (PMMA).
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The first and/or second TIR surfaces are typically internal surfaces of the
optical element (i.e. surfaces internal to the optical element). Additionally
or alternatively, where the optical element comprises a third TIR surface,
said third TIR surface may be an internal surface of the optical element.

Preferably, the optical element is monolithic. This makes manufacture and
assembly faster and easier. For example, the optical element may be

manufactured by injection moulding.
Typically, the imaging surface is substantially planar.

Additionally or alternatively, the first and/or second and/or third (where
applicable) TIR surface(s) is (are) substantially planar.

Where both the second TIR surface and the imaging surface are
substantially planar, the plane of the second TIR surface is preferably
substantially parallel to the plane of the imaging surface.

The shortest distance between the second TIR surface and the plane of
the imaging surface may be any suitable distance. In one embodiment,
the shortest distance between the second TIR surface and the plane of the
imaging surface may be 5 mm. Alternatively, the shortest distance
between the second TIR surface and the plane of the imaging surface may
be 4 mm. Alternatively, the shortest distance between the second TIR

surface and the plane of the imaging surface may be 3 mm.
Preferably, the laser is a VCSEL.

A second aspect of the disclosure provides a method of manufacturing an
optical navigation device, the method comprising: providing a laser having
a principal optical axis; providing an image sensor having an imaging
surface; providing an optical element having an exposed user surface, a
first total internal reflection (TIR) surface, and a second TIR surface on the

underside of the exposed user surface, an angle between the principal
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optical axis of the laser and the first TIR surface being above 30° and
below 40°; and together arranging the optical element, laser and image
sensor to direct radiation emitted by the laser onto the imaging surface at

least partly by total internal reflection by the first and second TIR surfaces.

A third aspect of the disclosure provides a mobile communications device
comprising an optical navigation device comprising: a laser having a
principal optical axis; an image sensor having an imaging surface; and an
optical element having an exposed user surface, a first total internal
reflection (TIR) surface, and a second TIR surface on the underside of the
exposed user surface, wherein the optical element, laser and image
sensor are together arranged to direct radiation emitted by the laser onto
the imaging surface at least partly by total internal reflection by the first
and second TIR surfaces, and wherein an angle between the principal
optical axis of the laser and the first TIR surface is above 30° and below
40°.

A fourth aspect of the disclosure provides a method of operating an optical
navigation device comprising: a laser having a principal optical axis; an
image sensor having an imaging surface; and an optical element having
an exposed user surface, a first total internal reflection (TIR) surface, and
a second TIR surface on the underside of the exposed user surface, an
angle between the principal optical axis of the laser and the first TIR
surface being above 30° and below 40°, the method comprising: totally
internally reflecting radiation emitted by the laser by the first and second
TIR surfaces; illuminating at least part of the imaging surface with at least
part of the radiation totally internally reflected by the first and second TIR
surfaces; bringing an object into contact with the exposed user surface to
frustrate total internal reflection of at least a portion of the laser radiation at
the second TIR surface; and deriving user input information from changes
in sequential image frames detected at the imaging surface.
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The method according to the fourth aspect of the disclosure typically
further comprises totally internally reflecting laser radiation by the first TIR
surface onto the second TIR surface and totally internally reflecting laser
radiation from the second TIR surface onto the imaging surface.

As indicated above, making the first and second surfaces TIR surface
prevents the need to apply reflective coatings to the first or second

surfaces, making manufacture quicker and less expensive.

As indicated above, the optical element preferably comprises a third TIR
surface. In this case, an angle between the third TIR surface and a
principal optical axis of the image sensor may be between 30° and 40°.
Preferably, the laser radiation is totally internally reflected by the second
TIR surface onto the imaging surface via total internal reflection by the
third TIR surface.

A fifth aspect of the disclosure provides a method of manufacturing an
optical navigation device, the method comprising: providing an optical
element having an exposed user surface, a first total internal reflection
(TIR) surface, and a second TIR surface on the underside of the exposed
user surface; providing a laser; providing an image sensor having an
imaging surface; calculating a required spot size in at least one dimension
of the second TIR surface for illumination by radiation emitted by the laser;
and configuring the laser, optical element and image sensor to direct
radiation emitted by the laser onto the imaging surface at least partly by
total internal reflection by the first and second TIR surfaces and to
iluminate the second TIR surface with radiation emitted by the laser in

accordance with the required spot size in said at least one dimension.

By manufacturing the optical navigation device in this way, a sufficiently
large spot-size in said at least one dimension can be obtained on the
exposed user surface, while achieving TIR from the first and second TIR
surfaces. By using TIR, no reflective coatings need to be applied to the
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first and second TIR surfaces, thus making manufacture simpler, faster

and less expensive.

Typically, the at least one dimension of the second TIR surface is the
smallest dimension of the required spot-size since the laser beam may be
stretched by different amounts in different dimensions as it propagates

from the laser to the image sensor.

Typically, the step of configuring the laser and optical element comprises
setting an angle between the first TIR surface of the optical element and a
principal optical axis of the laser to a value above 30° and below 40°. As
explained above, the inventors have realised that an angle of above 30°
and below 40° between the principal optical axis of the laser and the first

TIR surface is particularly advantageous.
BRIEF DESCRIPTION OF FIGURES

An embodiment of the disclosure will now be described, by way of
example only, with reference to the drawings, in which:

Figure 1 is a schematic cross sectional view of an optical navigation

device;

Figure 2 is a schematic perspective view of the waveguide layer of the
optical navigation device of Fig. 1;

Figure 3 provides a schematic sectional view of a portion of the device of
Figure 1 showing the divergence of the radiation beam emitted by the

laser;

Figure 4 is similar to Fig.1 but further includes an object touching an
exposed user surface of the device;

Figure 5 shows an image pattern produced by the image sensor when an
object touches the exposed user surface when the device is in use;
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Figure 6 is a simplified version of the diagram of Figure 1, omitting the

lower and upper marginal rays;

Figure 7 plots the y-dimension of the user input area of the device of
Figures 1 to 6 against the angle between the principal optical axis of the
laser and the first TIR surface for three different device heights;

Figure 8 shows a mobile communications device comprising the optical

navigation device of Figures 1 to 6;
Figure 9 illustrates the critical angle for total internal reflection; and

Figure 10 plots the y-dimension of the user input area of the device of
Figures 1 to 6 against the angle between the principal optical axis of the
laser and the first TIR surface for three different z; values and a given

device height of 4mm.
DESCRIPTION OF SPECIFIC EMBODIMENTS

Figure 1 is a schematic cross sectional view of an optical navigation
device 1 comprising a laser diode 2 (typically a VCSEL but may be any
other suitable type of laser diode), an optical element 4 and an image
sensor 6 having a substantially planar imaging surface 6a lying on an
imaging plane 6b. The laser diode 2 and image sensor 6 are mounted on
separate circuit boards 7a, 7b, while the optical element 4 is suspended
above the circuit boards 7a, 7b by a supportive housing 8. It will be
understood that the laser 2 and image sensor 6 may alternatively be

mounted on the same circuit board.

As shown in Figures 1 and 2, the optical element 4 comprises an upper,
user input face 9 and a lower face 10 with a pair of angled side faces 12,
14 extending between them, the side faces 12, 14 converging towards
each other as they extend from the lower face 10 to the upper face 9. A

touch sensitive input area 15 is formed at an intermediate region of the
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user input face 9 between the angled faces 12, 14. The input area 15 has
a user input (or ‘mousing’) surface 16 which is exposed to the ambient

environment as shown in Figure 2.

The optical element 4 typically has a refractive index in the range 1.5-1.65
and may be formed for example from polycarbonate (refractive index
approximately 1.59) or poly-methyl-methacrylate (PMMA) (refractive index
approximately 1.50).

The image sensor 6 comprises an array of pixels arranged to form the
planar imaging surface 6a. In the present embodiment, the array
comprises a 20x20 array of 30um CMOS pixels. However, it will be
understood that other array sizes/architectures may be employed and that
any suitable alternative technology to CMOS (such as CCD) may be used
in the pixels. The sensor further comprises a signal processor.

The internal surface (i.e. internal to the optical element 4) of angled side
face 12 provides a first total internal reflection (TIR) surface 12a, while the
underside (that is, the reverse side) of the exposed user surface 16
provides a second TIR surface 18. Typically, the internal surface (i.e.
internal to the optical element 4) of angled side face 14 provides a third
TIR surface 14a. Although TIR by the third surface 14a is not strictly
necessary if, for example, a reflective coating is applied to it, manufacture
of the optical navigation device is simpler and less expensive if such a
coating can be avoided. As an alternative example, the image sensor may
be moved to the location of the third surface 14a, in which case neither a
reflective coating nor a third TIR surface is required. However, where the
particular design requires three reflective surfaces, it is preferable (and it
will be assumed below) that all three surfaces 12a, 14a, 18 are TIR
surfaces.
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The laser 2, image sensor 6 and optical element 4 are together arranged
such that, when radiation 24 is emitted by the laser 2, it enters the optical
element 4 and is at least partly directed onto the imaging surface 6a of the
image sensor 6 via the first, second and third TIR surfaces 12a, 18, 14a by
total internal reflection. More specifically, radiation is emitted by the laser
2 towards the first TIR surface 12a of the optical element 4. The radiation
beam emitted by the laser 2 increases in diameter about its principal
optical axis as it propagates. A measure of the rate of increase in
diameter of the laser beam is provided by the divergence angle, a, of the
laser (more specifically, a is the beam divergence at the 1/e? radius of the
laser beam). Accordingly, the laser beam can be approximated to a lower
marginal ray L and an upper marginal ray U being defined as the rays
emitted by the laser 2 which diverge by the full divergence angle a. This is
illustrated in Figure 3.

The first TIR surface 12a directs the diverged radiation 24 towards the
second TIR surface 18 by total internal reflection. This reflected radiation
24, which stretches in the x-direction (as defined in Figures 1, 4 and 6) as
it propagates from the first TIR surface 12a towards the second TIR
surface 18, is then totally internally reflected by the second TIR surface 18
towards the third TIR surface 14a. Finally, the third TIR surface 14a totally
internally reflects the radiation 24 towards the imaging surface 6a, the
radiation typically being compressed from its stretched state in the x-

direction as it is reflected by the third TIR surface 14a.

The first and third TIR surfaces 12a, 14a are typically substantially planar.
However, if required by the design configuration, the surface 12a may be
curved in order to control divergence of the laser beam, thus helping to
control the differential magnification of the laser beam incident on the

second TIR surface 18. The third TIR surface 14a may also be curved, for
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example to help reduce the diameter of the laser beam incident on the
imaging surface 6a.

The principal optical axis 25a of the laser 2, along with the relative
arrangement of the TIR surfaces 12a, 14a, 18 and the imaging surface 6a,
defines an on-axis optical path 25a, 25b, 25c¢, 25d from the laser 2 to the
imaging surface 6a, the first portion of the on-axis optical path 25a
typically being co-linear with the principal optical emission axis 25a of the
laser 2. In addition, a principal optical axis of the image sensor 6a is
typically co-linear with the portion 25d of the on-axis optical path between
the third TIR surface 14a and the image sensor 6. That is, the portion 25d
of the on-axis optical path between the third TIR surface 14a and the
image sensor 6 is typically co-linear with the centre of the field of view of
the image sensor 6. This helps to maximise the amount of radiation
detected by the image sensor 6.

Where the first and final portions 25a, 25d of the on-axis optical path are
parallel, the circuit boards 7a, 7b on which the laser 2 and image sensor 6
are mounted may be co-planar or alternatively they may be located on
separate parallel planes. When the laser 2 and image sensor are
mounted on parallel or identical planes, the principal optical axis of the
laser is typically parallel to that of the image sensor. In addition, the
principal optical axis of the laser is typically perpendicular to the imaging
plane 6b.

As shown in Figure 1, the optical element 4 is arranged such that the
radiation reflected by the third TIR surface 14a is not totally internally
reflected by the lower face 10 of the optical element 4. Rather, the
radiation passes through the lower face 10 onto the imaging surface 6a,
thus causing substantially all of (or only some of, but preferably at least
the majority of) the pixels of the pixel array to be illuminated.
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It will be understood that the on-axis optical path 25a, 25b, 25c, 25d
intersects the respective first, second and third TIR surfaces at an angle
greater than the critical angle for total internal reflection. More preferably,
both the lower and upper marginal rays L, U intersect the respective first,
second and third TIR surface at an angle greater than the critical angle for

total internal reflection.

The critical angle (8.=sin"'(n2/n1)) is dependent on the refractive index
(n1) of the optical element 4 and the refractive index (n2) of the ambient
air on the exposed user surface 16 (and on the exposed reverse sides of
the first and third TIR surfaces 12a, 14a). However, as shown in Figure 4,
when an object — in this case a human digit such as a finger or a thumb -
which has a larger refractive index than the ambient air touches the
exposed user surface 16, the object (ridges 26-28 of the finger or thumb
print) frustrate the total internal reflection (F-TIR) at the second TIR
surface 18. That is, as shown in Figure 4, the portion 24a of radiation 24
which is incident on the second TIR surface 18 directly beneath where the
object contacts the exposed user surface 16 is no longer totally internally
reflected and instead escapes from the optical element 4. This occurs
because the increased refractive index (compared to that of the ambient
air) of the object touching the exposed user surface 16 increases the
critical angle for total internal reflection above the angle of incidence of the
laser radiation beam. It will be understood that any suitable object may be
used as an alternative to a human digit, such as a glove-covered human
digit or a stylus. However, in the description below, it will be assumed that
the object is a human digit.

Although not shown in Figure 4, a portion (typically around 10%) of the
escaped radiation 24a is scattered back into the optical element 4 from the
interior of the digit towards the third TIR surface 14a and onto the imaging
surface 6a. A portion of this scattered radiation is incident on the sensor
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surface 6a and can effectively be treated as noise. Thus the beam is
interrupted on its path towards the third TIR surface 14a by the frustration
of TIR by the digit and as a consequence dark areas appear on the sensor
surface 6a. In addition, any radiation which does undergo TIR is directed
onto the imaging surface 6a as before, thus producing areas of full
illumination. The result is a modulated beam profile at the sensor surface
6a with areas of lower illumination corresponding to the feature ridges of
the digit in contact with the exposed user surface 16, This causes an

image pattern 30 to be formed on the imaging surface 6a.

An exemplary image pattern is shown in Figure 5. In this case, a 20x20
pixel array (which in total has a width of 0.608mm and a height of
0.608mm) is illuminated with a peak irradiance of 1.5W/cm? and a total
power of 2.1mW. The frustrated total internal reflection (caused by the
digit ridges touching the exposed user surface) at the second TIR surface
18 results in the detection of an image pattern comprising a series of dark
and illuminated regions 30a, 30b.

The navigation device 1 is operated by sliding a digit 28 across the touch
sensitive exposed user surface 16 and user input information is derived
from changes in sequential image frames detected at the imaging surface
6a. In particular, as the digit 28 moves across the surface, the position of
F-TIR on the exposed user surface changes and the image pattern formed
on the imaging surface 6a changes accordingly. The signal processor of
the sensor processes successive image patterns to identify the point or
points of contact of the digit on the user input surface 16 and to determine
motion vectors and the rate of movement of one or more features from
one frame to the next. The motion vectors and rate of movement can then
be translated into an appropriate control action for a mobile
communications device or mobile computer (for example). The device

may work at a frame rate of 1kHz to 10kHz in order to detect relative
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movement or movements of one or more features at the exposed user
surface 16. The frame rate is set by the refresh rate of the sensor. The
exposure may be achieved by a pulsating laser source or by sampling the
sensor output at the required rate.

It may be possible to calibrate the sensor by determining the sensor
ilumination when the laser diode 2 is turned off and comparing this with
the sensor illumination when the laser diode 2 is on. This calibration may
occur at the start of each use of the optical navigation device or on a
frame to frame basis.

As the radiation beam emitted by the laser 2 has low beam divergence (for
a half angle measured at an intensity of 1/e?>, a maximum of circa 10° or
less is typical), no collimation or imaging optics may be required. This
allows the navigation device to be much thinner than conventional devices
which use optics such as lenses and collimators. It also reduces part

count and makes manufacture easier.
Designing the optical navigation device

An overview of the design constraints of the optical navigation device 1 is
provided below. However, a more comprehensive mathematical analysis

is provided in Appendix 1.

The position and size of the touch sensitive input area 15 is defined by the
area of the user input face 9 which is illuminated by the laser 2 (i.e. by the
spot-size of laser radiation totally internally reflected by the second TIR
surface 18). The desired size of the touch sensitive input area 15 may be
dictated by a minimum number of features which the image sensor needs
to detect in order to reliably detect motion of a digit over the exposed user
surface 16. For example, the touch sensitive input area 15 may need to
be large enough to capture 3 or 5 finger print ridges. For most
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applications, the touch sensitive input area 15 may need to be large
enough to capture at least 2 finger print ridges.

This desired size of the touch sensitive input area 15, along with the
requirement for TIR at the first, second and third TIR surfaces, thus
imposes a primary design constraint on the optical navigation device.
However, the size of the user input area 15 in the x-dimension is typically
greater than the size of the user input area 15 in the y-dimension (i.e. the
dimension perpendicular to the x and z dimensions shown in Figures 1, 4)
due to the stretching of the beam in the x-dimension as it propagates from
the first TIR surface 12a to the second TIR surface 18. As the optical
navigation device must be capable of reliably detecting movement in all
directions along the surface of the user input area for most applications, it
is typically the y dimension of the surface area of the input area 15 which
is considered to be a primary design constraint.

The maximum y-dimension (referred to below as “Spot_Y”) of the touch
sensitive input area 15 (in units of typical finger print ridge periods p)
depends primarily on the divergent angle o' of the laser beam in the optical
element 4 (which, using the small angle approximation, can be taken to
equal the divergent angle a of the laser divided by the refractive index of
the optical element 4), the aperturing constant A of the laser (see
“Diffraction Loss Constraint” in Appendix 1), and the on-axis optical path
length between the laser 2 and the second TIR surface 18 (the on-axis
optical path length between the laser 2 and the second TIR surface 18 is

referred to below as “Path’):

Spot Y /p := 2-Path-tan(A-a')/p . n

The on-axis optical path between the laser 2 and the second TIR surface
18 is dependent on the angle B1 between the principal optical axis 25a of
the laser 2 and the first TIR surface 12a along with the z-dimensions of the
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device (see Figure 6). A full explanation of equation | is provided in
Appendix 1.

The optical navigation device may thus be manufactured by calculating a
required spot size in the y-dimension of the second TIR surface 18; and
configuring the laser, optical element and image sensor to direct radiation
emitted by the laser onto the imaging surface at least partly by total
internal reflection by the first TIR surface 12a and the second TIR surface
18, and to illuminate the second TIR surface 18 with radiation emitted by
the laser 2 in accordance with the required spot size in the y dimension.
Typically the configuring step will comprise setting the angle B1. Where
the principal optical axes of the laser and the image sensor are parallel, 3+
may be set indirectly by setting the angle between the plane of the first
TIR surface 12a and the imaging plane (which equals 90°- 31).

One solution may be to set B1 to 30° in order to achieve three identical
angles of reflection of 60° at each of the three TIR surfaces 12a, 14a, 18.
Alternatively, by setting 1 to be much higher than 30°, it may be thought
that a large y-dimension (Spot_Y) can be achieved with a relatively low
device height (device height, h, being defined as the shortest distance
between the laser 2 and the plane of the second TIR surface 18 - see
Figure 6). However, the inventors have realised that setting 31 above 30°
and below 40° is particularly advantageous. Such an angle allows a
relatively low device height to be achieved (e.g. 5mm or below), which is
particularly advantageous for navigation devices used in for example
mobile communications devices, using an off-the-shelf (and therefore
relatively inexpensive) VCSEL laser 2 and an optical element 4 having a
refractive index which can be manufactured with readily available,
inexpensive materials (such as polycarbonate). In addition, reflective
coatings need not be applied to any of the surfaces to make them
reflective, since the principles of TIR can be employed at these angles.
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To illustrate the particular benefits of this range, Figure 7 plots the y-
dimension (Spot_Y) of the touch sensitive user input area 15 (in units of
finger print ridge features as per equation | above) as a function of the
angle B+ for three different designs of the optical navigation device 1. In
each design, the same VCSEL source is employed, having a divergence,
o, measured from its optical axis at 1/ of its peak intensity of
approximately 10°. An aperturing constant A may be applied to allow for
the combination of dynamic range of the sensor and the illumination
profile, or to prevent (or reduce) diffractive ripples appearing in the far field
of the beam at the sensor. For the purposes of calculating the number of
features in the beam plotted in Figure 7, a value of A = 1 is applied. In the
first (upper) plot, the device height is set to 5mm; in the second (middle)
plot, the height is set to 4mm; and in the third (lower) plot, the height is set

to 3mm.

Vertical lines 40, 42 indicate the maximum angle, B1 which can be
employed to achieve TIR at the first TIR surface 12a when the refractive
index, n, of the optical element 4 is 1.5 and 1.6 respectively. Horizontal
lines 44, 46 highlight the points at which the y-dimension of the user input
area 15 allows three and five finger print feature periods to be captured

respectively.

The allowed designs, for a given refractive index and a required y-
dimension in finger print feature periods, occupy the space above the
horizontal y-dimension line 44, 46 and to the left of the vertical maximum
angle line 40, 42. Several particularly advantageous solutions for 341 can
be found in the sub-range 32.5° to 37.5°. For example, for an optical
element with a refractive index of 1.6 and a required minimum y-dimension
of 5 finger print ridge periods, the angle B4 must be between 35° and 36°
for a device height of 5Smm. This is a particularly desirable solution for
some applications. In addition, for an optical element with a refractive
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index of 1.6, a device height of 5mm and a required minimum y-dimension
of 4 finger print ridge periods, desirable values of B4 again fall within the
32.5° to 37.5° range. Alternatively, for an optical element with a refractive
index of 1.6 and a required minimum y-dimension of 4 finger print ridge
periods, the angle B1 should be between 31° and 36° for a device height of
5mm. Similarly for an optical element 4 with a refractive index of 1.5 and a
required minimum y-dimension of 3 finger print ridge periods, the angle 31
should be between 31.5° and 32.8° for a device height of 4mm. In all of
these sub-ranges, the trade-off between the refractive index of the optical
element 4, y-dimension of the input area 15 and device height h is
particularly optimised.

It can also be extrapolated from Figure 7 that, if the optical element 4 is
provided with a refractive index above 1.6, more finger print ridge periods
could be captured in the y-dimension of the user input area 15 by
increasing the angle B4. Additionally or alternatively, a higher refractive
index of the optical element 4 decreases the minimum height required by
the device for TIR to be achieved at the first TIR surface 12a (which, as
mentioned above, has particular benefits in, for example, mobile
communication devices where miniaturisation is a key design driver).
However, it can be undesirable to increase the refractive index beyond
approximately 1.65 as the cost of materials becomes prohibitively

expensive.

It is noted, for completeness, that the preferred (34 range of above 30° and
below 40° holds, even if the value of the refractive index of the optical
element 4 is increased to 1.65.

Thus, to achieve values of 1 above 40°, it may be necessary to employ
an optical element 4 having a refractive index of much greater than 1.65
which would be prohibitively expensive. For values of 31 below 30°, it may
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not be possible to achieve a sufficient y-dimension (Spot_Y) for the user
input area 15 for a required device height, h.

Where the laser 2 and image sensor 6 are co-planar, or are provided on
parallel planes, it is preferable that an angle between the principal optical
axis of the image sensor 6 and the third TIR surface 14a of the optical
element 4 is substantially equal to the angle B1 between the principal
optical axis 25a of the laser 2 and the first TIR surface 12a. However, the
angle between the principal optical axis of the image sensor 6 and the
third TIR surface 14a of the optical element 4 may be any suitable angle
for achieving TIR. For example, the angle between the principal optical
axis of the image sensor 6 and the third TIR surface 14a may be designed
to compensate for geometric distortion effects generated by the first and/or
second TIR surfaces 12a, 18.

Figure 8 shows a mobile communications device 50 comprising the optical
navigation device 1 described above.

While this detailed description has set forth some embodiments of the
present disclosure, the appended claims cover other embodiments of the
present disclosure which may differ from the described embodiments

according to various modifications and improvements.
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Appendix 1
Design Constraints

The primary design constraints on the optical navigation device can be

summed up as follows:

e The laser radiation must be totally internally reflected by the first
and second (and preferably third) TIR surfaces (see under “TIR
constraint” heading below);

e Diffraction loss / signal interference from beam truncation is limited

(See under “Diffraction loss constraint” heading below); and

e The user input area 15 is of sufficient size for the image sensor to
reliably detect movement of a digit (or other feature) over the area

15 (see “Feature pick-up constraint” heading below).
Each of these constraints are considered in turn below.

TIR constraint

For total internal reflection to occur, the angle 6 (see Figure 9) between the
respective incident rays and the normal to the respective TIR surfaces
must comply with the expression

sinf > 2 (1)
nl
where ni is the refractive index of the optical element 4 and n; is that of
the material on the other side of the interface. As the material on the other
side of the interface to the optical element 4 is typically air, n2 will be
assumed to be unity.
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ni will be referred to simply as n in the derivation below, since it is being

assumed that ny is unity.
Diffraction loss constraint

Aperturing a coherent laser beam causes not only energy loss but also an
interference effect whereby ripples start to appear in the laser beam'’s
transverse profile. The radiation beam output from the laser can be

considered to be Gaussian, having intensity:
1”2

I(ry=1I, exp| -2— (2)
w

where: lp is the maximum radiation beam intensity;
r is the radial distance from the optical axis of the beam; and
w is the 1/e? radius of the laser radiation beam.

For a reduction in on-axis intensity of 1% in the far field and an
insignificant near field ripple it has been found that a circular aperture of
diameter > 4.6w is required. The ripple is a diffraction effect whereby the
diffraction pattern from the edge of the aperture propagates in to the laser
beam profile to modulate the intensity profile. This should not be confused
with the 99% aperture power transmission condition which is met when the

aperture diameter is > nw.

It is convenient to re-express the Gaussian intensity equation (1) in terms
of angles and the trigonometric small angle approximation:

2 2
I(ry=1,-exp _2tan J =/, -exp —26— (3)
tan” o o’

where 0 is the angle from the principal optical axis; and
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a is the divergent angle of the laser output.

Although this expression is not completely accurate for the near field case,
it is @ good enough approximation in the far field.

If o« = 10°, it would not be unreasonable to set the aperturing condition for
optical surfaces in the design to be Ao = 2.3a= 23° as this would give
<1% diffractive ripple on axis. Therefore, A will be taken as 2.3 in the
calculations for the dimensions of TIR surfaces below. However, when
looking at the Spot_Y dimension, the aperturing constant is set to A=1.

Feature Pick-up constraint

The finger print ridge period for humans, P, is typically in the range 0.25 to
0.7 mm (assumed to be 0.5mm in derivation below). To obtain a reliable
signal from a moving finger on the exposed user surface, the spot-size of
the laser radiation totally internally reflected by the second TIR surface 18
must be large enough to image a certain number N of ridges. N will
typically be dependent on the application for which the navigation device is
being used but must be at least 2 for most applications. Thus the laser
beam’s minimum dimension on the second TIR surface 18 may be taken
as:

w>2-N-P (4)

where: w is the 1/e? radius of the beam, which varies with the angle it

makes to the plane of the mirrors’ reflection.

These constraints affect the design of the optical navigation device as
explained below.

For simplicity, the lower surface 10 of the optical element can be removed
from the calculations below by using the small angle approximation to

obtain:
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Zio= 21 - (1-n). Zy (58)

(50)

3R

where: n is the refractive index of the optical element 4;

21 is the shortest distance along the on-axis optical path between
the laser and the first TIR surface 12a (see Figure 6);

Zp is the shortest distance between the laser and the lower
surface 10 of the optical element 4 (see Figure 6); and

a is the divergence angle of the laser (see Figure 3).

The required size of the first TIR surface 12a is dictated by the beam
divergence q, the aperturing condition of the laser and the TIR condition.
The distance z4, although seemingly dependent on these parameters, may
typically be driven more by the minimum required y-dimension (Spot_Y) of
the touch sensitive input area 15. It is noted that the maximum on-axis
optical path length, and therefore the maximum size of the touch sensitive
input area 15 (due to divergence of the laser beam), is achieved when the
angle of incidence of the laser beam at the first TIR surface is equal to the

critical angle for TIR.

The line of the first TIR surface 12a in the z dimension as a function of x

may be expressed as:

X
' tanB,

+2z,

where x is the x co-ordinate and the other parameters being as

defined above.

The line of the lower marginal ray L in the z dimension as a function of x

may be expressed as:
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Zyp{n.o.z) A

T o Ao, o
- fan{—A o)

The line of the upper marginal ray U in the z dimension as a function of x
may be expressed as:

%

Zopdx.ed, 7 LAY = —— 47,
R OO RES PR A | lo

From these equations, the x co-ordinates of the required extent of the first
TIR surface 12a can be found as follows:

-1
1 1
X = — —
1xL (Zlo Zl)(tanﬁl tan(—A-oc‘)]

and

-1
1 1
X = — —
1xU (Zlo Zl)(tanﬁl tan(A-oc‘))

These co-ordinates dictate the required size of the first TIR surface 12a in

the x-dimension.

The following expressions define the angles between the respective
reflected on-axis, upper and lower marginal rays U, L and the principal
optical axis of the laser 2 as they are totally internally reflected by the first
TIR surface 12a:

Pio :2‘51
Pz :2'61 +4-0°

P :2‘51 -4-0°
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The points of intersection in the z dimension of the lower and upper
marginal rays L, U with the second TIR surface 18 can be calculated from

the following expressions:

N Xlx
C,,=2, (Xle o ’Zlo’A)_ -
tanp,
X
S Cyop=2Z, (Xle ’a‘"Zlo’A)_ =
tanp,,

The x co-ordinates for the points of intersection of the on-axis optical path
and the lower and upper marginal rays with the second TIR surface (and
thus the size of the input area 15 in the x-dimension) can be determined

as follows:
10 X20=(h—zl)~tanp10
X, =(h—C1L )-tanplL
X,y =(h—C1U )~tanp1U

In order to achieve TIR for the entire laser beam between the lower and
upper marginal rays, the TIR condition for the lower marginal ray L must

15 be considered as it makes the smallest angle of incidence with the first
TIR surface. This condition can be expressed as:

TIR{e' . 8y.n) = |1 if

[ | 3 ‘

s

S

§ otherwise

giving a required angle 31 between the laser principal optical axis and the
first TIR surface 12a as:
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B =[%—sin_1 [lD—Au‘

The on-axis optical path between the laser 2 and the second TIR surface
18 can be expressed as:

Path =z, +\/(h—z1 ) + X2,

The diameter of the laser-illuminated region of the second TIR surface 18

(i.e. of the input area 15) in the x dimension can be expressed as:
Spot_X=X,,-X,,

while the diameter of the laser-illuminated region of the second TIR
surface 18 (i.e. of the input area 15) in the y dimension can be expressed
as:

Spot Y =2-Path-tan(A4-o.")

The plots shown in Figure 7 are derived from this equation for Spot_Y as a
function of B1. The y-axis of Figure 7 being Spot Y/p (p=0.5mm, the
period between successive finger ridges) and the x-axis of Figure 7 being
B+. Different plots are provided for different values of h (3mm, 4mm and
5mm). The z-dimension z; is taken to be 2mm in each case, while the
value of a is taken as 10° and A is taken as 1.

Figure 10 illustrates the effect of z4 on the y-dimension (Spot_Y) of the
input area 15, again expressed in units of finger print ridge periods. In the
first (upper) plot, z4 is set to 1.5mm; in the second (middle) plot, z; is set to
2mm; and in the third (lower) plot, z4 is set to 2.6mm. In each case, the
device height, h, is kept constant at 4mm. As z, increases, the number of
finger print ridge features captured in the y-dimension decreases. This is
because the overall on-axis path length decreases with increasing z4 for a
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given height, h, resulting in less divergence of the laser light in the y-
dimension.

The various parameters can thus be selected to design the optical
navigation device for a particular set of conditions, the driving
considerations typically being the minimum dimension of the input area 15
and the TIR conditions. As described above, a particularly advantageous

range of B¢ values for the design can be found at above 30° and below
40°.
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CLAIMS

An optical navigation device comprising:

a. alaser having a principal optical axis;

b. an image sensor having an imaging surface; and

c. an optical element having an exposed user surface, a first

total internal reflection (TIR) surface, and a second TIR
surface on the underside of the exposed user surface,

wherein the optical element, laser and image sensor are together
arranged to direct radiation emitted by the laser onto the imaging
surface at least partly by total internal reflection by the first and
second TIR surfaces, and wherein an angle between the principal
optical axis of the laser and the first TIR surface is above 30° and
below 40°.
The optical navigation device of claim 1 further comprising a third TIR
surface, the optical element, laser and image sensor being together
arranged to direct radiation emitted by the laser onto the imaging
surface at least partly by total internal reflection by the first, second
and third TIR surfaces.
The optical navigation device of claim 2 wherein an angle between a
principal optical axis of the image sensor and the third TIR surface is
above 30° and below 40°.
The optical navigation device of any preceding claim wherein the
angle between the first TIR surface and the principal optical axis of
the laser is between 32.5° and 37.5°.
The optical navigation device of claim 2 or 3, or claim 4 as dependent
on claim 2 or 3, wherein the angle between the principal optical axis
of the image sensor and the third TIR surface is between 32.5° and
37.5°.
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The optical navigation device of any preceding claim wherein the
angle between the first TIR surface and the principal optical axis of
the laser is between 35° and 36°.

The optical navigation device of claim 2 or 3, or any of claims 4 to 6
as dependent on claim 2, wherein the angle between the principal
optical axis of the image sensor and the third TIR surface is between
35° and 36°.

The optical navigation device of any of claims 1 to 3 wherein the
angle between the first TIR surface and the principal optical axis of
the laser is between 31° and 36°.

The optical navigation device of any of claims 2 or 3 wherein the
angle between the principal optical axis of the image sensor and the
third TIR surface is between 31° and 36°.

The optical navigation device of claim 8 or 9 wherein the angle
between the first TIR surface and the principal optical axis of the
laser is between 31.5° and 32.8°.

The optical navigation device of claim 9 or 10 as dependent on claim
2 or 3 wherein the angle between the principal optical axis of the
image sensor and the third TIR surface is between 31.5° and 32.8.
The optical navigation device of any preceding claim wherein the
optical element comprises a material having a refractive index of
between 1.4 and 1.65.

The optical navigation device of any preceding claim wherein the
optical element comprises a material having a refractive index of
between 1.57 and 1.63.

The optical navigation device of any preceding claim wherein the
optical element comprises polycarbonate.

The optical navigation device of any of claims 1 to 12 wherein the
optical element comprises a material having a refractive index of
between 1.47 and 1.53.
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The optical navigation device of any preceding claim wherein the first
and/or second TIR surfaces are internal surfaces of the optical
element.

The optical navigation device of claim 2, or any of claims 3 to 16 as
dependent on claim 2, wherein the third TIR surface is an internal
surface of the optical element.

The optical navigation device of any preceding claim wherein the
optical element is monolithic.

The optical navigation device of any preceding claim wherein the
imaging surface is substantially planar.

The optical navigation device of any preceding claim wherein the first
and/or second TIR surface(s) is (are) substantially planar.

The optical navigation device of claim 20 as dependent on claim 19
wherein the second TIR surface is substantially planar and the plane
of the second TIR surface is substantially parallel to the plane of the
imaging surface.

The optical navigation device of claim 19, or claim 20 or 21 as
dependent on claim 19, wherein the shortest distance between the
second TIR surface and the plane of the imaging surface is 5 mm.
The optical navigation device of claim 19, or claim 20 or 21 as
dependent on claim 19, wherein the shortest distance between the
second TIR surface and the plane of the imaging surface is 4 mm.
The optical navigation device of claim 19, or claim 20 or 21 as
dependent on claim 19, wherein the shortest distance between the
second TIR surface and the plane of the imaging surface is 3 mm.
The optical navigation device of any preceding claim wherein the
laser is a VCSEL.

The optical navigation device of claim 2 or any of claims 3 to 25 as
dependent on claim 2, wherein the third TIR surface is substantially

planar.
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27. A method of manufacturing an optical navigation device, the method
comprising:
a. providing a laser having a principal optical axis;
b. providing an image sensor having an imaging surface;
c. providing an optical element having an exposed user
surface, a first total internal reflection (TIR) surface, and a
second TIR surface on the underside of the exposed user
surface, an angle between the principal optical axis of the
laser and the first TIR surface being above 30° and below
40°; and
d. together arranging the optical element, laser and image
sensor to direct radiation emitted by the laser onto the
imaging surface at least partly by total internal reflection by
the first and second TIR surfaces.
28. A mobile communications device comprising an optical navigation
device comprising:
a. alaser having a principal optical axis;
b. an image sensor having an imaging surface; and
c. an optical element having an exposed user surface, a first
total internal reflection (TIR) surface, and a second TIR
surface on the underside of the exposed user surface,
wherein the optical element, laser and image sensor are together
arranged to direct radiation emitted by the laser onto the imaging
surface at least partly by total internal reflection by the first and
second TIR surfaces, and wherein an angle between the principal
optical axis of the laser and the first TIR surface is above 30° and
below 40°.
29. A method of operating an optical navigation device comprising: a
laser having a principal optical axis; an image sensor having an

imaging surface; and an optical element having an exposed user
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surface, a first total internal reflection (TIR) surface, and a second
TIR surface on the underside of the exposed user surface, an angle
between the principal optical axis of the laser and the first TIR
surface being above 30° and below 40°, the method comprising:

a. totally internally reflecting radiation emitted by the laser by
the first and second TIR surfaces;

b. illuminating at least part of the imaging surface with at least
part of the radiation totally internally reflected by the first and
second TIR surfaces;

c. bringing an object into contact with the exposed user surface
to frustrate total internal reflection of at least a portion of the
laser radiation at the second TIR surface; and

d. deriving user input information from changes in sequential
image frames detected at the imaging surface.

The method of claim 29 further comprising totally internally reflecting
laser radiation by the first TIR surface onto the second TIR surface
and totally internally reflecting laser radiation from the second TIR
surface onto the imaging surface.

The method of claim 29 or 30 wherein the optical element comprises
a third TIR surface.

The method of claim 31 wherein an angle between the third TIR
surface and a principal optical axis of the image sensor is between
30° and 40°.

The method of claim 31 or 32 as dependent on claim 30 wherein the
laser radiation is totally internally reflected by the second TIR surface
onto the imaging surface via total internal reflection by the third TIR
surface.

A method of manufacturing an optical navigation device, the method

comprising:
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providing an optical element having an exposed user surface,
a first total internal reflection (TIR) surface, and a second TIR
surface on the underside of the exposed user surface;
providing a laser;

providing an image sensor having an imaging surface;
calculating a required spot size in at least one dimension of
the second TIR surface for illumination by radiation emitted by
the laser; and

configuring the laser, optical element and image sensor to
direct radiation emitted by the laser onto the imaging surface
at least partly by total internal reflection by the first and second
TIR surfaces and to illuminate the second TIR surface with
radiation emitted by the laser in accordance with the required

spot size in said at least one dimension.

35. The method of claim 34 wherein step e comprises setting an angle

between the first TIR surface of the optical element and a principal

optical axis of the laser to a value above 30° and below 40°.
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