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Method and system for measuring location and/or orientation

Field of the invention

The present invention relates to a method and a system measuring location and/or
orientation of one or several communication devices. The invention also relates to low-
uncertainty location and orientation measurements, in paricular based on coded signals,
time-to-digital conversion, and matched filters.

State of the Art

Several methods have been proposed in the prior art for measuring the location of objects.

Camera-based techniques require a line of sight between the measuring cameras and the
objects/people.

Radio Frequency (RF)-based approaches are also known. In particular, energy-based
approaches have been disclosed by D. Ampeliotis and K. Berberidis, “Low complexity
multiple acoustic source location in sensor networks based on energy measurements’,
Signal Processing, Elsevier, vol. 90, no. 4, pp. 1300-1312, 2010.

However, these approaches are impaired by multipath propagation phenomena in urban and
indoor environments. Structural elements of buildings tend to produce errors to an
unacceptable level. See, in particular, T. Ye, M. Walsh, P. Haigh, J. Barton, A. Mathewson,
and B. O'Flynn, “Experimental Impulse Radio IEEE 802.15.4a UWB Based Wireless Sensor
Localization Technology: Characterization, Reliability and Ranging”, The Irish Signals and
Systems Conference, Trinity College Dublin, June 23-24, 2011.

Commercial systems are “Google Eddystone” (see, inter alia,
hitps://en.wikipedia.org/wiki/Eddystone, Google) and “Apple iBeacon® (see, inter alia,
https://en.wikipedia.org/wiki/IBeacon). These systems are based on Bluetooth beacons
detecting the presence of consumer devices in order to provide information to users.

Other methods are based on RFID, pseudolites, floor-sensors, WLAN, high-sensitive GNSS,
cellular networks, and inertial navigation systems.

However, the prior art still fails to provide approaches with an acceptable trade-off between
location/orientation measurement, and accuracy and coverage, namely in indoor scenarios.

The present invention

The present invention relates to a method for measuring the location of a communication
device with respect to a three axis position system (for example defined by a beacon). The
method comprises:

- Performing the following communication procedure:
o Transmitting a first signal from a main transmitter (e.g., placed at the origin of
the axes);
o Detecting the first signal by the movable communication device;
o Transmitting a second signal from the movable communication device;
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o Detecting the second signal by a main receiver and a first, a second, and a
third axis-placed receivers,
- Determining the location of the movable communication device using time of flight,
ToF measurements of the first signals and the second signals,
wherein both the first and second signals are transmitted using orthogonal codes and are
detected using matched filters.

A plurality of movable communication devices (e.g. a group of at least a first, a second and a
third communication device) can be located. It has been noted, in fact, that the execution
time of the measurements is enough low and deterministic. The plurality of movable
communication devices can comprise a group of three movable communication devices (a
first movable communication device, a second movable communication device, and a third
movable communication device) positioned so as to span a plane. The orientation of the
plane can be measured. The invention can comprise a step of determining the orientation of
an object on the basis of the ToF measurements of the first signals and the second signals.

It is possible to iteratively select each of the movable communication devices and perform
the communication procedure to the selected movable communication device. At each
iteration, the second signal can also be detected by the non-selected communication
devices. For example, the invention can be embodied by a method for measuring the
location and/or orientation of a group of communication devices with respect to a three axis
position system (e.g., defined by a beacon), the communication devices including at least a
first, a second, and a third movable communication devices, the method providing for
iteratively selecting, in turn, one of the communication devices and performing the following
communication procedure: transmitting, from a main transmitter placed, a first signal;
detecting, by the first, second and third movable communication devices, the first signal;
transmitting, from the selected movable communication device, a second signal, and, using
matched filters, detecting, by a main receiver and a first, a second, and a third axis-placed
receivers (in some embodiments also by the non-selected communication devices), the
second signal. The method can also provide a step of determining the location of each
movable communication device using time of flight, ToF, measurements of the first signals
and the second signals.

A determination step using ToF measurements of the second signal from the selected
movable communication device, the main receiver and the axis-placed receivers can be
implemented. In the case of a plurality of movable communication devices, a step of refining
the measurements using ToF measurements of the second signal between the selected
communication device and the non-selected communication devices.

The signals can be acoustic signals or radio-frequency, RF, signals.

It is also possible to provide a step of wirelessly transmitting signals encoding data with time
information associated to timing values, in particular from each of the movable
communication devices to the main receiver, and/or vice versa.

According to the invention, it is possible to measure the location, the movements and/or the
orientation of an object or a living body such as an animal or a person by using the inventive
method after having applied the communication device/s to the object or living body.

The invention also relates to a system for measuring location and/or orientation, comprising:
at least a movable communication device and a movable communication device processor
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associated to the movable communication device, and a three-axis beacon system. The
beacon system includes a main transmitter, a main receiver, a first, a second, and a third
axis-placed receivers, respectively, placed at different axes of the beacon system, and a
beacon processor. The beacon processor is configured to control the transmission of a first
signal; the movable communication device processor is configured to control the detection of
the first signal; the movable communication device processor is configured to control the
transmission of a second signal from the movable communication device; the beacon
processor is configured to control the detection of the second signal; and the beacon
processor is also configured to determine the location of the movable communication device
using ToF measurements of the first and second signals. The first and the second signals
are orthogonal coded signals. Matched filters are used for the detection of codes associated

to the first and second signals.

The invention also relates to a system structurally and functionally configured to perform a
method according to the invention.

In some embodiments, a rigid structure can be provided for fixing the communication devices
(e.g. so as to span plane).

The invention also relates to a system for measuring location and/or orientation comprising:
at least a first, a second, and a third movable communication device positioned with respect
to each other so as to span a plane; and movable communication device processors
associated to the movable communication devices. The system comprises a three-axis
beacon system including: a main transmitter (which can be positioned at the origin of the
beacon system); a main receiver (which can be positioned at the origin of the beacon
system); a first, a second, and a third axis-placed receiver, respectively, placed at different
axes of the beacon system; and a beacon processor configured to iteratively select, in turn,
each of the movable communication devices. The beacon processor controls the
transmission of a first signal selecting one of the communication devices. Each of the
movable communication device processors controls the detection of the first signal. Each of
the movable communication device processors, when the associated movable
communication device is selected, controls the transmission of a second signal. The beacon
processor and the movable communication device processors associated to the non-
selected communication devices control the detection of the second signal. The beacon
processor determines the location of each movable communication device using ToF
measurements of the first and second signals. The movable communication devices, the
main receiver, and the axis-placed receivers use matched filters for the detection of codes
associated to the first and second signals.

The invention also relates to a beacon system as a single, standalone product when
configured for the inventive system and/or adapted to perform the inventive method. The
invention also relates to a communication device as a single, standalone product, when
configured for the inventive system and/or adapted to perform the inventive method.

The invention also relates to the use of the inventive system or method to localize and to
measure the orientation of an object or a living body, such as an animal or person,
associated to the communication devices.

The invention can be embodied by a keyless system, in which communication device/s is/are
attached to (or incorporated as a single piece) to a structure embodying a key, and the
beacon is attached to a fixed environment.
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The invention can be embodied by a tracking system, in which communication device/s is/are
carried by a person.

The invention can be embodied by a housing of a portable radio device (e.g., a tactical
portable radio), wherein communication device/s is/are attached thereto.

The invention can be embodied using a mobile terminal, a cellular phone, a smartphone, a
portable computer, a tablet, or similar mobile device, wherein communication device/s isfare
attached thereto, e.g. to the housing.

The invention also relates to a tag to which communication device/s is/are applied or
incorporated in one piece. The tag can be marketed independently of the beacon system,
and can be associated to the particular beacon system after they have been purchased.

The invention can be embodied by a 3D video or audio system, in which communication
device/s is/are associated to the user.

The invention can be embodied by a museum system (or a touristic system), in which
communication device/s is/are attached (or are a part of) a device associated to the user (or
the tourist), such as an audioguide (or another kind of portable terminal).

The invention can be embodied by hospital systems (or firefighting systems), in which
communication device/s is/are attached are applied to one/more tag/s associated to a
clinician or to a patient or to an equipment for carrying the patient (or to a firefighting element
such as a vehicle).

The invention can be applied to electronics devices, or to electronic devices in general which
can recognize and localize other electronic devices.

The invention also relates to the use of the inventive system and/or inventive method to
localize an object or a living body. In particular, it is possible to apply the invention to an
articulated object or an animal or a person. Communication devices can be associated to the
object or living body. Mutual distances between different parts of the body (such as limbs)
can be measured when different movable communication devices are placed on different
parts of the body, such as limbs.

Description of the drawings

The drawings permit to better understand embodiments of the invention.

- Figs. 1A and 1B show embodiments of the invention.

- Fig. 2 shows a scheme of a communication device that can be used to implement the
invention.

- Fig. 3 shows a scheme of a beacon system that can be used to implement the
invention.

- Fig. 4 shows a first signal transmitted by the beacon system in accordance to the
invention.

- Fig. 5 shows a second signal transmitted by a communication system in response to
the first signal.
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Constructive elements

Fig. 1A shows a system 10, comprising at least one movable communication device. Here,
the at least one movable communication device comprises a group of at least a first, a
second and a third communication device 21, 22, 23. Here, the at least three communication
devices 21, 22, 23 span a plane. Besides the three span-planning communication devices,
other communication devices (either coplanar or non-coplanar) can be provided. Here, a
movable element 20 is formed by the first, the second, and the third movable communication
device 21, 22, 23 (also indicated with CD;, CD,, CDs). Here, a structure 24 is provided to
maintain the mutual positions between the movable communication devices 21-23. The
structure 24 can be applied to a commercial item 24’ (the shape of the structure 24 and the
commercial item 24’ can be different). At least some or all of the communication devices 21-
23, the structure 24 and the commercial item 24’ are fixed to each other (e.g., incorporated in
one single piece, glued, screwed, nailed, or welded). Some or all of the communication
devices 21-23, the structure 24 and the commercial item 24’ can also be provided with
means that permit to engagement/disengagement. In some embodiments, the structure 24
can be applied to a living body, in particular an animal, in particular a person.

Fig. 1B shows a system 10, comprising at least one movable communication device. Here,
the at least one movable communication device comprises a first, a second and a third
communication device 21, 22, 23 (CD1, CD2, CD3). Here, the communication devices 21,
22, 23 do not necessarily span a plane. The movable communication devices 21, 22, 23 can
be movable with respect to each other, e.g. in view of a lack of a structure such as the
structure 24.

The location the at least one movable communication device can be measured in a three-
axis position system with three axes X, Y, Z which generate a space (in this embodiments,
the axes X, Y, Z are orthogonal to each other).

An example of movable communication device 21, 22, or 23 is provided in Fig. 2. A movable
communication device processor 25 controls a receiver 26 (also indicated as Rxcp,, Rxcp.,
Rxcps) and a transmitter 27 (also indicated as Txcp, TXcp. TXcps). In particular, code
generators and code detectors are also provided.

A counter section 28 (measuring time) is available to the movable communication device
processor 25. The counter section 28 can contain one or more registers capable of counting
time, in particular independently from each other. The movable communication device
processor 25 can control the counter section 28, in particular by selecting and initializing
registers of the counter section 28 to restart time measurement. The registers can be
implemented as hardware register and/or software registers. The movable communication
device processor 25 can also be connected to a storage means 29 to run a software
memorized in the storage means 29 and to memorize data.

The movable communication device processor 25 can be implemented in ASIC, FPGA, or
other electronic systems. In some embodiments, the movable communication device
processor 25 and/or the counter section 28 and/or the storage means 29 can be
implemented in one single controller.

The movable communication device processor 25 can also be connected 1o external
processors through other input/output (I/O) means, e.g., a serial port, a USB port, efc.
Through these /O means and/or receiver 26 and a transmitter 27, the movable
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communication device processor 25 can also run a procedure of data upload to external
processor entities, e.g. to upload values memorized in the storage means 29.

In some embodiments, different communication devices share at least some of the same
hardware resources (processor, counter section, storage means, and/or I/O means) and can
be placed in positions which are not the same of the transmitter and the receiver. However,
when the communication devices need to be coplanar, the transmitters and the receivers are
placed in positions which span a plane. A single processor can run different tasks for each
communication device (e.g. using multitasking techniques) and control the transmitters and
the receivers independently.

A matched filter is provided for the communication of each movable communication device.
Matched filters can be implemented by hardware and/or software resources.

Orthogonal codes are also used for the communications. Codes with low cross correlation
are preferred. GOLD or Kasami codes can be used. These codes also provide for
appropriate identification between the communication devices.

Back to Figs. 1A and 1B, the three-axis position system can be obtained using a beacon
system 30 (also indicated as BC). The beacon system 30 and the at least one
communication device are structurally separated from each other. In this embodiment, the
beacon system 30 and the at least one communication device communicate wirelessly to
each other. Here, the beacon system 30 has no wired connection to any of the
communication devices.

The beacon system 30 comprises a main transmitter/receiver 31 (also indicated as TxRxgco),
which can be embodied by a single device or by a transmitter and receiver separated from
each other. Here, the main transmitter/receiver 31 is placed at the origin O of the space
generated by the axes X, Y, Z, so as to simplify calculations.

The beacon system 30 also comprises a first, a second, and a third axis-placed receivers 32,
33, 34 (also indicated as Rxgex, RXpeov, RXgez), respectively, placed at axes X, Y, Z. Here, the
axis-placed receivers 32, 33, 34 are in a fixed relative position with respect to each other.
None of the axis-placed receivers is in a position coincident with the position of the
transmitter/receiver 31.

A structure can be used to keep the relative position between the elements to the beacon
system 30. Engaging/disengaging means can also be provided to attach the elements of the
beacon system 30 to an existing structural element or environment.

A scheme of the beacon system 30 is shown in Fig. 3. A beacon processor 35 controls the
transmitter/receiver 31 and the axis-placed receivers 32, 33, 34.

A counter section 38 (measuring time) is available to the beacon processor 35. The counter
section 38 can contain one or more registers capable of counting time, in particular
independently from each other. The beacon processor 35 can control the counter section 38,
in particular by addressing and initializing one or more of the registers of the counter section
38 to restart time measurement. The registers can be implemented as hardware register
and/or software registers. The beacon processor 35 can also be connected to a storage
means 39 (which can include a RAM, a ROM., a flash memory, etc.) in which software is
memorized. The storage means 39 can also comprise a data memory (e.g., a RAM) to
memorize data (such as counter values obtained by the registers of the counter section 38).
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The beacon processor 35 can be implemented in ASIC, FPGA, or other electronic systems.
In some embodiments, the beacon processor 35 and/or the counter section 38 and/or the
storage means 39 can be implemented in one single controller.

The beacon processor 35 is connected to the transmitter/receiver 31 and the axis-placed
receivers 32, 33, 34 through a connection such as a point-to-point star-connection. It is also
possible to use a communication network or a wireless connection.

In some embodiments, the beacon processor can be embodied by a plurality of processor
means. For example, the first, second, and third axis-placed receivers could be associated to
respective first, second, and third CPUs, while the transmitter/receiver could be associated to
a fourth CPU. The CPUs could communicate data with each other, e.g. by using a network or
point-to-point connections. Devices such as DSPs can also be provided.

The beacon processor can also be formed by at least two different processors: a first
processor which controls real-time activities of the beacon, and a second processor,
separated from the beacon, which elaborates the data obtained by the beacon processor and
by the movable communication devices processors, e.g. in offline sessions.

The beacon processor (or one of the processors forming it) can be placed remotely with
respect to the transmitter/receiver 31 (which can be notwithstanding placed in a different
place, such as the origin O).

The beacon processor 35 can also be connected, either permanently or temporarily, to
external computer entities through other input/output (1/0) means, e.g., a serial port, a USB
port, etc. Through these /O means and/or the transmitter/receiver 31, the beacon processor
35 can also run a procedure of data upload to external computer entities, e.g. to upload
values memorized in the storage means 39 (such as counter values obtained by the registers
or other calculations performed by the beacon processor 35).

Advantageously, the beacon system also comprises code generators and code detectors for
the transmissions and receptions of the beacon elements.

The signals that are transmitted and received are acoustic signals or RF signals. It is known
in the art how o manufacture an acoustic transmitter or receiver and an RF transmitter or
receiver,

The beacon system 30 is capable of obtaining the position and the orientation of the movable
element 20, in particular by localizing each of the movable communication devices 21-23 in
the three-axis position system.

The beacon system is configured to transmit and receive coded signals according to
orthogonal codes (such as GOLD or Kasami codes).

Communication procedure

As can be seen from Fig. 4, the main transmitter/receiver 31 transmits a first signal 41. The
at least one movable communication device 21 detects the first signal 41. As can be seen
from Fig. 5, the at least one movable communication device 21 transmits a second signal 42,
which is detected by the transmitter/receiver 31 and the first, second and third axis-placed
receivers 32, 33, 34. By calculating the ToF of the signals, it will be possible to localize the at
least one movable communication device 21.
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Examples of the inventive method are here discussed.

The elements of the system 10 (Figs. 1A or 1B) can transmit and receive signals. The signals
can be associated to events such as "REQUEST_TIMER_STOP", *TIMER_STOP”,
‘CD_1_SENDS”, and so on.

The beacon processor 35 can be configured to iteratively select (e.g., by cycling), in turn, one
of the first, second, and third movable communication devices 21-23.

When the first movable communication device CD, (21) is selected, the beacon processor 35
can initialize the counter section 38, e.g. by initializing four registers (e.g., one register
associated to the main transmitter/receiver 31 and one register for each of the axis-placed
receivers 32, 33, 34).

With reference to Fig. 4, the main transmitter/receiver 31 (here placed in correspondence of
the origin O) transmits a first communication signal 41 (multiple arrows refer to the same
signal detected by different receivers). The selected communication device CD; (21) is
addressed. In particular, the signal can encode the following events:

“REQUEST_TIMER_STOP”
“CD_1_SENDS".

The receiver 27 of each movable communication device CD,, CD,, CD; (21-23) receives the
first signal 41, In  particular, each communication device can detect
‘REQUEST_TIMER_STOP” by using matched filters.

At the detection of the first signal 41 (in particular of “REQUEST_TIMER_STOP"), the non-
selected communication devices CD,, CD; (22, 23) start counting time, each in particular
starting counter of its counter section 28 (e.g. by initializing a register).

At the detection of the first signal 41 (in particular of “CD_1_SENDS"), the selected
communication device CDy (21) can start waiting for a time slot Tyar, S0 as to wait for the
other receivers to be ready.

As can be seen from Fig. 5, the selected communication device CD, (21) transmits a second
signal 42 in response to the first signal 41. The second signal 42 can encode the event
“TIMER_STOP".

The non-selected communication devices CD,, CD; (22, 23), the main transmitter/receiver
TxRxgeo (31), and each of the first, second, and third axis-placed receivers RXgcx, RXgcy,
Rxgcz (32, 33, 34) detect the second signal 42. Matched filters are used for the reception.

For each of these receivers, the detection of the second signal 42 is associated to a
particular counter value CV(..) that can be acquired by one of the registers in one of the
counter sections 28, 38.

These counter values CV(..) can be memorized in local memories of the beacon system and
the communication devices, e.g. in the storage means 29 and 39.

The procedure above can be repeated by selecting the communication devices CD, and CD,
(22 and 23). Further counter values are obtained.
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A particular embodiment of the communication procedure (generalized for n communication
devices) is resumed as follows:

1. BC
1. selects CD;
2. starts counter
3. sends codes
» REQUEST_TIMER_STOF
= CD_1_SENDS
2. Rxcp, - Rxcp,
1. detect REQUEST_TIMER_STOP using matched filter
3. CD, ... CD,
1. start counter
4, Txcp,
1. waits until Rxp, is ready to receive: Ty
2. sends
= TIMER_STOP
5, TxRxgc,, Rxgey, Rxpc,, Rxgc,, Rxcp,, Rxcp, ... Rxcp,
1. detect TIMER_STOP sent by CD; using matched filter
2. read out counter value CV and store in memory
6. Go back to 1, repeat the cycle by iteratively selecting CD, ... CD,
After all iterations, all counter values are in local memories of beacon system and
communication devices.

~

Detection of the position

The distances are measured by determining the time of flight (ToF) of signals 41, 42, and by
calculating each length associated to each ToF. Methods that can be implemented in the
invention to calculate ToF values are here illustrated.

With reference to the iterative communication procedure discussed above, at the end of the
first cycle, for the selected movable communication device CDy, the following equations

apply:

(1) CV(Rxpe,) = ToF(Txpc, Rxcp, ) + Twaie + TOF (Txcp, Rxpe,) + 2T0Foq.
(2) CV(Rxpc,) = ToF(Txpc, Rxcp,) + Twaie + ToF (Txcp, R¥pe, ) + 2T0F 040
(3) CV(Rxgc,) = ToF (Txge, Rxcp, ) + Tyaie + TOF (Txcp Rxpe, ) + 2T0F oqe
(4) CV(Rxge,) = ToF (Txpc, Rxcp, ) + Twaie + TOF (Tx¢p, Rxpc,) + 2T0F 04,

CV(Rxpc,), CV(Rxgey), CV(Rxpe,), CV(Rxgc,) are counter values obtained, at the reception

of the second signal 42, in registers associated to the main transmitter/receiver 31 and the
first, second, and third axis-placed receivers 32, 33, 34, respectively.

TOF(szco,Rxcnl) is the time of flight of the first signal 41 from the main transmitter/receiver
to the selected communication device.

Twaie 18 @ predefined time for waiting for the receivers to be prepared to the reception.
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ToF(Txcp, Rxpe, ), ToF(Txcp, Rxge, ), ToF(Txep, Rxpe,), ToF(Txcp,, Rxgc,) are the times of
flight of the second signal 42 from the selected communication device to the main
transmitter/receiver and the first, second, and third axis-placed receivers, respectively.

ToF,,4. IS the time necessary to prepare a signal (under the hypothesis that the same time is
necessary for both the first signal 41 and the second signal 42; otherwise, different ToF,,4e
are used).

At the end of the second cycle (the selected movable communication device being CD,) also
the following equations apply:

CV(Rxpc,) = ToF(Txpc Rxcp,) + Twaie + ToF(Txcp, Rxpe,) + 2T0Fc04e
CV(Rxpe,) = ToF(Txpc, RXcp, ) + Twaie + TOF (Txcp, Rxge, ) + 2T0Fc040
CV(Rxge,) = ToF(Txpe, Rxcp, ) + Twaie + ToF(Txcp, Rxpe, ) + 2T0Fcoqe
CV(Rxpc,) = ToF(Txpe, Rxcp, ) + Twair + TOF (Txcp, Rxpe,) + 2T0Fcoqe

The same applies, mutatis mutandis, for each of the iteratively selected movable
communication devices.

The location of each communication device can be determined, in particular, by triangulation.
The time of flight measurements can be measured by taking into account the propagation
speed of the coded signals (sound or light).

in order to refine the determination of the position of the selected communication device
(under the hypothesis that the first communication device CD; is selected), it is possible to
apply the following equations:

(5) CV(Rxcp,) = ToF (Txpe, Rxcp, ) — ToF (Txge, Rxcp,) + Twaie + ToF (Txcp, Rxcp, ) + 2T0Fcoqe
(6) CV(Rxcp,) = ToF(Txpey, Rxcp, ) — TOF (Txpe, Rxco, ) + Twaie + TOF (Txcp, Rxep, ) + 2T0Fcoqe

CV(Rx¢p,) and CV(Rx¢p,) are counter values obtained, at the reception of the second signal

42, by registers associated to the non-selected communication devices (here, the second
and third communication devices).

ToF (Txcp, Rxcp,) and ToF (Tx¢p, Rxcp,) are the ToFs of the second signal 42 transmitted by the
first communication device (when selected) and received by the second and third
communication devices (when non-selected).

At the end of the second cycle (i.e., the second communication device CD, being the
selected communication device) the following equations apply:

CV(Rxcp,) = ToF (Txge, Rxcp, ) — ToF (Txpe, Rxcp, ) + Twaie + ToF (Txep, Rxcp,) + 2T0F o4,
CV (Rxcp,) = ToF (Txpc, Rxcp,) — ToF (Txpc, Rxcp, ) + Twaie + TOF (Txcp, Rxcp,) + 2T0F 040

Basically, equations like equations (1)-(8) are solved for each of the communication device
which is iteratively selected. With three communication devices, 18 equations are implied.
When the equations are solved, the counter values CV(...) are known values and permit to
calculate the ToF values.
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Measurement of the arientation

When at least three movable communication devices are structurally/functionally constrained
to span a plane (e.g., Fig. 1A), it is possible to calculate the orientation of the plane. A
method step performing the necessary mathematical conversions (e.g., outputting the angles
between the spanned plane and one or more of the axes of the position system) can be
provided.

More than three movable communication devices can be located. One or more non-coplanar
movable communication devices can be provided further than the first, second, and third
plane-spanning communication devices 21, 22, 23. An orientation measurement can
notwithstanding be obtained.

The methods above can be implemented in the beacon processor 35 or in an external unit
that have the counter values obtained by counter means 28, 38.

Additional procedure steps

It is also possible to define additional steps in which the at least one (or each of the three)
movable communication device(s) transmits time stamps of acquired counter values (e.g.,
the values obtained by the registers of the counter means 28) to a control unit (which can be
a part of the beacon processor 35).

A measurement can be obtained by repeating the communication procedure and by
repeatedly transmitting the counter values using third signals (or wired communication in
some embodiments). By repeating the procedure periodically (e.g. every 5 ms or less), it is
possible to have the knowledge of the position and/or orientation of the at least one (or three)
communication device(s) in real time.

A real-time implementation can be resumed as follows:

1-7.  Steps 1-7 defined above (iterated for each of the communication devices CD,...CD,)
8. Rxpcy, Rxpey, RXpc,, Rxcp,, Rxcp, ... Rxcp,
1. transmit times signals encoding counter values CV stored in their memories
and/or registers

9. TxRxpc,
' 1. receives the times signals
10. BC
1. calculates the position and/or the orientation of the communication devices
CD,...CD,

11. The cycle starts again with step 1 (CD, being selected).

In other embodiments, the counter values are memorized in the storage means 29 of the
communication devices 21-23 and uploaded to an external unit (which can also be a part of
the beacon processor) in an offline procedure. The same can also be performed for the
counter values registered in the counter means 38.

Mutual position of the communication devices

As discussed above, some of or all the communication devices can be structurally connected
to a fixed structure 24 to form a rigid entity (e.g., element 20 in Fig. 1A) whose position and
orientation can be easily determined. The entity can be fixedly engaged (or even
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incorporated as a single piece) to the commercial item 24' whose position is to be
determined. Alternatively, the entity can be structurally engageable/disengageable through
engaging means to an object or a person (or a garment associated to the person), a helmet,
or the like.

At a first glance, one could assume that multiple movable communication devices need to be
in a fixed positional relationship with respect to each other: equations (1)-(6) could seem not
suitable to take in account the relative motion between the communication devices (e.g., for
motion blur).

It has been noted, however, that the communication devices can also be in a “quasi fixed
motion”, such that different communication devices are in relative motion with speed less
than 40 km/h, in particular less than 20 km/h, more in particular less than 10 km/h.
Accordingly, the communication procedure (in which all the communication devices are
iteratively selected) shall take less than 5 ms, 10 ms, and 20 ms, respectively. Notably, the
movements of the human body are not faster than 40 km/h: therefore, the method is
particularly advantageous as a method for tracking the positions of parts of human/animal
body (e.g., arms, hands, legs, feet, fingers, and/or head).

Hence, the present invention (in particular implemented as in Fig. 1B) also permits to track
the absolute and/or mutual positions between the limbs of an articulated object or living body.
Accordingly, the invention can be applied to sport activities.

For implementations as in Fig. 1A, the measurement of the ToFs between different movable
communication devices 21-23 is not strictly mandatory. The following steps are not strictly
essential: reception of the second signal 42 by the non-selected movable communication
devices; step 5 of the communication procedure being performed by Rxcp,, Rxcp, ... Rxcp,;
and calculation of equations (5) and (6). However, the calculation of ToF(Txcp, Rxcp,) and
ToF(Tx¢p, Rxcp,) PErMIts to obtain redundant measurements which increase robustness and
reliability. ‘

Some of the advantages of the invention

The invention has been proven to present several advantages.

It has been noted that the multipath problem has been overcome, in particular thanks to the
use of the matched filters.

The use of orthogonal, low cross correlation codes (such as GOLD and Kasami codes)
provides for appropriate identification of the communication devices.

Further, the use of orthogonal codes is advantageous in that the beacon system can address
and distinguish between individual communication devices. Moreover, the detection and the
ToF measurements is more robust against noise when orthogonal codes are used.

The number of communication devices which can be located is limited by the length of the
orthogonal codes only.

There is no need for calibration.
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The invention exposes the advantage of low measurement times; it has been noted that, for
64 different communication devices, the total cycle time, i.e. time to execute 64 individual
first-signal-second-signal cycles, lies below 5 ms, when RF signals are used.

The location accuracy is increased by the use of multiple measurements.

It is possible to measure the location and/or the orientation of an object or a person to which
the communication devices are associated.

The measurements imply low uncertainties in a range that is limited only by the range of the
receivers and transmitters.

As compared to the energy-based approaches (which require temporal integration which is
both time consuming and computing-resource-consuming), the determinations based on ToF
require low measurement times.

In particular when the invention is implemented with RF signals, accuracy has been proven
to arrive at less than 1 cm, which is better than known approaches based on RFID,
pseudolites, infrared, floor-sensors, WLAN, high-sensitive GNSS, cellular networks, UWB,
and inertial navigation systems.

The coverage can arrive at more than 10 km, which is better than common approaches
based on RFID, pseudolites, infrared, floor-sensors, WLAN, cellular networks, UWB, and
inertial navigation systems.

Further embodiments of the invention

Advantageous embodiments of the invention are here disclosed and discussed. Reference is
made to the claims, the drawings and the other passages of the description.

The invention can be embodied by a keyless system (or a vehicle implementing a keyless go
system), in which at least one (or at least three) communication device(s) are engaged to the
structure 24 attached to a commercial item such as a key 24’ (e.g., a vehicle key such as a
car key) and the beacon system 30 is engaged to a fixed environment (such as a vehicle
cabin). Accordingly, it is possible to easily detect the position and the orientation of the
vehicle key.

The invention can be embodied by a tracking system, in particular in which the structure 24 is
carried by a person.

In particular, a structure 24 can be attached to or incorporated by an item 24’ such as a
housing of a portable radio device (e.g., a tactical portable radio). The at least one or at least
three plane-spanning communication device(s) can be attached to the structure 24.

The structure 24 can also be attached to or incorporated by an item 24’ such as a mobile
terminal, a cellular phone, a smartphone, a portable computer, a tablet, or similar mobile
device. The at least one or at least three plane-spanning communication device(s) can be
attached to the structure 24.

The invention can also be embodied by an application (“app”) for an item 24’ such as a
mobile terminal, a cellular phone, a smartphone, a portable computer, a tablet, or similar
mobile device. It is possible to provide for additional method steps:
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- Selecting, in particular by a user input, a person (e.g., from an address book to which
the app has knowledge) associated to the item 24’ to which the at least one or at
least three plane-spanning communication device(s) are attached;

- Measuring the position of the item 24/,

- Comparing if the selected person is positioned within a predetermined range from the
user;

- In case of positive comparison, emitting a warning signal to the user.

The last two method steps can be substituted by or associated to a notification of the position
of the selected person.

The invention also permits to manufacture tags (e.g., implemented as a structure 24 or item
24’) to which the at least one or at least three plane-spanning communication device(s) is
(are) applied. The tags can be shipped and marketed independently of the beacon system
30, and can be associated to the particular beacon system 30 through an initialization
procedure.

The invention can also be embodied by a 3D audio system, in which a portable item 24’ (to
which to the structure 24 with the at least one or at least three plane-spanning
communication device/s is attached or incorporated) is associated to a user. Accordingly, the
invention can provide for the additional method steps:

- Determining the position of the user in relationship to loudspeakers (associated, for
example, to the beacon system 30);
- Modifying the audio data based on the position of the user.

The invention can also be applied in a 3D video system: a portable item 24’ (such as smart
glasses), can be engaged with the structure 24 with the at least one or at least three plane-
spanning communication device(s). Accordingly, the invention can provide for the additional
method steps:

- Determining the position of the user in relationship to a 3D display (associated, for
example, to the beacon system 30);
- Modifying the 3D visual data based on the position of the user,

The invention can also be applied in a museum system, in which a structure 24 with the at
least one or at least three plane-spanning communication device(s) can be attached or
incorporated to a device 24’ associated to the user, in particular an audioguide. Accordingly,
the invention can provide for the additional method steps:

- Determining the position or orientation of the user in relationship to the spaces of the
museum (which can be associated, for example, to the beacon system 30);

- Providing information related to the museum attractions placed in the space of the
museum where the user is localized.

The invention can also be applied in a touristic system, in which a structure 24 (with the at
least one or at least three plane-spanning communication device/s) is attached to or
incorporated to a device 24’ associated to a tourist, in particular an audioguide or a portable
terminal of the tourist. Accordingly, the invention can provide for the additional method steps:

- Determining the position of the user in relationship to places to be visited (which can
be associated, for example, to the beacon system 30);
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- Providing information related to the elements placed in the places visited by the
tourist.

Similarly, the invention can also be embodied in hospital systems, in which a structure 24
(with the at least one or at least three plane-spanning communication device/s attached
thereto) is applied to a tag 24’ that can be associated to a clinician or a patient or an
equipment for carrying the patient, such as prams, perambulators, carriages, etc. The
beacon system 30 can be associated to internal rooms of the hospital.

The invention can also be embodied in firefighting systems, in which a structure 24, with the
at least one or at least three plane-spanning communication device/s attached thereto, is
applied to a tag 24’ associated to a firefighting element. The beacon system 30 can be
associated to a firefighting vehicle.

The invention can also be embodied in consumer electronics devices: a beacon system 30
can be associated to a first consumer electronics device, and a structure 24 (with the at least
one or at least three plane-spanning communication device/s) can be associated to a second
consumer electronics device 24’ (the consumer electronic devices including, inter alia, mobile
terminals, cellular phones, smartphones, portable computers, tablets, game stations, radio
devices, TV devices, and remote controls).

The inventive method can also be implemented in a procedure (in particular an “app”) and
can comprise the following steps:

- Recognizing a second device 24’ (associated to communication devices 21-23)
placed within a predetermined range from the first device (associated to a beacon
system 30);

- Performing the inventive method to track the closeness of the first and second
devices;

- In case of non-closeness, emitting a warning signal to the user.

This inventive embodiment permits to implement methods for preventing that a user forgets
the second device, and/or methods informing that the second device has been stolen.

The invention can be implemented in which one or more movable communication devices
are associated to different parts of the body of a human or animal, to analyze an articulated
movement (e.g. for measuring sport performance). This system is preferable to state of the
art systems that use visual markers and cameras: as a line of sight between the beacon and
the movable communication device is not necessary, self-occlusions are avoided.

Several embodiments of the invention refer to systems in which the distance between the
communication devices is inferior to 100 km, in particular 10 km, more in particular 1 km,
more in particular 10 m, and even more in particular 1 m, or less.

Although some aspects of the described concept have been described in the context of an
apparatus, it is clear that these aspects also represent a description of the corresponding
method, where a block or a device corresponds to a method step or a feature of a method
step. Analogously, aspects described in the context of a method step also represent a
description of a corresponding block or item or feature of a corresponding apparatus. Some
embodiments according to the invention comprise a data carrier having electronically
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readable control signals, which are capable of cooperating with a programmable computer
system, such that one of the methods described herein is performed.

Generally, embodiments of the present invention can be at least in part implemented as a
computer program product with a program code, the program code being operative for
performing one of the methods when the computer program product runs on a computer. The
program code may for example be stored on a machine readable carrier. Other embodiments
comprise the computer program for performing one of the methods described herein, stored
on a machine readable carrier. In other words, an embodiment of the inventive method is,
therefore, a computer program having a program code for performing one of the methods
described herein, when the computer program runs on a computer. In some embodiments, a
programmable logic device (for example a field programmable gate array) may be used to
perform some or all of the functionalities of the methods described herein. In some
embodiments, a field programmable gate array may cooperate with a microprocessor in
order to perform one of the methods described herein. Generally, the methods are preferably
performed by any hardware apparatus.

The above described embodiments are merely illustrative for the principles of the present
invention. It is understood that modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in the art. It is the intent, therefore,
to be limited only by the scope of the impending patent claims and not by the specific details
presented by way of description and explanation of the embodiments herein.
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Claims

1. A method for measuring the location of a movable communication device (21) with
respect to a three axis position system (X, Y, Z), the method comprising:
- Performing the following communication procedure:
o Transmitting a first signal (41) from a main transmitter (31) ;
o Detecting the first signal (41) by the movable communication device (21);
o Inresponse to the first signal detection, transmitting a second signal (42) from
the movable communication device (21); and
o Detecting the second signal (42) by a main receiver (31) and a first, a second,
and a third axis-placed receivers (32-34);
- Determining the location of the movable communication device (21) using time of
flight, ToF, measurements of the first the second signals (41, 42),
wherein both the first and second signals (41, 42) are transmitted using orthogonal codes
and are detected using matched filters.

2. The method of claim 1, using a plurality of movable communication devices (21-23).

3. The method of claim 2, wherein the plurality of movable communication devices (21-
23) comprises a group of a first, a second and a third communication devices (21-23).

4. The method of claim 3, wherein at least the first, the second and the third
communication devices (21-23) are positioned so as to span a plane.

5. The method of claim 4 further comprising a step of determining the orientation of the
plane on the basis of the ToF measurements of the first signals (41) and the second signals.

6. The method according to any of claims 2-5, characterized by iteratively selecting
each of the movable communication devices (21-23) and performing the communication
procedure to the selected movable communication device (21).

7. The method according to claims 8, wherein the second signal (42) is also detected by
the non-selected communication devices (22, 23).

8. The method of claim 7, wherein the determining step comprises:

- A gross-determination step using ToF measurements of the second signal (42) from
the selected movable communication device (21), the main receiver (31) and the
axis-placed receivers (32-34); and

- A step of refining the measurements using ToF measurements of the second signal
(42) between the selected communication device (21) and the non-selected
communication devices (22, 23).

9. The method according to any of the preceding claims, wherein the signals (41, 42)
are acoustic signals or radio-frequency, RF, signals.
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10. The method according to any of the preceding claims, further comprising:
wirelessly transmitting signals encoding data with time information associated to timing
values.

11. A method for measuring the location, the movements and/or the orientation of an
object (24') or part of an articulated object or parts/limbs of a living body such as an animal or
a person, the method comprising:

using the method of any of the preceding claims after having applied the communication
device or devices (21-23) to the object (24’) or living body.

12. A system (10) for measuring location and/or orientation, the system comprising:

- Atleast a movable communication device (21); and

- A movable communication device processor (25) associated o the movable
communication device (21); and

- A three-axis beacon system (30) including:

o A main transmitter (31);

o A main receiver (31);

o A first, a second, and a third axis-placed receivers (32-34), respectively,
placed at different axes (X, Y, Z) of the beacon system (30); and

o A beacon processor (35),

wherein:

- The beacon processor (35) is configured to control the transmission of a first signal
(41) from the main transmitter (31);

- The movable communication device processor (25) is configured to control the
detection of the first signal (41) by the movable communication device (21) and the
transmission of a second signal (42) from the movable communication device (21);

- The beacon processor (35) is configured to control the detection of the second signal
(42) by the main receiver (31) and the first, second, and third axis-placed receivers
(32-34); and

- The beacon processor (35) is also configured to determine the location of the
movable communication device (21) using time of flight, ToF, measurements of the
first and second signals (41, 42),

wherein the system is structurally and functionally configured so that both the first and the

second signals (41, 42) are orthogonal coded signals, and

the movable communication device (21), the main receiver (31), and the axis-placed

receivers (32-34) are configured to use matched filters for the detection of codes associated
to the first and second signals (41, 42).

13. The system of claim 12 structurally and functionally configured to perform a method
according to any of claims 1-11.

14. The system of any of claims 12 or 13, further comprising a rigid structure (24) to
which at least some of the communication devices (21-23) are fixed.

15. Use of the system of any of claims 12-14 to localize an object or a living body, such
as an animal or a person, associated to the one or more communication devices (21-23).



WO 2017/121808 PCT/EP2017/050579

o

=<V




WO 2017/121808

2/3

PCT/EP2017/050579

—~21,22,23

26 27
28 25 29
FIG 2
33
SD“K\\RF
34
31
35
39

FIG 3



PCT/EP2017/050579

WO 2017/121808

3/3

nu_ ﬂ
—
k
/f
R \
L
% %
M\]}frd«uf, 3
x,, /
y/ x.w
b %Y %
L% \
LY} \
N N LY
o~ 40;\\1.!!‘,,“”“/ !
= Y 3
A Y
A% i)

o @

FIG 4

FIG 5

31



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2017/050579

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1S13/74 GO1S15/74
ADD.

GO01S13/87

GO01S15/87

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1S

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

27 February 2014 (2014-02-27)
abstract; figures 1,3,7,8

10 July 2008 (2008-07-10)
paragraphs [0030] - [0037],
figure 1

paragraphs [0048] - [0051],
figure 6

17 February 2005 (2005-02-17)
paragraph [0150]; figure 11

Y US 2014/057655 Al (LEE KYUNGKUK [KR])

Y US 2008/165059 Al (KARR LAWRENCE J [US])
[0117];

1-7,9-15

1-7,9-15

A US 2014/152508 Al (KIRK CHRSTOPHER PETER 1,12
[GB] ET AL) 5 June 2014 (2014-06-05)
[0061] ;

A US 2005/035897 Al (PERL ELYAHU [US] ET AL) 1,12

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

19 April 2017

Date of mailing of the international search report

28/04/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Kern, Olivier

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2017/050579
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2014057655 Al 27-02-2014 CN 103703386 A 02-04-2014
EP 2703832 A2 05-03-2014
JP 5717919 B2 13-05-2015
JP 2014515112 A 26-06-2014
KR 20120122806 A 07-11-2012
US 2014057655 Al 27-02-2014
WO 2012148153 A2 01-11-2012

US 2008165059 Al 10-07-2008 AU 2005329042 Al 21-09-2006
CA 2600708 Al 21-09-2006
EP 1869728 A2 26-12-2007
us RE45061 E 05-08-2014
US 2008165059 Al 10-07-2008
WO 2006098791 A2 21-09-2006

US 2014152508 Al 05-06-2014 GB 2508421 A 04-06-2014
US 2014152508 Al 05-06-2014

US 2005035897 Al 17-02-2005 AU 2004265974 Al 24-02-2005
CA 2532050 Al 24-02-2005
DK 1654561 T3 22-10-2012
EP 1654561 A2 10-05-2006
HK 1107593 Al 12-11-2010
JP 4644197 B2 02-03-2011
JP 2007502414 A 08-02-2007
PT 1654561 E 24-10-2012
US 2005035897 Al 17-02-2005
WO 2005017555 A2 24-02-2005

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - wo-search-report
	Page 24 - wo-search-report

