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(57) Abrégée/Abstract:
A system and method can determine the position of a tag antenna relative to a plurality of spaced apart fixed base antennae using
ultrawideband signals by using an angle of arrival determined by time of arrival of an ultrawideband signal from the tag antenna to
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disambiguate a differential phase angle of arrival measured from the differential phase of the ultrawideband signal between the two
base antennae. Accordingly, a non-ambiguous phase angle of arrival of the ultrawideband signal from the tag antenna may be
used with a range of the tag antenna measured by one or more methods including by 2-way time of flight, to determine the position
of the tag antenna relative to the base antennae. The system and method can also use a plurality of pairs of antennae to determine
a 3D position of the tag antenna.
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SYSTEM AND METHOD FOR ULTRAWIDEBAND POSITION LOCATION

1. CROSS REFERENCE TO RELATED APPLICATIONS

This application is related and claims priority to US Provisional Patent
Application Serial No. 62/253,609 filed November 10, 2015 and entitled “System
and Method for Ultrawideband Position Location”, which is hereby incorporated

herein by reference in its entirety for all purposes.

2. TECHNICAL FIELD

The present disclosure relates generally to systems and methods for
position location such as of a tag. More specifically, the present disclosure relates
to a system and method for ultrawideband (UWB) position location using phase

and time angle of arrival of a UWB tracking signal.

3. BACKGROUND OF THE INVENTION

The ability to remotely determine the position and to track movement of
objects, animals or people using wireless positioning and tracking systems has
become increasingly widespread and desired for use in a wide range of
applications. However, many known wireless positioning and tracking systems and
methods suffer from limitations including cost, size of equipment, accuracy, range
and degradation from environmental interference, particularly in environments filled

with obstacles or indoors.
Some positioning and tracking systems reliant upon very long range tracking

signals, such as global positioning system (GPS) and related Galileo or GLONASS
systems based on transmission of tracking signals from satellite stations, may

suffer from reduced effectiveness and accuracy in sheltered or indoor
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environments not conducive to reception of satellite based signals, for example.
Other primarily short range positioning and tracking systems such as those based
on existing wireless data communication signal systems such as WiFi, Bluetooth ™
and Zigbee ™ based systems may suffer from degradation due to environmental
interference in crowded or obstacle filled areas, and from limited range due to the
use of wireless data communication systems designed primarily for data
transmission rather than positioning or tracking.

Position tracking systems based on ultrawideband (UWB) wireless signal
transmission have been developed which use the relatively precise time
measurement provided by UWB pulse signals and associated receivers to provide
positioning and tracking based on measuring time of flight of UWB signals between
tracking antennae and tag antennae attached to an object, animal or person to be
tracked. However, such UWB time of flight based systems may typically be limited
in the accuracy and/or precision of positioning possible due to the ultimate
limitations In time measurement accuracy and precision of the pulsed UWB
signals.

Accordingly, in view of the above, a need exists for improved systems and
methods to provide for position location and tracking of objects using UWB
wireless transmission that may desirably provide for improving at least one of
positioning accuracy, precision, error correction, flexibility and cost effectiveness.

4. SUMMARY OF THE INVENTION

It is an object of the present invention to provide a system and method for
UWB position location that addresses some of the limitations of the prior art.

Another object of the present invention is to provide a system and method
for UWB position location that allows for improved angle of arrival determination,
and is compatible with new and existing methods for determining range of an

object in the determination of its position.
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It is a further object of the invention to provide a system and method for
UWB position location that desirably provides for implementation using desirably
cost effective, compact and low power integrated UWB transceiver solutions
available from existing suppliers, such as the DW1000 integrated UWB radio
available from DecaWave of Dublin Ireland, for example.

According to an embodiment of the present invention a method for
determining the position of a tag antenna relative to a plurality of spaced apart
fixed base antennae is provided. In such an embodiment, the method comprises
the steps of:

measuring a phase and time of arrival of an ultrawideband signal
transmitted by the tag antenna at a first base antenna and a second base antenna;

determining a differential phase of arrival of the ultrawideband signal
between the first base antenna and the second base antenna using the phase of
arrival;

determining a differential time of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the time of arrival;

determining a time angle of arrival of the ultrawideband signal using the
differential time of arrival;

determining an ambiguous differential phase angle of arrival beam and
disbambiguating the differential phase angle of arrival beam using the time angle of
arrival to determine a phase angle of arrival of the ultrawideband signal; and

determining a location of the tag antenna relative to the base antennae
using the phase angle of arrival and a range of the tag antenna.

In a particular embodiment of the invention, the method may additionally
comprise measuring a phase and time of arrival of an ultrawideband signal
transmitted by the tag antenna for each of a plurality of pairs of first and second
base antennae; and determining the differential phase of arrival, differential time of
arrival, time angle of arrival and phase angle of arrival for each of the plurality of
pairs of base antennae; and determining a location of the tag antenna relative to

the plurality of pairs of base antennae using the phase angle of arrival and range of
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the tag antenna for each of the respective pairs of base antennae. In one such
embodiment, determining the location of the tag antenna may comprise

determining a three dimensional (or 3D) location of the tag antenna relative to each

- of two or more pairs of first and second base antennae, using the phase angle of

arrival and range of the tag antenna for each of the two or more pairs of first and
second base antennae. In an exemplary such embodiment, three base antennae
elements may be used in combination as two or three pairs of antenna elements,
to determine a 3D location of the tag antenna using the phase angle of arrival and
range of the tag antenna for each of the two or three pairs of antenna elements. In
another embodiment, determining the location of the tag antenna may comprise
determining an aggregation or average of a plurality of determined locations using
the phase angle of arrival and range for each of the two or more respective pairs of
base antennae.

In one embodiment of the present invention, a non-transitory computer
readable medium stores instructions, which, when executed by a computer, cause
the computer to perform a method of UWB position location comprising:

measuring a phase and time of arrival of an ultrawideband signal
transmitted by the tag antenna at a first base antenna and a second base antenna;

determining a differential phase of arrival of the ultrawideband signal
between the first base antenna and the second base antenna using the phase of
arrival;

determining a differential time of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the time of arrival,

determining a time angle of arrival of the ultrawideband signal using the
differential time of arrival;

determining an ambiguous differential phase angle of arrival beam and
disbambiguating the differential phase angle of arrival beam using the time angle of
arrival to determine a phase angle of arrival of the ultrawideband signal; and

determining a location of the tag antenna relative to the base antennae

using the phase angle of arrival and a range of the tag antenna.
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In a particular embodiment of the invention, the method of UWB position
location may additionally comprise measuring a phase and time of arrival of an
ultrawideband signal transmitted by the tag antenna for each of a plurality of pairs
of first and second base antennae; and determining the differential phase of arrival,
differential time of arrival, time angle of arrival and phase angle of arrival for each
of the plurality of pairs of base antennae; and determining a location of the tag
antenna relative to the plurality ot pairs of base antennae using the phase angle of
arrival and range of the tag antenna for each of the respective pairs of base
antennae. In one such embodiment, determining the location of the tag antenna
may comprise determining a three dimensional (or 3D) location of the tag antenna
relative to each of two or more pairs of first and second base antennae, using the
phase angle of arrival and range of the tag antenna for each of the two or more
pairs of first and second base antennae. In an exemplary such embodiment, three
base antennae elements may be used in combination as two or three pairs of
antenna elements, to determine a 3D location of the tag antenna using the phase
angle of arrival and range of the tag antenna for each of the two or three pairs of
antenna elements. In another embodiment, determining the location of the tag
antenna may comprise determining an aggregation or average of a plurality of
determined locations using the phase angle of arrival and range for each of the two
or more respective pairs of base antennae.

According to a further embodiment of the invention, a system for
determining the position of a tag antenna relative to a plurality of spaced apart
fixed base antennae is provided. In such embodiment, the system comprises:

a first base antenna comprising a first antenna element and a second base
antenna comprising a second antenna element spaced apart from said first
antenna element;

an ultrawideband receiver connected to the first and second base antennae

and configured to receive an ultrawideband signal from the tag antenna from each

of the first and second base antennae;
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a processor connected to the ultrawideband receiver and operable to
execute computer executable instructions stored on a non-transitory medium to
configure the processor to:

measure a phase and time of arrival of an ultrawideband signal at the first
base antenna and a second base antenna;

determine a differential phase of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the phase of arrival;

determine a differential time of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the time of arrival;

determine a time angle of arrival of the ultrawideband signal using the
differential time of arrival,

determine an ambiguous differential phase angle of arrival beam and
disbambiguate the differential phase angle of arrival beam using the time angle of
arrival to determine a phase angle of arrival of the ultrawideband signal; and

determine a location of the tag antenna relative to the base antennae using
the phase angle of arrival and a range of the tag antenna.

In one such embodiment of the invention, the system may additionally
comprise a plurality measuring a phase and time of arrival of an ultrawideband
signal transmitted by the tag antenna for each of a plurality of pairs of first and
second base antennae; and determining the differential phase of arrival, differential
time of arrival, time angle of arrival and phase angle of arrival for each of the
plurality of pairs of base antennae; and determining a location of the tag antenna

relative to the plurality of pairs of base antennae using the phase angle of arrival
and range of the tag antenna for each of the respective pairs of base antennae. In
one such embodiment, determining the location of the tag antenna may comprise
determining a three dimensional (or 3D) location of the tag antenna relative to each
of two or more pairs of first and second base antennae, using the phase angle of
arrival and range of the tag antenna for each of the two or more pairs of first and
second base antennae. In one such embodiment, determining the location of the

tag antenna may comprise determining a three dimensional (or 3D) location of the
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tag antenna relative to each of two or more pairs of first and second base
antennae, using the phase angle of arrival and range of the tag antenna for each of
the two or more pairs of first and second base antennae. In an exemplary such
embodirhent, three base antennae elements may be used in combination as two or
three pairs of antenna elements, to determine a 3D location of the tag antenna
using the phase angle of arrival and range of the tag antenna for each of the two or
three pairs of antenna elements. In another embodiment, determining the location
of the tag antenna may comprise determining an aggregation or average of a
plurality of determined locations using the phase angle of arrival and range for
each of the two or more respective pairs of base antennae.

Further advantages of the invention will become apparent when considering

the drawings in conjunction with the detailed description.

5. BRIEF DESCRIPTION OF THE DRAWINGS

The system and method of the present invention will now be described with
reference to the accompanying drawing figures, in which:

FIG. 1 illustrates an exemplary system for locating a position of a tag
antenna relative to a plurality of base antennae, according to an embodiment of the
present disclosure, and suitable for implementation of embodiments of the present
inventive methods.

FIG. 2 illustrates a schematic diagram of a system for locating a position of
a tag antenna relative to a plurality of base antennae showing an exemplary multi-
lobe differential phase angle of arrival beam pattern and an exemplary differential
time angle of arrival beam according to an embodiment of the present disclosure.

FIG. 3A illustrates a schematic diagram of an exemplary ultrawideband
(UWB) signal pulse according to an embodiment of the present disclosure.

FIG. 3B illustrates a schematic diagram of an exemplary matched filter
correlation response corresponding to the UWB signal pulse shown in FIG. 3A,

according to an embodiment of the present disclosure.
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FIG. 4 illustrates an exemplary method for locating a position of a tag
antenna relative to a plurality of base antennae, according to an embodiment of the
disclosure.

Like reference numerals refer to corresponding parts throughout the several

views of the drawings.

6. DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates an exemplary schematic view of a system 100 for location
of a tag antenna 6 relative to a plurality of base antennae 1, 2, and which may
desirably be suitable for implementation of embodiments of the present inventive
methods. In one embodiment, system 100 comprises a plurality of spaced apart
base antennae, such as but not limited to first base antenna 1 and second base
antenna 2, which are both connected to an ultrawideband (UWB) receiver. The
plurality of base antennae, including first base antenna 1 and second base antenna
2 may preferably comprise antenna elements suitable for receiving and
transmitting UWB signals, such as pulsed UWB signals having sharply defined
pulse durations about a central carrier wave frequency. The plurality of base
antennae 1, 2 may comprise any desired UWB antenna element type such as may
be known in the art. In one such embodiment, UWB receiver 7 may comprise a
commercially available integrated UWB radio transceiver such as the DecaWave
DW1000 avatlable from DecaWave of Dublin, Ireland, for example, and base
antennae 1, 2, may comprise commercially available integrated or standalone
UWB antenna elements suitable for operation in connection with a chosen UWB
radio receiver 7 for transmission/reception of UWB signals such as base signal
10/tag signal 20 on a desired carrier wave frequency, for example.

In a particular embodiment, first base antenna 1 and second base antenna 2
may comprise sparse antenna elements spaced apart at a spacing distance
greater than a half wavelength of a carrier wave frequency of a UWB tag location

signal 20 transmitted by the tag antenna 6. In one such embodiment, first base
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antenna 1 and second base antenna 2 may desirably also be spaced apart at a
distance greater than a wavelength of a Nyquist sampling frequency for the UWB
tag location signal 20, so as to desirably provide a sparse base antenna array and
to desirably reduce the number of base antenna elements from those which would
conventionally be required to provide a Nyquist spaced antenna array for a desired
carrier frequency of the UWB tag location signal 20.

System 100 also comprises tag antenna 6 which may be attached to any
object, person or other item the position of which is desired to be located and/or
tracked relative to the base antennae 1, 2. Tag antenna 6 may desirably also
comprise any suitable known antenna element and associated UWB radioc
transmitter and/or transceiver. In one exemplary embodiment, tag antenna 6 may
also comprise a commercially available integrated UWB antenna/radio, such as the
DW1000 UWB radio/antenna available from DecaWave of Dublin, Ireland, for
example. In one embodiment, base antennae 1, 2, may desirably be kept
stationary at a known location, such that the position of one or more tag antennae
6 may be located and tracked relative to the stationary base antennae 1, 2, to
provide for location and tracking of the absolute position of the object or person to
which the tag antenna 6 is attached, based on the known absolute position of the
base antennae 1, 2, and the relative location of tag antenna 6 relative to the base
antennae 1, 2, as determined using the system 100.

System 100 also comprises at least one processor 8 connected to the UWB
receiver 7 which is connected to base antennae 1, 2. In one embodiment,
processor 8 may comprise any suitable known processing means for executing
computer-readable instructions to determine the position of the tag antenna 6
relative to the base antennae 1, 2 such as according to embodiments of the
presently disclosed inventive methods, which may include is not limited to a
general purpose computer processor (such as a general purpose CPU, system-on-
chip, mobile computer, mobile device, or other general purpose processor), an
application specific integrated circuit (ASIC) configured specifically for
implementing position location methods according to embodiments of the
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disclosure, hybrid or software implemented processor, or virtualized, distribute or
hardware independent processing engine or instance, for example. In a particular
embodiment, processor 8 may be independent of UWB radio receiver 7. In an
alternative embodiment, processor 8 may be integrated with UWB radio receiver 7,
such as may be provided in an integrated UWB position location hardware solution,
for example.

In an optional embodiment, system 100 may additionally comprise at least
one calibration tag antennae 20, which may desirably be suitable to transmit and/or
receive UWB calibration signals 30 to and/or from the base antennae 1, 2, such as
may be desirable to provide for calibration, adjustment and/or error correction data
to UWB receiver 7. In one such optional embodiment, at least one calibration tag
antenna 20 may be located at a known location, such that known UWB calibration
signals 30 from/to the calibration antenna 20 may be received at base antennae 1,
2, and compared at receiver 7 and/or processor 8 over a period of time, such as to
allow for calibration and/or correction of drift, bias, interference, multipath, and/or
other potential factors which may be known to affect the accuracy and/or precision
of UWB signals and their corresponding use for determining the relative position of
tag antennae 6 by the system 100. In a further embodiment, system 100 may
comprise two or more pairs of first and second base antennae, such as in an
exemplary embodiment having 3 base antennae elements (third base antenna not
shown in FIG. 1) configured to form two or three pairs of base antennae elements.

In one embodiment, system 100 may desirably provide for location of tag
antenna 6 by means of determining an angle of arrival of tag signal 20 with respect
to the base antennae 1, 2, which may be combined with a range of tag antenna 6
from the base antennae 1, 2 to calculate a relative position of tag antenna 6 with
respect to base antennae 1, 2, such as recited according to aspects of the
presently disclosed methods described in further detail below. In a particular
embodiment, system 100 may be adapted for implementation of embodiments of
the present inventive methods according to the disclosure which provide for using
a differential time of arrival of tag signal 20 between base antennae 1 and 2 to
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determine a differential time angle of arrival, which may desirably be used In
combination with a multi-lobe differential phase angle of arrival beam pattern
calculated for the phase difference of arrival of tag signal 20 between base
antennae 1, 2, such as to disambiguate the multi-lobe phase angle of arrival beam
pattern, and provide for a desirably more precise disambiguated phase angle of
arrival of the tag signal 20 relative to the base antennae 1, 2. Accordingly, in such
an embodiment, system 100 may desirably provide for improved accuracy and
precision for locating the position of tag antenna 6 relative to the base antennae 1,
2, than may be provided using time of arrival methods alone. In another
embodiment, system 100 may desirably provide for use of a base antenna array
having sparsely spaced base antennae 1, 2 which may be widely spaced relative
to the wavelength of the UWB carrier wave signal such as to provide for greater
position determination accuracy for a particular precision of time and/or phase
differential measurement at the base antennae 1, 2.

In a further embodiment, base antennae 1, 2, may optionally also be
configured to transmit a base signal 10 for reception by the tag antenna 6. In one
such embodiment, base signal 10 may be used as a polling signal such as to
initiate a response by tag antenna 6 by transmission of tag signal 20, for example.
In another aspect, base signal 10 may be used in connection with tag signal 20 to
provide for a round trip time of flight measurement for determining a range of tag
antenna 6 relative to base antennae 1, 2, for example. In yet another aspect, base
signal 10 may be used in conjunction with tag signal 20 and/or optionally also with
calibration signal 30 to allow for synchronization of time measurements or {o
account for clock drift between tag antenna 6 and base antennae 1, 2, or to
measure and/or calculate error or calibration data such as interference, reflection,
multipath, distortion, attenuation or other factors involving the transmission of UWB
signals by system 100.

FIG. 2 illustrates a schematic diagram of a system 200 for locating a
position of a tag antenna 6 relative to a plurality of base antennae 1, 2, showing an
exemplary mulii-lobe differential phase angle of arrival beam pattern 40, an
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exemplary differential time angle of arrival beam 15, and an individual
unambiguous differential phase angle of approach beam 25, according to an
embodiment of the present disclosure. In one embodiment, the system 200 may
comprise tag antenna 6 which may transmit at least one UWB tag signal 20 which
may be received by first and second base antennae 1, 2, which are spaced apart
from each other to desirably form a sparse base antenna array. In one such
embodiment, a phase difference of arrival of tag signal 20 between first base
antenna 1 and second base antenna 2 may be measured and may desirably
provide for calculation of a multi-lobe differential phase beam pattern 40, such as
by a processor or integrated UWB receiver and processing means (not shown),
similar to as shown and described above in reference to FIG. 1. In such an
embodiment, multi-lobe differential phase beam pattern 40 may comprise multiple
ambiguous individual lobes or differential phase angle of arrival beams 25 due to
the spacing of the first and second base antennae 1, 2, in a sparse array.

In another aspect, a time difference of arrival of tag signal 20 between first
base antenna 1 and second base antenna 2 may be measured and may desirably
provide for calculation of a differential time angle of arrival beam 15 of tag signal 20
relative to base antennae 1 and 2. In an embodiment according to the present
invention, this differential time angle of arrival beam 15 may desirably be used to
disambiguate the multi-lobe differential phase beam pattern 40 and desirably to
identify a single differential phase angle of arrival beam 25 which may be used to
calculate a particular phase angle of arrival of the tag signal 20. In one such
embodiment, the differential phase angle of arrival beam 25 may desirably provide
for at least one of greater accuracy, precision, resolution and/or reduction of error
in determining the angle of arrivail of tag antenna 6 relative to base antennae 1, 2
than would be possible by use only of the differential time angle of arrival
calculated by the differential time of-arrival of tag signal 20 at base antenna 1, 2.

Therefore, in one such embodiment, a position calculated for tag antenna 6 relative
to base antennae 1, 2 by using a single unambiguous differential phase angle of
arrival beam 25 and a range calculated by any suitable known UWB signal ranging
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technique (such as time of flight measurement, for example) may desirably provide
at least one of greater position accuracy, precision, resolution and/or reduction of
error in determining the location of tag antenna 6 relative to base antennae 1, 2
than would be possible by use only of the differential time angle of arrival
calculated by the differential time of arrival of tag signal 20 at base antenna 1, 2
and a suitably calculated range.

In one exemplary embodiment, first base antenna 1 may be spaced 1 m
from second base antenna 2, for use in an UWB position location 200 according to
an embodiment of the invention where the UWB signal has a pulse bandwidth of 1
GHz, on a carrier wave frequency of 4 GHz. In this example, the separation of
base antennae 1, 2 is approximately 13 1/3 wavelengths of the 4 GHz carrier
wave, and therefore represents a sparse base antenna array, with base antenna
spacing of at least about 26 times greater than the 2 wavelength of the carrier
wave signal, and therefore much greater than the Nyquist antenna element
spacing that would be necessary to provide for unambiguous phase differential
angle of arrival measurement directly from the tag signals 20 as they arrive at base
antennae 1, 2. Such sparse spacing of base antennae 1, 2, may be desirable such
as to improve precision of angle of arrival measurements calculated from
differential time and/or phase of arrival, and to allow for a desirably simpler, more
efficient and cost effective base antenna array comprising only two base antennae
1, 2, rather than the much greater number of base antennae which would be
required to provide base antenna elements at a Nyquist or 2 wavelength maximum
spacing, for example. In this example, conventional methods for measuring
differential time of arrival of tag signal 20 between base antennae 1, 2 and for
calculation of differential time angle of arrival of tag signal 20 having an exemplary
pulse bandwidth of 1 GHz may desirably provide for a differential time angle of
arrival beam 15 which is desirably accurate to within less than 3.75 cm (1/2
wavelength of 4 GHz carrier wave signal) so as to allow for disambiguation of the
multi-lobe differential phase angle of arrival beam pattern 40 to provide for

calculation of a differential phase angle of arrival of tag signal 20 at the peak of a
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single unambiguous differential phase angle of arrival beam 25. In such case, the
differential phase angle of arrival calculated using beam 25 may desifably provide
for more precise angle of arrival of tag signal 20 than using the differential time
angle of arrival beam 15 alone, while allowing for use of a sparse base antenna
array having only first and second base antennae 1 , 2, spaced at multiples of the
carrier wavelength, which may desirably provide for greater positional accuracy of
tag antenna 6 when using differential phase angle of arrival from beam 25 with a
range measurement according to any suitable UWB method for determining range.

FIG. 3 illustrates a schematic diagram of an exemplary ultrawideband
(UWB) signal pulse according to an embodiment of the present disclosure,
illustrating a UWB puilse duration T correspondi'ng to a pulse bandwidth of 1/T of a
carrier wave signal having frequency f. In the exemplary UWB signal pulse shown
in FIG. 3, the pulse corresponds to approximately four periods of the carrier wave
frequency f. In one embodiment according to the present invention, the UWB
signal waveforms comprised in a tag signal 20 and to be received by base
antennae 1, 2 for use in time of arrival and ranging measurement for position
location purposes may be known by the receiver 7 and may typically not be
modulated to carry data as in the case of communication waveforms. Accordingly,
since the waveform of the UWB signal is known, in one embodiment a matched
filter correlator may be used by receiver 7 such as to observe and measure time of
arrival and time delay for phase differential measurement of received tag signals
20, for example.

FIG. 3B illustrates a schematic diagram of an exemplary matched filter
correlation response corresponding to the UWB signal pulse shown in FIG. 3A, for
such according to an embodiment of the invention. The matched filter correlation
response lllustrated in FIG. 3B indicates a substantially triangular correlation peak
which may desirably be used such as by receiver 7 or processor 8 to measure time
of arrival, such as by estimating the location of the correlation peak. In the
exemplary embodiment illustrated in FIG. 3B, the correlation response from the

matched filter correlator is shown as a function of signal time delay. In another
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embodiment, a matched filter correlator may be implemented, such as by receiver
/ or processor 8, to vary with time so as to output a channel response. However,
as shown by the relatively gradual slope of the correlation peak illustrated in FIG.
3B, the estimation of time of arrival by estimation of the location of the correlation
peak is sensitive to signal noise, and as noise increases, the time of arrival
measurement typically becomes less accurate and less precise. Additionally, in
some embodiments, time of arrival measurements are dependent on the pulse
bandwidth or frequency of the ultrawideband pulse signals, which may typically
have a lower frequency than the carrier wave frequency of the ultrawideband
signal. In one such embodiment, the pulse bandwidth may typically be in the range
of about 1 GHz for example, and the carrier wave frequency may typically be in the
range of about 4 GHz for example.

Conversely, the change in phase measured over time as measured at a
complex correlator such as by receiver 7, may in one embodiment desirably be
much sharper and allow for more accurate and precise estimation of time delay of
the signal arrival at base antennae 1, 2 in comparison to a time of arrival
measurement based on the puise bandwidth of the ultrawideband signal.

However, such estimation of time delay by change in phase measured over time
typically results in an ambiguous multiple measurement of time delay. For
example in the exemplary embodiment shown in FIGs. 3A and 3B, a measurement
of complex correlation phase will result in 4 ambiguous time delay values over the
response window. However, in one embodiment, a measurement of time of arrival

based on the estimated location of the correlation peak of the matched filter

responsé shown in FIG. 3B differential phase of the received tag signal 20 may
provide for a suitably accurate estimate of time delay so as to allow for
disambiguation of the differential phase measurement so as to identify a single
time delay value calculated from the phase measurement, which is desirably more

accurate and precise than the correlation peak time of arrival measurement aione

for use in determining angle of arrival of the tag signal 20.



10

15

20

23

CA 03003201 2018-04-25

WO 2017/079839 PCT/CA2016/051309

16

In one such embodiment, the desirably more precise phase differential

measured time of arrival, ToA,phase, may be expressed as:

ToA,phase = ( POA + round(ToA.Pulse/carPeriod — PoA)) * carPeriod,

where ToA.Pulse Is the time of arrival determined from the matched filter
envelope correlation peak, PoA is the phase of arrival measured at the complex
correlator, carPeriod is the period of the carrier wave frequency in the same time
units as ToA, and ToA.phase is determined from the single disambiguated time
delay measurement which is identified by using the measured ToA.pulse.

In a further embodiment, differential measurements of time of arrival may
desirably be used such as to overcome common mode errors in measurement,
such as transmit carrier phase offset relative to the time offset, for example. In one
such embodiment, differential measurements of time of arrival such as differential
time delay estimates may typically be affected only by timing errors between
antenna receivers, which in one embodiment may desirably be controlled locally,
such as by selecting time and carrier frequency distribution at the receiver 7 and
base antennae 1, 2. In such a case, any subsequent errors, such as timing errors,
may desirably also be calibrated such as with a known calibration tag 25 and
associated calibration transmitter and antenna element transmitting a known
calibration signal 30, which may desirably allow determination of any remaining
time and/or phase offsets. In one such embodiment, a calibration signal 30 may be
received by at least one of base antennae 1, 2, and used to determine a correction
such as a correction factor or compensation for at least one of a differential time
and/or differential phase of tag signal 20 as received at base antennae 1, 2. In a
further such embodiment, a calibration signal 30 from a calibration tag 25 located
at a known location may also be used to determine a correction such as a

correction factor or position compensation for a relative position of one or more

tags 10 as calculated such as by receiver 7 and/or processor 9.
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FIG. 4 illustrates an exemplary method for locating a position of a tag
antenna relative to a plurality of base antennae, according to an embodiment of the
present disclosure. In one aspect, the exemplary method shown in FIG. 4 may be
implemented by the system 100 illustrated in FIG. 1, and/or the exemplary
schematic system 200 illustrated in FIG. 2. In one embodiment, the method
comprises exemplary operations 401-408.

The first operation 401 of FIG. 4 comprises receiving a UWB tag signal 20
from tag antenna 6 at first and second base antennae 1, 2. In one embodiment,
the first base antenna 1 and second base antenna 2 may desirably also be spaced
apart at a distance greater than a wavelength of a Nyquist sampling frequency for
the UWB tag location signal 20, so as to desirably provide a sparse base antenna
array and to desirably reduce the number of base antenna elements from those
which would conventionally be required to provide a Nyquist spaced antenna array
for a desired carrier frequency of the UWB tag location signal 20. In another
embodiment, base antennae 1, 2, may be connected to a base receiver 7, which
may comprise any suitable UWB receiver/transceiver radio, such as an integrated
USB radio system like the DW 1000 available from DecaWave of Dublin, Ireland,
for example.

The second operation 402 of FIG. 4 comprises measuring phase and time of
arrival of the UWB tag signal 20 at the first and second base antennae 1, 2. In one
embodiment, phase and time of arrival of the tag signal 20 at the first and second
antennae 1, 2, may be made by any suitable known measurement techniques for
measUring time and phase of arrival of UWB signals, such as for example the use
of matched filter correlation to estimate a correlation peak for measurement of time
of arrival, and complex correlation to estimate an arrival time delay for
measurement of phase of arrival.

The third operation 403 of FIG. 4 comprises determining an ambiguous
differential phase of arrival between the first and second base antennae 1, 2. In
one embodiment, the ambiguous differential phase of arrival may be determined by
differential comparison of the measured phase of arrival at the first and second
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base antennae 1, 2, respectively. In one such embodiment, a processor 8, such as
a general purpose computer or application specific processor, which may be
separate from or integrated with UWB receiver 7 may be used to determine the
differential phase of arrival between the first and second base antennae 1, 2, such
as by the exemplary calculations described above in relation to FIG.s 3A and 3B,
or alternatively by any suitable known method for calculating differential phase of
arrival of UWB signals.

The fourth operation 404 of FIG. 4 comprises determining a differential time
of arrival between the first and second base antennae 1, 2. In one embodiment,
the differential time of arrival may be determined by a differential comparison of the
measured time of arrival at the first and second base antennae 1, 2, respectively.
In one such embodiment, similar to as in operation 403 above, a processor 8, such
as a general purpose computer or application specific processor, which may be
separate from or integrated with UWB receiver 7 may be used to determine the
differential time of arrival between the first and second base antennae 1, 2, such as
by the exemplary calculations described above in relation to FIG.s 3A and 3B, or
alternatively by any suitable known method for calculating differential time of arrival
of UWB signals.

The fifth operation 405 of FIG. 4 comprises determining a time angle of
arrival of the UWB tag signal 20 using the differential time of arrival. In one such
embodiment, determining the time angle of arrival may comprise a calculation of
angle of arrival of the tag signal 20 at the first and second base antennae 1, 2,
based on the differential time of arrival determined in operation 404, and the known
separation and orientation of first and second base antennae 1, 2. In another
embodiment, in order to determine a convergent time angle of arrival solution, one
or more prior assumptions may desirably be considered, such as prior constraint of
possible locations of tag antenna 6 to locations within a known field, such as on the

surface of the earth, or within other known geographical boundary limits for location

of the tag antenna 6, for exampile.
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The sixth operation 406 of FIG. 4 comprises determining an ambiguous
differential phase angle of arrival beam 25, and disambiguating the differential
phase angle or arrival beam 25 using the time angle of arrival to determine a phase
angle of arrival of UWB tag signal 20. In one such embodiment, determining the
differential phase angle of arrival may comprise a calculation of angle of arrival of
the tag signal 20 at the first and second base antennae 1, 2, based on the
differential phase time delay of arrival determined in operation 403, and the known
separation and orientation of first and second base antennae 1, 2. In one such
embodiment, the ambiguous differential phase angle of arrival beam 25 may
comprise a multi-lobe beam such as described above in reference to FIG. 2, where
the sinusoidal nature of the UWB carrier wave signal results in multiple ambiguous
solutions for the differential phase angle of arrival of the tag signal 20 at first and
second base antennae 1, 2. In one aspect, the time angle of arrival determined in
operation 405 above, may desirably be sutficiently accurate and precise to provide
for identification of a single solution of the differential phase angle of arrival, and
thereby to disambiguate the differential phase angle of arrival beam 25 and
determine a single phase angle of arrival of the tag signal 20.

The seventh operation 407 of FIG. 4 comprises optionally determining the
range of tag antenna 6 from base antennae 1, 2. In one embodiment, a range from
base antennae 1, 2, to tag antenna 6 may be determined by any suitable known
method of ranging for application to UWB positioning. In one such case, a range of
tag antenna 6 may be determined by a conventional iwo-way measurement of time
of flight of UWB signals from one or more of base antennae 1, 2, to tag antenna 6,
as may be known in the art. In another embodiment, the range to tag antenna 6
may be determined using a combination of differential phase and differential time
methods according to an embodiment of the present invention. In one such
embodiment, a flight time range may be determined using substantially
conventional methods such as measuring round-trip flight time of base signal 10 to
tag antenna 6, and tag signal 20 to base antennae 1, 2. In such UWB time of flight

range calculation method, the round trip time measurement of two way signals may
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be used to desirably allow estimation of and correction for relative clock offset
effects between the tag antenna 6 and base antennae 1, '2, to provide
determination of a time of flight range value to tag antenna 6. In one optional
embodiment of the invention, phase of arrival of tag signal 20 may also be
measured at base antennae 1, 2, to determine desirably precise but wavelength-
ambiguous phase of arrival range values for tag antenna 6 to base antennae 1, 2.
In such cases where the time of flight range value is accurate to within a
wavelength of the carrier wave signal, the time of flight range value may be used to
disambiguate the phase of arrival range value and to unambiguously identify a
particular wavelength of tag signal 20 arriving at the base antennae 1, 2, thereby
providing for use of the desirably more precise disambiguated phase range value
as the range to tag antenna 6 for use in locating the position of tag antenna 6.

In an alternative embodiment, a range to tag antenna 6 may be determined
using an external technique or equipment, such as to provide a range independent
of the UWB radio transmission of tag signal 20.

The eighth operation 408 of FIG. 4 comprises determining a relative location
of tag antenna 6 using the phase angle of arrival and range. In one embodiment,
the relative location of tag antenna 6 may be determined by using the phase angle
of arrival and range to define a relative radial vector between the base antennae 1,
2. and the tag antenna 6. In a particular embodiment, where an absolute location
and orientation of base antennae 1, 2 is known, an absolute location of tag

antenna 6 may also be determined using the phase angle of arrival and range

values to provide an absolute radial vector from the known base antennae 1, 2 to
the tag antenna 6.

In a further embodiment of the present invention, operation 401 of the above
method may be implicit, such that the reception of the UWB signal from tag
antenna 6 is implied by the measurement of the phase and time of arrival of the
UWB signal at the first and second base antennae 1, 2. In yet a further optional
embodiment, a method for determining the position of a tag antenna relative to a

plurality of spaced apart fixed base antennae may further comprise receiving a
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calibration signal 30 from one or more calibration tag 25, at at least one of base
antennae 1, 2, and using the known calibration signal to determine a correction
such as a correction factor or compensation for at least one of a differential time
and/or differential phase of tag signal 20 as received at base antennae 1, 2. Ina
further such embodiment, a calibration signal 30 from a calibration tag 25 located
at a known location may also be used to determine a correction such as a
correction factor or compensation for a relative position of one or more tags 10 as
calculated such as by receiver 7 and/or processor 9.

In a further embodiment, a method for determining the location of the tag
antenna may comprise operations comprising: determining a three dimensional (or
3D) location of the tag antenna relative to each of two or more pairs of first and
second base antennae, using the phase angle of arrival and range of the tag
antenna determined (such as by operations 401 to 407 of the method of FIG. 4, for
example) for each of the two or more pairs of first and second base antennae. In
an exemplary such embodiment, three base antennae elements may be used in
combination, such as configured as two or three pairs of antenna elements, to
determine location in three dimensions (3D) of the tag antenna using the phase
angle of arrival and range of the tag antenna for each of the two or three pairs of
antenna elements. In a particular such embodiment, 4 or more base antenna
elements may be configured as more than three pairs of antenna elements, such
as to provide for an over-determination of three dimensional location, which may
optionally allow for improved location determination such as by use of

measurement averaging and/or detection and removal of bad or suspect
measurements by one or more suitable error correction techniques, such as RAIM
(receiver autonomous integrity monitoring) techniques, for example. In yet another
embodiment, determining the location of the tag antenna may comprise
determining an aggregation or average of a plurality of determined locations using

the phase angle of arrival and range for each of the two or more respective pairs of

base antennae.
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It will be appreciated that the functions depicted and described herein may
be implemented in software such as by virtualization or software implemented
signal processing, or a combination of software and hardware, e.g., using a
general purpose computer, via execution of software on a general purpose
computer so as to provide a special purpose computer, using one or more
application specific integrated circuits (ASICs) or any other hardware equivalents,
or the like, as well as various combinations thereof.

It will be appreciated that at least some of the methods discussed herein
may be implemented within software, or a combination of software and hardware,
for example, as circuitry that cooperates with the processor to perform various
method steps. Portions of the functions/elements described herein may be
implemented as a computer program product wherein computer instructions, when
processed by a computer, adapt the operation of the computer such that the
methods or techniques described herein are invoked or otherwise provided.
Instructions for invoking the inventive methods may be stored in fixed or removable
media, transmitted via a data stream in a broadcast or other signal bearing
medium, or stored within a memory within a computing device operating according
to the instructions.

While the present invention and its various functional components and
operational functions have been described in particular exemplary embodiments,
the invention may also be implemented in haraware, software, firmware,

middleware or a combination thereof and utilized in systems, subsystems,

components or subcomponents thereof. In particular embodiments implemented in
software, elements of the present invention may be instructions and/or code
segments to perform the necessary tasks. The program or code segments may be
stored in a machine readable medium, such as a processor readable, such as a
processor readable medium or a computer program product, or transmitted by a
computer data signal embodied in a carrier wave, or a signal modulated by a
carrier, over a transmission medium or communication link. The machine readable

medium or processor readable medium may include any medium that can store or
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transfer information in a form readable and executable by a machine, for example
a processor, computer, etc.

It will be appreciated that the term “or” as used herein refers to a non-
exclusive “or” unless otherwise indicated (e.g., use of “or else” or “or in the
alternative”).

An embodiment of the present invention relates to a computer storage
product with a non-transitory computer-readable medium having computer code
thereon for performing various computer-implemented operations. The computer-
readable media and computer code may be those specially designed and
constructed for the purposes of the present invention, or they may be of the kind
well known and available to those having skill in the computer software arts.
Examples of computer-readable media include, but are not limited to:
programmable logic devices ("PLDs") and ROM and RAM devices including Flash
RAM memory storage cards, sticks and chips, for example magnetic media such
as hard disks, floppy disks, and magnetic tape; optical media such as CD-ROMs
and holographic devices; magneto-optical media such as floptical disks; and
hardware devices that are specially configured to store and execute program code,
such as application-specific integrated circuits ("ASICs), for example. Examples of
computer code include machine code, such as produced by a compiler, and files
containing higher-level code that are executed by a computer using an interpreter.
For example, an embodiment of the invention may be implemented using HTMLS5,
XML, JavaScript, Java, C#, C++, Objective C, or any other suitable known
scripting, markup and/or programming languages and development tools. Another
embodiment of the invention may be implemented in hardwired circuitry in place of,
or in combination with, machine-executable software instructions.

The exemplary embodiments herein described are not intended to be
exhaustive or to limit the scope of the invention to the precise forms disclosed.
They are chosen and described to explain the principles of the invention and its
application and practical use to allow others skilled in the art to comprehend its

teachings.
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As will be apparent to those skilled in the art in light of the foregoing
disclosure, many alterations and modifications are possible in the practice of this
invention without departing from the spirit or scope thereof. Accordingly, the scope

of the invention is to be construed in accordance with the substance defined by the
claims.
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CLAIMS
What is claimed is:
1. A method for determining the position of a tag antenna relative to a plurality

of spaced apart fixed base antennae, comprising the steps of:

measuring a phase and time of arrival of an ultrawideband signal
transmitted by the tag antenna at a first base antenna and a second base antenna:

determining a differential phase of arrival of the ultrawideband signal
between the first base antenna and the second base antenna using the phase of
arrival;

determining a differential time of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the time of arrival;

determining a time angle of arrival of the ultrawideband signal using the
differential time of arrival; ‘

determining an ambiguous differential phase angle of arrival beam and
disbambiguating the differential phase angle of arrival beam using the time angle of
arrival to determine a phase angle of arrival of the ultrawideband signal; and

determining a location of the tag antenna relative to the base antennae

using the phase angle of arrival and a range of the tag antenna.

2. The method according to claim 1, wherein the first and second fixed base

antennae are spaced greater than a distance of one half wavelength of a carrier
wave of the ultrawideband signal.

3. The method according to claim 1, wherein the ambiguous differential phase

angle of arrival comprises an ambiguous beam comprising multiple lobes.

4. The method according to claim 1, additionally comprising: determining a

range of the tag antenna from at least one base antenna by measuring a round trip
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time of flight of an ultrawideband signal between the tag antenna and at least one

base antenna.

5. The method according to claim 1, wherein measuring the time and phase of
arrival of the ultrawideband signal comprises using a matched filter correlation to

determine the measured time of arrival of the ultrawideband signal.

b. The method according to claim 5, wherein measuring the phase of arrival of
the ultrawideband signal comprises measuring a time delay of the signal using the
matched filter correlation to determine the measured phase of arrival of the

ultrawideband signal.

7. The method according to claim 1, wherein the first and second base
antennae are spaced apart at greater than a Nyquist spacing for a carrier wave
frequency of the ultrawideband signal.

8. The method according to claim 1, wherein disbambiguating the differential
phase angle of arrival beam using the time angle of arrival additionally comprises
using a Gaussian probability model to disambiguate the differential phase angle of
arrival and determine the phase angle of arrival of the ultrawideband signal.

9. The method according to claim 1, wherein the first and second base

antennae comprise a sparse antenna array.

10. The method according to claim 1, wherein determining a location of the tag
antenna relative to the base antennae comprises using a plurality of phase angles
of arrival and range of the tag antenna to each of a plurality of pairs of said first

base antenna and said second base antenna.
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11.  The method according to claim 1, wherein said plurality of spaced apart
fixed base antennae comprise at least three spaced apart fixed base antennae
configured as a plurality of pairs of first base antenna and second base antenna
elements, and wherein measuring a phase and time of arrival, determining a
differential phase of arrival, determining a differential time of arrival, determining a
time angle of arrival, determining an ambiguous differential phase angle of arrival
beam and disbambiguating the differential phase angle of arrival beam using the
time angle of arrival, and determining a phase angle of arrival of the ultrawideband
signal are determined for each said pair of first base antenna and second base
antenna, and wherein determining a location of the tag antenna relative to the base
antennae comprises using a phase angle of arrival and a range of the tag antenna

with respect to each said pair of first base antenna and second base antenna.

12.  The method according to any one of claims 10 or 11, wherein determining a
location of the tag antenna comprises determining a three dimensional location of
the tag antenna.

13. A system for determining the position of a tag antenna relative to a plurality
of spaced apart fixed base antennae, the system comprising:

a first base antenna comprising a first antenna elemént and a second
antenna comprising a second antenna element spaced apart from said first
antenna element;

an ultrawideband receiver connected to the first and second base antennae
and configured to receive an ultrawideband signal from the tag antenna from each
of the first and second base antennae;

a processor connected to the ultrawideband receiver and operable to
execute computer executable instructions stored on a non-transitory medium to
configure the processor to:

measure a phase and time of arrival of an ultrawideband signa'l at the first

base antenna and a second base antenna;
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determine a differential phase of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the phase of arrival;

determine a differential time of arrival of the ultrawideband signal between
the first base antenna and the second base antenna using the time of arrival;

determine a time angle of arrival of the ultrawideband signal using the
differential time of arrival,

determine an ambiguous differential phase angle of arrival beam and
disbambiguate the differential phase angle of arrival beam using the time angle of
arrival to determine a phase angle of arrival of the ultrawideband signal; and

determine a location of the tag antenna relative to the base antennae using

the phase angle of arrival and a range of the tag antenna.

14.  The system according to claim 13 wherein the first and second fixed base
antennae are spaced greater than a distance of one half wavelength of a carrier

wave of the ultrawideband signal.

15. The system according to claim 13 wherein the first and second base
antennae are spaced apart at greater than a Nyquist spacing for a carrier wave

frequency of the ultrawideband signal.

16. The system according to claim 13 wherein the first and second base

antennae comprise a sparse antenna array.

17.  The system according to claim 13, wherein said processor is operable to
execute computer executable instructions stored on a non-transitory medium to
configure the processor to determine a location of the tag antenna relative to the
base antennae using a plurality of phase angles of arrival and range of the tag
antenna to each of a plurality of pairs of said first base antenna and said second

base antenna.



10

15

20

25

30

CA 03003201 2018-04-25

WO 2017/079839 PCT/CA2016/051309

29

18.  The system according to claim 13, wherein said plurality of spaced apart
fixed base antennae comprise at least three spaced apart fixed base antennae
configured as a plurality of pairs of first base antenna and second base antenna
elements, and wherein said processor is operable to execute computer executable
instructions stored on a non-transitory medium to configure the processor to:
measure said phase and time of arrival, determine said differential phase of arrival,
determine said differential time of arrival, determine said time angle of arrival,
determine said ambiguous differential phase angle of arrival beam and
disbambiguate said differential phase angle of arrival beam using said time angle
of arrival, and determine said phase angle of arrival of the ultrawideband signal, for
each said pair of first base antenna and second base antenna, and further to
determine a location of the tag antenna relative to the base antennae using a
phase angle of arrival and a range of the tag antenna with respect to each said pair
of first base antenna and second base antenna.

19.  The system according to any one of claims 17 or 18, wherein said processor
is operable to execute computer executable instructions stored on a non-transitory
medium to configure the processor to determine a three dimensional location of the
tag antenna using a phase angle of arrival and a range of the tag antenna with
respect to at least two pairs of first base antenna and second base antenna.



CA 03003201 2018-04-25

WO 2017/079839 PCT/CA2016/051309

Position Location System 100

Base Station 4 /

Base Signal 10

First Base

Antenna 1 .
- Tag Signal 20

.......

UWB Receiver 7

Tag Signal 20

P |Processor 8

N
F
ﬁﬁﬁﬁﬁﬁ
‘‘‘‘‘

""""
N P
nnnnn
. “s,
qs‘m .....
~’r~..._ h’M‘

%
rs -
\\\\\
M, .,
-,
¥,

A
.
>
r\b'

LGN ZKT
- \N\wuwum
} vrn-ﬁ“q-u.vw -r
Qg%«w A e eV it by, _— Nh“" i ‘ . b
. h"l. it .
T, - ’ - ' I
) _.,“H” gemmmTT L Tt e
| [ | | 'rNan-nwm..nu ,,,,,, 'ay SIS een sl v
p tI O I I a a I I atl O I ' AL AN N AL A e b, LTI Y SR S SR
S T e B L R L
I . } ene’s .\' -‘,: ." . '-':: . -

Second Base | Optional Calibration Tag 25
Antenna 2 (at known location)

.....................
I A I A AW A

FIG. 1



[

WO 2017/079839

CA 03003201 2018-04-25

PCT/CA2016/051309

DToA beam 15 (low accuracy but unambiguous)

precise but ambiguous)

- Muit

Base antenna baseline separation
>wavelength/2 of carrier signal

FIG. 2



CA 03003201 2018-04-25

WO 2017/079839 PCT/CA2016/051309

Pulse duration T
(bandwidth 1/T)
time
Carrier, frequency f
_ (f*T ~ 4 shown)

FIG. 3A

Matched filter

A

signal time
delay

F1G. 3B



CA 03003201 2018-04-25

WO 2017/079839 PCT/CA2016/051309

l

Receive UWB signal from tag at 1* and 2" base antennae

401 —
l

402— Measure phase and time of arrival of UWB signal at 1% and 2™ bas¢ antennae
l

403 —— Determine ambiguous differential phase of arrival between 1% and 2™

base antennae

l

404 —— Determine differential time of arrival between 1* and 2% base

antennae

l

405 —— Determine time angle of arrival of UWB signal using differential time
of arrival

l

406 —— Determine ambiguous differential phase angle of arrival beam and

disambiguate using time angle of arrival to determine phase angle of
arrival of UWB signal

407 I Determme range of tag — (optional) l

Determine relative location of tag using phase angle of arrival and
range

408—

FIG. 4



Position Location System 100

Base Station 4

Base Signal 10

First Base
Antenna 1

Tag Signal 20

UWB Recelver 7

Tag Signal 20

Processor 8

AN
Nrn
NEZ TN
e 3
e
iy
viy TN -
v, n
AN ? "
R :}v\x;;,';. i,
: . XN
SN N\ ¥, o
k \%'2)'»' X

75, Y. .
R4 ey, -
K o RS

= N, o

i3 e, .
) Wy -
EET %
AR e,
e iy,
’ .> S,
/{.\' o * "vf V/ .
P M, "
s My,
Y ' sy
e 22
Yoy S 2 )*",.v - By
e, Ve - N’
. PP Y o Q
Ty YDA ) \
. o )
Ty B h A s.
RECTOE N
TN iy
TN . Ny, .
vrrrtd BTN o oy,
22LAVINNNN S )
N .
9 3, >,,,‘\/§
P, “\.' .
LS EN w ,2'\3 »
)\WX. .,,kx\
A v\\ s, .
S/; (\\,
<N . \'
Mg ..
E4 - » e
e Do,
Tty 3 o -
e, -
¢ -~
\vy S >/
R A Q\\/ .
Ty, :
LT v ‘ : :
EAN K i )
{}‘; z'\\v‘ y’ $¥V§‘>\5> ’ ;\'IV>>V//>>V//>> Q’
A ", .
A \; '’ | )
. BT
= '/'),@ <,"¢(:; FILENNE NN 2o INNRELLE NN o283 2303 APV NN ¢ NN NN 2ot 20 INNYO L2200y o HEAN Zn
ORI AN -
h '.b(z". A .
ALY o :
- PAS
R ewvvesree, \\\\\/f/f\\\\\‘////\\\\\\////\\\\\‘////\\\\ LS.XRN \\\\\v///\\\\\~////\\\\\\////\\\\\v///\\\\\v///\\\\\v///\\\s P

Optional Calibration
Signals 30

NERANIAALIOIN

Optional Calibration Taq 2
Second Base

(at known location)
Antenna 2

FIG. 1



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - abstract
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - abstract drawing

