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(57) Abstract: A positioning system and method for determining a coordinate of an object may comprise a positioning transmitter
system and a positioning receiver system. The positioning transmitter system includes at least four light sources and a master anchor
to modulate the light sources to emit modulated light signals each having a modulation frequency. The positioning receiver system
comprises a lens to focus the light signals onto an optical sensor, an envelope detector to receive a signal from the optical sensors
and provide output signals corresponding to the modulation frequency, and positioning detection circuitry. The positioning detection
circuitry receives calibration data; determines at least four phase difference of arrival (PDOA) pairs based on the output signals from
the envelope detector; determines at least four phase corrected PDOA pairs based on the calibration data and the PDOA pairs; de-
termines at least four linear distance differences based on the phase corrected PDOA pairs; and determines the coordinate of the ob -
ject based on the linear distance differences and the calibration data.
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SYSTEMS AND METHODS FOR
DETERMINING POSITION USING LIGHT SOURCES
FIELD

The present disclosure generally relates to systems and methods for position
detection, and more particularly, relates to systems and methods for position detection using a
plurality of overhead light sources.

BACKGROUND

Systems have been developed to determine a position of an object using satellite-
based global positioning system (GPS) information. Unfortunately, satellite-based GPS
generally does not work unless the object can receive the necessary number of signals from
the satellites. As such, satellite-based GPS may not reliably work indoors or any place where
overhead obstacles (for example, but not limited to, roofs, buildings, trees, signs, or the like)
may block satellite-based signals.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of embodiments of the claimed subject matter will become
apparent as the following Detailed Description proceeds, and upon reference to the Drawings,
wherein like numerals depict like parts, and in which:

FIG. 1 illustrates one example system embodiment consistent with the present
disclosure;

FIG. 2 illustrates a flow chart of example operations for determining a position of an
object consistent with the present disclosure;

FIG. 3 illustrates a flow chart of example operations for processing the signals to
determine a position consistent with the present disclosure;

FIG. 4 illustrates one embodiment of a distribution delay detection system; and

FIG. 5 illustrates a flow chart of example operations for dynamically determining the
distribution delay associated with each light source in the positioning system.

Although the following Detailed Description will proceed with reference being made
to illustrative embodiments, many alternatives, modifications, and variations thercof will be
apparent to those skilled in the art. Accordingly, it is intended that the claimed subject matter
be viewed broadly.

DETAILED DESCRIPTION

In general, the present disclosure includes systems and methods for determining the

position of an object using a plurality of signals generated from a plurality of light sources.

According to one exemplary embodiment, the light sources may include, but are not limited

-1-
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to, a plurality of overhead light emitting diodes (LEDs) which may emit light (for example,
but not limited to, light having a wavelength in the visible spectrum) that is modulated at a
specific frequency. The object may receive the modulated light from the plurality of light
sources and determine a plurality of phase difference of arrivals (PDOA) pairs, which may be
translated into a plurality of linear distance difference pairs. These linear distance difference
pairs may then be used to determine a position <x, y, z> of the object. The position <x, y, z>
of the object may be a relative position (e.g., but not limited to, a position relative to the light
sources, room, building, etc.) and/or an absolute position (e.g., but not limited to, a position
relative to the Earth) as discussed herein.

Turning now to FIG. 1, one embodiment of a positioning system 100 consistent with
at least one embodiment of the present disclosure is generally illustrated. The positioning
system 100 may include a positioning transmitter system 112 configured to transmit a
plurality of signals S;-S; and a positioning receiver system 114 configured to receive the
signals Si-S; and determine a position <x, y, z> of an object 115.

The positioning transmitter system 112 may include a lighting system 116 (for
example, but not limited to, an overhead lighting 116) having a plurality of light sources
118i-1181. The light sources 118i-1181 may including any type of light source including, but
not limited to, an incandescent light, high-intensity discharge (HID) light, fluorescent light,
and solid-state light. The light sources 118i-1181 may emit light in any spectrum including,
but not limited to, infrared, visible, and/or ultraviolet wavelengths. According to the
exemplary embodiment, the light sources 118i-118] may include at least four light emitting
diodes (LEDs) emitting light having a wavelength in the visible spectrum; however, the light
sources 118i-118] are not limited to LEDs operating in the visible spectrum unless
specifically claimed as such.

The light sources 118i-118] may be controlled by one or more master anchors 120.
The master anchor 120 may modulate the light sources 118i-1181 at one or more frequencies.
When the light system 116 is intended to operate in the visible light spectrum, the modulation
frequency may be selected to minimize any perceived flickering. For example, the master
anchors 120 may modulate the light sources 118i-1181 at a frequency of 10 MHz or greater;
however, one of skill in the art will recognize that the master anchors 120 may module the
light sources 118i-118I at other frequencies. The upper limit for the modulation frequency
may be selected based on the desired maximum resolution for the positioning system 100.

For example, the upper bound on the modulation frequency wavelength may be

selected such that the distance between any pair of light sources 118i-1181 does not exceed %2
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wavelength where wavelength = speed of light / frequency. By way of example, if the light
sources 118i-1181 are 1 meter apart, then the upper frequency may be 150 MHz. However,
from a practical perspective, the reaction time of the light sources 118i-118] may be the
limiting factor. The master anchor 120 may include at least one oscillator, or the like 122
which modulates the light sources 118i-118]1 at the desired frequency(s).

Each light source 118i-118] may have a position (X,, Ya, Zy)ij which may be used to
determine the position of the positioning receiver system 114, and therefore the position of
the object 115. The positions (X,, Yn, Zy)ij of the light sources 118i-1181 may be relative
positions and/or absolute positions. As used herein, the phrase “relative position” is intended
to mean a position relative to light system 116, the room/area containing the positioning
system 100, and/or a building in which the positioning system 100 is located. Additionally,
as used herein, the phrase “absolute position” is intended to mean a position relative to the
Earth (e.g., a longitude and latitude).

Because the light sources 118i-1181 are spaced apart from the master anchor 120, the
lighting system 116 will have a distribution delay T, associated with each light source 118i-
1181. In particular, each light source 118i-1181 will have an associated distribution delay T;-
T, corresponding to the delay between when the master anchor 120 transmits the timing
signal to each light source 118i-1181 and when each light source 118i-118] emits light. The
distribution delay for each light source 118i-118] may be based on, for example, the distance
between the master anchor 120 and each light source 118i-118I and the time it takes for the
timing signals to reach each light source 118i-118l, as well as the response time of each light
source 118i-118L.

The positioning transmitter system 112 may be configured to transmit calibration data
to the positioning receiver system 114. The calibration data may include a source identifier
(which uniquely identifies each particular light source 118i-118l), a distribution delay 6;-6;
associated with a particular light source 118i-118l, the position of the particular light source
118i-118I (e.g., relative and/or absolute position), and optionally the modulation frequency
(woox) Of the particular light source 118i-118l. The calibration data may be contained in the
payload of a packet (which may also include, for example, a preamble and one or more
headers). The packets may be transmitted by the positioning receiver system 114
periodically, upon system initialization, randomly, or upon request by the position receiver

system 114. As described herein, the positioning transmitter system 112 may then utilize the
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calibration data to make phase corrections to the received signals S;-S; as well as to determine
the position of the positioning receiver system 114.

The positioning receiver system 114 may receive the signals S;-S; emitted from the
light sources 118i-1181, as well as the calibration data, and determine a position of the
positioning receiver system 114 (and ultimately the object 115) based, at least in part, on the
signals S;-S;. According to one embodiment, the positioning receiver system 114 may be a
stand-alone device. Alternatively, the positioning receiver system 114 may also be part of the
object 115 which may include a mobile device (such as, but not limited to, a mobile phone,
smart phone, a laptop, a notebook, an ultra mobile pc (UMPC), a handheld computing device,
a game console, a multimedia appliance, a digital recording device for audio/video, a netbook
computer system, or the like) and/or robotic device.

The positioning receiver system 114 may include at least one lens 124, image array
126, and position detection circuitry 128. The lens 124 may be configured to focus each of
the received signals S;-S; onto a unique one of the pixels 130a-130n in the image array 126.
For example, the lens 124 may be configured to map each light signal S;-S; to a unique pixel
based upon the angle of arrival of the light signal S;-S;. The image array 126 may then
convert the received light signals S;-Sj into electrical signals 132i-1321 which correspond to
the light signals S;-S;. The electrical signals 132i-1321 may then be processed by the position
detection circuitry 128 to determine the position of the positioning receiver system 114. The
positioning receiver system 114 may optionally include signal conditioning circuitry 134
which may, for example, include an envelope detector, frequency filter (such as, but not
limited to, a low pass filter or the like) to reduce and/or eliminate noise. According to one
embodiment, the positioning receiver system 114 may include four signal conditioning
circuitries 134 associated with each of the light signals S;-S;.

Turning now to FIG. 2, a flow chart 200 illustrating exemplary operations consistent
with the present disclosure is shown. The operations of flow chart 200 may be performed by
the positioning system 100. At operation 202, at least four light sources 118i-1181 may be
modulated (e.g., keyed on/off) at a predetermined modulation frequency to emit at least four
modulated light signals S;-S;. At operation 204, the light signals S;-S; may be detected by the
positioning receiver system 114. For example, the light signals S;-S; may be focused onto
one or more optical sensors including, but not limited to, an image array 126 or the like.
When the positioning receiver system 114 may receive more than four light signals S, the
position detection processor 128 may be configured to select the most geometrically

distinct/diverse light signals S;-S; (i.e., the four signals S;-S; corresponding to the light
-4-
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sources 118i-1181 having the largest spacing between the light sources 118i-1181). Selecting
the most geometrically distinct/diverse light signals S;-S; may allow the positioning receiver
system 114 to have the best geometric dilution of precision (GDOP), thereby increasing the
performance of the positioning receiver system 114.

At operation 206, the light signals S;-S; may be converted into electrical signals
corresponding to the light signals S;-S;. For example, the output of the image array 126 may
be received by an envelope converter of the signal conditioning circuitry 134 which may
output electrical signals representative of each of the received light signals S;-S;.

At operation 208, calibration data associated with each light source 118i-1181 may be
received by the positioning receiver system 114. The calibration data may include, for
example, a source identifier (which uniquely identifies each particular light source 118i-
1181), a distribution delay Ti-T; associated with a particular light source 118i-118l, the
position <X, ya, Z»> of the particular light source 118i-118I (e.g., relative and/or absolute
position), and optionally the modulation frequency (®.ok) of the particular light source 118i-
1181. The position detection processor 128 may be configured to identify and select the most
geometrically distinct/diverse light signals S;-S; based on, at least in part, the position <xp, Y,
zp,> of each light source 118i-1181. In addition, the position detection processor 128 may also
consider the strength of the light signals Si-S; when identifying and selecting the most
geometrically distinct/diverse light signals S;-S;.  One of ordinary skill in the art may
appreciate that the order in which operation 208 is performed is not limited to the order
illustrated in FIG. 2.

The positioning transmitter system 112 and the positioning receiver system 114 may
have a default (e.g., predetermined modulation frequency), and as such, the positioning
transmitter system 112 may not need to transmit the modulation frequency with the
calibration data. Alternatively, each positioning transmitter system 112 may utilize a
different modulation frequency, and therefore the positioning transmitter system 112 may
include the modulation frequency with the calibration data that is associated with the
particular positioning transmitter system 112.

At operation 210, the electrical signals corresponding to the received light signals S;-
Si may be processed (for example, by position detection circuitry 128) to determine the
position of the object 115, for example by determining phase difference of arrival (PDOA)
pairs (@aji, Paki» Pakj, Paj) Which in turn may be used to determine linear distance difference

(Rji, Rii, Ry, Ryy), and ultimately the receiver position <x, y, z> (e.g., the object 115) using
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multilateration calculations. At operation 212, the receiver position <x, y, z> may be
outputted from the position detection circuitry 128.

Turning now to FIG. 3, a flow chart 300 illustrating the exemplary operations of
operation 210 (FIG. 2) performed by position detection circuitry 128 consistent with the
present disclosure is generally illustrated. At operation 302, the position detection circuitry
128 may be configured to receive calibration data associated with each light source 118i-
118l. The calibration data may include a light source ID, a propagation delay (6y), light
source coordinates (X, y, z), and optionally a high frequency ranging OOK signal (®ook )
associated with each light source 118i-1181. The calibration data may be stored in a payload
portion of a packet. The position detection circuitry 128 may include a packet processor
configured to split the packet contents and store the calibration data in memory (e.g., but not
limited to, a buffer associated with the position detection circuitry 128).

At operation 304, the position detection circuitry 128 may be configured to receive
electrical signals 132i-1321 corresponding to the light signals Si-S;. The electrical signals
132i-132]1 may be conditioned, for example, to reduce and/or eliminate noise by signal
conditioning circuitry 134. At operation 306, the position detection circuitry 128 may be
configured to determine four phase difference of arrival (PDOA) pairs (@aji, Paxi> Pakj> Paij)
based on the electrical signals 132i-1321. In particular, the position detection circuitry 128
compare the electrical signals 132i-1321 to determine the PDOA pairs using any methodology
known to those skilled in the art. For example, the position detection circuitry 128 may
compare zero point crossing between two electrical signals 1321-1321, slope of rising, and the
like. In particular, the position detection circuitry 128 may detect the phase in the time
domain by comparing rising edges and/or detect the phase in the frequency domain by using

a phase comparator. The PDOA pairs (@aji, @aki» Pakj, Paj) may be represented as follows:

by = 0,7, - 1)+ (6,-6) Eq. A
Dria = Do (T, =7,) + (6, = 6)) Eq.B
Dy = 0 (7, —7,) + (6, - 6)) Eq.C
Pry = Opoi (7, =7 ) +(6, =) Eq.D

where 14 1S the propagation delay associated with each light source 118i-1181, and
where Oy = ok Tn 1s the phase shift at OOK frequency due to the distribution delay
associated with each light source 118i-118l. The derivation of Equations A-D is provided

following this discussion.
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At operation 308, the position detection circuitry 128 may be configured to determine
the phase correction term (®j, @i, Dy, Pjj) for each PDOA pair (daji, Paki» Pakj» Paj). The
phase correction terms (®ji, Dxi, Pkj, D)) may be determined by taking the difference between
the distribution phase shift () associated with each light source 118i-1181 in the PDOA
pairs. In other words, each of the phase correction terms (@, Di, Pij, Pjy) 1s equal (O - 0y),
which is the left hand portion of Equations A-D. The phase correction terms
(Dji, Di, Dyj, Py)) may also be considered a differential residual phase error.

At operation 310, the position detection circuitry 128 may be configured to determine
the phase corrected PDOA pairs (i.c., (Paxy - DPxy)). In particular, the position detection
circuitry 128 may be configured to subtract the phase correction terms (®j, D, Pyj, @) from
each associated PDOA pair ($aji, Paki> Pakj» $aij). Once the phase corrected PDOA pairs (paxy -
®,y) are determined, the position detection circuitry 128 may be configured to determine the
linear distance differences (Rji, Ry, Ryj, Ry) at operation 312. In particular, the position
detection circuitry 128 may convert the phase corrected PDOA pairs to linear distance

differences (Rji, Rii, Ry, Rjj) using the following relationships:

le_ — MV
Dok Eq E
sz‘ — (¢Akz‘ — CDIa)V
Wk Eq F
R, = (¢Akj _(ij)v
Dook Eq. G
R, = (¢Alj _(Dzj)v
Dook Eq.H

As may be appreciated, Equations E-H may be derived from Equations A-D. The
derivation of Equations E-H is provided following this discussion.

Once the linear distance differences (Rji, R, Ry, Rjj) have been determined, the
position detection circuitry 128 may be configured to determine the position of the object 115

based on the linear distance differences (Rj;, Ry, Ry, Ryj). In particular, given the locations of
each light source 118i-1181 (i.e., <xl.,yl.,zl.>, <xj,yj,zj> , <xk,yk,zk> , (xl,yl,zl>) as well as the
linear distance differences (Rj;, Ruii, Ryj, Ry), the position detection circuitry 128 may be
configured to determine the receiver location (x,y,z) of the object 115 by using the

following set of relationships.
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_ (sz'xl'j - Rjixik)

(Rjiyik _sz'yij) Eq.I
B— (sz'Zij _Rjz'Zik)
(Rjiyik _Rkiyij) Eq. J
C Ry[-R;, +(x; = x) +(y; = ) +(2; = 2)] = Ry[— Ry + (x¢ —x))+ (v, — y)) + (2 — 2]
2(Rjiyik _sz'yij)
Eq.K
D (lexjk —Rijj,)
(Rkjyjl _leyjk) Eq.L
_ (leij _Rijjl)
(Ryyu—Ryyy) Eq. M
e R[-Ry +(x; = x)) + (v =y + (2 = 2] = Ry[-R; + (6] = x)) + (v = y)) + (2] = 2})]
2(R]g'yjl _leyjk)
Eq. N
G _E-B
A-D Eq.O
_F-C
A-D Eq.P
I1=AG+B Eq. Q
J=AH+C Eq. R
L =2[Gxy + Iy + 2] Eq. T
M = 4R [G* + 1> +1]- 2 Eq.U
N=8R[G(H —x,)+I(J —y,)—2z]-2KL Eq.V
O:4Rl§i[(xi_H)2+(yi_J)2+Zi2]_K2 EqW
x=Gz+H Eq. X
y= Iz+J Eq Y
-N ( N jz 9,
z=—=+ | — | —
2M 2M M Eq.Z
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As may therefore be appreciated, the receiver location (x, y,z> of the object 115 may

be represented by Equations X, Y and Z. The position detection circuitry 128 may therefore
determine the receiver location <x, y, z> using Equations I-Z. Equations I-Z are based on
multilateration equations, the derivation of which is provided following this discussion.

Accordingly, the position detection circuitry 128 may be configured to determine the receiver

location <x, y,z> of the object 115 based on the electrical signals 132i-1321 (which are

representative of the received light signals S;-S)) as well as the calibration data.

As discussed herein, the positioning transmitter system 112 may be configured to
transmit calibration data to the positioning receiver system 114. The calibration data may
include a distribution phase shift 0y associated with each light source 118i-118l. The
distribution phase shift 6 associated with each light source 118i-118]1 may be determined
analytically and/or dynamically. For example, the distribution phase shift 6y associated with
cach light source 118i-1181 may be determined analytically by measuring the length of the
source reference frequency distribution lines (e.g., the lengths of the cables connecting the
master anchor 120 to each light source 118i-118l). In particular, the insertion phase of a
length of cable used for reference distribution may be measured on a vector network
analyzer. The insertion phase may also be calculated based solely on the length of the cable;
however, this may require highly accurate knowledge of the cable propagation velocity.

Dynamically determining the distribution phase shift 0y associated with each light
source 118i-118]1 may be a more robust approach. Turning now to FIG. 4, one embodiment
of a distribution phase detection system 400 for dynamically determining the distribution
phase 0y associated with each light source 118i-1181 is generally illustrated. In particular, a
reference receiver system 402 may be placed at a known location <x, y, z> within the
confines or parameters (i.c., within the line of sight of four or more light sources 118i-118I)
of the position transmitter system 112. The reference receiver system 402 may be included
within the positioning receiver system 114 as shown. For example, the reference receiver
system 402 may receive the light signals S;-S; from the light sources 118i-1181 using the lens
124, the image array 126, and the signal conditioning circuitry 134 of the positioning receiver
system 114 (FIG. 1). The reference receiver system 402 may also include a distribution
delay phase shift detection circuitry 404 configured to determine the distribution phase 6y
associated with each light source 118i-1181 by performing the following operations. Those of

ordinary skill in the art will recognize, however, that the reference receiver system 402 may

9.
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be separate and distinct from the positioning receiver system 114 and may include its own
lens 124, image array 126, and signal conditioning circuitry 134.

Since the reference receiver system 402 may be placed at a know location <x, y, z>,
the propagation delays 1y associated with each light source 118i-118] may be determined. As
such, any residual phase shift in the received light signals S;-S; may be considered an error
term. The distribution delay detection circuitry 404 may be configured to determine the
residual phase shift for each light source 118i-1181 by performing the following operations as
illustrated by the flow chart 500 of FIG. 5.

In particular, the differential residual phase errors (@, Dy, Dk, Pjj) may be

represented as follows.

D©; =Py — W, (7; — 7) Eq. AA
Dy = s — O (7, = 7,) Eq. BB
Q= Py — O (7, = 7;) Eq. CC
Q) =Py = @ (7, — 7)) Eq. DD

Based on Equations AA-DD, the distribution delay detection circuitry 404 may
determine the differential residual phase errors ®@y,. It may therefore be appreciated that the
distribution delay detection circuitry 404 does not need to determine the absolute phase errors
(i.e., Tx), but rather only the differential residual phase errors ®yy.

In particular, the position of the light sources 118i-118]I, the position of the reference

receiver 402, and @, may be inputted by the user into the distribution delay detection

ook

circuitry 404 since these terms are user-defined parameters, operation 502. The distribution
delay detection circuitry 404 may determine the PDOA pairs axy as discussed herein (for
example, but not limited to, measuring the zero point crossings of the electrical signals 132i-
1321), operation 504. Additionally, the distribution delay detection circuitry 404 may also be
configured to determine the propagation delays 1« based on the known position of the
reference receiver 402 and the known positions of the light sources 118i-1181 as discussed
above, operation 506.

The distribution delay detection circuitry 404 may be further configured to determine
the differential residual phase errors ®,, based on Equations AA-DD, operation 508.
Accordingly, the distribution delay detection system 400 may determine the differential

residual phase errors @,y for each pair of light sources 118i-1181. The differential residual

-10-
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phase errors @, may then be transmitted to and stored in the positioning transmitter system
112 (FIG. 1), which may later transmit the differential residual phase errors @y to the
positioning receiver system 114 as discussed herein.

Accordingly, at least one embodiment of the positioning system and method
consistent with the present disclosure may allow for indoor location based services and may
be particularly useful in applications where GPS based location systems cannot reliably
operate due to interference from surrounding objects (e.g., roofs) which may block access to
the GPS signals. The positioning system and method may be useful for determining the
position of a person using a mobile device or an object (c.g., a robotic device). The
positioning system and method may therefore leverage overhead lighting systems including,
but not limited to, LED based lighting systems.

According to one aspect, there is disclosed a method for determining a coordinate of
an object. The method includes receiving calibration data associated with each of at least
four light sources; receiving a modulated light signal transmitted from each of the at least
four light sources, each of the modulated light signals having a modulation frequency;
determining at least four phase difference of arrival (PDOA) pairs based on each of the at
least four modulated light signals; determining at least four phase corrected PDOA pairs
based, at least in part, on the calibration data and the at least four PDOA pairs; determining at
least four linear distance differences based on the at least four phase corrected PDOA pairs;
and determining the coordinate of the object based on the at least four linear distance
differences and the calibration data.

According to another aspect, there is disclosed a positioning system. The positioning
system may include a positioning transmitter system and a positioning receiver system. The
positioning transmitter system may include at least four light sources and a master anchor
configured to modulate the at least four light sources to emit modulated light signals having a
modulation frequency. The positioning receiver system includes a lens, an envelope detector,
and positioning detection circuitry. The lens may be configured to focus each of the at least
four light signals onto a respective one of a plurality of optical sensors. The envelope
detector may be configured to receive at least four sensor output signals from the optical
sensors and provide at least four output signals corresponding to the modulation frequency
for each of the at least four modulated light signals. The positioning detection circuitry may
be configured to receive the at least four output signals from the envelope detector; determine

at least four phase difference of arrival (PDOA) pairs based on the at least four output
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signals; determine at least four phase corrected PDOA pairs based, at least in part, on the
calibration data and the at least four PDOA pairs; determine at least four linear distance
differences based on the at least four phase corrected PDOA pairs; and determine the
coordinate of the object based on the at least four linear distance differences and the
calibration data.

According to yet another aspect, there is disclosed an apparatus for determining a
coordinate of an object based on at least four modulated light signals emitted from at least
four light sources, the modulated light signals each having a modulation frequency. The
apparatus may include a positioning receiver system having a lens, an envelope detector, and
positioning detection circuitry. The lens may be configured to focus each of the at least four
light signals onto a respective one of a plurality of optical sensors. The envelope detector
may be configured to receive at least four sensor output signals from the optical sensors and
provide at least four output modulation signals corresponding to the modulation frequency for
cach of the at least four modulated light signals. The positioning detection circuitry may be
configured to receive the at least four output signals from the envelope detector; determine at
least four phase difference of arrival (PDOA) pairs based on the at least four output signals;
determine at least four phase corrected PDOA pairs based, at least in part, on the calibration
data and the at least four PDOA pairs; determine at least four linear distance differences
based on the at least four phase corrected PDOA pairs; and determine the coordinate of the
object based on the at least four linear distance differences and the calibration data.

Derivation of Equations I-Z

The following is an explanation of the derivation of Equations I-Z which are used by
the position detection circuitry 128 to determine the position of the object 115. As explained
herein, the position detection circuitry 128 may utilize PDOA (which is related to time
difference of arrival (TDOA)) to determine a position of the object 115 based on four light
signals S;-S;. The TDOA technique is based on the equation for the distance between two

points.

_ 2 2 2
R - \/(xsource - si_nk) + (ysource - ysink) + (Zsource - Zsi_nk) Eq 1

The distance between an emitting source (e.g., light source 118i-1181) and a receiving
sink (e.g., positioning receiver system 114) may be determined indirectly by measuring the
time it takes for a signal to reach the station from the mobile. Multiplying the TOA ¢ by the

signal velocity ¢ results in the distance R. Since the position <x, y, z> of the object 115 (i.e.,
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the receiver position) involves three unknowns, Eq. (1) may be expanded to three equations

when the specific locations of three receiving antennas 1, j and k are given.

ct, =R = \/(xl- X))+, =) +(z,—2) Eq.2
2 2 2

Ctj:RjZ\/(xj_X) +(y]_J7) +(Zj_Z) Eq3

et = R, =5, —x) + (3, — 2 +(z, —2) Eq.4

where, (i, yi, z); (Xj, ¥j» Zj); and (Xk, Yk, zk) are respectively the position of i, jth and
k™ sources. Solving three equations (i.c., Eq. 2-4) for three unknowns, however, may not
lead to a simple and satisfactory solution because of the square root terms. The solution may

be simplified by adding another source for an additional equation.

ot = R = (x,— )" + (3, —»)* +(z,—2)? Eq.s

As such, Egs. 2-5 may be used to form expressions corresponding to the time
difference of arrivals (TDOAS) R;;, Ry, Rij and Ry;.

R,-R =R, =c(t,~t)=

V& =07+ (7, =9 +(z; -2 =5, =) + (3, = 9+ (2, —2)°

Eq. 6

R, —R =R, =c(t, —t)=

VO =20+ =) +(5 =20~ =0 + (=) + (2 -2

Eq.7

R, —R,=R;=c(t,-t)=

V@ =2+ (=) + (2~ 2) =, =) + (9, = ) + (2, - 2)°

Eq. 8
R, —Rj :le =c(t —tj)z
NG =2+ (0 =) +(z -2 =, =07 + (3, - ) + (2, - 2)°

Eq.9

Moving one square root term to the other side results in:

Ry 435 =) + (3 =20 (2,2 =, =x)" + (3, =) + (2, —2)° Eq. 10

Ryt =) + (3, =3 +(z,—2)" =4J(x, — %) + (3, —») +(z, —2)°  Eq. 11

Ry +J(x, =) + (3, =) +(2,-2)" =0, = %) + (3, = »)" +(z, - 2)" Eq. 12
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Ry +4J(x,=x)" +(3, =) +(z,-2)" =4/(x,=x)" +(3,-»)’ +(z,-2)"  Eq.13

Squaring both sides produces the following set of equations:
Eq. 14

sz‘ +2Rji'J(xz’ _x)z +(yz' _y)z +(Zz' _Z)2 +(xz' _x)z +(yz' _y)z +(Zz' _Z)2 :(xj _x)z +(yj _y)z +(Zj _Z)2
Eq. 15

szi +2sz‘\/(xi _x)z +(yz' _y)z +(Zz' _Z)2 +(xz' _x)z +(yz' _y)z +(Zz' _Z)2 :(xk _x)z +(yk _y)z +(Zk _Z)2
Eq. 16

R}fj'+2R1g'\/(xj_X)2+(yj_y)2+(zj_z)2 +(xj_x)2 +(yj_y)2+(zj_z)2 :(xk_x)2+(yk_y)2 +(Zk_z)2
Eq. 17

szz +2le‘\/(xj _X)2 +(yj _y)2 +(Zj _Z)z +('Xj _x)z +(yj _y)2 +(Zj _Z)2 :(xl _X)Z +(yl _y)2 +(Zl _Z)2

Expanding the squared terms to the left of the square root term produces:

Eq. 18

Rjz.l. +2Rﬁ\/(xl. )+, -y (2, — ) +x] = 2xx—xt+y =2y y—y 4zl —2zz-z27 =

2 2 2 2 2 2
X, =2xx-x"+y, -2y y-y +z;-2zz-z2

Eq. 19

szz' +2Rki'\/(xi _x)2 +(yz' _y)2 +(Zi _Z)z +xi2 _sz‘x_xz +yi2 _zyiy_yz +Zz'2 —ZZZ.Z—ZZ =

2 2 2 2 2 2
X, -2xx—-x +y, -2y, y-y +z;,-2z,z-z

Eq. 20

R,¥2,1.+2R,g.\/(xj—x)2+(yj—y)2+(zj—z)2 +x12. —2xjx—xz+yjz.—2yj.y—yz+zjz.—ZZJ.Z—Z2 =
Xp=2x,x—x" 4y, =2y, y-y +z;, -2z,z2-2"

Eq. 21

lez. +2le.\/(xl. -x) '+, -y +(z,-2) +x12. —2xjx—x2 +y12. —Zyjy—y2 +ij_ —ZZj.z—z2 =
x;=2xx—x"+y. =2y y-y +z/ -2zz-2"
Eliminating the terms x°, y” and z° reduces the equation set to

Eq. 22

Rjz.l. +2le.\/(xl. —x) + (=) +(z,—2) +xT = 2xx+y) 2y y+z] —2zz=

sz. —ijx+yjz. —Zyjy+zjz. -2z,z

Eq. 23

szl. +2sz"\/(xi —x)2 +(y, —y)2 +(z; —z)2 +xl.2 —2xl.x+yl.2 —2yl.y+zl.2 —2zz=

X, —2x,x+y; -2y, y+z. —2z,z2
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Eq. 24
R,f]. +2R,ﬂ/(xj —-x)° +(y, —y) +(z; —z)? +x12. —ijx+y12. —Zyjy+zjz. -2zz=
xp—2x,x+ Yy, =2y, y+z, —2z,.2
Eq. 25
lez. +2Rlﬂ/(xl. -x) '+, -y +(z,-2) +x§ —2xjx+y12. —Zyjy+zjz. -2zz=
x; = 2xx+y; =2y, y+z; —2zz
5 Shifting all but the square root term to the right and combining similar terms
produces:
Eq. 26
. — R+ (] =x) + (] =)+ (2] —20) + 2x(x, =% ) +2y(, = ) +22(z, — z))
: Yi—¥ ; 2Rji
Eq. 27
10 — . e SR ) A -y (2 = 2) + 20— x) + 200, — v +22(2,— 2,)
NG =)+ (=) + (2, - 2) T
Eq. 28
J(xj —x)2 +(yj —y)2 +(Zj —2)2 _ _Rkj +(x; _xj)+(yk _yj)+(zk _Zj)Z;jX(xj _xk)+2y(yj _yk)+22(zj -z;)
Eq. 29
JG G, G, - — Ry + (] —x D)+ -y ) H(E -2+ 2x(x, —x) +20(y, - y) +22(2, = 2)
j Yoy j 2R,
15 The above equations set can now be simplified by substituting x;; for x;-x; ; y; for yi-y;
and so on.
Eq. 30
—R A —x)+ (= v+ (20 —z})+ 2xx, + 2y, + 22z,
X, =XV +(y, =y +(z,—z) =—L L S U u J J
VO =2 + (= 0)" +(z-2) %)
Eq. 31
—R.+(x; —x)+(yi =y} + (2} —z]) +2xx, +2yy, +2zz,
20 o 2 + o 2 +(z — 2 _ Ji k i k i k i ik ik ik
Vi =27 + (=) +(z-2) R
Eq. 32
\/( r T % —R,;.Jr(x,f—sz.)+(y,§—yj2.)+(z,§—zjz.)+2xxjk+2yyjk+2zzjk
X, —x)+(y, -y +(z,-2)" =
J y] y J 2Rkj
Eq. 33
— R+ (x} =X+ (] =)+ (2] —2) +2xx, +2yy, + 22z,
2 2 2 l i I 4 ! i !
o =07+ 0= 4, 2 = e
25 Equations (6)—(9) are now in a useful arrangement. Equations (30)—(33), when

squared, are intersecting hyperboloids. By equating Eqs. (30) and (31) to form Eq. (34), we

-15-



WO 2012/087944 PCT/US2011/065866

can derive a plane equation in the form of y = 4x + By + C by rearranging the terms as shown

in Egs. (35) and (39).

Equating 30 and 31:
2 2 2 2 2 )
—R,+(x;—x)+(V; —y )+ (2, —z))+2xx, + 2yy, + 22z, _
2R,
L / L, Eq. 34
_ngi + (xlf _xz'2)+ i =y +(z —z;)+ 2xx, + 2yy, + 22z,
2R,
5 Rewriting:
R[-R:+(x>—x)+(y —y)+(z? -z}
kz[ ji ( i z) 2(y] yl) ( b l)]+Rkl(xxl]+yyl]+ZZl]):
R-RE+ (2 —x))+ (3 —y)+ (22 = 22)] F-5
- - L > e - +Rji(xxik + Wy +225)
Then:
Eq. 36
Ru[—R: +(x; =x))+(v; —y)) +(z; —z)] =R [—Ri + (5 —x))+ (v —¥)) +(z; —z))] _
2
+Rji(xxik + WV +22;) _Rki(xxij Tyt ZZl-j)
10 Then:
Eq. 37
x(Rjz'xik _sz'xij) +y(Rjiyik _Rkiyij) + Z(Rjizik _sz'Zz'j) =
Ru[—R:+(x; —x))+(y; =y +(z; —z)) = Ry[—Ry + (x; —x)) +(y; — ¥+ (2 —2))]
2
Then:
Eq. 38
y(Rjiyik _Rkiyij) = _x(Rjixik _Rkixij) _Z(Rjizik _RkiZij) +
2
Eq. 39

(_Rjixik + Rkixij) +z (_Rjizik + Rkizij) 4
(Rjiyik _Rkiyij) (Rjiyik _Rkiyij)
2(Rjiyik _Rkiyij)

Equation (39) is now in the desired form of a plane equation:

y=x

y=Ax+Bz+C Eq. 40
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where:
(Rjiyik - sz'yij)
(which corresponds to Eq. I discussed above)
and
5 B— (sz'Zij B Rjz'Zik) Eq 42
(Rjiyik - Rkiyij )
(which corresponds to Eq. J discussed above)
and
Eq. 43
Co Ru[=R; +(x; —x)) +(v; = y)) +(2; =2))]= R, [=Ry + () —=x))+ (v} = y)) + (2 —2)]
2(Rjiyik - Rkiyij)
10 (which corresponds to Eq. K discussed above)

Similarly, equating Eqs. (32) and (33) produces a second plane
equationy = Dx + Ez + F .
Equating 32 and 33:

—R,fj+(x,f—x]2.)+(y,f—y]2.)+(z,f—z?)+2xxjk+2yyjk+222jk B

2R,
2 2 2 2 2 2 2 Eq. 44
=R+ —x))+ (v —y)+(z —z;)+ 2xx, + 2yy, + 22z,
2R,
15 Rewriting:
RI-RE+ (5 =) + 07— ) + (5~ 2]
UL kT 5 k) S + R, (o, +yy, +22,) =
R[-RE + (3 —x2)+ O —32) + (2 = 2)] F-8
W VT T 5 4 L + R (xxyy + vy, +22,)
Then:
Eq. 46
Ry[=Ry + (i —x)+ (g =y + (2 = 2)] = Ry[-Ry + (7 —x))+ () — ¥ + (2 —2))] _
2
+Rkj(xxﬂ +yyat Zzﬂ)—le(xxjk Wi +szk)
20 Then:
Eq. 47
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x(Rijjl _lexjk) + y(Rkjyjl _leyjk) + Z(Rijjl - leij) =

Ry[=Ry + 0 —x)+ (0 —y) + (2 — 2= Ry[-Ry + () —x) + () —y)) + (2 —2))]
2

Then:
Eq. 48
y(Rkjyjl - leyjk) = _x(Rijjl - lexjk) - Z(Rijjl - leij) +

Ry[-R; + (i —x))+ (g = ¥) +(z — 2D = Ry[-Ry + (x5 —x))+ () =y +(z] —2))]
2

Eq. 49

. (=R, x; + Ryx ;) L (-R,z, +R;z;) N
(ng'yjl - leyjk) (R]g'yjl - leyjk)
RI-R +(x; —x)+ (¥, =¥y +(z, — 2= R [-R, + (x] =x)+ (3] -y +(z] —2))]
2(ng'yjl - leyjk)
Equation (49) is now in the desired form of a plane equation:

y:

v=Dx+Ez+F Eq. 50
where:
_ (Ryx — Ryx;) Eq. 51

- (Rkjyjl - leyjk)

(which corresponds to Eq. L discussed above)

and
=Bz = Ryz) Eq. 52
(Ryyy =Ry s)
(which corresponds to Eq. M discussed above)
and
Eq. 53

P Ry-Ry + (5 = x)+ (i =y +(z =21 - Ry-R + (5 —x) + () =) + (2] = 2))]
2(Rkjyjl - leyjk)
(which corresponds to Eq. N discussed above)

Equating the plane Egs. (40) and (50) produces a linear equation for x in terms of z.

Ax+ Bz+C=Dx+ Ez+ F Eq. 54

Solving for x

x=Gz+H Eq. 55
(which corresponds to Eq. X discussed above)

where:
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g=E-B Eq. 56
A-D
(which corresponds to Eq. O discussed above)
and
p-f=¢ Eq. 57
A-D

(which corresponds to Eq. P discussed above)
Substituting Eq. (55) back into Eq. (40) produces a linear equation for y in terms of z.
yv=A(Gz+H)+Bz+C

=Iz+J Fq. 58
(which corresponds to Eq. Y discussed above)

Where

I=AG+B Eq. 59
(which corresponds to Eq. Q discussed above)

and

J=AH+C Eq. 60

(which corresponds to Eq. R discussed above)

Equations (55) and (58) are now substituted back into Eq. (31) to derive the position

Eq. 61

QR (X, —Gz— H) +(y,—E=J) +(z,-2)* =
_szz +(x/§ _x12)+(yl§ _y12)+(zl§ _Zzz)+2(GZ+H)xzk +2(IZ+J)yzk +2'ZZik
Eq. 62

2R,a.\/xl.2 +G 2+ H? =2x,Gz - 2x,H +2GHz + y] + [’2* + J* =2y, Iz -2y J + 2lJz+z  —2zz+ 2" =
= R+ (g = x)) 4 (g =y + (22 = 20) + Gz + H)xy + 2Tz + )y + 222,

Let

K==R:+(x; =x))+(y; = y})+(z] —2))+2Hx,, +2Jy, Eq. 63
(which corresponds to Eq. S discussed above)

and

L=2Gx, +1Iy, +z,] Eq. 64

(which corresponds to Eq. T discussed above)
As a result, one may arrive at:

Eq. 65
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ZR,G.\/)CZ.2 +G 2+ H? =2x,Gz = 2x,H +2GHz + y} + I’2* +J* =2y Iz -2y J +2lJz +z] —2zz+z2" =Lz + K

Next
Eq. 66
5 ARx} +G’ 2+ H* = 2x,Gz - 2x,H +2GHz + y. + I’2* +J* =2y, Iz =2y J + 2LJz +z} = 2z,z+ 2" ] =
Lz’ +2KLz+K*
Eq. 67

ARI[x! +H* =2x,H + y! +J7 =2y J + 2] 1- 4R [-2x,G+2GH -2y, +21J - 2z,]z +
ARG +1° +12° = ’2° + 2KLz + K*

To obtain z, Eq. (67) is rearranged into a binomial equation.

Mz> + Nz +0=0 Eq. 68
10 Where
M =4R[G*+I° +1]- L’ Eq. 69

(which corresponds to Eq. U discussed above)

and

N =8R.[-x,G+GH — yI+1IJ—z]-2KL

Eq. 70
=8R[G(H —x,)+I(J - y,)—z,]-2KL
15 (which corresponds to Eq. V discussed above)
and
O=4R(x +H* —2x,H)+(y} +J* =2yJ)+z/1-K* Bq. 71
=4R [(x,—H) +(y,—J) +z]]-K*
(which corresponds to Eq. W discussed above)
The solution for z is then given by:
e b Eq. 72

(which corresponds to Eq. X discussed above)
The z coordinate can be put back into the linear Egs. (55) and (58) to solve for the
coordinates x and y.
Derivation of Equations A-D
25 As discussed herein, each of the light sources S;-S; may be modulated with a precise
frequency ON/OFF keying waveform. The frequency reference for all the sources is
common with random distribution time delay. The position detection circuitry 128 may be

configured to determine positioning via tones where the phase delta between two tones is
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processed to determine the difference in propagation time delay. The baseband ranging
waveform starts as a continuous wave (CW) radio frequency (RF) tone that is amplitude
modulated (AM) (ON/OFF keying) onto a “carrier signal” at frequency ., which (as
discussed herein) may be visible light with a frequency of about 500 THz. The signal
received at a particular pixel 132i-132] in the image array 126, due to a modulated source, is
given as:

s, ()=A4 (1+m-cos(w,,(t+17,)+0,))cos(w-(t+7,)+6,) Eq.
73

where s,(?) is the signal at the receiver 114 due to the modulation by the #n” source, m
is the modulation index (0<m<1), 4, is the attenuation of the n” propagation path with
propagation time delay z,, and @,k is the (On-Off-Keying) OOK frequency with a starting
phase of 6, .

The receiver 114 may include signal conditioning circuitry 134, including a non-
coherent envelope detector. The envelope is then given as

s ()=A4 -m-cos(w,  (t+7,)+0,). Eq. 74

This can be expressed more conveniently using upper sideband complex sinusoids

(i.e. digital signal processing) as:

A .
Lo o lomtee, )0} Eq. 75

s, () =

The complex signals at the receiver due to the sources is given as:

s5,(t) = % - - @O 710 Eq. 76
s,(H) = % - O D0 Eq. 77
5.() = A? - @l (e 0 Eq. 78
s5,(1) = % - @\ O Eq. 79

where 6, is a residual phase error term attributed to the distribution phase and any
other residual phase shift (i.e. such as due to filtering).
The PDOA can be determined in multiple pairs. The position detection circuitry 128

only needs to determine four PDOA pairs:
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Eq. 80
5 (1) -con(s, (1) - Afi 2 o O ) o) _ % 00
= Py = 0 (7, ~7,)+ (0, - 6))
(which corresponds to Eq. A discussed above)
Eq. 81
s, (1) -conj(s; (1)) :ﬂ, - @ @170} 0 (157040} 44 o O AR !

4 4
= Oy = O (7, —7,) +(6, —6)
(which corresponds to Eq. B discussed above)

Eq. 82

S, (t) 'COij(sj (t)) — k4 J . m2 X ej{”mk(”%)*@z}e’j{a’wk(”fj)*gj} — Ak4A] X m2 . ej{a’uak(fk’fjﬁ(gk’gj)}

= ¢Akj = @, (T — 7]') +(6, - 9]-)
(which corresponds to Eq. C discussed above)

Eq. 83

2 j{a)uuk(t+11)+91}e*]'{a’uuk(”7j)+9j}:AlAj‘ 2 e ()00,

s, (t)-conj(sj(t))z%-m e 2 m e
= Py = Oo (7, = 7,) +(6, - 6))
(which corresponds to Eq. D discussed above)

Embodiments of the methods described herein may be implemented in a system that
includes one or more storage mediums having stored thereon, individually or in combination,
instructions that when executed by one or more processors perform the methods. Here, the
processor may include, for example, a central processing unit and/or programmable circuitry.
Thus, it is intended that operations according to the methods described herein may be
distributed across a plurality of physical devices. Also, it is intended that the method
operations may be performed individually or in a subcombination, as would be understood by
one skilled in the art. Thus, not all of the operations of each of the flow charts need to be
performed, and the present disclosure expressly intends that all subcombinations of such
operations are enabled as would be understood by one of ordinary skill in the art.

The storage media may include any type of tangible medium, for example, any type of
disk including floppy disks, optical disks, compact disk read-only memories (CD-ROMs),

compact disk rewritables (CD-RWs), and magneto-optical disks, semiconductor devices such
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as read-only memories (ROMs), random access memories (RAMs) such as dynamic and
static RAMSs, erasable programmable read-only memories (EPROMs), electrically erasable
programmable read-only memories (EEPROMs), flash memories, magnetic or optical cards,
or any type of media suitable for storing electronic instructions.

“Circuitry”, as used in any embodiment herein, may comprise, for example, singly or
in any combination, hardwired circuitry, programmable circuitry, state machine circuitry,
and/or firmware that stores instructions executed by programmable circuitry.

Various features, aspects, and embodiments have been described herein. The
features, aspects, and embodiments are susceptible to combination with one another as well
as to variation and modification, as will be understood by those having skill in the art. The
present disclosure should, therefore, be considered to encompass such combinations,
variations, and modifications.

The terms and expressions which have been employed herein are used as terms of
description and not of limitation, and there is no intention, in the use of such terms and
expressions, of excluding any equivalents of the features shown and described (or portions
thereof), and it is recognized that various modifications are possible within the scope of the
claims. Other modifications, variations, and alternatives are also possible. Accordingly, the

claims are intended to cover all such equivalents.
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CLAIMS

What is claimed is:
1. A method for determining a coordinate of an object, said method comprising;:

receiving calibration data associated with each of at least four light sources;

receiving a modulated light signal transmitted from each of said at least four light
sources, cach of said modulated light signals having a modulation frequency;

determining at least four phase difference of arrival (PDOA) pairs based on each of
said at least four modulated light signals;

determining at least four phase corrected PDOA pairs based, at least in part, on said
calibration data and said at least four PDOA pairs;

determining at least four linear distance differences based on said at least four phase
corrected PDOA pairs; and

determining said coordinate of said object based on said at least four linear distance
differences and said calibration data.
2. The method of claim 1, further comprising transmitting said calibration data from
cach of said at least four light sources.
3. The method of claim 2, wherein said calibration data transmitted from ecach of said at
least four light sources comprises a source identifier uniquely identifying a respective one of
said light sources, a distribution phase shift associated with said respective one of said light
sources, and a location of said respective one of said light sources.
4. The method of claim 3, further comprising modulating each of said at least four light
sources, wherein said modulation frequency greater than 10 MHz, and wherein said at least
four light sources each emit light having a wavelength in the visible light spectrum.
5. The method of claim 4, wherein said calibration data further comprises a modulation
frequency associated with each of said at least four modulated light signals.
6. The method of claim 1, further comprising:

focusing ecach of said at least four modulated light signals onto a unique one of a
plurality of pixels of an image array using a lens;

providing output signals from said image array corresponding to said modulation
frequency for each of said at least four modulated light signals;

wherein said output signals are used to determine said at least four PDOA pairs.
7. The method of claim 1, further comprising determining a phase correction term for

cach of said at least four PDOA pairs.
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8. The method of claim 7, wherein determining said phase correction term for each of
said at least four PDOA pairs further comprises:
positioning a reference receiver system at a known location with respect to said at
least four light sources;
providing position information to said reference receiver system for each of said at
least four light sources;
receiving, at said reference receiver system, said at least four modulated light signals
transmitted from each of said at least four light sources;
determining at least four PDOA pairs based on said at least four modulated light
signals;
determining a propagation delay associated with each of said at least four PDOA pairs
based on said known position of said reference receiver system; and
determining said at least four phase correction terms for each of said at least four
PDOA pairs based on said at least four propagation delays, said at least four PDOA pairs, and
said known modulation frequency of said at least four modulated light signals.
9. A positioning system comprising:
a positioning transmitter system comprising:
at least four light sources; and
a master anchor configured to modulate said at least four light sources such
that each of said at least four light sources emits modulated light signals at a
modulation frequency; and
a positioning receiver system comprising:
a lens configured to focus each of said at least four modulated light signals
onto a respective one of a plurality of optical sensors;
an envelope detector configured to receive at least four sensor output signals
from said optical sensors corresponding to said at least four modulated light signals
and provide at least four output signals corresponding to said modulation frequency
for each of said at least four modulated light signals; and
positioning detection circuitry, said positioning detection circuitry configured
to:
receive calibration data associated with each of said at least four
modulated light sources;
determine at least four phase difference of arrival (PDOA) pairs based

on said at least four output signals from said envelope detector;
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determine at least four phase corrected PDOA pairs based, at least in
part, on said calibration data and said at least four PDOA pairs;
determine at least four linear distance differences based on said at least
four phase corrected PDOA pairs; and
determine said coordinate of said object based on said at least four
linear distance differences and said calibration data.
10.  The system of claim 9, wherein said at least four light sources comprise light emitting
diode (LED) lights configured to emit light having a wavelength in the visible light spectrum.
11.  The system of claim 10, wherein said modulation frequency of said at least four
modulated light signals is each greater than about 10 MHz.
12.  The system of claim 11, wherein each of said at least four light sources is configured
to transmit said calibration data.
13. The system of claim 12, wherein said calibration data transmitted from each of said at
least four light sources comprises a source identifier uniquely identifying a respective one of
said at least four light sources, a distribution phase shift associated with said respective one of
said at least four light sources, and a location of said respective one of said at least four light
sources.
14.  The system of claim 13, wherein said calibration data further comprises said
modulation frequency associated with each of said at least four modulated light signals.
15.  The system of claim 9, wherein said positioning detection circuitry is further
configured to determine a phase correction term for each of said at least four PDOA pairs.
16.  An apparatus for determining a coordinate of an object based on at least four
modulated light signals emitted from at least four light sources, said modulated light signals
cach having a modulation frequency, said apparatus comprising:
a positioning receiver system comprising:
a lens configured to focus each of said at least four modulated light signals
onto a respective one of a plurality of optical sensors;
an envelope detector configured to receive at least four sensor output signals
from said optical sensors corresponding to said at least four modulated light signals
and provide at least four output signals corresponding to said modulation frequency
for each of said at least four modulated light signals; and
positioning detection circuitry, said positioning detection circuitry configured

to:
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receive calibration data associated with each of said at least four light
sources;
determine at least four phase difference of arrival (PDOA) pairs based
on said at least four output signals from said envelope detector;
determine at least four phase corrected PDOA pairs based, at least in
part, on said calibration data and said at least four PDOA pairs;
determine at least four linear distance differences based on said at least
four phase corrected PDOA pairs; and
determine said coordinate of said object based on said at least four
linear distance differences and said calibration data.
17.  The apparatus of claim 16, wherein said positioning receiver system is included in a
mobile device.
18.  The apparatus of claim 16, wherein said positioning receiver system is included in a
robotic device.
19. The apparatus of claim 16, wherein said calibration data transmitted from each of said
at least four light sources comprises a source identifier uniquely identifying a respective one
of said at least four light sources, a distribution phase shift associated with said respective one
of said at least four light sources, and a location of said respective one of said at least four
light sources.
20.  The apparatus of claim 16, wherein said positioning detection circuitry is further

configured to determine a phase correction term for each of said at least four PDOA pairs.

27-



PCT/US2011/065866

WO 2012/087944

1/5

} "OId

kcE1icelL

ol

1423

(Z°'AX)
2 I = TH

4%
el
I § 11
GiLi
®
® —_
) UoEL-B0EL ook
L d
/ﬁr
Z
s : !
__H oS R
S
S 4
|||||||||||||| ——— -4 ——F———1
/
/
ZAX) (7 A X) (Z°A*X) / /
BLL 8Ll gLl i
L
L ;
_ !
L v ;
oL i/ /
: {------- X




WO 2012/087944

2/5

N
o

Module light sources
and emit light signals
S-S

v

Detect received light
signals S-S

v

Convert received light
signals Si-S,into
corresponding
electrical signals

/

Receive calibration
data associated with
each signal

/

Process electrical
signals corresponding
to light signals to
determine position of
object

:

Output location of
object

202

204

206

208

210

212

PCT/US2011/065866

FIG. 2



WO 2012/087944 PCT/US2011/065866

3/5

(€Y
o

Receive calibration data associated with each light
source

|

Receive electrical signals representative of the light
signals Si-Sl associated with the light sources

'

Determine four phase difference of arrival (PDOA) pairs
(9aji» Dakis Dakjs Dal)

i

Determine phase correction term (@, @y, ®;, ©;) for each
PDOA pair (¢aji, daki-dakj0a1)

|

Determine phase corrected PDOA pairs (¢axy - Pxy)

:

Determine four linear distances differences (R;, Ry, Ry;,
R;) based on phase corrected PDOA pairs

V

'

Determine coordinates <x, y, z> based on linear distance
differences (R;, Rii, Ry, Ry)

302

304

306

308

310

312

314

FIG. 3



PCT/US2011/065866

WO 2012/087944

4/5

v Ol

A keeelL

/\\ ” mv”\.\x\.\\.N\\\

vy

¢l

srrrsress

iy



WO 2012/087944 PCT/US2011/065866
5/5

@)
o

502
Receive the position of the light sources, the position of
the reference receiver, and ©qok
. . L . . 504
Determine four phase difference of arrival (PDOA) pairs
(9aji» Dakis Oakjs Dalj)
l 506

Determine the propagation delays 1, based on the known
positions of the reference receiver and the light sources

|

Determine the differential residual phase errors @y, based 508
on Equations AA-DD

FIG. 5



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings

