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Apparatus and Method for Unwrapping Phase Differences

This invention relates to an apparatus and method for unwrapping phase differences, which

can then be used, for example, for localizing a sound signal.

Multichannel sound source localization has developed over several decades and involves
Direction of Arrival (DOA) and Time Difference of Arrival (TDOA) estimation. Although existing
algorithms can localize sound sources accurately in low-noise free-field conditions, it is still
challenging to localize sound sources suffering from interference, reverberation, and high-

level background noise.

Most narrow-band sound source localization algorithms are based on estimating the phase
difference between sound signals captured by two or more microphones. Many suffer from
spatial aliasing problems. The phase differences between a pair of microphones are wrapped
beyond the spatial aliasing frequency, meaning that phase differences between different
spectral components beyond the aliasing frequency appear indistinguishable from each other.
One solution is to adjust the distance between the microphones to obtain a suitable aliasing
frequency, and use only spectral components that are below the aliasing frequency for
localization. This technique is widely used in localization and beamforming, but since
increasing the aliasing frequency requires a smaller distance between the microphones this is
achieved at the cost of accuracy. With correct phase unwrapping, a broader frequency band
can be utilized for localization because with the phase differences unwrapped, the full

frequency band (up to the Nyquist sampling rate) can be used for localization.

One phase unwrapping method is described in “Analysis of the phase unwrapping algorithm,”
by K. ltoh (Applied Optics, vol. 21(14), pp. 2470, 1982). This algorithm assesses all phase
samples along the frequency axis, one by one. If the phase difference between the one sample
and the next sample is larger than 1 (or smaller than -1r), the algorithm simply subtracts 21
from or adds 21 to all following samples. This method only works for signals with sufficiently

low levels of additive noise or other impairments.
It is an object of the invention to provide improved concepts for unwrapping phase differences.
The foregoing and other objects are achieved by the features of the independent claims.

Further implementation forms are apparent from the dependent claims, the description and

the figures.
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According to a first aspect, an apparatus is provided that comprises a processor that is
configured to obtain a plurality of phase differences, wherein each phase difference represents
a difference in phase between a spectral component in a first sound signal, which is captured
by a first microphone, and a corresponding spectral component in a second sound signal,
which is captured by a second microphone. The first and second microphones are physically
spaced. Each spectral component is part of a signal spectrum for its respective sound signal,
and each signal spectrum represents its respective sound signal as a plurality of spectral
components that are each comprised in a respective frequency band of a plurality of frequency
bands of that sound signal. The processor is configured to estimate an aliasing frequency,
wherein phase differences obtained from spectral components that are comprised in
frequency bands above the aliasing frequency are expected to be wrapped. It is also
configured to unwrap the plurality of phase differences in dependence on the estimated
aliasing frequency, wherein a phase difference obtained from spectral components that are
comprised in one frequency band is unwrapped independently of any phase difference
obtained from spectral components that are comprised in another frequency band. This
enables the apparatus to unwrap the phase differences accurately even in noisy
environments, because a frequency band that is particularly affected by noise does not affect

the unwrapping of phase differences in other frequency bands.

In a first implementation form of the first aspect, the processor may be configured to estimate
the aliasing frequency in dependence on phase differences obtained from spectral
components in more than three of the plurality of frequency bands that are comprised in the
first and second sound signals. This may improve performance by generating a more accurate

estimate than what would be obtained with fewer than three frequency bands.

In a second implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to estimate the aliasing frequency in
dependence on a fundamental frequency associated with the phase differences obtained from
the spectral components that are comprised in the first and second sound signals. This
provides a good estimate for the aliasing frequency, which forms a strong basis for unwrapping

the phase differences.

In a third implementation form of the first aspect, the processor in any of the above mentioned
implementation forms may be configured to estimate the aliasing frequency by autocorrelating
phase differences that are obtained from spectral components comprised in more than three
of the plurality of frequency bands in the first and second sound signals. It may be configured

to identify a maximum or a minimum of that autocorrelation, e.g. by identifying a maximum or
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minimum of the result matrix output by the autocorrelation process. It may also be configured
to estimate the aliasing frequency in dependence on a frequency that is associated with that
maximum or minimum. This provides an accurate, efficient technique for estimating the
aliasing frequency that is robust to noise as it looks at the phase differences across more than

three frequency bands.

In a fourth implementation form of the first aspect, the processor in any of the above mentioned
implementation forms may be configured to unwrap the phase difference obtained from
spectral components comprised in a particular frequency band by determining the unwrapped

phase difference to be:

. Ny +i
P! =CI>i+2kd[ o Jn

a

where @;" is the unwrapped phase difference for frequency band i between a spectral
component comprised in the first sound signal that is comprised in frequency band i and a
spectral component comprised in the second sound signal that is also comprised in frequency
band i, ®; is the measured/observed wrapped phase difference for frequency band i between
a spectral component comprised in the first sound signal that is comprised in frequency band
i and a spectral component comprised in the second sound signal that is also comprised in
frequency band i, N, is a frequency band corresponding to the estimated aliasing frequency,
k4 is an unwrapping direction, and | | denotes a floor function. This technique is robust to
noise as the phase differences for individual frequency bands are unwrapped without

reference to the unwrapping of any other frequency band.

In a fifth implementation form of the first aspect, the processor in any of the above mentioned
implementation forms may be configured to, before it estimates the aliasing frequency, identify
any spectral components in the first and/or second sound signals that are associated with an
energy that is below a predetermined threshold and disregard any phase difference that was
obtained from the one of the identified spectral components when estimating the aliasing

frequency. This improves the accuracy of the subsequent unwrapping.

In a sixth implementation form of the first aspect, the processor in any of the above mentioned
implementation forms may be configured to, before it estimates the aliasing frequency, for
each spectral component in the first and second sound signals, obtain a covariance matrix
that represents the covariance of corresponding spectral components in the first and second

sound signals and determine an eigenvalue corresponding to an eigenvector of that matrix. It
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may also be configured to identify any spectral components in the first and second sound
signals that are associated with a covariance matrix that has an eigenvalue that is below a
predetermined threshold. It may be configured to disregard any phase difference that was
obtained from one of the identified spectral components when estimating the aliasing
frequency and determine a replacement phase difference by interpolating between phase
differences obtained from spectral components that were identified as having covariance
matrices with eigenvalues above the predetermined threshold. It may also be configured to
replace a disregarded phase difference with a replacement phase difference. This provides a

robust technique for identifying frequency bands that contain too little of the source energy.

In a seventh implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to determine a wrapping direction in
dependence on spectral components in more than three of the plurality of frequency bands
that are comprised in the first and second sound signals and to unwrap the plurality of phase
differences in dependence on that wrapping direction. This provides a technique for estimating

the wrapping direction that is robust to noise.

In an eighth implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to determine a wrapping direction for
unwrapping a phase difference by assigning each of the plurality of phase differences to one
of one or more sets. Each set comprises phase differences obtained from spectral
components that are comprised in a particular segment of the plurality of frequency bands of
the first and second sound signals. A phase difference may be assigned to one of the sets in
dependence on the estimated aliasing frequency, such that none of the phase differences
assigned to a particular set is wrapped relative to the other phase differences assigned to the
same set. The processor may be configured to fit a line to each set of phase differences. (The
line may be fitted exactly to the phase differences in the free field scenario or close to the
phase differences in other scenarios). It may also be configured to estimate the wrapping
direction in dependence on the slopes of the lines fitted to each set of phase differences. This
provides a straightforward technique for estimating the wrapping direction that is not unduly

influenced by frequency bands that are suffering from noise.

In a ninth implementation form of the first aspect, the processor of the eighth implementation
form may be configured to, before fitting a line to each set of phase differences for estimating
the wrapping direction, denoise the phase differences in each set. The processor may be
configured to perform this denoising by fitting a line to each set of phase differences. It may

be configured to identify any phase differences that should be classified as noise by
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determining a distance between each phase difference in a respective set and the line fitted
to that set and classifying as noise any phase difference that is associated with a distance
greater than an adaptive threshold, said adaptive threshold being determined in dependence
on a number of phase differences that are respectively above or below the fitted line. It may
also be configured to remove any phase differences that are classified as being noise from
their respective set. Identifying and removing phase differences that are subject to noise

improves the accuracy of the subsequent estimation of the wrapping direction.

In a tenth implementation form of the first aspect, the processor in any of the above mentioned
implementation forms may be configured to, after unwrapping the plurality of phase
differences, identify any phase difference that has been unwrapped incorrectly or that has
(incorrectly) not been unwrapped at all and correct that unwrapped phase difference. The
processor may be configured to achieve this by fitting a line to the unwrapped phase
differences. It may be configured to identify a phase difference that has been unwrapped
incorrectly in dependence on a difference between an unwrapped phase difference obtained
from spectral components comprised in a particular frequency band and a phase difference
that is predicted for that frequency band by a slope of the line fitted to the unwrapped phase
differences. This prevents incorrectly unwrapped phase differences from negatively impacting

on any subsequent DOA estimation that is based on the unwrapped phase differences.

In an eleventh implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to determine whether or not the phase
differences should be unwrapped by summing the plurality of phase differences to obtain a
first sum. It may also be configured to, for each frequency band, determine a difference
between an unwrapped phase difference obtained from spectral components comprised in
that particular frequency band and a phase difference that is predicted for that frequency band
by the slope of the line fitted to the unwrapped phase differences. It may be configured to sum
the differences determined for the plurality of frequency bands to obtain a second sum. It may
also be configured to determine whether or not the phase differences should not be
unwrapped in dependence on a difference between the first sum and the second sum. This
improves the overall accuracy by checking whether phase unwrapping is actually required at

all.

In a twelfth implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to denoise the unwrapped phase
differences by repeatedly fitting a line to the unwrapped phase differences; identifying any

unwrapped phase differences that should be classified as noise by determining a distance
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between each unwrapped phase difference and the fitted line and classifying as noise any
unwrapped phase difference that is associated with a distance that is greater than a
predetermined threshold; removing any unwrapped phase differences that are classified as
noise to form a reduced set of phase differences; and determining an overall error for the
reduced set of unwrapped phase differences in dependence on the distance between every
unwrapped phase difference in the reduced set and the line. The processor may be configured
to repeat the above steps of fitting, identifying, removing and determining with progressively
reduced sets of unwrapped phase differences until it obtains a set of unwrapped phase
differences for which the overall error is below a predetermined threshold and/or a
predetermined percentage of the unwrapped phase differences have been removed. This
cleans up any lingering effects of noise on the phase difference vector and improves the
accuracy of any subsequent processing — such as DOA estimation — that is performed using

the phase difference vector.

In a thirteenth implementation form of the first aspect, the processor in any of the above
mentioned implementation forms may be configured to determine a direction of arrival of the
sound signal at the first microphone and the second microphone in dependence on the
unwrapped phase differences. This enables the apparatus to accurately localize a sound

source.

According to a second aspect, a method is provided that comprises obtaining a plurality of
phase differences, wherein each phase difference represents a difference in phase between
a spectral component in a first sound signal, which is captured by a first microphone, and a
corresponding spectral component in a second sound signal, which is captured by a second
microphone. Each spectral component is part of a signal spectrum for its respective sound
signal, and each signal spectrum represents its respective sound signal as a plurality of
spectral components that are each comprised in a respective frequency band of a plurality of
frequency bands of that sound signal. The method comprises estimating an aliasing
frequency, wherein phase differences obtained from spectral components that are comprised
in frequency bands above the aliasing frequency are expected to be wrapped. It also
comprises unwrapping the plurality of phase differences in dependence on the estimated
aliasing frequency, wherein a phase difference obtained from spectral components that are
comprised in one frequency band is unwrapped independently of any phase difference

obtained from spectral components that are comprised in another frequency band.

Implementation forms of the second aspect correspond to those of the first aspect.
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According to a third aspect, a non-transitory machine readable storage medium is provided
that has stored thereon processor executable instructions implementing a method. That
method comprises obtaining a plurality of phase differences, wherein each phase difference
represents a difference in phase between a spectral component in a sound signal, which is
captured by a first microphone, and a corresponding spectral component in a second sound
signal, which is captured by a second microphone. Each spectral component is part of a signal
spectrum for its respective sound signal, and each signal spectrum representing its respective
sound signal as a plurality of spectral components that are each comprised in a respective
frequency band of a plurality of frequency bands of that sound signal. The method comprises
estimating an aliasing frequency, wherein phase differences obtained from spectral
components that are comprised in frequency bands above the aliasing frequency are expected
to be wrapped. It also comprises unwrapping the plurality of phase differences in dependence
on the estimated aliasing frequency, wherein a phase difference obtained from spectral
components that are comprised in one frequency band is unwrapped independently of any
phase difference obtained from spectral components that are comprised in another frequency
band.

Implementation forms of the third aspect correspond to those of the first or second aspect.

The present invention will now be described by way of example with reference to the

accompanying drawings. In the drawings:

Figure 1 shows an overview of a system for processing sound signals captured by a dual-

microphone arrangement;

Figure 2 is a plot of phase difference vs frequency that illustrates wrapping of the phase

differences at multiples of an aliasing frequency;

Figure 3 shows an example of an apparatus according to an embodiment of the invention;

Figure 4 shows a flowchart of a method for unwrapping phase differences that can be

performed by the apparatus of Figure 3 according to an embodiment of the invention;

Figure 5 shows in more detail how phase differences can be unwrapped according to an

embodiment of the invention;
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Figure 6 shows how a narrowband signal subspace estimation can be used to mitigate the

effect of noise on the phase difference vector according to an embodiment of the invention;

Figure 7 shows how an aliasing frequency can be estimated according to an embodiment of

the invention;

Figure 8 shows how a wrapping direction can be detected according to an embodiment of the

invention;

Figure 9 shows how a wrapped phase difference can be unwrapped according to an

embodiment of the invention;

Figure 10 shows an example of phase differences that have been incorrectly unwrapped,;

Figure 11 shows how phase differences that have been incorrectly unwrapped can be

detected and corrected according to an embodiment of the invention;

Figure 12 shows how outliers can be removed from the phase difference vector according to

an embodiment of the invention;

Figure 13 shows plots of a phase difference vector before and after failed unwrapping points

reconstruction and outlier removal denoising; and

Figure 14 shows results obtained by applying a localization algorithm to phase differences
unwrapped using a pre-existing method and using a method according to an embodiment of

the invention.

A system overview is shown in Figure 1. A pair of microphones 101, 102 receives a source
signal from a particular direction. This is denoted as Direction of Arrival (DOA) 6 in Figure 1.
The system in Figure 1 comprises a pair of microphones but this is for the purposes of example
only. The system might comprise any number of microphones, providing there is a minimum

of two.

The pre-processing section 103 is configured to receive two sound signals: a first sound signal,
which is captured by the first microphone 101, and a second sound signal, which is captured

by the second microphone 102. The pre-processing section is preferably configured to
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generate a phase difference vector ® (104) from the two sound signals. Any suitable algorithm
might be used. One example is MUSIC (see “Multiple emitter location and signal parameter
estimation” by R. Schmidt, Antennas Propagation, IEEE Transactions, vol. 34(3), pp. 276 —
280, 1986.). For implementations with more than 2 microphones, another suitable example is
ESPRIT (see “Esprit-estimation of signal parameters via rotational invariance techniques” by
R. Roy and T. Kailath, Acoustics, Speech and Signal Processing, IEEE Transactions,
37(7):984 - 995, July 1989).

Each sound signal can be considered as being formed from a series of complex sinusoidal
functions. Each of those sinusoidal functions is a spectral component of the sound signal.
Typically, each spectral component is associated with a particular frequency, phase and
amplitude. A sound signal can be disassembled into its respective spectral components by a
Fourier analysis. The pre-processing section 103 suitably includes a transform unit for
decomposing each sound signal into its respective spectral components across a plurality of
frequency bins. The transformed version of a sound signal will represent that signal as a series
of coefficients, each of which represents an amplitude of the signal in a particular frequency
bin.

The pre-processing section 103 is preferably configured to determine the phase differences
between corresponding spectral components of the first and second sound signals. Spectral
components correspond to one another where they represent the same frequency band in
their respective sound signal. In many embodiments, there will be a one-to-one
correspondence between frequency bands and frequency bins, so that each frequency band
corresponds to a particular frequency bin. In other embodiments, a frequency band might
comprise several bins (as explained in more detail below). For example, the pre-processing
section might be configured to aggregate the spectral components in several neighbouring
bins together before it computes the phase differences, in which case each phase difference
will represent a particular frequency band and each frequency band will represent a plurality

of frequency bins.

The phase difference vector ® (104) is provided to a phase unwrapping section 105. The
phase unwrapping section is configured to unwrap the phase difference vector by estimating
an aliasing frequency, which is described in more detail below. The phase unwrapping section
might optionally apply additional post processing steps to output a clean, denoised phase

difference vector ®™ (106) for providing to a DOA estimation section 107.
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The issue of spatial aliasing will now be described with reference to the arrangement illustrated
in Figure 1. The spatial aliasing frequency f, is related to the distance between two
microphones Ad and 8, where 6 is the incident direction of the sound source:
_|sin6|Ad (1)
@ /4
In this example, there is assumed to be a one-to-one correspondence between frequency

bands and frequency bins. The ny, frequency bin at frequency f, is denoted asn, n € [1, ..., N],

and fy = 5, where f; denotes the sampling rate.
2

The observed phase differences @,,:

2nf,|sin 8|Ad (2)
=———————m

D, p

od2m

are suitably mapped onto (m, —m].

The estimated phase difference of frequency bin n is denoted @&,,, from which the phase

difference vector is formed as @, ® = [Py, ..., D, ..., Dy].

An example of observed @ (in rad) with the spatial aliasing phenomenon is shown in Figure
2. Figure 2 illustrates a specific example in which the target signal is white noise, the DOA 6
is 60°; the background is pink and spatially white; the SNR is 20dB; and the distance between
the microphones is 0.1m for a linear microphone array of 5 microphones. The figure shows
that phase wrapping of @ occurs at f;=2000Hz and 3f, = 6000Hz. It can be seen that above
the spatial aliasing frequency there are phase differences between spectral components that
are indistinguishable from phase differences between other spectral components that are

below the spatial aliasing frequency.

An example of an apparatus for implementing the phase unwrapping section 105 is shown in
Figure 3. The apparatus, shown generally at 300, comprises an input 301, a frequency
estimator 302 and a phase unwrapper 303. The operation of these different functional units
will be described in more detail with reference to Figure 4, which gives an overview of a
process for unwrapping a plurality of phase differences. The apparatus also includes an
optional post processing section 306, which will be described in more detail below with

reference to Figures 5to 12.

10
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The input 301 is configured to receive a plurality of phase differences (step S401). Those
phase differences may be embodied by a vector, such as phase difference vector ® (104).
Each phase difference represents a difference in phase between corresponding spectral
components in a first sound signal and a second sound signal. The aliasing frequency
estimator (302) is configured to estimate an aliasing frequency (step S402). The aliasing
frequency is the frequency above which observed phase differences between the spectral
components captured by the microphone arrangement represented by microphones 101,102
are expected to be wrapped. The phase unwrapper (303) is configured to unwrap the plurality
of phase differences in dependence on the estimated aliasing frequency (step S403). In
particular, the phase unwrapper is configured to estimate the aliasing frequency by analysing
the whole phase difference vector, not just the phase differences of lower frequency bands.
The phase difference for a spectral component comprised in one particular frequency band
can then be unwrapped using just the aliasing frequency. There is no need to refer to the
phase difference of a neighbouring frequency band, such as happens in the method described
in “Analysis of the phase unwrapping algorithm,” by K. Itoh (Applied Optics, vol. 21(14), pp.
2470, 1982).

The independent nature of the unwrapping is described in more detail below, but it should be
noted that, as before, each frequency band may correspond to one or more frequency bins.
Those bins may be processed separately or together. So, for example, phase differences
corresponding to a plurality of different frequency bins in the same frequency band may be
aggregated and processed together. The phase unwrapper 303 might unwrap those phase
differences together, but in doing so it would unwrap them independently of any aggregated

phase differences in any other frequency band.

In many implementations the apparatus is likely to form part of a larger device. That device
could be, for example, a mobile phone, smart phone, tablet, laptop, stereo system or any

generic user equipment or computing device.

The structures shown in Figures 1 (and all the block apparatus diagrams included herein) are
intended to correspond to a number of functional blocks. This is for illustrative purposes only.
Figure 1 is not intended to define a strict division between different parts of hardware on a chip
or between different programs, procedures or functions in software. In some embodiments,
some or all of the signal processing techniques described herein are likely to be performed
wholly or partly in hardware. This particularly applies to techniques incorporating repetitive
operations such as Fourier transforms, linear regressions and summations. In some

implementations, at least some of the functional blocks are likely to be implemented wholly or

11



10

15

20

25

30

35

WO 2018/095545 PCT/EP2016/078929

partly by a processor acting under software control. Any such software is suitably stored on a
non-transitory machine readable storage medium. The processor could, for example, be a
DSP of a mobile phone, smart phone, stereo system or any generic user equipment or generic

computing device.

A more detailed embodiment is shown in Figure 5. This embodiment includes the processes
of receiving the observed phase difference vector (501), estimating the aliasing frequency
(504) and phase unwrapping (502). It also includes some optional pre- and post-processing
techniques that help to improve performance. For example, in the pre-processing section, the
apparatus estimates the target source strength of the observed phase difference vector ®, so
that some frequency bands can be removed to achieve better analysis (503). Then the aliasing
frequency fa and wrapping direction are estimated (504, 505). The wrapping direction defines
whether 1 has to be added or subtracted for unwrapping. Based on these estimates, the
apparatus can carry out phase unwrapping (502). Suitably each of these processes is
performed directly on the whole frequency range of the sound signals. This is different from
existing techniques in which unwrapping is performed sequentially by just comparing one

frequency band with its immediate neighbours.

Theoretically, after phase unwrapping, the unwrapped phase difference vector ®" (509)
should be close to a straight line. This assumes that the source signal propagates in a free
noise field, which will not be the case in practice. In order to mitigate the effects of noise, the
optional post-processing section 306 applies failed unwrapped points correction (508) and
outlier removal (509). Some incorrect unwrappings or failed unwrapped points are inevitable
with noisy signals and a fixed estimate of the aliasing frequency. By implementing unwrapped
points correction, the apparatus helps to correct these errors by adding some extra statistical
processing to achieve further accuracy improvements. Other post-processing techniques
include outlier removal and using a diffuseness-weighted histogram in DOA (506) also improve
the performance and make the algorithm more robust. In the final step, the outlier removed,

unwrapped phase difference vector ®" 510 is converted into a DOA.

Each of the techniques outlined in Figure 5 is described in more detail below.

Narrowband signal subspace estimation

Figure 6 shows an overview of a technique for narrowband signal subspace estimation. An
aim of this technique is to remove subbands that contain too little of the source subspace
energy, and are thus unusable for localization, from the subsequent processing steps. The

aliasing frequency estimator 302 in apparatus 300 may optionally incorporate an energy

12
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estimator (304) that is configured to achieve this aim by first identifying which frequency bands
in the first and/or second sounds signals have too little of the source energy (601) and then

removing those frequency bands from consideration (602).

For a use case that involves a single sound source in diffuse background noise, a relatively
simple technique can be employed to identify relevant frequency bands (601). First, the energy
estimator (304) may be configured to obtain a covariance matrix that represents the
covariance of corresponding spectral components in the first and second sound signals. The
energy estimator then determines the eigenvectors and corresponding eigenvalues of the
covariance matrix for each respective frequency band. The eigenvalues may be normalized.
Here o; denotes the normalized largest eigenvalue for the i frequency band, as an element
of the normalized target source strength vector o = [0y, ..., 0}, ...,0n] (604). The energy
estimator is then configured to identify any frequency bands for which the corresponding
eigenvalue is below a predetermined threshold. A threshold z, is set, and it is decided that, if
o; < 14, the spectral components in the iy, frequency band are too weak and thus not relevant
for localization. Another option is to use a more sophisticated method for noise threshold
estimation, instead of using a simple fixed threshold. For example, minimum statistics could

be used.

The apparatus 300 is configured to disregard any phase difference obtained from one of the
spectral components that are identified as being too weak. After removing the phase
differences corresponding to the identified frequency bands, the energy estimator (304) is
preferably configured to replace any removed phase differences with new, interpolated phase
differences generated via linear interpolation between the phase differences that remain (i.e.
the phase differences obtained from spectral components in frequency bands that had an
eigenvalue above the predetermined threshold). The result is the so-called non-diffuse phase

difference vector (603).

This step of narrowband signal subspace estimation can improve the accuracy of aliasing

frequency estimation when the source is lacking excitation energy at certain frequencies.

Aliasing frequency estimation

Figure 7 shows an overview of a technique for aliasing frequency estimation. As mentioned
above, existing unwrapping techniques compare the phase difference for one frequency band
with those for its neighbouring frequency bands. This is not optimal for noisy environments in

which noise can affect some frequency bands particularly badly and consequently cause
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phase differences in neighbouring bands to be incorrectly unwrapped. The apparatus 300 is
preferably configured to estimate the aliasing frequency by simultaneously analysing phase
differences across more frequency bands than those that are just immediate neighbours. In
practice, this means that the apparatus analyses the phase differences for more than three

frequency bands, and up to all of the frequency bands in the first and second sound signals.

The frequency estimator 302 may be configured to estimate the aliasing frequency in
dependence on a fundamental frequency that is associated with the phase differences in
observed phase difference vector 104. One possible technique for estimating this fundamental
frequency is based on autocorrelating the phase differences, as explained in more detail

below.

As a first step, the frequency estimator (302) is configured to determine a possible range of
the aliasing frequency f;, to preclude large errors (701). From Equation 2 above, it can be

seen that when Ad is fixed, the minimum aliasing frequency can be found by: minf, = ﬁ.

The aim of the techniques described herein is not to necessarily estimate the aliasing
frequency perfectly, but to unwrap any wrapped phase observations. Thus, given that the post-
processing section (specifically failed unwrapped points reconstruction) should unwrap any
phase differences that have failed to unwrap, it is not necessarily a problem if not all of the
phase differences are unwrapped in the initial unwrapping phase. It has been found that
empirically the post-processing algorithm performs well as long as the number of wrapped

phase observations remains below a certain threshold. It has been estimated that the

< fa <Tefn:Tqa €

C

acceptable limits to the aliasing frequency estimation is in the range na

[0.5,1].

The frequency estimator (302) may be configured to autocorrelate phase differences that are
obtained from spectral components comprised in more than three of the plurality of frequency
bands in the first and second sound signals. In practice, if all of the frequency bands are used,
this step applies an auto-correlation to ®’. The resulting vector is denoted as Rg. Ry is
symmetrical, so the frequency estimator may only consider half of it. The frequency estimator
then identifies a maximum or a minimum of that autocorrelation, and estimates the aliasing

frequency in dependence on a frequency associated with that maximum or minimum (702).

Theoretically, if the vector ®' is wrapped, the peak of vector Ry, is at 0 on the x-axis. The

second peak is at the position of 2f,, and the minimum is at f,. The positions of these points
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are periodical (as shown in Figure 2). When f, is in the range of [%N,f,v], Ry does not show a
full period, so the frequency estimator detects the minimum (rather than the peak) and uses it
as an estimate for the aliasing frequency f,. When f, > % , there is no phase wrapping and
the minimum of the autocorrelation of ®’ and f, are not meaningful. Whether or not £ is useful
is determined as described below in the section on “failed unwrapped points correction”. If £,

is not meaningful, the steps of phase unwrapping are preferably not performed, but only the

step of removing outliers for denoising (see below).

Wrapping direction estimation

Before @ is unwrapped, apparatus 300 preferably determines in which direction it should be
unwrapped, i.e. whether 7 should be added or subtracted. There is one wrapping direction for
all of the spectral components. Figure 8 shows an overview of a technique for estimating the
wrapping direction. The phase unwrapper 303 in apparatus 300 may optionally incorporate a

direction estimator (305) that is configured to perform this technique.

First, as before, the direction estimator (305) is preferably configured to determine the
wrapping direction based on more than three of the spectral components that are comprised
in the first and second sound signals. Second, the direction estimator may be configured to

estimate the wrapping direction using linear regression or another simple method, but this is
not suitable when the phase is wrapped with f, <% and noisy. Therefore, a preferred

technique is for the direction estimator to initially denoise the phase difference vector before

it determines the wrapping direction.

The direction estimator (305) initially assigns each of the plurality of phase differences to one
of one or more sets. Each set comprises phase differences for a particular segment of the
frequency bands in the first and second sound signals. In one example, two segments from

&’ are extracted; the first one is from OHz to the estimated aliasing frequency £, (at frequency

bin N, = A;’i;), and the second one is from N, to 3N,. Thus none of the phase differences in a

particular segment is wrapped relative to the other phase differences in that segment. In order
to improve the robustness to errors in the estimation of f;, the limitation of the frequency bin
ranges of the segments is set to [0,0.75N, ] and [1.4N,, 2.6N,], respectively. Then the two
segments are denoised, using the same process on each segment. An example of the process

on the first segment is described below.
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First, direction estimator (305) fits a line to each set of phase differences (801). Preferably this
is a line of best fit, which may be determined using linear regression. The fitting line can be

expressed as:
¢p.=ki+b(b=0fori<N,) (3)

The direction estimator then determines a distance between each phase difference and the
line fitted to its set (802). For example, the vertical distance d; of the iy, point to the

corresponding fitting line may be computed:
d; = o - & (4)

The direction estimator may be configured to classify as noise any phase difference that is
associated with a distance greater than an adaptive threshold. For example, it may be

configured to consider that a point is noise and should be removed if:

card{d;|d; > 0} . (5)
N;dl-l <t,ifd; >0

card{d;|d; < 0}
Nadi
7, € (0,1)

<ToifdiS0

where card{} denotes cardinality measure.

Thus, in this example, the adaptive threshold is determined by the number of phase
differences that are respectively above or below the fitted line. The direction estimator can
then remove any phase differences that are classified as being noise from their respective set
(803).

The direction estimator (305) is then able to determine the wrapping direction in dependence
on the slope of the lines fitted to the denoised sets of phase differences (804). This may be
achieved by applying the linear regression again, but this time to each denoised segment. The
resulting slopes can be denoted k; and k,. The averaged distance deviation is computed for
both segments, which can be denoted as v; and v,. The length of the segments can be
denoted as [; and [,. The wrapping direction k, is then estimated by the sign of k,f(v4,11) +

kof (vy, 1), where f(v,l) defines a weighting function. In other words, k; = +1. In one

example the weighting function may be f(l,v) = ,,l_z
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Phase unwrapping

Figure 9 shows an overview of a technigue for unwrapping the phase differences. The phase
unwrapper 303 may be configured to obtain the unwrapped phase difference vector (902)
" =D, d), .., /..., &y] (901) using:

N, +1i (6)
o =d; + 2k [ : ]n
' ' d 2N,

where @;" is the unwrapped phase difference for frequency band i between a spectral
component in the first sound signal that is comprised in frequency band i and a spectral
component comprised in the second sound signal that is also comprised in frequency band i,
@; is the wrapped phase difference for frequency bin i between a spectral component in the
first sound signal that is comprised in frequency band i and a spectral component in the
second sound signal that is also comprised in frequency band i, N, is a frequency band
corresponding to the estimated aliasing frequency, k; is a unwrapping direction, and

| ]denotes a floor function.

Failed unwrapped points correction

The apparatus 300 includes an optional post-processing section (306) for further improving
the accuracy of the phase unwrapping. An example of phase differences that have failed to
unwrap is shown in Figure 10. Preferably the post-processing section includes an unwrap

corrector 307 for unwrapping phase differences such as these.

Figure 11 shows an overview of a technique for correcting phase differences that have failed
to unwrap. This technigue is simple but very efficient. The failed unwrapped points detection
is similar to denoising, in that a line is fitted to the unwrapped phase differences (e.g. by finding
the best fitting line for @) (1101). k, is denoted as the sign of the slope of the fitting line. The

failed unwrapped points are corrected by:

® = @} + sign(P] — kyi)2m, (7

if | @) — kqi| > 21
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where k; = +1 as before.

So outlying phase differences are essentially first identified in dependence on a phase
difference that is predicted for that frequency band by a slope of the line fitted to the unwrapped
phase differences. If the actual phase difference is greater than 2z away from that prediction,
it is classified as having been unwrapped incorrectly (1102) and is corrected by either adding
or subtracting 27, as appropriate (1103). Correcting rather than removing the outlier points is

helpful because those points may still carry useful information.

The post-processing section (306) also may also include an unwrap checker 308 for
confirming whether it is necessary to do phase unwrapping at all. This may be checked by
determining a difference between an unwrapped phase difference obtained from spectral
components comprised in that particular frequency band and a phase difference that is
predicted for that frequency band by k, the slope of the line fitted to the unwrapped phase
differences. If a sum of these differences is greater than the sum of actual phase differences,
unwrapping is deemed to be unnecessary. This can be expressed as:

N N
€= Y il = 7e ) 18" = kil
i=1 i=1

(8)

Where k denotes the slope of the fitting line, and 7. denotes a constant parameter. If C > 0, it
is assumed what the previous steps did was correct and the next steps continue with ®’" .
Otherwise unwrapping is deemed to be unnecessary and the observed phase difference

vector @ is used for DOA estimation. This helps to avoid large errors in the case of small DOA

(signal arriving from the front), when £, is close to %

Outlier removal for denoising

The post-processing section (306) may also include an outlier remover (309) for further
improving the accuracy of the phase unwrapping. Figure 12 shows an overview of a technique
for removing outliers, which in essence is largely identical to the process described for

removing outliers as part of estimating the wrapping direction.

The outlier remover may be configured to fit a line to the unwrapped phase differences (1201)

and identify any unwrapped phase differences that should be classified as noise by
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determining a distance between each unwrapped phase difference and the fitted line (1202).
Suitably it classifies as noise any unwrapped phase difference that is associated with a
distance that is greater than a predetermined threshold 7. All points for which the distance is
higher than the threshold are removed from @' (1203). The outlier remover is preferably
configured to repeat this process of detecting and removing outliers until either an error is
sufficiently small or up to 50% of the corrected unwrapped phase differences 1204 have been
removed. The error may be estimated by summing the distances between all of the remaining
set of phase differences and the fitted line, divided by the number of those phase differences.
The error may be considered sufficiently small if the averaged distance is less than 7,(z, >
0).

Figure 13 shows an example before (1301) and after (1302) failed unwrapping points

reconstruction and outlier removal denoising. The result of this step is denoted as ®'". It is

assumed that this result is clean.

From processed phase difference vector to DOA

The unwrapped phase differences can be used to determine a direction of arrival of the sound
signals at the first microphone and the second microphone. Any appropriate method might be
used to transform @’’’ into a DOA. One possible example is the ESPRIT algorithm (see “Esprit-
estimation of signal parameters via rotational invariance techniques” by R. Roy and T. Kailath,
Acoustics, Speech and Signal Processing, IEEE Transactions, 37(7):984 - 995, July 1989).
This algorithm computes the histogram of the DOA, weighted by the target source strength
vector o. After applying a first order moving average filter to the histogram, the final estimated

DOA is given by the location of the highest peak.

The embodiments described above have been implemented in one practical example using a
uniform linear microphone array with 5 omni-directional microphones for capturing the sound
signals. The parameters that are selected can affect robustness. For a real-time application,
a sampling rate of 16000 kHz, window size of 0.2s, hop size of 0.1s and an FFT length of 4096

are recommended. The suggested thresholds and parameters are: [74,74, Tk, Te, To] =

[0.30.37 0.7510.5], and f(I,v) = —.

v

Figure 14 shows the results obtained by the same localization algorithm (ESPRIT) using the

same captured sound signals. The left-hand graph shows the results without using any of the
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techniques described herein whereas the right-hand graph shows the results with using the
techniques described herein. The results are shown as a histogram of DOA estimates
obtained from the estimates of different frequency bands for one frame of the sound signals.
In this scenario, a speech signal with a high-pass filter is the target source and 0dB SNR
spatially white pink noise is added to each recording channel. The ground truth DOA of the
target source is 30°. It can be seen that without the post processing, the peak is ambiguously
unclear and the error is 5°. A typical method of dealing with such ambiguity would be to apply
a more robust peak detection algorithm, e.g. an algorithm that considers that the narrower a
peak, the higher prominence it should be given. Using this kind of peak detection algorithm,
the peak at 122° might be chosen, which would give an error of 92°. By applying the
techniques described above, the peak is clear enough for any peak detection algorithm and

the error is 0°. This confirms that the techniques described herein are robust to noise.

Experiments have confirmed that the algorithm works in a scenario with a single point sound
source and high-level non-stationary acoustical background noise. The method improves the
localization robustness by utilizing a wider frequency range. There are many real-life scenarios
in which the embodiments described above can be beneficially implemented, including
localizing speech signals in cars with high-level engine noise, or in offices with servers, air

conditioning units and printer noise.

It should be understood that where this explanation and the accompanying claims refer to the
device doing something by performing certain steps or procedures or by implementing
particular techniques that does not preclude the device from performing other steps or
procedures or implementing other techniques as part of the same process. In other words,
where the device is described as doing something “by” certain specified means, the word “by”
is meant in the sense of the device performing a process “comprising” the specified means

rather than “consisting of” them.

The applicant hereby discloses in isolation each individual feature described herein and any
combination of two or more such features, to the extent that such features or combinations
are capable of being carried out based on the present specification as a whole in the light of
the common general knowledge of a person skilled in the art, irrespective of whether such
features or combinations of features solve any problems disclosed herein, and without
limitation to the scope of the claims. The applicant indicates that aspects of the present

invention may consist of any such individual feature or combination of features. In view of the
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foregoing description it will be evident to a person skilled in the art that various modifications

may be made within the scope of the invention.
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CLAIMS

1. An apparatus comprising a processor that is configured to:

obtain a plurality of phase differences, wherein each phase difference represents a
difference in phase between a spectral component in a first sound signal, which is captured
by a first microphone, and a corresponding spectral component in a second sound signal,
which is captured by a second microphone, wherein each spectral component is part of a
signal spectrum for its respective sound signal, each signal spectrum representing its
respective sound signal as a plurality of spectral components that are each comprised in a
respective frequency band of a plurality of frequency bands of that sound signal;

estimate an aliasing frequency, wherein phase differences obtained from spectral
components that are comprised in frequency bands above the aliasing frequency are expected
to be wrapped; and

unwrap the plurality of phase differences in dependence on the estimated aliasing
frequency, wherein a phase difference obtained from spectral components that are comprised
in one frequency band is unwrapped independently of any phase difference obtained from

spectral components that are comprised in another frequency band.

2. The apparatus as claimed in claim 1, wherein the processor is configured to estimate
the aliasing frequency in dependence on phase differences obtained from spectral
components in more than three of the plurality of frequency bands that are comprised in the

first and second sound signals.

3. The apparatus as claimed in claim 1 or 2, wherein the processor is configured to
estimate the aliasing frequency in dependence on a fundamental frequency associated with
the phase differences obtained from the spectral components that are comprised in the first

and second sound signals.

4. The apparatus as claimed in any preceding claim, wherein the processor is configured
to estimate the aliasing frequency by:

autocorrelating phase differences that are obtained from spectral components
comprised in more than three of the plurality of frequency bands in the first and second sound
signals;

identifying a maximum or a minimum of that autocorrelation; and

estimating the aliasing frequency in dependence on a frequency that is associated with

that maximum or minimum.
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5. The apparatus as claimed in any preceding claim, wherein the processor is configured
to unwrap the phase difference obtained from spectral components comprised in a particular

frequency band by determining the unwrapped phase difference to be:

. Ny +i
P! =CI>i+2kd[ o Jn

a

where @;" is the unwrapped phase difference for frequency band i between a spectral
component comprised in the first sound signal that is comprised in frequency band i and a
spectral component comprised in the second sound signal that is also comprised in frequency
band i, ®; is the wrapped phase difference for frequency band i between a spectral
component comprised in the first sound signal that is comprised in frequency band i and a
spectral component comprised in the second sound signal that is also comprised in frequency
band i, N, is a frequency band corresponding to the estimated aliasing frequency, k, is an

unwrapping direction, and | |denotes a floor function.

6. The apparatus as claimed in any preceding claim, wherein the processor is configured
to, before it estimates the aliasing frequency:

for each spectral component in the first and second sound signals, obtain a covariance
matrix that represents the covariance of corresponding spectral components in the first and
second sound signals and determine an eigenvalue corresponding to an eigenvector of that
matrix;

identify any spectral components in the first and second sound signals that are
associated with a covariance matrix that has an eigenvalue that is below a predetermined
threshold;

disregard any phase difference that was obtained from one of the identified spectral
components when estimating the aliasing frequency.

determine a replacement phase difference by interpolating between phase differences
obtained from spectral components that were identified as having covariance matrices with
eigenvalues above the predetermined threshold; and

replace a disregarded phase difference with a replacement phase difference.

7. The apparatus as claimed in any preceding claim, wherein the processor is configured
to determine a wrapping direction in dependence on spectral components in more than three
of the plurality of frequency bands that are comprised in the first and second sound signals

and to unwrap the plurality of phase differences in dependence on that wrapping direction.
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8. The apparatus as claimed in any preceding claim, wherein the processor is configured
to determine a wrapping direction for unwrapping a phase difference by:
assigning each of the plurality of phase differences to one of one or more sets, wherein:
each set comprises phase differences obtained from spectral components that
are comprised in a particular segment of the plurality of frequency bands of the first
and second sound signals; and
a phase difference is assigned to one of the sets in dependence on the
estimated aliasing frequency, such that none of the phase differences assigned to a
particular set is wrapped relative to the other phase differences assigned to the same
set;
fitting a line to each set of phase differences; and
estimating the wrapping direction in dependence on the slopes of the lines fitted to

each set of phase differences.

9. The apparatus as claimed in claim 8, wherein the processor is configured to, before
fitting a line to each set of phase differences for estimating the wrapping direction, denoise the
phase differences in each set by:

fitting a line to each set of phase differences;

identifying any phase differences that should be classified as noise by determining a
distance between each phase difference in a respective set and the line fitted to that set and
classifying as noise any phase difference that is associated with a distance greater than an
adaptive threshold, said adaptive threshold being determined in dependence on a number of
phase differences that are respectively above or below the fitted line; and

removing any phase differences that are classified as being noise from their respective

set.

10. The apparatus as claimed in any preceding claim, wherein the processor is configured
to, after unwrapping the plurality of phase differences:

identify any phase difference that has been unwrapped incorrectly and correct that
unwrapped phase difference by:

fitting a line to the unwrapped phase differences;

identifying a phase difference that has been unwrapped incorrectly in dependence on
a difference between an unwrapped phase difference obtained from spectral components
comprised in a particular frequency band and a phase difference that is predicted for that

frequency band by a slope of the line fitted to the unwrapped phase differences.

24



10

15

20

25

30

35

WO 2018/095545 PCT/EP2016/078929

11. The apparatus as claimed in claim 10, wherein the processor is configured to
determine whether or not the phase differences should be unwrapped by:

summing the plurality of phase differences to obtain a first sum;

for each frequency band, determining a difference between an unwrapped phase
difference obtained from spectral components comprised in that particular frequency band and
a phase difference that is predicted for that frequency band by the slope of the line fitted to
the unwrapped phase differences;

summing the differences determined for the plurality of frequency bands to obtain a
second sum; and

determine whether or not the phase differences should not be unwrapped in

dependence on a difference between the first sum and the second sum.

12. The apparatus as claimed in any preceding claim, wherein the processor is configured
to denoise the unwrapped phase differences by repeatedly:

fitting a line to the unwrapped phase differences;

identifying any unwrapped phase differences that should be classified as noise by
determining a distance between each unwrapped phase difference and the fitted line and
classifying as noise any unwrapped phase difference that is associated with a distance that is
greater than a predetermined threshold;

removing any unwrapped phase differences that are classified as noise to form a
reduced set of phase differences; and

determining an overall error for the reduced set of unwrapped phase differences in
dependence on the distance between every unwrapped phase difference in the reduced set
and the line;

wherein the apparatus is configured to repeat the above steps of fitting, identifying,
removing and determining with progressively reduced sets of unwrapped phase differences
until it obtains a set of unwrapped phase differences for which the overall error is below a
predetermined threshold and/or a predetermined percentage of the unwrapped phase

differences have been removed.

13. The apparatus as claimed in any preceding claim, wherein the processor is configured
to determine a direction of arrival of the sound signal at the first microphone and the second

microphone in dependence on the unwrapped phase differences.
14. A method comprising:

obtaining a plurality of phase differences, wherein each phase difference represents a

difference in phase between a spectral component in a first sound signal, which is captured
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by a first microphone, and a corresponding spectral component in a second sound signal,
which is captured by a second microphone, wherein each spectral component is part of a
signal spectrum for its respective sound signal, each signal spectrum representing its
respective sound signal as a plurality of spectral components that are each comprised in a
respective frequency band of a plurality of frequency bands of that sound signal;

estimating an aliasing frequency, wherein phase differences obtained from spectral
components that are comprised in frequency bands above the aliasing frequency are expected
to be wrapped; and

unwrapping the plurality of phase differences in dependence on the estimated aliasing
frequency, wherein a phase difference obtained from spectral components that are comprised
in one frequency band is unwrapped independently of any phase difference obtained from

spectral components that are comprised in another frequency band.

15. A non-transitory machine readable storage medium having stored thereon processor
executable instructions implementing a method comprising:

obtaining a plurality of phase differences, wherein each phase difference represents a
difference in phase between a spectral component in a sound signal, which is captured by a
first microphone, and a corresponding spectral component in a second sound signal, which
is captured by a second microphone, wherein each spectral component is part of a signal
spectrum for its respective sound signal, each signal spectrum representing its respective
sound signal as a plurality of spectral components that are each comprised in a respective
frequency band of a plurality of frequency bands of that sound signal;

estimating an aliasing frequency, wherein phase differences obtained from spectral
components that are comprised in frequency bands above the aliasing frequency are expected
to be wrapped; and

unwrapping the plurality of phase differences in dependence on the estimated aliasing
frequency, wherein a phase difference obtained from spectral components that are comprised
in one frequency band is unwrapped independently of any phase difference obtained from

spectral components that are comprised in another frequency band.
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