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devices such as mobile devices and radio frequency-equipped beacons/luminaires within an indoor location. The radio frequency-
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(57) Abrege(suite)/Abstract(continued):
enabled devices may be part of an indoor positioning system and/or content delivery system. The examples describe obtaining an

angle of arrival (AoA) of the signals recelved by the respective radio frequency-enabled devices. The AOA data Is used to identify
the relative positions of the radio frequency-enabled devices as the mobile device moves about the indoor location. Upon
comparing AOA measurements of the collected data related to a map of the location, the system may generate a data structure
that may be presented graphically as a map of positions of the devices at the location. The described examples may enable a rapid

commissioning process with respect to the radio frequency-enabled devices In a network.




ABSTRACT OF THE DISCLOSURE

The disclosure provides examples of systems and methods for determining locations of a
number of radio frequency-enabled devices such as mobile devices and radio frequency-
equipped beacons/luminaires within an indoor location. The radio frequency-enabled devices
may be part of an indoor positioning system and/or content delivery system. The examples
describe obtaining an angle of arrival (AoA) of the signals received by the respective radio
frequency-enabled devices. The AOA data is used to identify the relative positions of the radio
frequency-enabled devices as the mobile device moves about the indoor location. Upon
comparing AOA measurements of the collected data related to a map of the location, the system
may generate a data structure that may be presented graphically as a map of positions of the
devices at the location. The described examples may enable a rapid commissioning process with

respect to the radio frequency-enabled devices in a network.
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DEVICE LOCATING USING ANGLE OF ARRIVAL MEASUREMENTS

Technical Field

[0001] The present subject matter relates to methods, systems and apparatuses that provide

an improved indoor position determination utilizing angle of arrival measurements performed
with a lighting device and/or other radio frequency-enabled devices within the indoor location.
The angle of arrival measurements are performed using radio frequency signals within an

indoor location, a part of which is illuminated by the lighting device.

Background

[0002] [Indoor positioning systems enable a user’s mobile device position to be determined
within an indoor location based on measurements relative to known communication equipment.
Some indoor positioning systems may use radio frequency devices throughout an indoor
location. However, lighting devices are also used in indoor positioning systems. For indoor
positioning service, the luminaires may transmit information via modulated light and/or
communicate with a mobile device via radio frequency transceivers included in the luminaires.
When used in an indoor positioning system, the location of the luminaire within an indoor
location allows for a more accurate indoor position determination since the location of the
luminaires are typically fixed according to an installation plan.

[0003]' However, there may be times when luminaires are not installed according to the
installation plans. For example, luminaires may be installed out of position due to a

measurement error, installation error or the like. If the installation error affects position

determination, allowing the installation error to perpetuate may have adverse etfects on not
only the position determination but also the user’s experience with the positioning system as
well as any business or event operating in the indoor location.

[0004] The light fixture position map or installation map may typically be presented in
blueprints generated via computer-aided drafting software. Such mapping requires specialized
software executed by a computer to render the map on a full-scale monitor or the like and/or

update information, such as position information, in the light fixture position map or

installation map.
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[0005] Alternatively or additionally, indoor silrveying techniques are applied to determine

the precise locations of the RF-enabled luminaires in the ceiling. However, these indoor
surveying techniques may require complicated devices, such as a theodolite, laser ranging
devices, or the like, that may require specialized training and be time-consuming to operate to
obtain the required measurements.

[0006] [n addition, position determination functionality may be useful in commissioning of
devices for use 1n an indoor positioning system, such as light fixtures in a lighting-based RF
indoor positioning system. However, present commissioning systems and processes are labor--
intensive and time-consuming. For example, present commissioning systems and processes
require a commissioning system operator to stand with a portable device directly under each
luminaire 1n a facility to confirm the light fixture’s identity and location. These prior RF-based
commissioning techniques typically take a number of days to complete a commissioning
process 1n a large retail establishment from a light map (due to the large number of light
fixtures) because each fixture to be commissioned has to be addressed individually and in turn
[0007] Furthermore, these prior RF-based commissioning techniques do not enable the
generation of a representation of the locations of the light fixtures, for example, via a graphical

display of the locations of the luminaires within a premises.

Summary

[0008] Hence, there 1s room for further improvement in a determining locations of radio
frequency-enabled devices used to implement an indoor positioning system within indoor
location.

[0009] An example of a method includes receiving, by three radio frequency-enabled

devices located within an indoor location of which at least one of the three radio frequency-
enabled devices is configured as a luminaire, a radio frequency signal transmitted by a mobile
device within the indoor location, the radio freQuency signal including a mobile device
identifier. Each of the three radio frequency-enabled devices receive the radio tfrequency signal
at a respective array of antennas. A processor of each respective one of the three radio
frequency-enabled devices obtains an angle of arrival indication determined based on the radio
frequency signal received via the array of antennas of the respective one of the three radio

frequency-enabled devices. The processors of the three radio frequency-enabled devices

forward the obtained angles of arrival indications to a server. The server obtains mobile device
2
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location information related to a location of the mobile device in the indoor location. The
server determines a distance from the mobile device to each respective one of the respective
three radio frequency-enabled devices based on the mobile device location information, a
respective known height above a floor of the indoor location of each respective one of the three
radio frequency-enabled devices, and the obtained angle of arrival indications. A data structure
including locations of each of the three radio frequency-enabled devices relative to one another
and relative to the location of the mobile device within the indoor location is generated using
the angle of obtained arrival indications and determined distances.

[0010] An example of a system is also disclosed. The system includes a number of radio
frequency-enabled devices, a server, and a data storage. The number of radio frequency-
enabled devices are located within an indoor location, and each of the plurality of radio
frequency-enabled devices configured to communicate in a network. The server is coupled to
the number of radio frequency-enabled devices, and is configured to receive from each radio
frequency-enabled device of the number of radio frequency-enabled devices position
determination information and identifying information related to each of the number of radio
frequency-enabled devices. The data storage is coupled to the server, and is configured to store
the received position determination information and the identifying information related to each
of the plurality of radio frequency-enabled devices. Each respective radio frequency-enabled
device of the number of radio frequency-enabled devices includes: a processor, a radio
frequency transceiver and a memory. The memory and the radio frequency transceiver are
coupled to the processor, and the memory stores programming code executable by the
processor. The processor, upon executing the stored programming code, being configured to
obtain an angle of arrival indication of the received signal upon receiving a signal from another
radio frequency-enabled device of the plurality of radio frequency-enabled devices. The
processor obtains position determination information of the other radio frequency device from
the received signal. The position determination information may include information related to
a height of the other radio frequency device. Based on the obtained angle of arrival indication
and the position determination information, the processor generates position related
information of the respective radio frequency-enabled device; and forwards a message

including a radio frequency-enabled device identifier of the respective radio frequency-enabled
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device and the position related information of the respective radio frequency-enabled device

within the indoor location to the server.

[0011]  Another method is also disclosed. The disclosed method includes receiving a signal
from each of a number of stationary radio frequency-enabled beacons by a radio frequency-
enabled device. A processor coupled to the radio frequency-enabled device obtains an angle of
arrival of each respective signal received from each respective stationary radio frequency-
enabled beacon of the number of stationary radio frequency-enabled beacons. The processor
1dentifies positions of the stationary radio frequency-enabled beacons in the indoor location
relative to the radio-frequency-enabled device based on the determined angle of arrival of each
respective signal received from each respective stationary radio frequency-enabled beacon; and
generates a location map using the identified positions of the number of stationary radio
frequency-enabled beacons in the indoor location, the generated location map illustrating
locations of the number of stationary radio frequency-enabled beacons relative to one another
in the indoor location.

[0012]  Yet another method is also disclosed. Each radio frequency-enabled beacon of a
number of stationary radio frequency-enabled beacons within an indoor location receives by the
respective radio frequency-enabled beacon respective signals from other stationary radio
frequency-enabled beacons of the number of stationary radio frequency-enabled beacons within
an indoor location. A processor coupled to the respective radio frequency-enabled beacon
obtains an angle of arrival of each respective signal received from each stationary radio
frequency-enabled beacon of the number of the other stationary radio frequency-enabled
beacons by the respective radio frequency-enabled beacon. Positions of the other stationary
radio frequency-enabled beacons in the indoor location are identified relative to the respective
radio-frequency-enabled beacon based on the obtained angle of arrival of each respective signal
received from each stationary radio frequency-enabled beacon of the other stationary radio
frequency-enabled beacons. A location map is generated using the identified positions of the
other stationary radio frequency-enabled beacons in the indoor location.

[0013] Another system example is also disclosed. This system example includes a location
server and a number of station radio frequency-enabled devices. Each of the stationary radio
frequency-enabled devices includes a radio frequency transceiver, a processor, and a memory.

The memory being accessible by the processor, and configured to store program instructions.
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Each respective stationary radio frequency-enabled device of the plurality of stationary radio
frequency-enabled devices being configured, when the respective processor of each respective
stationary radio frequency-enabled device executes the programming instructions stored in the
memory, to perform functions, including functions to receive, by the respective stationary radio
frequency-enabled device, signals from other stationary radio frequency-enabled devices of the
plurality of stationary radio frequency-enabled devices; obtain, by a processor coupled to the
respective stationary radio frequency-enabled beacon, an angle of arrival of each respective
signal received from each of the other stationary radio frequency-enabled beacons; and transmit
the obtained angle of arrival of each of the respective signal received from each of the other
stationary radio frequency-enabled beacons to the server. The location server is configured to
receive the transmitted angle of arrival obtained for each of the respective signal received from
each of the other stationary radio frequency-enabled beacons; identify positions of the other
stationary radio frequency-enabled beacons in the indoor location relative to the respective
radio-frequency-enabled beacon based on the obtained angle of arrival of each respective signal
recerved from each respective one of the other stationary radio frequency-enabled beacons; and
generate a location map using the identified positions of the stationary radio frequency-enabled

beacons 1n the indoor location.

Brief Description of the Drawings

[0014] The drawing figures depict three implementations in accord with the present
teachings, by way of example only, not by way of limitation. In the figures, like reference
numerals refer to the same or similar elements.

(0015] FIG. 1 illustrates a system in which RF beacon/luminaires and other devices
function to perform a position determination process.

[0016] FIG. 2 1s a simplified functional block diagram of a computer configured as a
server, for example, to function as the location solving server in FIG. 1.

[0017] FIG. 3 1llustrates an example of an indoor location 1in which the disclosed system
and process examples may be utilized.

[0018] FIG. 4A is a flowchart of an example of a process usable within the example of
an indoor location shown in FIG. 3.

[0019] FIG. 4B 1llustrates an example of a lighting map generated by the process
example ot FIG. 4A.
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[0020] FIG. SA illustrates another example of an indoor location in which a number of

RF beacons/luminaires perform a position determination process amongst themselves.

[0021] FIG. 5B i1llustrates an example of a general location map as generated by the
processes examples described herein.

[0022] FIG. 6 1s a tlowchart of an example of a process for determining locations of
stationary RF beacons/luminaires that communicate with one another within an indoor location,
such as the example shown in FIG. 5A.

[0023] FIG. 7 1s another flowchart of an example of another process for determining
locations of stationary RF beacons/luminaires that communicate with one another within an

indoor location, such as the example shown in FIG. 5A.

Detailed Description

[0024] In the tollowing detailed description, numerous specific details are set forth by
way of examples in order to provide a thorough understanding of the relevant teachings.
However, 1t should be apparent that the present teachings may be practiced without such
details. In other instances, well known methods, procedures, components, and/or circuitry have
been described at a relatively high-level, without detail, in order to avoid unnecessarily
obscuring aspects of the present teachings.

[0025] To overcome the labor intensive commissioning process of addressing
individual devices to be commissioned, it would be helpful if mu'ltiple devices could be
commissioned without having to individually address multiple individual devices to be
commissioned, and also using the relative positions of other network devices determined to be
commissioned 1n a network.

[0026] In addition, it would be beneficial if systems, such as those described in more
detail below, generated a data structure that included location information for the respective
devices within an indoor location. The generated data structure enables the graphical
presentation of the location information stored in the data structure on a display device of a
portable device.

[0027] Luminaires (e.g. light fixtures, floor or table lamps, or other types of lighting
devices for artificial illumination) are widely used in various residential, commercial and
industrial settings for providing illumination in both interior and exterior spaces. For example,

a retaill store may install multiple luminaires in the ceiling for illuminating products and
6
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walking area throughout store. The luminaires discussed in the examples may be installed or
otherwise located 1n or about a particular indoor location. Although the indoor location may be
a single property and associated building structure, the term indoor location is used in the
examples to also encompass installations and/or operations of the luminaires at more than a
single site or building, such as a block or a campus. The system, however, can scale further to
larger environments, for example, to application at the level of a city, a state, etc.

[0028] The term "luminaire" as used herein is intended to encompass essentially any
type of device that processes power to generate light, for example, for illumination of a space
intended for use of or occupancy or observation, typically by a living organism that can take
advantage of or be affected in some desired manner by the light emitted from the device.
However, a luminaire may provide light for use by automated equipment, such as
sensors/monitors, robots, etc. that may occupy or observe the illuminated space, instead of or in
addition light for an organism. A luminaire, for example, may take the form of a table lamp,
ceiling light fixture or other lighting device that incorporates a source, where the source by
itselt contains no intelligence or communication capability (e.g. LEDs or the like, or lamp
("regular light bulbs") of any suitable type). In most examples, the luminaire(s) illuminate a
service area to a level useful for a human in or passing through the space, e.g. regular
1llumination of a room or corridor in a building or of an outdoor space such as a street,
sidewalk, parking lot or performance venue. A luminaire may have other lighting purposes,
such as signage for an entrance or to indicate an exit.

[0029] Reference now 1s made in detail to the examples illustrated in the accompanying
drawings and discussed below. FIG. 1 illustrates a system diagram in which RF
beacon/luminaires and other devices function to perform a position determination process.
[0030] The system 100 includes a number of RF beacons/luminaires 120, a mobile
device 130, a data network 170, a computing device 175, a location server 114 and a data
storage 117. The data storage 117 may store a data structure 118 1n which may be stored data
related to one more of the number of RF beacons/luminaires 120. Alternatively or in addition,
the data structure 118 may be stored in the mobile device 130 memory 134, or the memory 104
of one or more of the number of RF beacons/luminaries 120. The system 100 may be located
within an indoor location 180; or only some components, such as the RF beacons/luminaires

120, may be located within the indoor location 180 as shown by way of example in the
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drawing. The example relates to an arrangement in which luminaires are RF enabled, however,

aspects related to position determination may be applied in systems in which RF beacons are
standalone devices or implemented in other types of devices instead of or in addition to
luminaires. The RF beacons/luminaries 120 therefore are also more generally referred to as
radio frequency (RF)-enabled devices throughout the specification and claims. An example of
the indoor location 180 is described in more detail with reference to FIG. 3.

[0031] The example of mobile device 130 includes an RF transmitter 132A, an RF
recetver 132B, a processor 133, a user input/output (I/O) interface 139, a memory 134 and
camera 137. The RF transmitter 132A and RF receiver 132B may be coupled to separate
antennas or a single antenna. In addition, the RF transmitter 132A and RF receiver 132B may
be combined as an RF transceiver 132, which may be coupled to a single antenna or an antenna
array. The radio frequency signals transmitted and received by the respective RF transmitter
132A and RF receiver 132B (e.g., a mobile device transceiver 132) are compliant, for example,
with the Bluetooth low energy specification. Of course, the transmitted signals may be
compliant with other radio frequency communication protocols such as IEEE 802.11, Zigbee or
the like. The camera 137 collects image data from the environment in which the mobile device
130 1s located. The user I/O 139 may enable a user to interact with the mobile device 130 in
order to input data, retrieve data and communicate with RF-enabled devices, such as RF
beacons/luminaires 120, the location server 114 or computer 175. The mobile device [/O 139
may include one or more of a touchscreen display, a display device, a keyboard, track ball,
joystick, speaker, microphone, other input and output devices or the like. Similarly, the
computer 175 may include a display device and user interface structures, such as a keyboard,
touchscreen, trackpad, mouse or the like.

(0032] When implemented as a luminaire, each RF beacon/luminaire 120 includes a
light source 122. The actual light source in each luminaire 120 may be any type of artificial
light emitting unit. Examples of artificial light sources include light emitting diodes (LEDs),
incandescent or fluorescent lamps, halogen or halide lamps, neon tubes, or the like.

[0033] In the examples, the RF beacons/luminaires 120 also have processing
capabilities. For example, the RF beacons/luminaires 120 may include a processor as well as
radio frequency (RF) transceiver to perform communication with other luminaires and other

wireless devices (e.g. mobile devices, assets to be tracked, etc.). A specific luminaire example
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of RF beacon/luminaire 120 as shown in FIG. 1 includes a light source 122, a processor 105, a
power management unit 104, a communication port 106 and an RF transceiver 102. Although
shown as one combined unit, the elements of the luminaire may be implemented somewhat
separately, e.g. with the light source of a luminaire separated from but controlled by an
assoclated processor of the luminaire. Alternatively, one processor may control some number
of light sources and RF transceiver(s) at diverse locations about an indoor location. When
implemented as only an RF beacon, the RF beacon/luminaire 120 omits the light source 122,
but also includes a processor 105, a power management unit 104, a communication port 106
and an RF transceiver 102.

[0034] In the examples of FIG. 1, the RF beacon/luminaire 120 is shown as having at
least one processor 105, for convenience. In some instances, such a luminaire may have
multiple processors. For example, a particular configuration may utilize a multi-core processor
architecture. Also, some of the other components, such as the communications interfaces 103,
may themselves include processors. Alternatively, the processor 105 and associated memory
104 1n the luminaire may be components of a Micro-Control Unit (MCU), which is a microchip
device that incorporates a processor serving as a programmable central processing unit (CPU)
as well as three of memories. The MCU may be thought of as a small computer or computer-
like device formed on a single chip.

[0035] The system 100 includes a location server 114. The location server 114 has a
communication link 103 for data communication with circuitry and/or programming of the
luminaire 120. It should be noted that the electronic components of RF beacon/luminaire 120
may be powered by various electrical sources including a power source, such as a power supply
céupled to mains power at the location 180, a battery or a solar panel.

(0036] The RF transceiver 102 may be implemented using a variety of wireless radio
frequency transceiver technologies. Examples of RF wireless transceivers include Bluetooth
transceivers, WiFi transceivers, 900MHz (sub-GHz) wireless transceivers, ultra-wideband
(UWB) transceivers, etc. In an example, the RF beacon/luminaire 120 may utilize as RF
transceiver 102 a Bluetooth low energy (BLE) transceiver that conforms to the Bluetooth
wireless communication standard. The radio frequency signals transmitted by the RF
transceiver 102, in such an example, are compliant with the Bluetooth low energy specification.

The RF transceiver 102 may be configured with an array of antennas 136. The array of
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antennas 136 enable measurement of angle of arrival (AoA) and angle of departure (AoD) of

received signals as will be explained in more detail in the following examples.

[0037] In general, processor 105 of RF beacon/luminaire 120 controls the other
components of the RF beacon/luminaire 120. For example, processor 105 controls RF
transceiver 102 to communicate with other devices with compatible RF functionalities. The RF
transceiver 102 may also be used by the processor 105 to communicate with the location server
114 1if, for example, the wired or wireless medium 199 to communication port 103 is not
present.

[0038] The processor 105 also controls aspects of operation of the light source 122,
such as turning ON/OFF, the light output intensity level, the associated color characteristic(s)
ot the light output, focus and/or aiming of the light output, and the like. For example, the
processor may provide control signals to the light source (e.g. via a driver circuit not shown) to
control the output of the light source, such as dimming (i.e. controlling light output intensity
level), the color characteristics or the like. Light output from the luminaire source 122 may
carry information, such as a code (e.g. to identify the luminaire or its location) or downstream
transmission of communication signaling and/or user data, as visible light communications.
The light based data transmission may involve modulation or otherwise adjusting parameters
(e.g. intensity, color characteristic, or beam shape) of the illumination light output from the
source 122.

[0039] The location server 114 may also be coupled to the data storage 117. The data
storage 117 may be configured to store the received position determination information and the

identifying information related to the plurality of radio frequency-enabled devices, such as the

RF beacons/luminaires 120 and/or mobile devices 130. Position determination information
may be additional information, such as received signal strength indications (RSSI), Doppler
measurements, known physical locations of one or more RF-enabled devices or other features,
such as nearby landmarks (e.g., end cap displays, aisle-way displays, doorways, water
fountains, or the like), visible light communication signals, compass measurements, inertial
movement measurements, or the like.

[0040] In the example of FIG. 1, the location server 114 is implemented as a server that
includes a data communication interface (not shown) for packet data communication (e.g. with

the RF beacons/luminaires and other devices) via the particular type of available network such

10
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as data network 170 with other devices. The data communication interface 116 may be wired or
wireless. For communication with luminaires, like 120, the data communication interface 116
of the server 114 may be similar to or otherwise compatible with the RF wireless
communication capabilities of the transceiver 102 of the luminaire(s).

(0041} The location server 114 may be a physical server computer on the network that

the system 100 1s connected to via wireless or wired medium. It could also be implemented as a
server instance running in the cloud. Alternatively, the server for the location server 114 could
be a processor on one or more of the RF beacon/ luminaires 120. In some examples, the
location server 114 is implemented in the form of a distributed processing system, e.g. a server
program that runs on the processors of some number of RF beacons/luminaires 120.

[0042] Some of the RF-enabled devices, such as the RF beacons/luminaires 120 and
mobile device 130 as well as the location server 114 may be coupled wirelessly (or wired, but
not shown) to a data network 170. The data network 170 may be limited to an indoor location
(not shown in this example), or may be a larger wide area network (WAN) covering several
indoor locations, or may be the internet, for example.

[0043] For purposes of further discussion, FIG. 2 shows a computer platform as an
example of an implementation of the hardware for a location server configured/programmed as
an appropriate server, such as 114 of FIG. 1, or as computer 175 of FIG. 1. The server
computer includes a CPU for executing program instructions, such as the appropriate server
application program(s). The computer server platform typically includes an internal
communication bus, program storage and data storage for various data files to be processed

and/or communicated by the server, although the server often receives programming and data

via network communications. Of course, the server functions may be implemented 1n a
distributed fashion on a number of similar platforms, to distribute the processing load. Also, a
computer configured as a server with respect to one layer or function may be contigured as a
client of a server in a different layer and/or for a different function. It is believed that those
skilled in the art are adequately familiar with the structure, programming and general operation
of computer equipment (e.g. 114, 120, 130 or 175), such as that shown in FIG. 1, and as a
result, the drawing should be selt-explanatory.

10044] The system 100 of FIG. 1 may be utilized for different purposes with regard to

the indoor location 180. For example, the system 100 may enable the number of RF

11
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beacons/luminaires 120 in the indoor location 180 to be commissioned into a network for
control and communication purposes. Commissioning, for example, entails initializing the
various electronics within a luminaire such that the electronics are initialized and bought into
working condition (i.e. communicating with each other) within a network environment. Any
data needed to provision the RF beacon/luminaire 120 for network communication and/or
needed to configure the device for luminaire operation. In addition, the locations of each of the
RF beacons/luminaires 120 relative to one another are determined for subsequent use, for
example, in the commissioning procedure, generation and presentation of an indoor location
map or light map, and lighting system control. These features and other advantages of the
system 100 will be described in more detail with reference to the examples of FIGs. 3-7.

[0045] Deployment of substantial numbers of the RF beacons/luminaires 120 with
associated processors 105 and wireless networking' RF transceivers 102 involves provisioning
those devices 100 and 102 for communication and configuration or commissioning of the RF
beacons/luminaires 120 for appropriate operation at the indoor location 180. For some
applications, system commissioning may involve the accurate determination of locations of
installed lighting devices such as RF beacons/luminaires 120. As noted, one example in which
position determination as part of the commissioning process may be significant for
implementation 1s in the case of an indoor location positioning service, which requires accurate
location.

[0046] As part of a commissioning process, it is beneficial to be able to identify the
locations of the elements (e.g. the RF beacons/luminaires 120) that are or will be commissioned

into the network environment. The location of each RF beacon/luminaire 120 in the indoor

location 180 1s determined as a part of the commissioning operation that is typically performed
soon after the RF beacon/luminaire is installed. Examples of position determination prior to
commissioning, using the RF communication capabilities of the RF beacons/luminaires are
described in more detail below. In such an example of an indoor location positioning service, it
1s desirable for the RF beacons/luminaires 120 or another element in or in communication with

the lighting system to know the location of the RF beacons/luminaires 120.
[0047] In some examples, an RF beacon/luminaire 120 is configured as a lighting
device and 1s equipped with an RF transceiver 102, the RF beacon/luminaire 120 also is able to

communicate with other RF beacon/luminaires 120 and possibly with various other wireless

12
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devices in or about the indoor location. The RF transceiver 102 may be a single chip device or

system on a chip (SoC) that has the transceiver 102 with the antenna array 136 built in. This is
advantageous because the built in (or manufacturer built) antenna array 136 has a correct
spacing or tolerances that eliminates small errors in the millimeter spacing of the individual
antennas of the antenna array 136 that, if incorrect, may result in large errors at the source or
point being measured. The RF transceiver 102 may also include a microprocessor that
processes the detected phase differences of the antenna array 136 and outputs an angle of
arrival measurement.

[0048] Once commissioned, each RF beacon/luminaire 120, whether configured as
cither a luminaire with RF beacon capabilities or only as an RF beacon, may provide its
location and/or a code (e.g., an RF beacon/luminaire identifier) that is unique to the particular
RE beacon/luminaire 120) correlated to its location in the RF signal emitted by the RF
beacon/luminaire 120. A mobile device or other device, such as another RF beacon/luminaire

120, can receive or look up an accurate RF beacon/luminaire location, which the mobile device
or other device uses to obtain an estimate of its own location or position. The location of the
mobile device 130 may be determined based on the RF beacon/luminaire location data obtained
by the mobile device 130.

[0049] More detailed angle of arrival (AoA) measurement examples will be explained
with reference to FIGs. 3-7. FIG. 3 illustrates an example of an indoor location in which the
disclosed systems and processes may be utilized, and FIG. 4A is a flowchart of an example of a
process usable within the example of an indoor location shown in FIG. 3.

[0050] In the indoor location example of FIG. 3, an indoor location 310 is illustrated.

The 1ndoor location 310 includes an entrance 333 and may have predetermined physical
dimensions, such as a width of 240 meters and a Iength of 320 meters or some other
dimensions. Installed within the indoor location may be RF beacons/luminaires 1-20. Each of
the RF beacons/luminaires 1-20 may be similar to the RF beacons/luminaires 120 described in
the examples of FIG. 1. The RF beacons/luminaires 1-20 are spaced apart within the indoor
locatton 310. The RF beacons/luminaires 1-20 may be shown distributed in a pattern, but the
respective RF beacons/luminaires 1-20 may be positioned in smaller groups at arbitrary

locations about the indoor location 310.
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[0051] The RF beacons/luminaires 1-20 may be arranged in a network 350. The
network 350 may be a data communication network configured to enable the transmission of
data between respective members of the network 350, such as RF beacons/luminaires 1-20,
external devices, such as mobile device 88, under control of a controller 355. The controller
355 1s coupled to a data storage 357 that may store program instructions for determining
positions of respective RF beacons/luminaires 1-20 in the network 350. Position information
and other radio frequency-enabled device information may be stored in a data structure 347.

The program instructions may configure the server to perform calculations using AoA

information and other information related to the RF beacons/luminaries 1-20 or external
devices. The network 350 and controller 350 may be configured to perform different functions
depending upon the implementation. For example, when the RF beacons/luminaires 1-20 are
configured as luminaires, the RF beacons/luminaires 1-20, the controller 350 may be
configured to enable the luminaires to communicate with one another and with external
devices, such as mobile device 88, and to also control lighting-related‘functions (e.g., ON/OFF,
dimming, diagnostics or the like) as well as communication functions, such as transmitting,
may be referred to collectively as lighting network 350.  Alternatively, if the RF
beacons/luminaires 1-20 are configured as RF beacons, the network 350 may be referred to as a
communication network.

[0052] In the example of FIG. 3, a mobile device 88 enters, or 1s brought into, the
indoor location 310 through the entrance 333. To determine a frame of reference point for
further calculations, the mobile device 88 may determine its location (i.e. a reference position

336) within the indoor location 310. The determination of the mobile device’s location may be

accomplished using various methods. For example, the mobile device 88 when outside the
indoor location may have been using the global positioning system (GPS) to determine or
report its location. Between GPS position determinations or upon entering the indoor location,
the mobile device 88 may perform a dead reckoning navigation process using mobile device
accelerometer sensor data or the like, calculations based on communications with three or more
ground-truth RF devices having known physical locations within the indoor location, visible
light signals, compass measurements, inertial navigation measurements, user inputs or the like,
since the GPS signals may no longer be available. . The mobile device location information as

well as the reference position 336 may be based on the physical dimensions of the indoor
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location. The physical dimensions may be, for example, the inside dimensions of the indoor
location 310, such as 320 meters and 240 meters, or some other dimension of the indoor
location 310.

[0053] Alternatively, or in addition, t an indoor positioning system and position
determination service may be used to provide indoor positioning or location determination
information to the mobile device 88. The mobile device 88, for example, may be configured to
determine its location based on radio frequency indoor positioning signals received from an
indoor positioning system located within the indoor location 310. The radio frequency indoor
positioning signal received from the indoor positioning system is of a different radio frequency
than the radio frequency signal transmitted by the mobile device 88 and received by at least
three radio frequency-enabled devices, such as radio frequency-enabled devices 1, 7 and 19.
Using, for example, an available wireless communication network, such as a Wik1 system
provided in the indoor location 310, and an available computer application, mobile device 88
may be provided with its location in the indoor location 310 or may be able to determine its
own position within the indoor location 310. For example, the available computer application
may provide a map of the indoor location and/or a graphical representation that shows the
location of the mobile device 88. Alternatively, a user of the mobile device 88 may input, via a
graphical user interface provided by the computer application, a coordinate location based on
user information, such as a surveyor’s mark, ceiling grid spacing or another landmark within
the indoor location 310 for use by the computer application. Such a computer application may
be programmed using common computer languages such as Python, Objective C, Swift and/or

HTML 5. In yet another example, the mobile device 88 may determine the mobile device’s

location based on a visible light-based indoor positioning signal received at a camera, such as
137 of FIG. 1, of the mobile device 88 from the visible light-based indoor positioning system
comprising the located within the indoor location 310.

[0054] In response to determining the mobile device’s location within the indoor
location 310, a mobile device transmitter, such as 132A of mobile device 130 of FIG. 1,

broadcasts a radio signal and the transceiver 102 in the RF beacon/luminaire 120 receives the
signal broadcast by the mobile device 88. As described above, the transceiver 102 comprises a
compound antenna or an antenna array, i.e., an antenna configured in an array of two or more

antenna elements, such as 136. In general, and depending on the orientation of the array with
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respect to the transmitter, the two or more antenna elements may not be the same distance away
from the transmitter. Radio waves take slightly different times to travel from the transmitter to
each of the receiver’s antenna elements. These slight time-of-flight differences, measured as
apparent time-shifts of the received radio wave between antenna elements (a.k.a. “phase
shifts™), are used to calculate the angle between the receiving antenna array 136 and its line ot
sight to the transmitter, e.g., 132A—that is, the angle of arrival (AoA) of the received signal.
Alternatively, a stationary one-dimensional (linear) antenna array may also be used measure
AoA in a plane (two dimensions). A two- or three-dimensional antenna array may be used to
measure AoA in three dimensions.

[0055] Returning to the example of FIG. 3 with the mobile device 88 positioned at
reference position 336, a process such as that outlined in FIG. 4A may commence. FIG. 4A 18

a flowchart of an example of a process usable within the example of the indoor location shown

in FIG. 3.

[0056] In the process 400 shown in FIG. 4A, at step 410, the mobile device 88 may
transmit a signal that is broadcast to all stationary RF beacons/luminaires 1-20 in the beacon
network. The transmitted signal may contain information related to the reference position 336.
The respective processors in the respective RF beacons/luminaires 1-20, when executing the
stored programming code, are configured to decode the encoded broadcast message to obtain
the position determination information of the mobile device within the indoor location. A
number of stationary RF beacons/luminaires 1-20 in the beacon network receive the transmitted
signal. Since the RF beacons/luminaires 1-20 are configured with the transceiver 102 and
antenna array 136, the RF beacons/luminaires 1-20 are able to determine, or measure, an angle
of arrival of the received signal. For example, the antenna array coupled to the transceiver 102
in each of the RF beacons/luminaires 1-20 may be oriented such that the respective antennas
have a reference direction 337 on which the angle of arrival measurement is based.

(0057} At 420, the processor in each of the respective RF beacons/luminaires 1-20
obtains an angle of arrival indication of the received signal at each respective stationary radio
frequency-enabled beacon of the number stationary radio frequency-enabled beacons. The
angle of arrival indication may be a digital voltage value representative of the angle of arrival
of the received mobile device signal as determined by the respective transceivers of each of the

respective RF beacons/luminaires 1-20. The respective transceivers of each of the respective
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RF beacons/luminaires 1-20 may also be configured to make other measurements, such as
received signal strength measurements or the like, and output an indication of the other
measurements, such as, for example, a received signal strength indication (RSSI). Measurement
results may be calculated by the RF receivers, lighting fixtures, or mobile devices, and
transmitted to other lighting fixtures, devices or a back end server. Calculations can utilize
only AoA measurements. Alternatively, the AoA measurements may be combined with
additional information, e.g. received signal strength indications (RSSI), to provide additional
information for calculation of the position of the respective RF beacons/luminaires 1-20.

[0058] In a specific example with respect to process steps 410 and 420, RF
beacons/luminaires 1, 7 and 19 (chosen arbitrarily, any three RF beacons/luminaires may have
been selected) may receive the signal transmitted by the mobile device 88 at each of the
respective transceivers of the RF beacons/luminaires 1, 7 and 19. The signal(s) transmitted by
the mobile device 88 may be compliant with known communication protocols and/or
specifications, such as Bluetooth®, or a similar wireless specification. Each transceiver of the
respective RF beacons/luminaires 1, 7 and 19 are configured to make the angle of arrival
measurement in response to receiving the signal transmitted by the mobile device 88. The
respective processors of the RF beacons/luminaires 1, 7 and 19 obtain the respective angle of
arrival measurement of the received signal from their respective transceiver.

[0059] At step 430 in the process 400, positions of each of the stationary RF
beacons/luminaires 1-20 relative to the mobile device 88 are identified based on the respective
obtained angle of arrival of the signal received from the mobile device for the particular RF

beacon/luminaire. For example, returning to the specific example of RF beacons/luminaires 1,

7 and 19, the respective processors of the RF beacons/luminaires 1, 7 and 19 may be configured
to share their respective obtained angle of arrival indications with the other RF beacons/
luminaires 2-6, 8-18, and 20, or at least two other RF beacons/luminaires (e.g., in the case of
RF beacon/luminaire 1 with RF beacons/luminaires 7 and 19), by transmitting via their
respective transceivers, the respective obtained angle of arrival indications. The server, in
response to receiwving the respective angle of arrival indications, may use, for example,
triangulation techniques, trilateration techniques, the Laws of Sines or other trigonometric or
geometric rules, to determine the position of the RF beacons/luminaires 1, 7 and 19 in the

indoor location relative to the mobile device 88. For example, the server, such as location
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server 114, may obtain mobile device location information related to a location of the mobile
device in the indoor location from the mobile device, an RF beacon/luminaire and/or the data
storage.

[0060] The server (such as 114 of FIG. 1, but not shown in the example of FIG. 3) may
determine a distance from the mobile device to each of the three radio frequency-enabled
devices based on the mobile device location information, a respective known height above a
floor of the indoor location of each of the three radio frequency-enabled devices, and the angle
of arrival indications. The server, using the angle of arrival indications and determined
distance, may generate a data structure including locations of each of the three radio frequency-
enabled devices relative to one another and relative to the location of the mobile device within
the indoor location. The server may determine a distance of the mobile device from the
respective RF beacons/luminaires 1, 7 and 19 as well as from RF beacons/luminaires 2-6, 8-18
and 20 by obtaining a height of the mobile device 88 above the floor of the indoor location. The
server may normalize a known height of the radio frequency-enabled device, such as the
heights of the respective RF beacons/luminaires 1, 7 and 19 by subtracting a height of the
mobile device 88 above the floor of the indoor location from the ordinary height of the radio
frequency receiver in the indoor location. The ordinary height of the radio frequency receiver
in the indoor location may be a height as listed in a lighting map, a standard installation height
for a typical indoor location or a custom, individual height for each respective RF
beacon/luminaire 1-20. The server uses the normalized known height of the radio frequency
receiver as the ordinary height of each of the three radio frequency-enabled devices when

determining the distance from the mobile device to each of the radio frequency-enabled

devices.

[0061] The respective processors of the RF beacons/luminaires 1, 7 and 19 may also
receive information, such as respective AoA indications, RSSI, or the like, related to the other
RF beacons/luminaries for use in determining the position of the RF beacons/luminaires 1, 7
and 19 as well as RF beacons/luminaires 2-6, 8-18 and 20.

[0062] Alternatively, each of the respective RF beacons/luminaires 1-20 may send their
respective AoA measurements to a server, a network controller, a gateway or other device, such
as the location server 114 of FIG. 1, connected to the RF beacon/luminaire network. For

example, the server, such as location server 114 of FIG. 1, that is identifying the positions of
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the at least three RF beacons/luminaires 1, 7, 19 or more, such as RF beacons/luminaires 1-20,
may determine a distance from the mobile device 88 to each of the at least three radio
frequency-enabled devices 1, 7 and 19 based on the mobile device 88 location information,
such as reference position 336, a respective known height above a floor of the indoor location
of each of the three radio frequency-enabled devices, (i.e., RF beacons/luminaires 1-20), the
angle of arrival indications and the like. The server using at least the angle of arrival
indications and determined distance, may generate the above described data structure. In some
examples, the dafa structure may include locations of each of the three radio frequency-enabled
devices relative to one another and relative to the location of the mobile device within the
indoor location.

[0063] Upon identifying their respective positions, an identified position map (also,
referred to when the RF beacons are incorporated in luminaires as a “lighting map™) may be
generated, at 440, by a respective RF beacon/luminaire, e.g., one of RF beacons/luminaires 1-
20 that 1s configured to generate the map, or by the server, such as the location server 114 ot
FIG. 1, a network controller such as 355 of FIG. 3, a lighting device network gateway or
another device, such as mobile device 130. FIG. 4B illustrates an example of an identified
position map generated by the process example of FIG. 4A. In the example of FIG. 4B, a
device 488 may have a display 489 that presents the identified position map 485 on the device
488. The display 489 may be a touchscreen user interface device that allows a user to interact
with the map 485 and the individual RF beacons/luminaires 80-99. Each of the respective RF
beacons/luminaires 80-99 may be represented on the display 489 as an icon or other

representative symbol.

[0064 ] For example, the identified position map 485 may include data representing the
respective identified positions of each of the RF beacons/luminaires 80-99, which may be
stored in a data structure 118 maintained in a memory, such as 104 of FIG. 1, of each
respective RF beacons/luminaires 1-20. Additional information regarding each of the respective
RF beacons/luminaires 80-99 may also be accessible and/or input into the data structure, such
as 118 of FIG. 1, via interaction with the individually displayed RF beacons/luminaires 80-99.
Alternatively, the data structure 118 may be stored in the data storage 117 of FIG. 1, which 1s

coupled to the location server 114, or mobile device memory, such as 134 ot FIG. 1.
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[0065] Alternatively, the identified position map 485 may be presented as graphical
representation of the respective identified positions of each of the RF beacons/luminaires 80-99
on a display 489 of the mobile device 88 or a computing device, such computer 175 of FIG. 1,

each of which may be configured to function as device 488.

[0066] The 1dentified position map described in the example of FIG. 4A3B may be
generated for each of the respective RF beacons/luminaries 1-20 based on the single reference
point 336. However, the mobile device 88 may move to other reference points (not shown) at
which, the process 400 may be repeated. The mobile device 88 may move to yet another
reference point and repeat the process 400. The data from the multiple identified position maps
may be processed according to, for example, a data fitting or statistical process to produce a
final 1dentified position having the most likely locations of the RF beacons/luminaires 1-20
relative to one another and to the indoor location. The location server 114 may, for example,
determine an updated distance from the another location of the mobile device 88 to each of the
at least three RF beacons/luminaires 1, 7 and 19, based on the updated mobile device location
information, a known height of each of the three radio frequency-enabled devices and the
subsequent angle of arrival indication of each of the three radio frequency-enabled devices.
[0067] The process 400 of FIG. 4A may enable other features to be provided by the
system 100. For example, the generated data structure may be used to produce an enhanced
floor plan by aligning or overlaying (via a drag and drop functionality built into the computer
application, for example) a graphical representation of the generated data structure with a floor
plan of the indoor location to indicate a location of each of the at least three radio frequency-

enabled devices, for example, RF beacons/luminaires 1, 7 and 19. The enhanced floor plan

may be updated by processor 115 of the location server 114 or another processor, such as 102
in one or more of an RF beacon/luminaire 120 by obtaining a light map of the indoor location
from, for example, data storage 117. The light map indicating a location of the three radio
frequency-enabled device within the indoor location 180 or 310. The processor, e.g., 100 of
FI1G. 1, may be configured to compare a graphical representation of the generated data structure

to the obtained light map. The comparison may be of coordinates of the respective luminaire
coordinates in an electronic version of the light map to the coordinates of the RF
beacons/luminaires in the generated data structure. Based on the results of the comparison, the

location 1n the light map of any of the at least three radio frequency-enabled devices 1, 7 and/or
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19 that 1s not positioned according to the generated data structure may be updated and stored.

The updated data structure is stored either over the previous data structure or as a new data

structure.

[0068] Another feature may be the commissioning of respective ones or all of the RF
beacons/luminaires 1-20 in a network. For example, upon determining the identified positions
of the RF beacons/luminaires 1-20 or at least the identified positions of RF beacons/luminaires
1, 7 and 19, the at least three radio frequency-enabled devices 1, 7 and 19, may be

commissioned in a lighting network, such as 350 of FIG. 3 based on the generated data

structure 1including the identified positions or relative locations.

[0069] In the example, when commissioning the respective radio-frequency enabled
devices, such as the at least three RF beacons/luminaries 1, 7 and 19, coordinates may be
generated for each of the at least three radio frequency-enabled devices within the indoor
location based on the generated data structure and the mobile device location information. The
generated coordinates of each of the three radio frequency-enabled devices may be associated
with a respective radio frequency-enabled device identifier, as well as a lighting identifier in
the case of a luminaire being associated with an RF beacon, assigned to each of the three radio
frequency-enabled devices. The associated coordinates and radio frequency-enabled device
identifiers may be stored as commissioning data in a memory or a data storage, such as data
storage 117.

[0070] FIG. 5A 1llustrates an example of an indoor location implementation of a
network 550 df RF beacons/luminaires in which the RF beacons/luminaires communicate with

one another to enable position determination of one another and enable self-commissioning by

the respective RF beacons/luminaires in the network 550. While the emissions from each of
the respective RF beacons/luminaires are shown as being emitted in a single direction, the
signals transmitted by each of the respective RF beacons/luminaires A-T may be transmitted
omnidirectionally to provide all of the respective RF beacons/luminaires A-T in the network

550 with the opportunity to receive the transmitted signals.

[0071] The system 500 of FIG. 5A includes a number of radio frequency-enabled
devices A-T arranged in a network 550 within an indoor location 500, a server 520, a data
storage and a data network 570. The radio frequency-enabled devices A-T may be configured

in a manner similar to that of RF beacons/luminaires 120 of FIG. 1. For example, each of the
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number of radio frequency-enabled devices A-T may configured to communicate messages

between one another, and/or communicate with a mobile device within the indoor location 500.
The server 520 may be wirelessly coupled to the number of radio frequency-enabled devices A-
T. Alternatively, the server 520 may be coupled to the number of radio frequency-enabled
devices A-T via a wired connection. In this example, the server 520 1s configured to receive
position determination information and identifying information from the number of radio
frequency-enabled devices A-T. Each of the radio frequency-enabled devices A-T may
transmit position determination information and 1dentifying information in a signal intended tor
broadcast to all of the radio frequency-enabled devices A-T in the network. For example,
device A may transmit position determination information and identifying information specific
to device A to all of the other devices B-T. The data storage 535 is coupled to the server 520.
The data storage 535 may be configured to store the received position determination
information and the identifying information related to the number of radio frequency-enabled
devices A-T, in, for example, a data structure 545.

[0072] Each of the number of radio frequency-enabled devices A-T may be similar to
RF beacons/luminaires 1-20 of FIG. 1, and may include a processor, a radio frequency
transceiver and a memory (not shown in this example). In each respective radio frequency-
enabled device A-T, the memory and the radio frequency transceiver are coupled to the
processor, and the memory stores programming code executable by the processor. For
example, the processor of each of the radio frequency-enabled devices A-T may be configured
to perform various functions, examples of which will be described with reference to FIG. 6.

[0073] The system 500 may also include a mobile device 515 as another radio

frequency-enabled device in the indoor location 510. The mobile device 515 may be
configured similar to mobile device 130 of FIG. 1, and may include a radio frequency
transceiver, such as 132 of FIG. 1, a processor, such as 100 of FIG. 1, and a memory, such -as
134 of FIG.1. The mobile device 515 may be configured to determine a location of the mobile
device 515 in the indoor location 510. The mobile device 515 may transmit, via the mobile
device’s radio frequency transceiver, a broadcast message for receipt by the number of number
of radio frequency-enabled devices A-T. The broadcast message may be encoded with position

determination information, which includes information related to a location of the mobile

device 515 as determined by the mobile device 515. For example, the position determination
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information of the mobile device 515 may include a landmark 567 location within the indoor

location 510 near to where the mobile device 515 is positioned. Alternatively or in addition,

the position determination information of the mobile device 515 includes coordinates of the

mobile device 515 within the indoor location 510.

[0074] In some examples, the server 520 may be coupled either wirelessly or via a
wired connection to the network 550. In such a configuration, the server 520 may control the
radio frequency-enabled devices A-T to perform lighting-related (e.g., illuminate areas of the
indoor location or the like), RF beaconing-related functions (such as communicating with
external devices such as 515) or the like. The system 500 of FIG. SA may perform additional
functions. For example, each of the radio frequency-enabled devices A-T includes a processor.
A processor of a respective radio frequency-enabled device of the number radio frequency-
enabled devices A-T in the network 515 may be further configured to forward wirelessly to the
server 520 via data network 570 a message including an radio frequency-enabled device
identitier and the position related information of the other radio frequency-enabled device(s),
such as, 1f the respective radio frequency-enabled device is device A, the other radio frequency-
enabled device(s) may be one of B-T, within the indoor location 510.

[0075] In other examples, the radio frequency transceiver, such as 132 of FIG. 1, of
each of the plurality of radio frequency-enabled devices may be further configured to determine
a distance from the radio frequency-enabled device to the mobile device. This determination
may be based on the determined angle of arrival indication of the received mobile device signal
and a known height of the respective radio frequency-enabled device A-T above a floor of the

indoor location 510. The determined distance and the determined angle of arrival may be

encoded into the message forwarded to the server 520 as position-related information.

[0076] In another example, the server 520 may be configured to use the position related
information included in the forwarded message to determine a location of the respective radio
frequency-enabled device, e.g., one of A-T, in relation to other radio frequency-enabled devices
of the number of radio frequency-enabled devices A-T. The position-related information may

include the determined angle of arrival indication of the received signal and the position
determination information of the mobile device within the indoor location.
[0077] In yet another example, for each radio frequency-enabled device A-T, the server

520 may be further configured to receive a respective message including position-related
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information from each of the respective radio frequency-enabled devices A-T of the number of

radio frequency-enabled devices A-T. The server 520 upon receipt of the respective message
from each of the number of radio frequency-enabled devices A-T, may determine a location of
each of the plurality of the radio frequency-enabled devices A-T relative to one another.

[0078] Alternatively, in another example, the server 520 may be further configured to
populate a data structure 545 including the determined location of each radio frequency-
enabled device of the number of radio frequency-enabled devices A-T using the determined
location of each of the number of the radio frequency-enabled devices A-T relative to one
another. The server 520 using the data structure 545 may generate a location map of the
number of radio frequency-enabled devices A-T showing the locations of each of the number of
the radio frequency-enabled devices 1n the indoor location. The generated location map and an
indoor location identifier may be stored in a data storage such as 117 or 535 for distribution to
another mobile device, an indoor position service or a remote computing device.

[0079] In the example of FIG. 5A, if appropriately driven arrays are used by both the
transmitting device (i.e., one of RF beacons/luminaires A-T transmitting a message) and the
receiving device (i.e., another or different one of RF beacons/luminaires A-T that is receiving
the message), as may be the case with, for example, stationary RF beacon/luminaire-to-RF
beacon/luminaire communication, then AoA and AoD measurements may be made at the same
time. If two antenna array-equipped devices, such as two or more of the RF
beacons/luminaires A-T, both transmit and receive radio frequency signals, at least four AOA
measurements may be made simultaneously: 1.e., AoA and AoD for Device A, and the same for

Device B. In general, the more measurements that are made, the more accurate the position

estimates of each respective RF beacon/luminaire will be. More specifically, AOA
measurements from at least three RF beacons/luminaires, such as A, M and R, may be used to
calculate not only the angular relationships between devices but the locations of two or more
RF beacons/luminaires that are receiving signals and/or RF beacons/luminaires that are
transmitting signals.

[0080] In an angle of departure (AoD) measurement example, the transmitter (in this
example, such as an RF beacon/luminaire 120) comprising the array of antenna elements (e.g.
antenna array 136). Transmission of the output signal may be switched rapidly and cyclically

among the antenna elements of the array 136, so that each antenna element transmits a short
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time-slice of the signal before the next antenna element in the array takes over. Since, in
general, the antenna elements are at different distances from the receiver, time-of-flight from
each antenna element to the receiver is different for each antenna element. These slight time-
of-tlight differences, measured as apparent time-shifts of sequential portions of the wave
detected by the receiving device, such as RF beacon/luminaire A or L) can be used to calculate
the angle between the transmitting array and the line-of-sight to the receiving device—that is,
the angle of departure (AoD) of the received signal.

[0081] In another version of AoD measurement, transmission is not switched between
N transmitting antenna elements but occurs continuously on all antenna elements. The
receiving RF beacon/luminaire of RF beacons/luminaires A-T may process the received signal
to observe a superposition of N waveforms of the same signal, each shifted with respect to the
others by an amount that depends on the AoD. The receiving RF beacon/luminaire of RF
beacons/luminaires A-T may be configured to process the waveforms, and distinguish these
wavetorms to determine their phase relationships and thus the AoD.

[0082] When both AoA and AoD are obtained by a processor (such as 100 of FIG. 1),
the locations of respective RF beacons/luminaires A-T may be determined using AoA alone,
AoD alone or the combination of AoA and AoD.

[0083] FIG. 5B 1llustrates a general example of a location map, which is also referred to
herein as an identified position map. In the example of FIG. 5B, a device 588 may have a
display 589 that presents the location map or identified position map 585 on the device 588.
The display 589 may be a touchscreen user interface device that allows a user to interact with

the map 585 and the individual RF beacons/luminaires 60-79. Each of the respective RF

beacons/luminaires 60-79 may be represented on the display 589 as an icon or other
representative symbol. The general example of an identified position map 585 may be
generated from a data structure, such as data structure 118 described above with reference to
the examples of FIGs. 1 and 4B.

[0084] FIG. 6 1s a flowchart illustrating an example of a process for determining

locations of stationary RF beacons/luminaires that communicate with one another within an
indoor location.

[00835] The process 600 may be implemented by a system such as that described with
reterence to FIG. SA. For example, in the system 500 of FIG. SA a number of the radio
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frequency-enabled devices A-T may be stationary RF beacon configured to implement the
process 600. For example, in the process 600, a radio frequency-enabled device, such as A or
515 of FIG. 5A may receive a signal, at 610, from each of a number of stationary radio
frequency-enabled beacons, such as B-T or A-T, respectively. Alternatively, the radio
frequency-enabled device that implements the process 600 may be a luminaire coupled to one
of the number of stationary radio frequency-enabled beacons. At 620, a processor coupled to
the radio frequency-enabled device obtains an angle of arrival of each respective signal
received from each respective stationary radio frequency-enabled beacon of the number of
stationary radio frequency-enabled beacons. The positions of the stationary radio frequency-
enabled beacons in the indoor location relative to the radio-frequency-enabled device are
identified, at 630, based on the determined angle of arrival of each respective signal received
from each respective stationary radio frequency-enabled beacon. Using the identified positions
of the number of stationary radio frequency-enabled beacons in the indoor location, a location
map 1S generated using the i1dentified positions of the number of stationary radio frequency-
enabled beacons in the indoor location (640). The generated location map, or identified
position map, such as 585 of FIG. 5B, may illustrate locations of the number of stationary radio
frequency-enabled beacons, such as 60-79 of FIG. 5B, relative to one another in the indoor
location.

(0086} The location map generated at 640, may be generated, for example, by
incorporating a position of the mobile device into the location map. The position of the mobile
device may be shown in the location map relative to the location of the number of stationary

radio frequency-enabled beacons. For example, the location map may resemble the indoor

space 510 layout with radio frequency-enabled beacons, such as A-T and mobile device 515.

(0087} The process of FIG. 6 may be modified, for example, such that steps 610 and
620 may be performed more specifically, upon receiving a signal from another radio frequency-
enabled device of the plurality of radio frequency-enabled devices, an angle of arrival
indication of the received signal is obtained. In addition, optional steps such obtaining position
determination information of the another radio frequency device from the received signal may
be performed. In which case, position related information of the other radio frequency-enabled
device may be generated based on the determined angle of arrival indication and the position

determination information.
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[0088] FIG. 7 1s a tlowchart illustrating another example of a process for determining

locations of stationary RF beacons/luminaires that communicate with one another within an
indoor location. The process 700 may alternatively be performed by each stationary radio
frequency-enabled beacon/luminaire of a number of stationary radio frequency-enabled
beacons/luminaires A-T. The respective number of stationary radio frequency-enabled
beacons/luminaires A-T may be implemented in a system that also includes a location server.
[0089] The process 700 may begin at 710 by receiving, by the respective radio
frequency-enabled beacon, respective signals from a number of the other stationary radio
frequency-enabled beacons A-T. At 720, a processor coupled to the radio frequency-enabled
beacon may obtain an angle of arrival of each respective signal received from each respective
stationary radio frequency-enabled beacon of the number of the other stationary radio
frequency-enabled beacons A-T by the respective radio frequency-enabled beacon. The
positions of the other stationary radio frequency-enabled beacons in the indoor location may be
identified, at 730, relative to the radio-frequency-enabled beacon based on the obtained angle
of arrival of each respective signal received from each respective stationary radio frequency-
enabled beacon of the other stationary radio frequency-enabled beacons. After identifying
positions, a location map, or identified position map, such as 585 of FIG. 5B, using the
identified positions of the stationary radio frequency-enabled beacons in the indoor location
may be generated (740).

[0090] The various examples disclosed herein relate to utilizing AoA and/or AoD
measurements of transmitted signals to create a location map of the network of RF

beacons/luminaires A-T 1n network within an indoor environment. In addition, the utilization

of AoA and/or AoD in the commissioning of a network of RF beacons/luminaires A-T reduces
errors, enables generation of graphical location maps, permits confirmation of indoor location
physical structure configurations, and/or the like.

[0091] Commuissioning of lights may be performed by placing a receiving device
(radio-frequency (RF) “receiver” such as RF beacons/luminaires 1-20 of FIG. 3) at, for
example, at least three locations having a known reference position (e.g., known latitude and
longitude, known grid position or the like) within the indoor location. The commissioning
process utilizes the locations of the RF beacons/luminaires 1-20 and the at least three locations

with known reference positions. For example, the commissioning of the three RF
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beacons/luminaires 1, 7 and 19 of FIG. 3 may be completed based on the generated data

structure of relative locations of the RF beacons/luminaires 1-20. The commissioning process 1s
simple and efficient for all types of indoor environments and ceiling types. Due to the use of
radio frequency communication, the receiver locations do not have to be visible to a human
operator or optical recognition-capable commissioning device.

[0092] An advantage provided by the described system for indoor position
determination utilizing a mobile receiver 1s that the AOA measurements can be made from
multiple points and then combined by, for example, triangulation, trilateration or other
technique, to identify highly accurate locations of RF beacons, and any luminaires co-located
with the particular RF beacon.

[0093] In an alternative example, rapid commissioning of a number of stationary RF
beacons/luminaires into an indoor positioning system may be accomplished by determining the
location of an antenna array-equipped mobile device with respect to a number of stationary
receiving devices, such as RF receivers/luminaires 1-20 or A-T. In the example, a mobile
device begins receiving signals from the number of stationary receiving devices. The mobile
device may have a transceiver and/or a processor configured to determine an AoA or AoD ot
the signals received by the respective receiving devices. The AOA data is used to identify the
relative positions of the stationary receivers as the mobile device moves about the indoor
location. Upon comparing AOA measurements of the collected data at the mobile device’s
respective locations in the indoor location to a map of the indoor location, the system may
generate an indoor location map of the locations of the receivers.

[0094] In an alternative commissioning example, the map generated at 440 ot FIG. 4A

based on the data obtained from the number of stationary RF receivers/luminaires 1-20 of FIG.
3 or A-T of FIG. 5A may be used for commissioning. In the commissioning example, the AOA
data and the position of the mobile device is used to identify the relative positions of each of
the stationary RF receivers/luminaires relative to the mobile device and to each other as the
mobile device moves from one known position to another within the indoor location. Upon
comparing AOA measurements of the collected data related to a lighting map of the indoor
location, the system may commission the RF receivers/luminaires 1-20 or A-T in the network.

[0095] In an alternative indoor positioning example, when used in a commissioned

system where RF beacon/luminaire locations are already known, the location of a mobile
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device can be precisely determined by making AOA measurements of signals exchanged by the

mobile device and some number of RF receivers.

[0096] In a typical application of the systems 300 and 500, an RF receiver/luminaire
system needs to be commissioned, that is, the precise locations of the receivers need to be
determined. Usually a human operator walks about the space carrying a mobile receiver device
(“mapper”) equipped with a software application capable of identifying specific receivers with
location coordinates based on a number of AOA measurements and/or other informational
inputs. Alternatively, measurements are transmitted by the mobile device to a server, such as
114 or 520 that performs the calculations. For example, the user walks about the store while
the mobile device collects AOA measurements for RF beacons co-located with luminaires in
the ceiling.

[0097] Alternatively or additionally, the RF beacons perform AOA measurements and
perform locational calculations or transmit measurements to the mobile device, a back end
server, or some other destination, such as computer 175.

[0098] Examples of the computer application software capabilities in addition to
providing a graphical representation of RF beacon/luminaire locations within an indoor
location, may also be configured to present on a display device (such as I/O 139 of mobile
device 130 of FIG. 1, or display of computer 175 of FIG. 1) a route that the user should attempt
to follow, or a region the user should traverse, to obtain needed AoA or AoD measurements to
complete a position determination process or commissioning process. For example, the
computer application may indicate on a display device or to the user when enough
measurements have been accumulated to estimate the locations of all the receivers to within an
acceptable accuracy, whereupon the commissioning process can end.

[0099] An end product of this commissioning process is a “light map,” also referred to
as an location map or identified positon map, , such as, for example, those shown 1n FIGs. 4B
and SB, or a table representation of data structure 118, that specifies the locations of the RF
receivers in luminaires (and possibly other RF receivers) in the indoor location. The location
information may be 2- or 3-dimensional. The location information may be presented on a

display device of mobile device 130 or computer 175.
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[0100] In an already commissioned system where RF receiver locations are already
known, the location of a mobile device can be precisely determined by making AOA
measurements of signals exchanged by the mobile device and some number of RF receivers.

(0101] Aspects of the methods of the exemplary system, apparatus and method outlined
above may be embodied in programming, e.g. in the form of software, firmware, or microcode
executable by a user computer system, a server computer, such as a location server, or other
programmable device. Program aspects of the technology may be thought of as “products™ or
“articles of manufacture” typically in the form of executable code and/or associated data that is
carried on or embodied in a type of machine readable medium. “Storage” type media include
any or all of the tangible memory of the computers, processors or the like, or associated
modules thereof, such as various semiconductor memories, tape drives, disk drives and the like,
which may provide non-transitory storage at any time for the software programming. All or
portions of the software may at times be communicated through the Internet or various other
telecommunication networks. Such communications, for example, may enable loading of the
software, such as position determination application from one computer or processor into
another, for example, from a management server or host processor into the memory 320 of the
set top box 311. Thus, another type of media that may bear the software elements includes
optical, electrical and electromagnetic waves, such as used across physical interfaces between
local devices, through wired and optical landline networks and over various air-links. The
physical elements that carry such waves, such as wired or wireless links, optical links or the
like, also may be considered as media bearing the software. As used herein, unless restricted to

one or more of “non-transitory,” “tangible” or “storage” media, terms such as computer or

machine “readable medium” refer to any medium that participates in providing instructions to a
processor for execution.

[0102] Hence, a machine readable medium may take many forms, including but not
limited to, a tangible storage medium, a carrier wave medium or physical transmission medium.
Non-transitory storage media include, for example, optical or magnetic disks, such as any of
the storage devices in any computer(s) or the like. It may also include storage media such as
dynamic memory, for example, the main memory of a machine or computer platform. Tangible
transmission media include coaxial cables; copper wire and fiber optics, including the wires

that comprise a bus within a computer system. Carrier-wave transmission media can take the
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form of electric or electromagnetic signals, or acoustic or light waves such as those generated

during radio frequency (RF) and light-based data communications. Common forms of
computer-readable media therefore include for example: a floppy disk, a flexible disk, hard
disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other
optical medium, punch cards paper tape, any other physical storage medium with patterns of
holes, a RAM, a PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge,
a carrier wave transporting data or instructions, cables or links transporting such a carrier wave,
or any other medium from which a computer can read programming code and/or data. Many of
these forms of computer readable media may be involved in carrying one or more sequences of
one or more 1nstructions to a processor for execution.

[0103] Program instructions may comprise a software or firmware implementation
encoded 1n any desired language. Programming instructions, when embodied in machine
readable medium accessible to a processor of a computer system or device, render computer
system or device into a special-purpose machine that is customized to perform the operations
specified in the program

[0104] While the foregoing has described what are considered to be the best mode
and/or other examples, it 1s understood that various modifications may be made therein and that
the subject matter disclosed herein may be implemented in various forms and examples, and
that the teachings may be applied in numerous applications, only some of which have been
described herein. It is intended by the following claims to claim any and all applications,
modifications and variations that fall within the true scope of the present teachings.

[0105] Unless otherwise stated, all measurements, values, ratings, positions,
magnitudes, sizes, and other specifications that are set forth in this specification, including in
the claims that follow, are approximate, not exact. They are intended to have a reasonable range

that is consistent with the functions to which they relate and with what 1s ordinary in the art to

which they pertain. .
[0106] The scope of protection is limited solely by the claims that now tollow. That

scope is intended and should be interpreted to be as broad as is consistent with the ordinary
meaning of the language that is used in the claims when interpreted in light of this specification
and the prosecution history that follows and to encompass all structural and functional

equivalents. Notwithstanding, none of the claims are intended to embrace subject matter that
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fails to satisfy the requirement of Sections 101, 102, or 103 of the Patent Act, nor should they

be interpreted in such a way. Any unintended embracement of such subject matter is hereby
disclaimed.

[0107] Except as stated immediately above, nothing that has been stated or illustrated is
intended or should be interpreted to cause a dedication of any component, step, feature, object,
benefit, advantage, or equivalent to the public, regardless of whether it is or is not recited in the
claims.

[0108] [t will be understood that the terms and expressions used herein have the
ordinary meaning as is accorded to such terms and expressions with respect to their
corresponding respective areas of inquiry and study except where specific meanings have
otherwise been set forth herein. Relational terms such as first and second and the like may be
used solely to distinguish one entity or action from another without necessarily requiring or

implying any actual such relationship or order between such entities or actions. The terms

vl BT 4 ¥ 66,

comprising,” “includes,
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“comprises, “including,” or any other variation thereof, are intended
to cover a non-exclusive inclusion, such that a process, method, article, or apparatus that
comprises a list of elements does not include only those elements but may include other
elements not expressly listed or inherent to such process, method, article, or apparatus. An
element preceded by “a” or “an” does not, without further constraints, preclude the existence of
additional identical elements in the process, method, article, or apparatus that comprises the
element.

[0109] The term “coupled” as used herein refers to any logical, physical or electrical

connection, link or the like by which signals produced by one system element are imparted to

another “coupled” element. Unless described otherwise, coupled elements or devices are not
necessarily directly connected to one another and may be separated by intermediate
components, elements or communication media that may modify, manipulate or carry the
signals. Each of the various couplings may be considered a separate communications channel.

[0110] The Abstract of the Disclosure is provided to allow the reader to quickly

ascertain the nature of the technical disclosure. It is submitted with the understanding that it
will not be used to interpret or limit the scope or meaning of the claims. In addition, in the
foregoing Detailed Description, it can be seen that various features are grouped together 1n

various embodiments for the purpose of streamlining the disclosure. This method of disclosure
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is not to be interpreted as reflecting an intention that the claimed embodiments require more
features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive subject matter lies in less than all features of a single disclosed embodiment. Thus the
following claims are hereby incorporated into the Detailed Description, with each claim

standing on its own as a separately claimed subject matter.
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What is Claimed Is:

1. A method, comprising:

receiving, by three radio frequency-enabled devices located within an indoor location of
which at least one of the three radio frequency-enabled devices is configured as a luminaire, a
radio frequency signal transmitted by a mobile device within the indoor location, the radio
frequency signal including a mobile device identifier, wherein:

each of the three radio frequency-enabled devices receiving the radio frequency

signal at an array of antennas;

obtaining, by a processor of each respective one of the three radio frequency-enabled
devices, an angle of arrival indication determined based on the radio frequency signal received
via the array of antennas of the respective one of the three radio frequency-enabled devices;

forwarding, by the processors of the three radio frequency-enabled devices, the obtained
angles of arrival indications to a server;

obtaining, by the server, mobile device location information related to a location of the
mobile device in the indoor location;

determining, by the server, a distance from the mobile device to each respective one of
the three radio frequency-enabled devices based on the mobile device location information, a
respective known height above a floor of the indoor location of each respective one of the three
radio frequency-enabled devices, and the obtained angle of arrival indications; and

using the angle of obtained arrival indications and determined distances, generating a

data structure including locations of the three radio frequency-enabled devices relative to one

another and relative to the location of the mobile device within the indoor location.

2. The method of claim 1, further comprising:
commissioning the three radio frequency-enabled devices in a lighting control network

based on the generated data structure including the locations of the three radio frequency-enabled

devices relative to one another and relative to the location of the mobile device within the indoor

location.

3. The method of claim 2, wherein commissioning comprises:
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generating coordinates for each of the three radio frequency-enabled devices within the

indoor location based on the generated data structure and the mobile device location information;
associating the generated coordinates of each of the three radio frequency-enabled

devices with a respective radio frequency-enabled device identifier assigned to each of the three

radio frequency-enabled devices; and

storing the associated coordinates and radio frequency-enabled device identifiers as

commissioning data in a memory.

4, The method of claim 1, wherein the mobile device location information is based

on the physical dimensions of the indoor location.

3. The method of claim 4, wherein the physical dimensions are inside dimensions of

the indoor location.

6. The method of claim 1, wherein the mobile device location information forwarded

by the mobile device indicates the location of the mobile device when the mobile device was

transmitting the radio frequency signal.

7. The method of claim 1, further comprisi'ng:
producing an enhanced tloor plan by aligning a graphical representation of the generated

data structure with a floor plan of the indoor location to indicate the location of each of the three

radio frequency-enabled devices.

8. The method of claim 1, further comprising:
obtaining a light map of the indoor location, the light map indicating locations of the
three radio frequency-enabled devices within the indoor location;

comparing the generated data structure locations to the obtained light map locations; and
based on the results of the comparison, updating the location indicated in the light map
for any of the three radio frequency-enabled devices that is not positioned according to the

generated data structure.

9. The method of claim 1, further comprising:

moving the mobile device to another location within the indoor location;
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receiving at the three radio frequency-enabled device, a subsequent radio frequency

signal transmitted by the mobile device from the another location within the indoor location;

obtaining, by the processor of each of the three radio frequency-enabled device, a
respective subsequent angle of arrival indication determined based on the subsequent radio
frequency signal received by the respective antenna array of each of the three radio frequency-
enabled device;

forwarding, by each respective processor of the three radio frequency-enabled device, the
obtained subsequent angle of arrival indication to the server;

forwarding, by the mobile device, updated location information of the mobile device to
the server, the updated location information indicating the mobile device’s move to the another
location 1n the indoor location;

determining, by the server, an updated distance from the another location of the mobile
device to each of the three radio frequency-enabled devices, based on the updated mobile device

location information, the known height of each of the three radio frequency-enabled devices and
the subsequent angle of arrival indication of each of the three radio frequency-enabled devices;
and

updating the data structure based on the updated mobile device location and the updated

distance from the another location of the mobile device.

10.  The method of claim 1, wherein the radio frequency signals transmitted by the

mobile device are compliant with the Bluetooth low energy specitication.

11.  The method of claim 1, wherein obtaining by the server mobile device location
information related to a location of the mobile device in the indoor location, comprises:

forwarding, by the mobile device, the mobile device location information to the server.

12.  The method of claim 1, wherein the radio frequency-enabled device is coupled to
a lighting device, and the method further comprises:

providing control signals to a light source by the processor.

13. A system, comprising:
a plurality of radio frequency-enabled devices within an indoor location, each of the

plurality of radio frequency-enabled devices configured to communicate in a network
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a server coupled to the plurality of radio frequency-enabled devices, the server

configured to receive from each radio frequency-enabled device of the plurality of radio

frequency-enabled devices position determination information and identifying information

related to each of the plurality of radio frequency-enabled devices; and
a data storage coupled to the server, the data storage configured to store the received
position determination information and the identifying information related to each of the
plurality of radio frequency-enabled devices;
wherein each respective radio frequency-enabled device of the plurality of radio
frequency-enabled devices includes:
a processor,
a radio frequency transceiver and
a memory, wherein the memory and the radio frequency transceiver are coupled
to the processor, and the memory stores programming code executable by the
processot,
wherein the processor, upon executing the stored programming code, being
configured to:
upon receiving a signal from another radio frequency-enabled device of
the plurality of radio frequency-enabled devices, obtain an angle of arrival
indication of the received signal;
obtain position determination information of the other radio frequency
device from the received signal, the position determination information including
information related to a height of the other radio frequency device;
based on the obtained angle of arrival indication and the position
determination information, generate position related information of the respective
radio frequency-enabled device; and
forward to the server a message including a radio frequency-enabled
device identifier of the respective radio frequency-enabled device and the position

related information of the respective radio frequency-enabled device within the

indoor location.

14.  The system of claim 13, wherein the radio frequency transceiver processor of

each of the plurality of radio frequency-enabled devices is further configured to:
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determine a distance from the radio frequency-enabled device to the mobile

device based on the obtained angle of arrival indication of the received mobile device

signal and the height of the radio frequency receiver above a floor of the indoor location;

and
encode the determined distance and the obtained angle of arrival as position-

related information into the message forwarded to the server.

15.  The system of claim 13, wherein the server is further configured to:

use the position related information included in the forwarded message to
determine a calculated position of the respective radio frequency-enabled device in
relation to other radio frequency-enabled devices of the plurality of radio frequency-

enabled devices.

16. The system of claim 13, wherein, tor each radio frequency-enabled device of the
plurality of radio frequency enabled devices, the server 1s further configured to:
receive a respective message including position-related information from each
respective radio frequency-enabled device of the plurality of radio frequency-enabled
devices; and
upon receipt of the respective message from each respective radio frequency-
enabled device of the plurality of radio frequency-enabled devices, determine a location
of each respective radio frequency-enabled device of the plurality of the radio frequency-

enabled devices relative to one another.

17. The system of claim 16, wherein the server is further configured to:
using the determined location of each of the plurality of the radio frequency-
enabled devices relative to one another, populate a data structure including the

determined location of each of the plurality of radio frequency-enabled devices.

18.  The system of claim 17, wherein the server is further configured to:
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using the data structure, generating a location map of the plurality of radio
frequency-enabled devices showing the locations of each of the plurality of the radio
frequency-enabled devices in the indoor location; and

storing the generated location map and an indoor location identifier in the data
storage for distribution to another mobile device, an indoor position service or a remote

computing device.

19.  The system of claim 13, wherein the another radio fréquency-enabled device 1s a
mobile device, the mobile device including a radio frequency transceiver, a processor
and a memory, the mobile device configured to:

determine a location of the mobile device in the indoor location; and
transmit, via the mobile device radio frequency transceiver, a broadcast
message encoded with information related to the determined location of the

mobile device.

20.  The system of claim 13, wherein the position-related information includes the
determined angle of arrival indication and the position determination information of

the mobile device within the indoor location.

21.  The system of claim 13, wherein the position determination information of the

mobile device includes coordinates of the mobile device within the indoor location.

22.  The system of claim 13, wherein the position determination information of the
mobile device includes a landmark location within the indoor location at about which

the mobile device i1s positioned.

23. A method, comprising:

receiving, by a radio frequency-enabled device, a signal from each of a number of
stationary radio frequency-enabled beacons;

obtaining, by a processor coupled to the radio frequency-enabled device, an angle
of arrival of each respective signal received from each respective stationary radio

frequency-enabled beacon of the number of stationary radio frequency-enabled beacons;
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identifying positions of the stationary radio frequency-enabled beacons in the
indoor location relative to the radio-frequency-enabled device based on the determined
angle of arrival of each respective signal received from each respective stationary radio
frequency-enabled beacon; and

generating a location map using the identified positions of the number of
stationary radio frequency-enabled beacons in the indoor location, the generated location
map illustrating locations of the number of stationary radio frequency-enabled beacons

relative to one another in the indoor location.

24. The method of claim 23, wherein the radio frequency-enabled device is one of the

number of stationary radio frequency-enabled beacons.

25. The method of claim 23, wherein:
the radio frequency-enabled device is a mobile device, and
the generating of the location map comprises:
incorporating a position of the mobile device into the location map, the

position of the mobile device shown relative to the location of the number ot

stationary radio frequency-enabled beacons.

26.  The method of claim 23, wherein the radio frequency-enabled device 1s a
luminaire coupled to one of the number of stationary radio frequency-enabled

beacons.

27. A method, comprising:
for each radio frequency-enabled beacon of a number of stationary radio

frequency-enabled beacons within an indoor location:

receiving, by the respective radio frequency-enabled beacon, respective
signals from other stationary radio frequency-enabled beacons of the number of
stationary radio frequency-enabled beacons within an indoor location;

obtaining, by a processor coupled to the respective radio trequency-
enabled beacon, an angle of arrival of each respective signal received from each

stationary radio frequency-enabled beacon of the number of the other stationary
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radio frequency-enabled beacons by the respective radio frequency-enabled

beacon;

identifying positions of the other stationary radio frequency-enabled
beacons in the indoor location relative to the respective radio-frequency-enabled
beacon based on the obtained angle of arrival of each respective signal received
from each stationary radio frequency-enabled beacon of the other stationary radio

frequency-enabled beacons; and

generating a location map using the identified positions of the other

stationary radio frequency-enabled beacons in the 1indoor location.

28. A system, comprising:
a location server configured to determine locations of devices using location
related information of each of the respective devices; and

a plurality of stationary radio frequency-enabled devices coupled to the server,

each of the stationary radio frequency-enabled devices including:
a radio frequency transceiver,
a processor, and
a memory, the memory:
being accessible by the processor, and
configured to store program instructions;
each respective stationary radio frequency-enabled device of the plurality of
stationary radio frequency-enabled devices being configured, when the respective

processor of each respective stationary radio frequency-enabled device executes the

programming instructions stored in the memory, to perform functions, including

functions to:
receive, by the respective stationary radio frequency-enabled device,
signals from other stationary radio frequency-enabled devices of the plurality
of stationary radio frequency-enabled devices;
obtain, by a processor coupled to the respective stationary radio
frequency-enabled beacon, an angle of arrival of each respective signal
received from each of the other stationary radio frequency-enabled beacons;

and
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transmit the obtained angle of arrival of each of the respective signal
received from each of the other stationary radio frequency-enabled beacons to
the server;

the location server contfigured to:

receive the transmitted angle of arrival obtained for each of the
respective signal received from each of the other stationary radio frequency-
enabled beacons;

identify positions of the other stationary radio frequency-enabled
beacons in the indoor location relative to the respective radio-frequency-
enabled beacon based on the obtained angle of arrival of each respective
signal received from each respective one of the other stationary radio
frequency-enabled beacons; and

generate a location map using the identified positions of the stationary

radio frequency-enabled beacons in the indoor location.
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FIG. 3
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F ' G 4 A Receive a signal transmitted from a mobile
. device at each of a number of stationary 410

400 radio frequency-enabled beacons

Obtain an angle of arrival of the received

- signal at each respective stationary radio 470
| frequency-enabled beacon of the number

| stationary radio frequency-enabled beacons

Identify positions of each of the stationary radio
frequency-enabled beacons relative to the
mobile device based on the obtained angle of
arrival of the signal received from the mobile
device

430

Generate an identified position map including .
the number of stationary radio frequency- 440

~ enabled beacons using the identitied positions
~ of the stationary radio frequency-enabled
beacons
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FIG. 5A
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F l G 6 Receive a respective signal from each of a
‘ number of stationary radio frequency- 610

500 enabled beacons

o L eeeicee e aa e A AR

Obtain an angle of arrival of each respective
signal received from each respective
stationary radio frequency-enabled beacon
of the number of stationary radio frequency-
enabled beacons

620

|dentify positions of each of the stationary radio
frequency-enabled beacons relative to the radio-
frequency-enabled device that received the

respective signals based on the obtained angie 630

of arrival of each respective signal received from
each respective stationary radio frequency-

enabled beacon

Generate an identified position map including
the number of stationary radio frequency- 640
enabled beacons using the identified positions |
of the stationary radio frequency-enabled
beacons
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Receive, by the respective radic frequency-

F | G . 7 enabled beacon, respective signals from a 710
number of the other stationary radio
700 frequency-enabled beacons
..................... —————

Obtain, by a processor coupled to the radio
frequency-enabled beacon, an angle of arrival of
each respective signal received from each
respective stationary radio frequency-enabied 720

beacon of the number of the other stationary
radio frequency-enabled beacons by the

|dentify positions of the other stationary radio
frequency-enabled beacons in the indoor
location relative to the radio-frequency-enabled
beacon based on the obtained angle of arrival of 730
each respective signal received from each
respective stationary radio frequency-enabied
heacon of the other stationary radio frequency-
enabled beacons

Genefate 3 [Ocation map USing the ldennflEd 740

positions of the stationary radio frequency-
enabled beacons in the indoor location
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Receive a signal transmitted from a mobile
device at each of a number of stationary 410
radio fraquency-enabled beacons

Ohbtain an angle of arrival of the received

signa! at each respective stationary radio 420

frequency-enabled beacon of the number
stationary radio frequency-enabied heacons

Identify positions of each of the stationary radia
frequency-enabled beacons relative to the
mobile device based on the ohtained argle of
arrivel of the signai received from the mobile
device

430

Generate an identified position map including
the number of stationary radio frequency- 440
. enahled beacons using the identified positions
of the stationary radio frequency-enabled
beacons
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