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POSITIONING IN INDOOR LOCATIONS AND OTHER GPS-DENIED
ENVIRONMENTS

FIELD

The disclosure is related to positioning systems and, more particularly, to positioning
methods and systems used in locations where signals are susceptible to heavy interference,
noise, or multipath.

BACKGROUND

A Global Positioning System (GPS) is a positioning system that may be used to
determine the specific location of a GPS receiver by calculating ranges from the receiver to
multiple satellites. Many mobile telephones include GPS functionality, which allow
applications to identify the location of the mobile telephone and provide services based on
that location, such as providing a map display or driving directions. GPS works well in
environments that have a clear line of sight (LOS) between the receiver and transmitters (e.g.,
satellites) used to determine position of the receiver. However, GPS is not available or does
not function well in all environments.

In indoor locations and other GPS-denied environments, other positioning systems
may be used. One example is the GEOCOM Mobile Positioning System developed by The
Boeing Company. The GEOCOM system combines local inertial, magnetic, and barometric
data for each receiver with peer-to-peer ranging signals received from other receivers within
a reception range. The peer-to-peer range estimates are combined with the local sensor data
to determine accurate position estimates of each receiver.

But even with these positioning systems, signals may become corrupted by noise,
interference, and multipath. Multipath occurs when signals do not directly travel to a receiver,
but instead are reflected off of walls or other obstructions before arriving at the receiver.

Thus, it is beneficial to develop ranging solutions that distinguish these reflected paths and
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account for their contributed errors. This is especially beneficial when the positioning system
is being used in emergency situations where knowing the locations of users is critical.
SUMMARY

A method for extracting Doppler/velocity measurements by using the minimum
variance distortionless response (MVDR) algorithm at sub Hertz resolution for Doppler
differentiation is disclosed. The method for extracting Doppler/velocity measurements
includes receiving in-phase and quadrature samples from a radio frequency based wireless
communication system; correlating the samples against a known pattern to produce a
correlation surface; generating a spectral estimate using the MVDR algorithm at sub-Hertz
resolution; predicting which path is a line of sight path; and converting the line of sight path
to a velocity measurement. This method may also include using a time of arrival (TOA)
estimator to generate a range measurement.

A method for estimating the clock bias errors between two ranging units that uses
spectrum exchanges, a modified aliased correlation, and an aliased Kalman filtering
estimation to achieve usable Doppler measurements is also disclosed. The estimate of clock
bias may be used to remove a frequency error component of the clock bias prior to generating
a velocity measurement.

A method for estimating range and velocity using range and velocity measurements
from multiple sources is also disclosed. The method uses external or known system
probability knowledge to improve the final estimate. The method produces a probability
solution tree that can be tuned to the desired use of processing resources.

The method for estimating range and velocity includes receiving range and velocity
measurements; estimating range, velocity, and acceleration for a number of particle
hypotheses; comparing the estimates to a probability density function; selecting and testing

measurements based on the comparison; discarding any particles that fail to meet a threshold;
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and updating the measurements for the non-discarded particles. The method also includes
selecting particles based on clustering and associating a confidence solution to the selected
particles.

A method for extracting range measurements using a combination of compressive
sensing and classical channel estimation techniques by combining information from the in-
phase and quadrature components of the signal is also described. The method for extracting
range measurements includes receiving in-phase and quadrature samples from a radio
frequency based wireless communication system; applying a time shifting preserving
transform to produce a set of equations; solving the set of channel equations; applying sparse
channel compressive sensing; and applying a fading accumulator on the channel estimates to
focus on steady peaks.

The features, functions, and advantages that have been discussed can be achieved
independently in various embodiments or may be combined in yet other embodiments further
details of which can be seen with reference to the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Presently preferred embodiments are described below in conjunction with the
appended drawing figures, wherein like reference numerals refer to like elements in the
various figures, and wherein:

Figure 1 is an illustration of a ranging device, according to an example;

Figure 2 is an illustration of a measurement algorithm, according to an example;

Figure 3 is an illustration of a clock bias removal algorithm, according to an example;

Figure 4 is an illustration of a range and velocity estimator algorithm, according to an
example;

Figure 5 is an illustration of a particle time step, according to an example;

Figure 6 is an illustration of a channel estimation algorithm, according to an example;
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Figure 7 is an illustration of a correlation surface over time with Doppler, according
to an example;

Figure 8 is an illustration comparing a minimum variance distortionless response
algorithm result with a fast Fourier transform result, according to an example;

Figure 9 is an illustration of two spectral estimates, according to an example;

Figure 10 is an illustration of path nulling beamformer operation, according to an
example; and

Figure 11 is an illustration of particle filter operation, according to an example.

The drawings are for the purpose of illustrating example embodiments, but it is
understood that the inventions are not limited to the arrangements and instrumentality shown
in the drawings.

DETAILED DESCRIPTION

Figure 1 depicts a block diagram of a ranging device 100. The ranging device 100 is a
computing platform that receives signals from other ranging devices. For example, the
ranging device 100 may be a geospatial locator unit used in a mobile positioning system. The
ranging device 100 may also be a mobile telephone, a tablet computer, sensor device, or any
other computing device capable of measuring range and velocity relative to one or more other
ranging devices. The ranging device 100 may also transmit signals to other ranging devices.

The ranging device 100 is a combination of hardware and software components
including a processor 102, data storage 104, and sensors 106. The processor 102 may be one
or more processors suitable for receiving input signals, executing machine language
instructions, and providing output signals. The processor 102 receives input signals from the
data storage 104, the sensors 106, and external sources. The processor 102 receives input
signals from external sources over a wireless network via wireless links, such as Bluetooth,

any version of IEEE 802.11, or other wireless based communication links.
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The data storage 104 stores instructions that, upon execution by the processor 102,
cause the ranging device 100 to perform functions. Preferably, the data storage 104 includes
non-transitory media, such as secondary or persistent long term storage. The data storage 104
may also include transitory computer readable medium, such as computer-readable media
that stores data for short periods of time. The data storage 104 may include any volatile or
non-volatile storage systems.

The data storage 104 includes a measurement algorithm 108, a clock bias removal
algorithm 110, a range and velocity estimator algorithm 112, and a channel estimation
algorithm 114. The data storage 104 may include other algorithms as well. The algorithms
108-114 may be written in a suitable computer programming language, such as C++. The
algorithms 108-114 are further described with respect to Figures 2-6.

The sensors 106 may include an inertial measurement unit (IMU), a barometer, and a
magnetometer. The IMU includes a combination of accelerometers and gyroscopes. The
sensors 106 may also include a GPS receiver for use when GPS signals are available. In this
scenario, the ranging device 100 uses the GPS position solution until the environmental
conditions are not suitable to receive or use GPS signals. The last known position from GPS
is then used to initialize a position solution based on the other sensors” measurements and
peer-to-peer ranging signals received from other ranging devices in the area.

Figure 2 is an illustration of the measurement algorithm 108. In the example shown in
Figure 2, the measurement algorithm 108 receives in-phase and quadrature (1Q) samples 202
from a radio frequency (RF) based wireless communication system. While a typical RF-based
wireless communication system is described, the algorithms 108-114 are also suitable for use
with other systems that measure range using sound waves, pressure waves, light, or other
sources of range and velocity information. Indeed, the algorithms 108-114 can use a number

of different measurements types and combine the different sources of range and velocity.
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In the RF example, the ranging device 100 receives a waveform with a known pattern
in the form of 1Q samples, which are then captured and digitized. At block 204, the
measurement algorithm 108 cross-correlates the 1Q samples against the known pattern to
produce a correlation surface. If the pattern contains modulated information overlaid as in a
spread spectrum system, at block 206, this data is removed by way of a feedback mechanism.
The cross correlation can be accumulated to provide additional gain at the expense of limiting
the representable bandwidth.

The measurement algorithm 108 uses a spectral estimation technique 208 to generate
a high precision spectral estimate. The spectral estimation technique 208 takes the peak
samples over time of the correlation surfaces and extracts the high resolution frequency
information. Figure 7 depicts an example correlation surface over time with Doppler.

In one example, the spectral estimation technique 208 uses the minimum variance
distortionless response (MVDR) algorithm, preferably, at a sub-Hertz resolution. The MVDR
algorithm has advantages over classical methods by better utilizing the available information
and achieving higher spectral resolution with the same information. This high resolution
allows the spectral estimation technique 208 to separate out multipath Doppler frequencies
that are very close together. In Figure &, the true frequencies are 5 and 5.2Hz with fast
Fourier transform (FFT) and MVDR spectrum estimates computed from 256 samples.

Once the spectral estimate is generated, external information 210 may be used to
further distinguish and assign importance to the spectral peaks’ channel paths 214. For
example, if an IMU with a navigation engine is available, the estimate of the current relative
velocity between two ranging devices 100 may be used to predict which path is the line of
sight (LOS) at 212. Other information, such as relative power or delay, may also be used to

discriminate between the detected paths.
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At block 216, the measurement algorithm 108 converts Doppler frequencies of the
selected paths 214 to velocities 220 for use in the range and velocity estimator algorithm 112.
The Doppler frequency is converted to velocity by taking into account the speed of the
waveform or propagation velocity through the average transmission medium. The estimated
clock bias is used to correct the frequency estimate as described in Equation 1.

Equation 1 — Velocity Computation

2

» ) ClockBias(218) PropagationVelocity
Velocities(220) = | PathFrequencies(214)- | ——————— ) | * —< - )
CarrierFrequency

One source of error in these frequency estimates is from oscillator clock differences
between a transmitter and the receiver in two ranging devices 100. This clock error or ‘clock
bias’ can be two orders of magnitude larger than the frequency estimate result and so the
ranging device 100 may use a clock bias estimate 218 calculated by the clock bias removal
algorithm 110 to correct the velocity measurements 220. The clock bias removal algorithm
110 is described with respect to Figure 3.

Figure 3 is an illustration of the clock bias removal algorithm 110. In the RF-based
wireless communication system, each receiver, including the ranging device 100, has an
unsynchronized oscillator tuned at a particular reference frequency. This frequency has a
non-static error due to physical and manufacturing limitations. The magnitude of the
frequency error and the rate at which it changes are parameters of the type and quality of the
hardware oscillator used in the system.

These errors translate into a frequency and timing error within positioning systems
that can cause large deviations in the Doppler and time of arrival estimates. As described
further, the clock bias removal algorithm 110 removes the frequency error component of the
clock bias error in order to acquire absolute knowledge of the Doppler frequency from the

spectral estimation techniques.



10

15

20

WO 2015/183390 PCT/US2015/022550

The clock bias removal algorithm 110 leverages the exchange of spectral estimates
between two ranging devices. The transfer function of the RF channel is assumed to be
reciprocal in the forward and reverse directions and is sufficiently stationary in time to
acquire both forward and reverse spectral measurements. Each ranging device produces
spectral estimates that contain the relative clock error and any Doppler shifts from the RF
paths (LOS or multipath) present in the channel.

Also, while both ranging devices experience the same Doppler shift due to motion,
the relative clock error will be negated between each other. For example, the two ranging
devices described as Unitl and Unit2 will experience a frequency shift in their spectrum
estimates as SE1 and SE2 as follows.

Equation 2 — Frequency Shift in Spectrum Estimates

SE1 = (ClockError(Unitl)— ClockError(UnitZ)) + Doppler

SE2 = (ClockError(UnitZ)— ClockError(Unitl)) + Doppler
If the spectral estimates from both units are gathered, then the clock bias removal algorithm
110 can cancel clock error by adding the frequencies SE1 and SE2, resulting in no bias but a

doubling of any Doppler shift. Also, the clock bias removal algorithm 110 can calculate the

relative clock bias by subtracting the clock errors and dividing by two (i.e., (SE1 - SE2)/2).
Upon receiving 1Q samples 202a, 202b, the clock bias removal algorithm 110 cross-
correlates the IQ samples against the known pattern to produce a correlation surface 204,
removes modulated information 206, and generates a spectral estimate 208 as previously
described with respect to the measurement algorithm 108. The spectral estimates may be
represented as follows.
Equation 3 — Spectral Estimates

Spectral Estimate = ej*2*T[*(fclock(i)_fclock(k)+fd(n))
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where feock(i) and foock(k) are the clock biases from unit(i) and unit(k) oscillator, and f4(n) is
the Doppler shift for each particular path 1:N.

Once these measurements are available on the respective ranging devices, the clock
bias removal algorithm 110 may optionally implement a spectrum compression algorithm
based on principal component analysis (PCA) 302 to allow for efficient sharing of the
information over a data channel. The PCA technique is used to classify spectrum by a set of
orthogonal components, a subset of which contain the majority of the spectrum information.
By selecting a subset of the principal components, the technique effectively acts as a lossy
compression algorithm that can be used to reproduce the spectrum with high fidelity.

After the spectral estimates are co-located, the clock bias removal algorithm 110
performs an alias-aware cross-correlation (AACC) 304 that can handle the frequency limited
nature of the spectrum estimates. The inputs to the AACC 304 are two spectral estimates
where the spectral data may wrap circularly around due to aliasing. Examples of two spectral
estimates are depicted in Figure 9. In order to match the data from one spectral estimate to
another that may be partially wrapped, the AACC 304 correlates the two spectrums by
circularly shifting one of the spectrums around the aliasing point. The known receiver mixing
frequencies 312a, 312b are used to adjust the clock offset present in the clock bias due to the
mixing frequencies (i.e., clockBiasEst = clockBiasEst — (mixFreql — mixFreq2)). This clock
bias estimate is then used as the input into a multi-solution generator 306.

The clock bias removal algorithm 110 uses the multi-solution generator 306 to create
different potential clock bias frequencies for the clock bias estimate 218. This is because
there is an inherent ambiguity present in the AACC 304 result when the spectrum is aliased
one or more times. The multi-solution generator 306 creates a set of potential solutions given

zero or more aliases, each at increments of the Nyquist frequency from the base clock bias.
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The maximum number of potential aliases considered is dictated by the drift rate of the
ranging unit’s oscillators.

The clock bias removal algorithm 110 provides the different potential clock bias
frequencies obtained from the multi-solution generator 306 to a solution selection algorithm
308. The solution selection algorithm 308 uses a 2™ order Kalman filter 310 that tracks
frequency and delta frequency of the clock bias, allowing process noise to account for the
changes in acceleration.

Equation 4 — Kalman Filter State

clock bias (Hz)
relative clock velocity (AHz)

Kalman Filter State = [
When a new set of potential clock bias frequencies are available, the Kalman filter’s new
prediction is used to select out of the possible clock biases and select the best possible
measurement. The clock bias removal algorithm 110 then introduces the new selected
measurement into the Kalman filter 310 for that time step to finalize the clock bias estimate
218, which may then be used by the measurement algorithm 108 to generate velocity
measurements 220.

Returning to Figure 2, the measurement algorithm 108 also provides the selected
potential paths 214 to a path nulling beamformer 222, which removes as much of the energy
from the competing paths as possible. The beamformer 222 acts like a filter focusing on the
angles (frequencies) of interest while generating deep nulls at known frequencies with
unwanted energy. In order to extract the measurement specific to one of the paths of interest,
a single path is isolated and the energy of competing paths is removed, if possible. Figure 10
is an example of the path nulling beamformer 222 operation.

The measurement algorithm 108 provides the resulting samples from the beamformer

222 to a variety of different time of arrival estimation methods 224-230 to generate range

measurements 232. For example, the measurement algorithm 108 may use one or more of the

10
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Early/Late 224, Early Slope 226, Early Zero Crossing 228, and High Resolution 230
interpolator methods to generate range measurements 232. The measurement algorithm 108
may use other time of arrival estimation methods to produce a correlation peak range
measurement based on the correlation pulse shape, such as the Gardner method. Which TOA
estimator method used may be selected based on the needs of the range and velocity
estimator algorithm 112, which can utilize numerous range measurements per time step, and
different sources and techniques can provide additional information for estimation.

Figure 4 is an illustration of the range and velocity estimator algorithm 112. The
estimator algorithm 112 receives range measurements 402 (M range measurements, where M
> 0), velocity measurements 404 (K velocity measurements, where K > 0), and probability
information 406. In one embodiment, the estimator algorithm 112 receives the range and
velocity measurements 232, 220 from the measurement algorithm 108. However, the
estimator algorithm 112 may receive the range measurements 402 from any available
technique, such as from the channel estimation algorithm 114, while the velocity
measurements 404 may be derived from Doppler or an alternative method.

The probability information 406 is any information that reflects the quality or
confidence of the range and velocity measurements 402, 404. For example, the probability
information 406 may include relative power, absolute power, signal to noise ratio, and
navigation filter range and relative velocity estimates. The probability information 406 may
be used to select which inputs to be used by the estimator algorithm 112 based on the
likelihood that one measurement is better than another. In one example, the probability
information 406 is provided by the sensors 106.

The inputs 402-406 to the range and velocity estimator algorithm 112 are not always
available and, thus, the estimator algorithm 112 may receive the following possible sets of

inputs:

11
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e Sets of range/velocity measurements 402, 404 with or without external probability

information 406;

e Sets of range only measurements 402 with or without external probability information

406; and

e Sets of velocity only measurements 404 with or without external probability

information 406.

After receiving the range and velocity measurements 402, 404, the estimator
algorithm 112 associates the measurements at block 408. Each set of ranges is extracted from
specific path and Doppler frequency isolated by the beamformer 222, and that frequency was
converted to a velocity in 216. The set of ranges are, therefore, associated with that
corresponding velocity measurement for further processing.

The range and velocity estimator algorithm 112 uses an algorithm derived from Rao-
Blackwellized particle filter techniques 410 to solve for range and velocity while using
available probability information 406 to discard contaminated or false measurements.
Beneficially, the estimator algorithm 112 produces a probability based multi-solution tree that
dynamically adjusts and prunes itself as new measurements are taken. The algorithm’s
processing complexity is highly tunable allowing a user to select the number of particles and
tree size to match the needs of the system and application.

The particle filter 410 includes particles 412, a resampling algorithm 422, and a
clustering algorithm 424. Each particle 412 in the particle filter 410 includes a Kalman filter
414 with an associated probability density function (PDF) 416, and a measurement selector
418. In one example, the particle filter 410 is a Rao-Blackwellized particle filter variant with
specific extensions, but other particle filter designs may be used. Figure 11 is an example of

particle filter operation.

12
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Preferably, the Kalman filter 414 is a 3™ order polynomial filter that estimates range,
velocity, and acceleration. The inclusion of acceleration estimation in the Kalman filter 414 is
useful, because unlike velocity in navigation, relative velocity between two ranging nodes
does not normally stay constant with normal straight line human movement. Acceleration
delta is handled by a small amount of process noise tuned to the expected acceleration
changes in the system.

Equation 5 — Kalman Filter State

range
Kalman Filter State = relative velocity
relative acceleration

The operation of the particle filter 410 is described with respect to Figure 5. At the
beginning of each measurement time step 500, each particle’s Kalman filter predict function
504 is executed. The predict function 504 estimates the range, velocity, and acceleration
parameters based on past history. The covariance of each particle’s Kalman filter 414 is also
decreased after estimating range, velocity, and acceleration.

Each particle 412 then copies the Kalman filter state information N times, one for
cach newly associated range, velocity, or range/velocity pair measurements from block 408.
Each copied state information is then updated using one of the measurements from block 408
using the Kalman filter update algorithm 502. The update algorithm 502 generates an
estimate based on those measurements, and updates the state and covariance of the filter 414.

Alternatively, if the number of measurements is high and processing is a
consideration, the measurements can be clustered via a density based clustering algorithm
and weighted accordingly using the external probability information input at block 420. This
can reduce the effective number of measurements introduced into 502 and, therefore, reduce

the number of Kalman filter updates executed per particle 412. The weighting in block 420 is
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selected depending on the strength that the information assists in selecting the correct path,
range, or velocity.

Some examples of external probability information are path signal to noise ratio
(SNR) as well as relative and absolute velocity measurements extracted from an Inertial
Measurement Unit (IMU) based navigation filter. The SNR is often highly indicative of the
line of sight path or at least of the potential corruption present in that path. Relative velocity
from a navigation filter can weighted depending on the current covariance of the filter. The
absolute velocity can be used to indicate the lack of Doppler and dictate if the channel
estimation measurements from the channel estimation algorithm 114 should be used.

Once all the Kalman filter updates have been processed for each particle 412, the
measurement selection algorithm 418 compares the updated results for each particle 412 with
how close they were to the prediction’s 504 PDF 416 and any information 420 obtained from
the external probability information 406. Each particle 412 may select a different
measurement or no measurement if none of the measurements is aligned with the prediction
PDF 416. If a measurement was accepted into the particle 412, the measurement selection
algorithm 418 updates the update history 506 to indicate the time since last update.

If none of the measurements met the minimum threshold to update the particle, the
measurement selection algorithm 418 performs a random roll (e.g., (0 < rand < 1) > 0.5)
to decide if the best available measurement candidate is introduced despite the divergence
from the PDF 416. The measurement selection algorithm 418 updates the weight 508 with the
final covariance of the particle’s filter 414.

Returning to Figure 4, the resampling algorithm 422 receives the updated
measurements from the current time step for the particles 412. The resampling algorithm 422
tests the particles 412 based on their weight and decaying importance history, which is based

on the prior length of time between valid measurements. Any particles 412 that fail to meet a
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specified threshold are pruned and a new particle 412 is generated based on the results of the
clustering algorithm 424. The threshold is created by the nominal or worst case measurement
update rate of the system and can be static or dynamic based on environmental conditions.

Equation 6 — Particle Weight Adjustment

Tp
pWazT—,0<pWa< 1

last

where Tp is the update period based on history, Tia 18 the time since last update, and pWa is
the particle weight adjustment based on time update rate. T, should be bounded, but adjusted
dynamically based on a running mean of the time between updates.
Equation 7 — Particle Weight

pW(k +1) = pW (k) * LHF * Prg,; * Prgooq * PWa
where pW is the final particle Weight, LHF is the likelihood function of the measurement
versus the Kalman Filter’s PDF, Prgy is the any external probability information, and Prgood
is the general probability that the measurement is good.

In one example, the clustering algorithm 424 is a density based clustering algorithm
(DBCA). The DBCA is derived from the Density-Based Spatial Clustering of Applications
with Noise (DBSCAN) algorithm with modifications to cluster in two dimensions for range
and velocity.

The clustering algorithm 424 is used to generate two analysis groupings for the
resampling step, one for the current measurement ranges and another for pre-resampling
particle ranges. If a measurement cluster is identified that does not have a representative
particle, the resampling algorithm assigns the replacement particle to represent it. Otherwise,
the replacement particle is generated at the range of the lowest mean particle density from the
pre-resampling group. Additionally, if a cluster is found to have too many particles
representing it (e.g., > 10% particles), then the subset of the cluster’s particles with the lowest

weights are pruned and reassigned as above.
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After the resampling 422 has occurred, the clustering algorithm 424 creates another
grouping for post-resampling particle ranges, which are used to represent distinct N potential
solution clusters (PSC). These clusters are then processed by the confidence assignment
algorithm 426 to associate the solution clusters with a confidence assignment based on the
associated particle weights 508 and the combined probability for the applied measurements at
block 420.

Specifically, each solution cluster is composed of N particles with a mean range,
mean velocity, variance, mean particle weight, and any external probability information 406.
The variance, mean particle weight, and external probability information are combined to
create a confidence value. The specific weighting of these individual inputs into the
confidence assignment is dictated by the strength of the external probability information and
nominal magnitude of the noise process associated with the ranges.

Equation 8 — Solution Cluster

E(PSC,(n))
E(PSC,(n))
Solution Data(1..N) = | var(PSC.(n))
E(PSC,,(n)

| PTyxe (PSCW (n))

E(PSC,(n))
Solution(1..N) = [E(PSC,(n))
Confidence

where PSC, , ,, are the potential solution cluster’s mean range, velocity, and weight.

The output 428 of the range and velocity estimator algorithm 112 is a set of range and
velocity estimates with associated confidences as shown in Equation 8. The maximum
number of reported estimates may be limited by the confidence assignment as needed to

prevent latter algorithms from processing unnecessary estimates. This approach is different

16



10

15

20

WO 2015/183390 PCT/US2015/022550

than general particle filter implementations that generate an estimate based on a weighted
average of all the particles.

Beneficially, the range estimate from the range and velocity estimator algorithm 112
can be used with channel estimation to extract improved range measurements. In most
systems, channel estimation is used to correct for channel induced sample corruption that
affects the estimate of the data in the transmission. As described, channel estimation can also
be used to directly solve for the line-of-sight path (LOS) delay, which can be used for ranging
purposes.

The discrete system of a ranging radio transmitting a waveform over multipath
channel can be described by:

Equation 9 — System Equation

y(k) = x(k) * h(k) + n(k).
Here, x(k) is the waveform transmitted by the ranging radios, h(k) is the channel impulse
response, n(k) is the noise contribution, and y(k) is the observed waveform received by the
ranging radio. The transmitted waveform x(k) is known by the receiver.

Figure 6 is an illustration of the channel estimation algorithm 114. The channel
estimation algorithm 114 makes assumptions regarding characteristics of the channel.
Specifically, the channel estimation algorithm 114 assumes that the multipath channel is
sparse such that most (e.g., >75%) of the channel energy seen by the ranging device 100 is
concentrated in a few (e.g., <5) discrete delays or major paths. In other words, the channel
response is composed of a few different impulses with varying amplitudes and delays. By
taking advantage of this assumption, the channel estimation algorithm 114 improves a
channel estimate by applying compressive sensing techniques.

A set of system equations can be constructed to estimate the multipath channel h(k) as

follows:
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Equation 10 — Channel Estimation System Equations

Xh =y,where Xis NxM,h is Mx1,and y is Nx1

rx(1) 0 0 1

x(2) x(1) :

3 D - ; Ay
W @ W han] Ly
_x(}V) x(N _ 1) x(N —'M + 1)

where M is the maximum delay spread of the multipath channel and N is the size of the input
block used. The maximum delay is dictated by the delay spread of the system, which is the
maximum length of the multipath delay that contributes significant energy to the receiver.
The matrix X is further known as the Replica Channel Correlation Matrix 612.

If the system requires additional processing gain or reduced processing speed, the
known replica waveform can be correlated with the input waveform to add additional gain in
a similar fashion as described with respect to the measurement algorithm 108. In this case,
y(k) becomes a correlation output and x(k) is the replica autocorrelation. Otherwise, the set of
equations hold and processing can be performed in the same fashion. Specifically, the
channel estimation algorithm 114 acquires received 1Q samples 202 and correlates them at
block 204 with the expected pattern replica.

The channel estimation algorithm 114 then processes the individual I and Q
correlations and combines them using a time shift preserving transform 602, such as a simple
differencing. The transform 602 combines the two 1/Q datasets to produce a single one with
more information. This data set is then passed to the channel estimation algorithms 614 for
further processing.

The least squares (LS) and minimum mean squares error (MMSE) solver algorithm
610 attempts to solve Equation 10 in order to estimate the channel response h(k). The two
channel estimation techniques are related and the LS solver can be described as a subset of

the MMSE solver. The least squares solver is described as follows:
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Equation 11 — Least Squares Solver
h(k) = X*y (k)
where X# = (X#)~/XH is the pseudo-inverse of X. The MMSE solver is described as
follows:
Equation 12 — MMSE Solver
h = Ry X" (XR,PH + 62D ty(k) = X*(I — 2R, )y (k)
5 where Ry and R,, are the autocorrelation matrices of h and y respectively. Ry, Ry, and the

noise variance o are estimated in an adaptive fashion and are further described as the system
adaptive channel parameters 608.
At startup, the least squares solver is used to estimate the channel while the channel
parameters are estimated. Once the parameter estimates have converged, the MMSE solver is
10 used. The adaptive channel parameters at block 608 are updated with each time step by

. . . . FN FN . . 2
estimating the autocorrelation matrices Ry, R, and noise variance ¢ as follows

Equation 13 — Adaptive Channel Parameters
k
Ryy () = (1=2) ) Fiy(y" ()
i=1
Ry(k) = X* (R, (k) — 62 (K)1)x*
R, (k) = XR,()X" + 62 (k)I
P =XX%and POt = — P

k
1-4 .
§2(1) = = ) APy ()2
i=1

where 0 < A < 1 s a forgetting factor, I is the identity matrix, X" is the hermitian transpose

of X, and X" is the pseudo-inverse of X.
15 After solving at block 610 for the channel estimate h(k), the channel estimation

algorithm 114 focuses on the highest magnitude peaks at block 616 above a set threshold. A
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new sparse channel estimate is iy (k) is generated by creating an array with only the selected
peaks from block 616. This channel estimate is then used to solve for the remaining received
energy not represented by the sparse channel estimate.

Equation 14 — Recursive Sparse Estimation

h(k),  if h(k) > thresh
0, otherwise

hso) =
Ya(k) = X - hy(k)
ylke+1) =ylk) — ya(k)

The new y(k + 1) is then processed again by the LS/MMSE solver 610 in a recursive
fashion. The recursion is stopped when the rms change in y is below some small threshold.

The finalized hg (k) channel estimate from 616 is a transfer function describing the
magnitude and delay of received LOS and multipath signals, where the earliest strong
component or peak in time should be the LOS, if present. Therefore, if the channel is rapidly
varying, the unstable multipath moves and changes while the delay of the LOS path is
relatively steady. Using this assumption, multiple channel estimates can be accumulated in
block 604 allowing for the delay of the LOS peak to build up and be more easily
distinguished from noise.

Equation 15 — Fading peak accumulation
Rfinai (k) = hs(k) + Ahg(k — 1), where 0 <1< 1

The forgetting factor A for the accumulations magnifies the strength of the most recent
channel estimates. The forgetting factor is tuned with the expected max rate of change of the
line of sight path.

At block 618, the channel estimation algorithm 114 then identifies the peaks with

highest magnitude from flﬁnal (k). These peaks 618 translate to channel delays / path ranges

620 and can be introduced into the range and velocity estimator algorithm 112 as a new set of

range measurements.
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The range measurements produced by the channel estimation algorithm 114 have a
distinguishing attribute when compared to those produced by the measurement algorithm
108. The channel estimation algorithm 114 is able to identify and distinguish paths without
the need for frequency separation due to Doppler, therefore, the channel estimation algorithm
114 can be used when no relative motion is present between the transmitting and receiving
ranging devices.

In summary, methods for: (1) extracting Doppler/velocity measurements; (2)
estimating relative clock bias errors; (3) determining range and velocity estimates with
associated confidences; and (4) extracting range estimates using channel estimation have
been described. These methods can be used separately or combined to improve positioning
solutions obtained by positioning systems used in indoor locations and other GPS-denied
environments. For example, these methods can be used for location and positioning in first
responder, military, and civilian applications.

It is intended that the foregoing detailed description be regarded as illustrative rather
than limiting and that it is understood that the following claims including all equivalents are
intended to define the scope of the invention. The claims should not be read as limited to the
described order or clements unless stated to that effect. Therefore, all embodiments that come
within the scope and spirit of the following claims and equivalents thereto are claimed as the
invention.

According to one aspect of the present disclosure there is provided a method,
comprising receiving at least one of range or velocity measurements over time; generating
multiple potential range, velocity, and acceleration estimates based on the received
measurements; determining probabilities of the estimates; testing estimates based on their

weight and decaying importance history; pruning estimates that fail to meet a threshold;
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generating a new estimate for the pruned estimates; clustering potential solutions based on a
density of the estimates; and associating a confidence solution to the potential solutions.

The method disclosed herein further comprising clustering the measurements prior to
generating the estimates.

The method disclosed herein further comprising receiving external probability
information associated with the received measurements.

The method disclosed herein wherein the external probability information includes at
least one of relative path power, absolute path power, signal to noise ratio, and navigation
filter range and relative velocity estimates.

The method disclosed herein wherein generating the estimates includes using a
particle filter with a Kalman filter state estimator.

The method disclosed herein wherein the velocity measurements are Doppler derived
velocity measurements.

The method disclosed herein wherein the Doppler-derived velocity measurements are
obtained using a minimum variance distortionless response spectrum estimator algorithm.

The method disclosed herein wherein the Doppler-derived velocity measurements are
corrected using a clock bias removal algorithm.

The method disclosed herein wherein the clock bias removal algorithm uses spectrum
exchanges, a modified aliased correlation, and Kalman filtering state estimation.

The method disclosed herein wherein the range measurements are generated using a
path nulling beamformer and a time of arrival estimator.

The method disclosed herein wherein the time of arrival estimator is at least one of an
Early/Late, Early Slope, Early Zero Crossing, and High Resolution interpolator.

According to another aspect of the present disclosure there is provided a method for

generating range and velocity measurements for use in a positioning system, comprising
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receiving samples from a radio frequency based wireless communication system; correlating
the samples against a known pattern to produce a correlation surface; generating a spectral
estimate from the correlation surface using a minimum variance distortionless response
algorithm; selecting paths likely to be a line of sight path from the spectral estimate;
generating a velocity measurement from a selected path; using a path-nulling beamformer to
isolate a single path from the paths likely to be a line of sight path; and using a time of arrival
estimator to generate a range measurement from the isolated path. The method of claim 12,
further comprising estimating clock bias and removing a frequency error component of the
clock bias prior to generating the velocity measurement.

The method disclosed herein wherein estimating clock bias includes performing an
alias-aware cross correlation to match data from a first spectral estimate to a second spectral
estimate.

The method disclosed herein wherein estimating clock bias includes creating different
potential clock bias frequencies.

The method disclosed herein wherein estimating clock bias includes selecting one of
the potential clock bias frequencies with a Kalman filter.

The method disclosed herein wherein selecting paths likely to be a line of sight path
includes using external information.

According to still another aspect of the present disclosure there is provided a method
for extracting range measurements using channel estimation, comprising receiving samples
from a radio frequency based wireless communication system; estimating a channel from the
received samples using a least squares solver; generating a sparse channel estimate based on
highest magnitude peaks obtained in the channel estimate; applying a decaying accumulator

to the estimates over time; and converting the peaks to range estimates.
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The method as disclosed herein wherein estimating the channel includes using a
minimum mean square error solver with adaptive channel parameter updates.
The method as disclosed herein wherein the range estimates are input to a range and

velocity estimator algorithm.
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We claim:
1. A method, comprising:

receiving at least one of range or velocity measurements over time;

generating multiple potential range, velocity, and acceleration estimates based on the
received measurements;

determining probabilities of the estimates;

testing estimates based on their weight and decaying importance history;

pruning estimates that fail to meet a threshold;

generating a new estimate for the pruned estimates;

clustering potential solutions based on a density of the estimates; and

associating a confidence solution to the potential solutions.

2. The method of claim 1, further comprising clustering the measurements prior to

generating the estimates.

3. The method of claims 1 or 2, further comprising receiving external probability

information associated with the received measurements.

4. The method of claim 3, wherein the external probability information includes at least

one of relative path power, absolute path power, signal to noise ratio, and navigation filter

range and relative velocity estimates.

5. The method of any preceding claim, wherein generating the estimates includes using

a particle filter with a Kalman filter state estimator.
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6. The method of any preceding claim, wherein the velocity measurements are Doppler

derived velocity measurements.

7. The method of claim 6, wherein the Doppler-derived velocity measurements are

obtained using a minimum variance distortionless response spectrum estimator algorithm.

8. The method of claim 6, wherein the Doppler-derived velocity measurements are

corrected using a clock bias removal algorithm.

9. The method of claim 8, wherein the clock bias removal algorithm uses spectrum

exchanges, a modified aliased correlation, and Kalman filtering state estimation.

10.  The method of any preceding claim, wherein the range measurements are generated

using a path nulling beamformer and a time of arrival estimator.

11. The method of claim 10, wherein the time of arrival estimator is at least one of an

Early/Late, Early Slope, Early Zero Crossing, and High Resolution interpolator.

12. A method for extracting range measurements using channel estimation, comprising:
receiving samples from a radio frequency based wireless communication system;
estimating a channel from the received samples using a least squares solver;
generating a sparse channel estimate based on highest magnitude peaks obtained in

the channel estimate;
applying a decaying accumulator to the estimates over time; and

converting the peaks to range estimates.
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13.  The method of claim 12, wherein estimating the channel includes using a minimum

mean square error solver with adaptive channel parameter updates.

14.  The method of claim 12, wherein the range estimates are input to a range and velocity

estimator algorithm.

27



PCT/US2015/022550

WO 2015/183390

1/11

l 3-¥NOId

LT WHLHODTY NOILYWILSE TINNYHD

i1 WHIMODTV HOLVINILSE ALIDOTIA OGNV IONVY

i WHLINODTY TYAONTY SVYIS MO01D

801 WHLINODTY INIWIHUNSYIN

P01 A9VHOLS YLVQ

901 SHOSNIS ZOL HOS53208d

001 ADIAIC ONIDNYY




PCT/US2015/022550

WO 2015/183390

2/11

SIUBLISINSBOR
sBuey

¢ dNOI4

\
AN A

SiUatUsINseaiy
Apsorap

B

\
gZe

— seig 19010 | Y,

ajewnysy |

w
UoINIosS3Y Buissoi adois 8187
ubi 0187 %mhmm § Aues
0EZ %%m ¥ZZ
mww
ng&&%mmm
Buyin B
N Yied 277
— UOISIBAUOS)
A320I8A SUOCHDHOS zT
_ oy sejddog 7Lz
-
9tz 10108198
&wgﬁ% / 801 1
A%

\wmmxlll\.,wmm

saneey )

\
_

| Ausoiea |
“ _QW‘N

— 1R

jesoadg _ _AI_
eje uisje
MOAW (_Ea | Hed !

-
UOREWIRSH lieacwayl _x@mwmmk@u <
80¢
801 WHLIMODTY LNIWIHNSYIN

UCIIBISLIOT
— 10 D FALTA




PCT/US2015/022550

WO 2015/183390

3/11

€ 3dNOld

é N
—40d ueun)—
21BUIST — — GeLe
seig 1831 uBLIRY UOI0818g 1 ) J
349010 L_19P40 2 | uonnios  |gog fouenbai
£, ) L) Buixip
oie d0jeiauay 2 JOAIDDSN
A uennog-ning ) .
g0t » Azusnbsaid
— Buiy
v0¢ mQNMWmNSMMmQQ _ L IOAI90Y
_ r ¥-SElY A|_ ¢ ~—
4 \llll_lll)) (" \llll_lll)) QN@N/@NW\M
oINS - .
||| A9iEwinss luoissasdusos! } M A _cammm&mﬁaun —
/] jenoedg do V|~ [BHASeGS wnioedg
802 HOAN | HRA9RES ) g0y HAAW | | UONEBIBLICD
F (T ’ ¥ T ’ 10 Bl
_{ienouiay 1 2% uonereniog | | 9| ieaduisy’ S vonerenon) | || (2 OME0%H)
AR wiened __geg ) uisyed ; \
uoneisuan winioads V L uoneisussy wnissdeg eled
\ y / UOIRIBII0T
L 011 WHLRIODTY TWACIWIEY SVIE MD01D ) rm‘ h@ﬁ@u@mL

\
BZ0L




PCT/US2015/022550

WO 2015/183390

4/11

SIOUBPUUOD
B s2jRwInsSy
Ausoep/ebuey

\
8ev

vev

giy

4%

¥ 34NOId

Givy

J

. ™
wswubissy p
SOUBPHUCD N
5 JOZY
| )
wijpobyy wyobry | [ )
TS
Buusisnin Bunduiessy ooy
. s 4 k N
4 Bunnguion
- _ ~ ue BunyBiop kel UOIIRULIO]
uonoa(es B Anjigeqoid
TIETHEST Y | MHGEa0id \ J
UL ra ~N
Ausuag gLy 02V |((shusweinsespy)
Augeqoid Pl sejddog 10
v | Aooiea ()
483{14 UBULEY f [ UOIBIDOSSY )
—mwmuamwémmcmm vov
sajonied (N)
J 2 ﬂm T&E@&&mmmw&
3314 sjonied ) — sbuey ()
. )
L1 WHLHODTY HOLYINLLSE ALIDOTIZA ONY JDNYY rd )4




PCT/US2015/022550

WO 2015/183390

5/11

S F4NOld

aiepdn

A

wbepn

{
805

A0S
ayepdn

J\
90y

o

1Mp8ad
4814 UBLEY

J

J
124

8iv
Z

ucnIsIes
JUBWBINSEON

Buiuiquios

i

giepdn
483]14 UBWiEY
Adooy N

— ﬁmm Bunubioaa
— 1ROl

ﬁ UOHBIDOSSY

)
08

00% 4315 JWLL FT101LMYd

Kﬁuﬁm?mmgmm

gy

20y



PCT/US2015/022550

WO 2015/183390

6/11

AL

9 J1NOId

( )
LUONDSIeS OB NWUINSDY
#28d Buifeasag
1411
8i9 -
[ siooweieg | 919 BuIsnoo
A jpuuByn  |— Heddd
809 | sandepy spmube ybiy

\ V —

UOISINDaYN N ﬁ
. 4 v

XL IBAIO8
UOIRIBII0T
sasenbg
BULEL isEaT SN
A
yLg [ vonewnsy puueyd asieds ; Buisuag sassaxdwion
e —— [ eeg
ULIOISURS § m@ammmtaw e UOnEIBLIOD
il wislied ’
9 FLT WHLRNODTY NOLLYINILST TINNYHD )




PCT/US2015/022550

WO 2015/183390

711

L 3dNOld

i,
s,
N

.,

",




WO 2015/183390 PCT/US2015/022550

8/11

ctttririrerisies,

o
N S
N . .
- \\
N R X
PR eee:
A
PRI L

-

N A
RSN RN
AN

FIGURE 8

ot
R )
B .
. o

" neeennd

R
o e W

A




WO 2015/183390

Y Q& W

N

e

B ORY a

R

spngabagy

e

\?\\\)'L

!

S

S
g

Kl

A

SN
R

N

FIGURE 9

PCT/US2015/022550



WO 2015/183390

10/11

PCT/US2015/022550

RO

Rt

A
R

FREe

3 s
. R
e .
ey o SCRRRRRRRE

LLRCRTRey

o
.
-
L
a
AARAARARAAAA AR

AVVSPURRERICENERRRCRS
SRR

e
i
=

AR

S
A

.,
i
N

o

K

A
RO

-

e

ARRRRRRRY AR

ot

OOl

coriiie,

%
3
X

oviiiiii.

"
e Y
\ JURTENt
e
RN e

e

A
B

R

e,
xS
e

Ry

4,.

P - §§:;g}

S

- A

R .
SN— R — —

> -“\\\“\\.“\\
o

™

MR, AR SRR TR Ry

NOURNRNRT, OUVRRRRNR, AN NN

A e
SRR

TN
N
e S,
N,
at
at
t
Bt
\

N

Mg
TR

JECEeRes

QO NN
R

FIGURE 10



WO 2015/183390

11

/11

PCT/US2015/022550

*

Fa

g e

@5«;&“ _
. B

&

; \&‘\" N

‘N%""Q!N e

“ﬁ"\-‘v ool

B &

e
-

. L

e

SELEELEEEEEEEEELEEELE

o

FIGURE 11



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/022550

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1S5/02
ADD.

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, 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.

WITH AIRBORNE LASER",

98227-0010 USA,
vol. 6238, no. 623804-1,

A abstract

chapter 2.1, first paragraph
chapter 2.3, first paragraph
chapter 2.4.3

chapter 2.2, second paragraph

A abstract

PROC. OF SPIE, PO BOX 10 BELLINGHAM WA

1 January 2006 (2006-01-01), XP040225189,

page 1, Tine 3 - page 4, line 22

X T. M. CLEMONS III AND K.C. CHANG: 1-4
"ESTIMATION FILTERS FOR MISSILE TRACKING

X WO 2007/101453 Al (NOKIA CORP [FI]; SIROLA 1-4
NITLO [FI]; ALI-LOEYTTY SIMO [FI])
13 September 2007 (2007-09-13)

_/__

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

29 June 2015

Date of mailing of the international search report

14/09/2015

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

Haugg, Sabine

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

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/022550

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

SEONG-HOON PETER WON ET AL: "Fastening
tool tracking system using a Kalman filter
and particle filter combination;Fastening
tool tracking system using a KF and PF
combination",

MEASUREMENT SCIENCE AND TECHNOLOGY, IOP,
BRISTOL, GB,

vol. 22, no. 12,

15 November 2011 (2011-11-15), page
125108, XP020214443,

ISSN: 0957-0233, DOI:
10.1088/0957-0233/22/12/125108

abstract

page 2, left-hand column, paragraph 3 -
right-hand column, paragraph 1

chapters 2.2 and 2.3

page 6

US 20127022784 Al (LOUIS CHRISTIAN [FR] ET
AL) 26 January 2012 (2012-01-26)

abstract
paragraph [0009]
paragraph [0022]
paragraph [0037]
paragraph [0123]
paragraph [0151]

paragraph [0011]
paragraph [0032]
paragraph [0087]
paragraph [0144]

WO 02/39063 Al (NIRA DYNAMICS AB [SE];
FORSSELL URBAN [SE]; HALL PETER [SE];
GUSTAFSSO) 16 May 2002 (2002-05-16)
abstract

page 20, line 15 - page 22, line 7;
figures 5a, 5b, 5¢

1-5

1-4

1-5

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

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PLT/US2015/022550
BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-5

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2015/ 022550

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-5

determining range, velocity and acceleration estimates with
associated confidences: details on how the multiple
estimates are generated

2. claims: 6-9

determining range, velocity and acceleration estimates with
associated confidences: details on how the velocity
measurements are generated

3. claims: 10, 11

determining range, velocity and acceleration estimates with
associated confidences: details on how the range
measurements are generated

4. claims: 12-14

extracting range estimates using channel estimation




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/022550
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2007101453 Al 13-09-2007  BR PI10621604 A2 12-03-2013
CN 101438184 A 20-05-2009
EP 1991882 Al 19-11-2008
JP 5039063 B2 03-10-2012
JP 2009529128 A 13-08-2009
KR 20080108521 A 15-12-2008
US 2009233619 Al 17-09-2009
WO 2007101453 Al 13-09-2007
US 2012022784 Al 26-01-2012  EP 2400267 Al 28-12-2011
FR 2961897 Al 30-12-2011
US 2012022784 Al 26-01-2012
WO 0239063 Al 16-05-2002 AU 1447102 A 21-05-2002
EP 1332336 Al 06-08-2003
WO 0239063 Al 16-05-2002

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 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - wo-search-report
	Page 41 - wo-search-report
	Page 42 - wo-search-report
	Page 43 - wo-search-report
	Page 44 - wo-search-report

