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MULTIUSE OPTICAL SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority under 35 U.S.C.
119 to provisional application 61/181,538, filed May 27,
2009, and entitled “APPLICATIONS FOR POSITION
MEASUREMENT SYSTEMS USING POSITION SENSI-
TIVE DETECTORS” and to provisional application 61/264,
919, filed Nov. 30,2009 and entitled “MULTIUSE OPTICAL
SENSOR.” Both of these provisional applications are incor-
porated herein by reference in their entireties.

BACKGROUND

[0002] Optical sensing technology has been used to locate
and track movement of objects in two and three dimensions.
U.S. patent application Ser. No. 12/327,511, filed Dec. 3,
2008, and entitled “Method of Location an Object in3D” and
U.S. patent application Ser. No. 12/435,499, filed May 5,
2009, and entitled “Optical Distance Measurement by Trian-
gulation of an Active Transponder” provide examples and
details regarding how optical sensing technology may be used
to locate and track objects. The contents of both these patent
applications are incorporated by reference herein.

[0003] Some optical systems locate and track objects by
placing one or more light sources in a first object and one or
more position sensitive light detectors in a second object. The
location of the first object relative to the second object may
then be calculated using triangulation or other mathematical
calculations based on the detected position of light from the
light source(s) directly striking the detector(s). These optical
systems may be limited to tracking objects equipped with
either a complementary light source or detector. Existing
medical devices such as optical heart rate monitors and blood
oxygen level measurement devices use a light source, light
detector, and simple photodetector geometry to calculate
heart rates or measure blood oxygen levels.

[0004] These existing optical pulse oximeters and heart rate
monitors work by having a user place a transparent body part,
such as a fingertip or earlobe between the light sources and
detector(s). As the arterial blood vessels expand and contract
with each heartbeat, the amount of light flowing through the
body part changes. A user’s heartbeat can be measured based
onthe change in light detected at the detector. Different colors
of light are used to measure blood oxygen level since absor-
bance of oxygenated and deoxygenated blood varies at dif-
ferent colors. In blood oxygen monitors, “locking” measure-
ments to the heartbeat signal may allow some rejection of
interference signals from stagnant blood outside the arteries.
[0005] Inorder forthese existing pulse oximeters and heart
rate monitors to provide reliable results, manufacturers have
placed the light sources and detectors flush or close to the
transparent body part. This was done to prevent ambient light
from reaching the detector, which caused signal interference
and inaccurate results. Light sources and detectors were often
placed close the body part by a mechanical device, such as a
clip or spring, which also requires additional maintenance.
Manufacturers have also tried to reducing the effects of other
sources of error leading to inaccurate results, such as move-
ments of the body part during heart rate/photoplethysmo-
graph (PPG) and oximetry measurements, by implementing
various algorithms to “guess” and reduce errors caused by
body part movements.
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[0006] Another optical object location and tracking tech-
nique is used in some optical mice. In this traditional tech-
nique, light is emitted from a light source in the bottom of the
object, in this case a computer mouse; reflected off the surface
of another object, such as desktop or mouse pad; and detected
by arelatively small pixel count CMOS camera whose output
when coupled with optical flow algorithm produces accurate
velocity measurement. This existing technique, however, is
sensitive to interference from ambient light and cannot be
used in environments where interfering light from outside
sources can reach the detector.

[0007] There is a need for an optical position and move-
ment tracking device that can track objects unequipped with
a complementary light source or detector without being
affected by interference from ambient light. This need applies
to both optical mouse applications as well as to measurements
of medical information, such as PPG. There is also a need to
integrate position tracking information with the medical mea-
surements so that movement errors from body part move-
ments can be directly removed from PPG data instead of
through “guessing” algorithms. There is also a need to use
position measurement information to guide a user in reposi-
tioning their body part to an optimal location for measure-
ment. There is also need for performing each of these func-
tions in a “reflection mode” where light emitted from a source
is reflected off the object or body part and detected at a
detector in order to avoid mechanical design and maintenance
issues associated with placing an object between a light
source and detector or affixing a light source or detector to the
object.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 shows a method for measuring thelocation of
focused light on a one-dimensional position sensitive device.
[0009] FIG. 2 shows a method for measuring thelocation of
focused light on a two-dimensional position sensitive device.
[0010] FIG. 3 shows a method for computing the location
of an object in an embodiment.

[0011] FIG. 4 shows an embodiment with two light sources
emitting modulated light reflected into a light detector.

[0012] FIG. 5 shows the configuration of electronics of an
embodiment.
[0013] FIG. 6 shows an exemplary configuration of a light

source and detector in relation to a moving object.

[0014] FIG. 7 shows an embodiment with two light sources
emitting light at possibly different wavelengths and may be
modulated so as to be uniquely identified.

[0015] FIG. 8 shows another exemplary configuration
where a light source may be positioned to emit light waves
into a transparent bartier.

[0016] FIG. 9 shows an exemplary graph of the relative
change of PPG intensity and centroid motion over time.
[0017] FIG. 10 shows exemplary data that may be mea-
sured in an embodiment.

DETAILED DESCRIPTION

[0018] Embodiments of the invention enable measurement
of proximity, motion, and medical diagnostic functions from
light reflected off a body part, and may be incorporated in
compact, handheld devices. In an embodiment of the inven-
tion, one or more sources of electromagnetic radiation, also
referred to interchangeably as light, such as a light emitting
diode, may emit electromagnetic waves into a volume of
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space. When an object in an embodiment enters the volume of
space, the electromagnetic waves may reflect off the object
and strike one or more position sensitive detectors after pass-
ing through imaging optics. Imaging optics may include a
glass, plastic, or pinhole lens located at known distances from
the sources and/or detectors. A transparent barrier may sepa-
rate the sources and detectors from the objects entering the
volume of space and reflecting emitted waves. Mixed signal
electronics may process detected signals at the position sen-
sitive detectors to calculate a position of the object as well as
an intensity of the light reflected by the object. The object may
be anything capable of reflecting light, including for example,
a finger, body, tree, and vehicle.

[0019] The calculations may measure the position of the
object and reflected intensity of light as the object is moved
both along the transparent barrier and in the volume of space
around the transparent barrier. The electronics may also be
used to calculate additional information from the position
and/or reflected intensity results including a proximity of the
object to the detector; a pressure applied by an elastic object
to the surface of the transparent barrier; and medical infor-
mation including a heart rate, photoplethysmograph (PPG),
or blood oxygen content, if the object is a body part. In an
embodiment, the sources and position sensitive detectors may
be modulated in the time or frequency domain to prevent
interference from ambient electromagnetic radiation and dis-
tinguish between signals from different light sources.

[0020] Embodiments of the invention include a single
device and a signal chain capable of multiple modalities.
Position information of objects moving in the “air”, along the
surface of a barrier, or both may be tracked, and the proximity
of the object to a location, such as the surface of the barrier
may be calculated. Other medical information, such as heart
rate, PPG, and blood oxygen content may also be calculated.

[0021] Locating a Light Spot on a One-Dimensional Opti-
cal Detector
[0022] FIG. 1 illustrates measuring the location x 200 of

focused light 245 on a linear position sensitive detector (PSD)
210. Light 202 emitted from a light source 201 may strike
object 203, reflect 215 off the object, and pass through a
focusing lens or aperture 220. After passing through the lens
220, the focused light 205 may fall on the PSD 210 with light
distribution 245. The reflected light 215 may be modeled as if
it were a light spot incident on the PSD 210. The light distri-
bution 245 may generate lateral currents i, and i, in the PSD
210and currents I; 225.1 and 1, 225.2 at respective electrical
contacts 230.1, 230.2, which are provided at opposite ends of
the linear PSD 210. The lateral currents i, and i, may be
proportionate to the reflected light 215. The currents I, 225.1
and 1,225.2 may be amplified by respective amplifiers 230.1,
230.2 and may be digitized for further processing by the
electronics (not shown).

[0023] The incident light may be modeled as if it were a
light spot incident on the PSD 210. The PSD has a length D
235. The electronics may calculate the location x 200 of the
spot by applying the following equation:

(IL—IR)D (IL—IR\D
2

L2

In this case, the electronics may calculate x 200 from the
center of the detector 210. Note that this follows from the fact
that the total photocurrent generated may be distributed
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among the two contacts 230.1, 230.2 according to the resis-
tance of the PSD 210 surface material. The PSD 210 may be
at distance S, 240 from the center of another PSD (not illus-

trated).

[0024] Tocating a Light Spot on a Two-Dimensional Opti-
cal Detector

[0025] FIG. 2 illustrates measuring the locations x 250 and

y 255 of focused light 260 on a two-dimensional PSD 265.
Just as in the previous example, light 202 emitted from a light
source 201 may strike object 203, reflect 270 off the object,
and pass through a focusing lens or aperture 275. The
reflected light 270 may pass through the lens 275, and
becomes focused light 260 that falls on the PSD 265 with light
distribution 260 that generates lateral currents and currents I,
280.1. 1, 280.2,1,280.3, and I 280.4 at respective electrical
contacts, 285.1, 285.2, 285.3, and 285.4. The currents I,
280.1. 1, 280.2, 1, 280.3, and I~ 280.4 may be amplified by
amplifiers (not illustrated) and may be digitized for further
processing by additional electronics (not illustrated).

[0026] The incident light may be modeled as if it were a
light spot incident on the PSD 265. The PSD 265 has a length
0f D4270.1 and D, 270.2. The electronics may calculate the
location of x 250 and y 255 of the centroid of the spot 260 by
applying the following equations:

D, dr—1,
ZTy(IZHE)

Dyl - 1Ip
- 7(1L + IR)

[0027] Inthis case, the electronics may calculate x 250 and
y 255 from the center of the detector 265. In embodiments, the
electronics may calculate adjustments to x 250 and y 255 to
adjust for the position of the contacts 285. For example, in an
embodiment the contacts 285 may be on the edges of the PSD
265. The electronics may then use equations from coordinate
geometry to adjust the values for x 250 and y 255 to adjust for
the contacts 285 being located on the edges ofthe PSD 265. In
embodiments, the electronics may calculate adjustments to x
250 and y 255 to adjust for the properties of the PSD 265.
Note that this follows from the fact that the total photocurrent
generated is distributed among the four contacts 285.1, 285.2,
285.3. and 285.4 according to the resistance of the PSD 265
surface material. The PSD 265 may be S, 240 from the center
of another PSD (not illustrated).

[0028] Multiple Light Sources May be Tracked by Using
Frequency or Time Modulation

[0029] The electronics may calculate the position of mul-
tiple light sources using time modulation. For example, each
light source may be turned on-off in a predetermined
sequence such that only one of the light sources is on at any
given time. In this embodiment, only the coordinate corre-
sponding to a particular light source may be measured during
aprescribed time interval. Thus, the electronics may calculate
positional data for all of the light sources on a time sharing
basis. In an embodiment, the light sources may be pulsed and
individual light sources given a window in time when each
one is pulsed. The electronics may then calculate the centroid
of each of light source for each window of time.

[0030] Alternatively, the electronics may distinguish
between the light sources using frequency domain. For
example, the light sources may be modulated at unique fre-
quencies ;. The currents I, and I generated by the optical
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detectors in response to receiving incident light from the light
sources may include frequency components characterized by
these modulations, such as:

no= Y
k=sources
=Y

k=sources

f i (x)cos[2n flxd x

i (D = x)cos[2x f1](D — x)dx

In the above equation, i,(x) represent the individual spot size
distributions from each of the remote light sources on the
surface of the optical detectors. The electronics may use these
equations to demodulate the left and the right currents [, and
1, corresponding to each i,(x) at each of the frequencies f,.
Demodulating the currents at each frequency may differenti-
ate light spots on the PSD’s surface having different frequen-
cies. The electronics may then calculate the positions of the
light sources using the aforementioned equations applied to
each of the individual demodulated currents i, (x) and i, z4(x).
Thus the electronics may calculate the location of multiple
modulated light sources. Furthermore, by repeatedly calcu-
lating the location of multiple light sources, the electronics
may track changes in the locations of the multiple light
sources.

[0031] Calculating the Position of X, Y, and Z Coordinates

[0032] FIG. 3 illustrates the X 350.1 and Z 350.3 plane for
computing the location 330 of an object 321 based on light
from a light source 320 reflected by the object 321. In an
embodiment, a light source 320 emits light reflected by an
object 321 that is focused by optics 380 to form spots 347.1,
347.2 on the PSDs 370. The two PSDs 370 are connected to
electronics (not illustrated) which may include one or more
operational amplifiers and differencing and summing instru-
mentation amplifier configurations to measure the location of
the spots 347.1,347.2. S, 310 1s the distance between the two
PSDs 370. In an embodiment, the location of the spots 347.1,
347.2 may be measured relative to the center of the PSDs 390
as x; 345.1 and x5 345.2.

[0033] Inanembodiment,the electronics measures the cen-
troid of the intensity distribution of the reflected light on the
surface of the PSDs 370. As described herein, the electronics
may calculate the position of multiple light sources using
time or frequency modulation. If f is the focal length of the
aperture 380, which may be a slit in a housing, then for each
ofthe PSDs 370 the electronics (not illustrated) may calculate
the location of the imaging spot using the following equa-
tions:

Where x; 15 345.1, X515 345.2, 7,15 350.3, and S, 1s 310. After
performing the above calculations, the electronics may cal-
culate X 350.1 from the following equation:
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Ky —
c= (P

Where x; is 345.1, x, is 345.2, X is 350.1, and S, is 310.
Having determined lateral position, the electronics may cal-
culate the X 350.1 and Z 350.3 from both the outputs of the
PSDs as:

Where x; is 345.1, x5 is 345.2, 7 15 350.3, and S, is 310.
[0034] Referring back to FIG. 1, if one or more of the PSDs
270 are two-dimensional, then the electronics may calculate
the Y 175.2 location directly by:

Ly, Zyg 'Z\(yL +yR)

Y="E=_2L (=

oo r un 2

Where Y is 175.2, y; is 190.4, y is 190.6, and Z is 175.3.
From the above equations, the electronics may calculate the
location of point source of light 130 by using the electrical
signals generated by a pair of PSDs 170 in response to the
incident light from the light source.

[0035] In an embodiment, the electronics may adjust the
calculated location 330 of the light source using correcting
calculations that compensate for distortions of the aperture
380. For example, the aperture 380 may distort the position
347 of the centroid on the surface of the PSD 370 due to
effects such as pincushion, astigmatism, and other sources of
error. In an embodiment, the electronics may adjust the cal-
culated location 330 of the light source based on distortions
caused by the design of the PSD 370. The electronics may be
calibrated to tweak the calculated adjustments to the location
330 of the light source.

[0036] Role of Light Source and Light Detector May be
Reversed
[0037] FIG. 4 illustrates an embodiment of the present

invention with two light sources 620 emitting modulated light
and a light detector 650. Each of the two or more light sources
620 may emit light of a different wavelength that is reflected
by an object 603 and detected by the light detector 650 to
calculate the position P(X,Y,Z) of the object 603 and/or the
intensity of light reflected by the object. As illustrated below,
the roles of the light detectors 650 and the light sources 620
may be interchangeable.

[0038] Two light sources 620 can be used at a fixed sepa-
ration S with a single light detector 650 that is part of a single
device, such a portable computing device. The two light
sources 620.1 and 620.2 may form two spots on the light
detector 650 because of the aperture 670. The electronics may
distinguish between the two light sources of different wave-
lengths 620 using methods and apparatuses disclosed herein.
The electronics may calculate the X and Y coordinates. The
basic idea of calculating distances remains the same and is
done by triangulation. In triangulation, two separate triangles
are imagined linking rays emerging from the each of the
LEDs, reflecting off of the object, and forming two images
(one from each LED) whose centroids are measured. From
knowing the distance between LEDs and the detector, as well
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as the parameters of the lens, the X, Y, and 7 coordinates may
be calculated. The average X andY coordinates are still given
by similar equations as earlier:

X +Xx2

Where, x; 625.1 and x, 625.2 are the position of the two
reflected spots 680 from the center 655 of the light detector
650.

[0039] TheY coordinate may be calculated with data from
either a two-dimensional light detector 650 or a second light
detector (not illustrated). The second light detector may be
oriented differently than the light detector 650 and may be
oriented along the y-axis. The Z coordinate may be measured
from the solution of two triangles. The two triangle solution
may also be used in an embodiment where the detector is in
the center, the two LEDs flank the detector on either side, and
the LEDs are separated by distance S, which may be the exact
compliment of the earlier case. The electronics may calculate
the proximity of the object to the detector using stored values
of the separation S of the light sources 620 and stored values
of the focal length f of the aperture 670. The electronics may
then calculate Z by using the following equation:

f

(X2 = x1)

Where x; 625.1 and x, 625.2 are the position of the two
reflected spots 680.1, 680.2. For different geometry, such as
shown in FIG. 4, one can derive the appropriate equations
using measured centroids and simple trigonometry.

[0040] FIG. Sillustrates an embodiment for the electronics
710. The electronics 710 may include one or more memories
720, one or more processors 730, and electronic components
740. The electronics 710 may communicate with other com-
ponents through an input/output interface 760, which may
include amplifiers connected to the sensor 750 that amplify
photocurrents and prepare them for conversions by an analog
to digital converter 770. The electronics 710 may be commu-
nicatively coupled to one or more optical detectors 750 or
PSDs (as illustrated) 750 or the electronics 710 may be com-
municatively coupled to electronic components 760, and the
electronic components 760 may be directly communicatively
coupled to the one or more PSDs 750. The electronics 710
may calculate the position of the movable object and/or the
reflected light intensity by receiving data collected from the
optical detectors 750. The data may be processed by the
electronic components 760 outside the electronics 710 before
being received by the electronics 710. The electronics 710
may include an analog to digital converter 770 for converting
the analog data from the PSDs 750 and/or the electronic
components 760 to digital data for processing by the proces-
sor 730. The memory 720 may be RAM and/or ROM and/or
any type of memory able to store and retrieve instructions and
may include program instructions for determining the posi-
tion and/or rotation of one or more movable devices. The
processor 730 may be a computer processor, central process-
ing unit (CPU), or other type of processing device.
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[0041] Multiple controllers 710 may be used to determine
the position of the movable device. The electronics 710 may
perform only part of the calculating necessary to determine
the position of the movable device. The electronic compo-
nents 740 and 760 may include operational amplifiers; ampli-
fiers; differencing and summing instrumentation amplifier
configurations to measure the location of the spot of light;
analog to digital converters; a pair of current detectors, each
coupled to the PSD edges, or two pair of current detectors for
a two-dimensional light detectors; wires for connecting the
current detectors to the other electronic components; a pair of
differential amplifiers to compare the left-edge and right-
edge currents from each light detector; and/or other electronic
or electrical circuitry for implementing the functionality of
the present invention. The electronic components may be
positioned or grouped in many ways as along as photocur-
rents may still be measured. For example, there may be one
amplifier per output of the light detector, the light detectors
may share a common set of amplifiers, there may be no
differential amplifier, or there may be one or more differential
amplifiers as part of the controller. Positional information for
the movable device may be computed entirely by one device
or the computations may be divided among two or more
devices.

[0042] The electronics 710 may include a single digital
signal processing engine that can separate and track multiple
light sources. The electronics 710 may receive data from
PSDs 750 collected at a remote device and communicated to
the electronics 710. For example, a remote game controller
containing PSDs 750 may communicate data from the PSDs
750 wirelessly to the electronics 710 for the electronics 710 to
calculate the position or rotation of the remote controller. The
electronics 710 may be communicatively coupled to many
optical detectors or PSDs 750 and/or light sources. The elec-
tronics 710 may be configured to modulate a light source
either in time or frequency so that the light source may be
distinguished from other light sources. The electronics 710
may be configured to calculate the rotation of an object based
on the spectrum of light received from multiple light sources.
[0043] In an embodiment, the light detectors may be PSDs
and the PSDs may be linear light detectors that provide lateral
currents at each end (left-edge (I;) and right-edge (I;) cur-
rents) that vary depending on the location of incident light on
the PSD’s surface. In another embodiment, the PSDs may be
two dimensional. There may be four currents provided at each
end of the PSDs (left-edge (1, ), right-edge (I,), back-end (1),
and front-edge (1) currents) that vary depending on the loca-
tion of incident light on the PSD’s surface. The light detectors
may include other embodiments.

[0044] In an embodiment, optics provided in a common
housing with the light detectors may focus light from the light
sources into a spot on the light detector surface. The imaging
optic or optics may be a pin hole, a slit, a fish eye lens, or any
type of lens or device that tends to focus the light on the PSD.
Positional information may be determined by determining the
centroid ofthe focused light or spot on the PSD surface and by
using the focal properties of the imaging optics.

[0045] Additional light sources and/or detectors may be
used to increase the accuracy of locating the movable object,
increase the area of sensitivity, decrease the possible of the
light detectors and/or sources from being obstructed, or
increase the accuracy of the reflected light intensity measure-
ment. The light sources and detectors may be time or fre-
quency modulated to differentiate between light sources.
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[0046] FIG. 6 shows an exemplary configuration of a light
source 13 and detector 14 in relation to a moving object 10. In
this embodiment, the position of a moving object 10 may be
tracked and calculated using light emitted from the light
source/LED 13 that is reflected off the moving object 10 and
detected at the position sensitive detector 14 when the moving
object is in the field of view of the detector. The striped
triangular region 11 shows an exemplary range of the elec-
tromagnetic waves emitted from light source 13, whereas the
solid lined triangular region 12 shows an exemplary field of
view of the position sensitive detector 14. In an embodiment,
atransparent barrier 15 may be positioned between the object
10 and the light source 13 and detector 14. The light source 13
and/or detector 14 may also include imaging optics to
improve accuracy. The imaging optics may be used to focus
the range of light emitted from the light source 13, focus the
field of view of the detector 14, or both.

[0047] Inanembodiment, the light 11 from the light source/
LED 13 may be modulated at ahigh frequency of several kHz,
MHz, or more and the position sensitive detector 14 and its
associated electronics may be synchronized to the modulated
light source. In an embodiment, synchronizing the modula-
tion of the detector 14 and the light source 13 in the time or
frequency domain may result in the rejection of other forms of
electromagnetic radiation such as ambient lighting, which
generally may have frequency variations in the sub-kHz
domain. Modulation may also be used to “decode” and dif-
ferentiate the signals from multiple light sources, each of
whose reflection can be tracked independently.

[0048] Inanembodiment, position information ofan object
10 may be calculated at different rates. Calculating position
information of the object 10 at frequencies of hundreds or
even thousands of Hertz may further increase positioning
accuracy and enable tracking of object 10 moving at high
speeds while reducing delay, such as additional frame pro-
cessing time, associated with pixilated imaging-based move-
ment detection technology.

[0049] Aside from calculating position information of a
moving object 10 located above the transparent barrier 15 and
within the field of view of the position sensitive detector 14,
a change in position and pressure applied along the surface of
the transparent barrier 15 may also be tracked and calculated.
A change in pressure applied to the surface of the transparent
barrier may be detected when relatively elastic objects 10,
such as fingers, are used and at least one of the light sources
is passed through the barrier. When additional pressure is
placed on the surface of the transparent barrier by a relatively
elastic object, the elastic object may further deform from its
original shape to cover an additional surface area of transpat-
ent barrier 15 resulting in additional light being reflected from
the light source into the detector.

[0050] In some embodiments multiple sources of electro-
magnetic radiation may be used. The electromagnetic waves
emitted from each ofthe light sources may be uniquely modu-
lated in the time or frequency domain in order to identify and
distinguish the originating light source of reflected waves
measured at the detector.

[0051] FIG. 7 shows an embodiment with two sources 23
and 25 emitting electromagnetic radiation at different fre-
quencies. The vertically striped triangular region 21 shows an
exemplary range of red light waves emitted from light source
23, while the horizontally striped triangular region 27 shows
an exemplary range of blue light waves emitted from light
source 25. The horizontally and vertically criss-crossed
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region shows the overlapping range of red 21 and blue 27
light. The solid line triangular region 22 shows the field of
view of detector 24.

[0052] In some embodiments, having more than one
uniquely modulated light source 23 and 25 may allow calcu-
lation of position or movement in three dimensions by trian-
gulating the position of the object based on the detected
position of the reflected waves from the multiple light sources
at the detector. In an embodiment, a distance between an
object 20, and light sources 23 and 25, or other position
relative to a light source 23 or 25 or detector 24 may be
calculated. This calculation may be based on a triangulated
location of the object based on the measured position of the
reflected waves at the detector.

[0053] Aside from using multiple LEDs encoded either in
time domain or frequency domain to enhance spatial infor-
mation about the object in 3D space, other modulation codes
can be applied to LEDs of different colors of light. In that
case, spectrometric information about the object can be mea-
sured as well as spatial information described previously. A
classic example of this is measurement of blood oxygen as in
pulse oximetry, where two colors of light are used (there are
many choices but wavelengths near 660 nm and 940 nm are
often selected) to perform spectrometry on the blood inside
the body. The PPG at each of the wavelengths may be mea-
sured independently. The technique can be extended to many
colors of light. In some applications, the selected wavelength
of the light sources may result in more accurate measure-
ments. For example, two or more light sources may be used to
measure blood oxygen levels, with each light source (at dif-
ferent wavelength) producing independent PPG signals.

[0054] The PPG signals for pulse oximetry may be calcu-
lated from the measured PPG signals at each of the wave-
lengths. (see, for example, FIG. 10). The PPG signals may be
measured by calculating the DC signal level and the AC
amplitude at wavelengths A, and A,. The ratio:

!
!

—

A

’A_C)
Ipc/y,

is a measure of the saturated blood oxygen. The connection
between R and the actual blood oxygen may be based on
simple physical theory or an empirically measured fit
between R and blood oxygen levels. This medical informa-
tion may be provided in an embodiment in conjunction with
object tracking functionality.

[0055] FIG. 8 shows another exemplary configuration
where a light source 32 may be positioned to emit light waves
into the transparent barrier 34. When an object, such as a
finger 30, touches the surface of the transparent barrier 34
within the field of view 31 of detector 33, the light waves from
the light source 32 may be reflected from the barrier 34 into
the detector 33. In an embodiment, the relative opacity and
surface area of the object covering the transparent barrier 34
may directly affect the amount of light from the light source
32 that is reflected into the detector 33. In an embodiment, the
amount of light from the light source 32 reflected into the
detector 33 may only vary ifan object comes into contact with
some portion of the surface area of the transparent barrier 34.
In such an embodiment, the amount of light from the light
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source 32 reflected into the detector 33 may not change if an
object does not come into direct contact with the surface of
the transparent barrier 34 even if the field of view 31 of the
detector 33 extends beyond the surface of the transparent
barrier 34.

[0056] Also, elastic objects such as a finger will scatter
more light as the object is pressed against the barrier and the
surface area of the object in contact with the barrier increases.
This may be used as a proxy for the pressure and used to create
the effect of pressure sensing, which may be used in both
creating rich user interfaces (pressure may be used for zoom-
ing, highlighting, drawing effects).

[0057] Another important aspect of measurement of pres-
sure may be related to the measurements of PPGs. For
example, if PPGs are measured at the finger tip, then the heart
beat signal vanishes as the finger is pressed against the bartier.
The change in the shape of PPG vs. pressure may be used to
deduce blood pressure.

[0058] Since motion may be tracked while measuring PPG,
the motion information may be used to improve the PPG
readings by reducing erroneous readings in the light intensity
measured by the detector due to the motion. When measuring
changes in total light intensity over time, changes in total
intensity due to lateral motion of the finger may be accounted
for in the calculated intensity to more accurately measure the
intrinsic changes to the total intensity. In an embodiment,
movement effects may be accounted for by either correcting
the measurement data or rejecting measurement data during
motion.

[0059] Traditionally, PPG’s have only measured total
intensity and not changes in the thickness or position of a
pulsating artery as the PPG is measured. In an embodiment,
both the changes in thickness and position of a pulsating
artery may be measured. These measurements may provide
additional clinical information on arterial compliance, which
may be correlated to PPG measurements.

[0060] FIG. 9 shows a graph of the relative change over
time in one heart beat period of the PPG intensity and the
motion of the centroid of the PPG on the barrier. The dashed
line shows the relative change over time of the measured PPG
light intensity 91. The solid line shows the relative change
over time of the motion of the detected centroid 92 of the PPG
measurements on the barrier. The relative change of unity in
the graph in position of the centroid is approximately 1 pm.

[0061] Insome embodiments, multiple light sources, each
tagged with unique modulation code in frequency or time
domain, may be used. Some of the light sources may emit
light into a volume of space, as shown in FIGS. 6 and 7, while
others may emit light that may be confined to the transparent
barrier as shown in FIG. 8. The light sources emit light into
the volume of space may be used to measure data of objects
above the surface of the barrier, while those that emit light
into the transparent barrier may be used to measure data of
objects touching the surface of the barrier.

[0062] Inanembodiment, when a finger or other body part
proximate to flowing blood is held relative still in an area
within the field of view of a position sensitive detector having
a high dynamic range, certain medical information including
heart rate and optical heart waveforms, also known as pho-
toplethysmograph (PPG). may be calculated from the inten-
sity of the reflected light measured at the detector. In an
embodiment, a high dynamic range may exceed 50 dB and
may be configured to be between 80 and 100 dB, though other
ranges may also be used in other embodiments. Other medical

Jun. 23,2016

information, such as blood oxygen information may be cal-
culated in a embodiment through a pulse oximetry type tech-
nique by comparing measured intensities of reflected light at
the detector from two light sources having different wave-
lengths. Other medical information that may be obtained
from reflected electromagnetic radiation may also be calcu-
lated. In an embodiment, one of the light sources may have a
wavelength around 660 nm while the other light source may
have a wavelength around 900 nm, though in other embodi-
ments different wavelengths may be used. For example, using
three or more colors may result in improved measurement of
blood oxygen or other blood chemicals depending on the
selected wavelengths.

[0063] Embodiments of the invention may be used to track
hundreds of light sources (each at different wavelengths, if
necessary) simultaneously. In an embodiment, recording
PPG data at various finger or other body part pressures against
the barrier may provide a data set that may be used for mea-
surement of blood pressure or for providing feedback to the
user to apply optimal pressure for best readings. A graphical
user interface may be used to provide feedback to the user to
adjust the position or pressure of the finger or body part on the
transparent barrier to improve the accuracy of results.
[0064] FIG. 10 shows exemplary data that may measured in
an embodiment. The right side of FIG. 10 shows an exem-
plary heartbeat photoplethysmograph (PPG) 41, a magnified
PPG 42, and a calculated heart rate 43 of anindividual placing
a finger on the surface of an exemplary transparent barrier.
The left side of FIG. 10 shows the detected movements 40 of
the individual’s finger on the transparent barrier as well as the
intensity of the light 44 from the light source that was
reflected by the user’s finger into the detector.

[0065] Different combinations of the above features and
functions may be combined in different devices using a single
set of light sources and detectors. Thus, in a device is it
possible to use one light source and one light detector or one
pair of light sources and one pair of light detectors to perform
one or more of the following functions: locating the position
of an object; tracking movement of an object; measuring a
distance to an object; calculating a change in pressure applied
to a surface; determining an individual’s heart rate; calculat-
ing an individual’s optical heart waveform or photoplethys-
mograph; and calculating an individuals blood oxygen con-
tent through pulse oximetry. Accordingly, embodiments of
the invention may be incorporated into devices where such
functionality is desired.

[0066] In an embodiment, a position sensitive detector for
measuring PPG may provide feedback to a user to assist the
user in placing a body part at an optimal location relative to
the sensor. An ordinary photodetector would not be able to
provide such feedback. Additionally, in an embodiment,
simultaneous tracking of finger pressure and PPG may allow
one to deduce blood pressure with some calibration in an
embodiment.

[0067] Embodiments of the invention may be included
device such as cell phones, navigation equipment, laptops,
computers, remote controllers, computer navigation devices,
electronic devices, televisions, video players, cameras,
watches, portable devices, telephones, and any other device.
Embodiments of the invention may be used in portable
devices where space is at a premium; since the same circuitry
may be used to perform multiple functions, redundant sys-
tems may be eliminated thereby saving space. For example,
the position location and/or movement tracking features
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maybe combined with the medical information functionality,
such as heart rate, optimum heart waveform, and/or blood
oxygen content measurements to assist a user in repositioning
a finger or other body part to obtain optimum results. Other
combinations of different features and functionality previ-
ously mentioned may also be implemented in other embodi-
ments.

1-40. (canceled)

41. A method for determining a blood pressure, compris-
ing:

determining a pressure exerted on a surface by a body part

that is pressed against the surface;

determining a photoplethysmograph of the body part; and

determining the blood pressure as a function of the pres-

sure exerted on the surface and the photoplethysmo-
graph.

42. The method of claim 41, further comprising:

emitting an electromagnetic radiation towards the surface

for use in at least one of the pressure determination and
the photoplethysmograph determination.

43. The method of claim 41, further comprising:

providing feedback regarding a placement of the body part

on the surface in order to improve an accuracy of at least
one of the pressure determination and the photoplethys-
mograph determination.

44. The method of claim 42, further comprising:

correcting the photoplethysmograph determination by:

tracking a motion of the body part, and

compensating for the motion of the body partin order to
one of correct and reject measurement data attribut-
able to the tracked motion of the body part.

45. The method of claim 41, wherein the pressure exerted
on the surface and the photoplethysmograph are simulta-
neously determined to determine the blood pressure.

46. The method of claim 42, wherein the emitted electro-
magnetic radiation is used in both of the pressure determina-
tion and the photoplethysmograph determination.

47. The method of claim 44, wherein the tracking of the
motion of the body part is performed by a position sensitive
detector that measures a position of the electromagnetic
radiation reflected off of the body part by generating first and
second currents at first and second ends, respectively, of the
position sensitive detector, the first and second currents vary-
ing depending on a light distribution of the reflected electro-
magnetic radiation on the position sensitive detector facing
the surface

48. A device for determining a blood pressure, comprising:

means for determining a pressure exerted on a surface by a

body part that is pressed against the surface;

means for determining a photoplethysmograph of the body

part; and

means for determining the blood pressure as a function of

the pressure exerted on the surface and the photoplethys-
mograph.

49. The device of claim 48, further comprising;

means for emitting an electromagnetic radiation towards

the surface for use in at least one of the pressure deter-
mination and the photoplethysmograph determination.

50. The device of claim 48, further comprising:

means for providing feedback regarding a placement of the

body part on the surface in order to improve an accuracy
of at least one of the pressure determination and the
photoplethysmograph determination.
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51. The device of claim 49, further comprising:
means for correcting the photoplethysmograph determina-
tion, wherein the means for correcting includes:
means for tracking a motion of the body part, and
means for compensating for the motion of the body part
in order to one of correct and reject measurement data
attributable to the tracked motion of the body part.
52.The device of claim 48, wherein the pressure exerted on
the surface and the photoplethysmograph are simultaneously
determined to determine the blood pressure.

53.The device of claim 49, wherein the means for emitting
the electromagnetic radiation towards the surface is used in
both of the pressure determination and the photoplethysmo-
graph determination.

54. The device of claim 51, wherein the means for tracking
the motion of the body part measures a position of the elec-
tromagnetic radiation reflected off of the body part by gener-
ating first and second currents at first and second ends, respec-
tively, of the means for tracking the motion of the body part,
the first and second currents varying depending on a light
distribution of the reflected electromagnetic radiation on the
means for tracking the motion of the body part that faces the
surface

55. A device for determining a blood pressure, comprising:

at least one light source emitting electromagnetic radia-

tion;

a surface arranged in a vicinity of the at least one light

source;

a detector sensing the electromagnetic radiation reflected

from a body part on the surface; and

electronics:

determining a pressure exerted on the surface by the
body part;

determining a photoplethysmograph of the body part;
and

determining the blood pressure as a function of the pres-
sure exerted on the surface and the photoplethysmo-
graph.

56. The device of claim 55, wherein the at least one light
source is configured to emit the electromagnetic radiation
towards the surface for use in at least one of the pressure
determination and the photoplethysmograph determination.

57. The device of claim 55, wherein the electromagnetic
radiation reflected off of the surface is used in the photopl-
ethysmograph determination.

58. The device of claim 56, wherein the at least one light
source is configured to emit the electromagnetic radiation
towards the surface for use in both the pressure determination
and the photoplethysmograph determination.

59. The device of claim 55, whetrein the electronics calcu-
late feedback regarding a placement of the body part on the
surface in order to improve an accuracy of at least one of the
pressure determination and the photoplethysmogrpah deter-
mination.

60. The device of claim 55, wherein:

while the body part is on the surface and for each of at least
two points in time:
the pressure is determined and the photoplethysmograph
is determined,
a time from the at least two points in time is recorded,
and
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the determined pressure, the determined photoplethys-
mograph, and the recorded time are linked as a record
in a record set stored in memory; and
the blood pressure is determined based on a correlation
established using the record set stored in memory.
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