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Remote Microphone Virtual Sensing with Nested Microphone Sub-Arrays
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This study uses the Remote Microphone Technique to investigate the use of nested
sub-arrays that incorporate either pressure, or both pressure and pressure gradient
information to estimate the pressure at remote locations in a random sound field. The
sub-arrays of either pressure sensors or closely spaced microphone pairs are nested
to form both uniform linear and circular arrays. The performance of the different
configurations is evaluated through both experiments and simulations in terms of
the level of estimation error and the spatial extent over which a low estimation error
can be achieved. The presented results show that the use of nested arrays of closely
spaced microphone pairs outperforms conventional arrays that use pressure alone,
both in terms of the estimation error and the size of the estimation zone. Overall,
the circular configurations are shown to outperform the equivalent linear configura-
tions. The gains in nominal performance, however, are paid for by an increase in the
condition number, which influences the robustness of these arrays to uncertainties.
The paper highlights the importance of array topology and the advantages provided
by the inclusion of pressure gradient information into the estimation of the pressure

at remote locations.
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Remote Microphone Virtual Sensing with Nested Microphone Sub-Arrays

I. INTRODUCTION

Active Noise Control (ANC) has been the subject of ongoing research for more than three
decades and has been proven to be effective in addressing various noise-related challenges
where passive control measures are either impractical due to weight and size restrictions, or
do not achieve sufficient levels of performance’. However, global control of noise throughout
an acoustic environment using active systems is limited due to both the observability and
controllability of the sound field>®. As a result, research has explored the use of ANC to
achieve attenuation of noise at specific locations in space, providing local control*. In con-
ventional local ANC applications, such as the active headrest®, the disturbance is controlled
at the location of monitoring microphones, however, in certain applications, placing micro-
phones at the position of interest is not feasible. For example, with the active headrest it
is not possible to position the monitoring microphones in or very close to the ears of the
user. To address this problem, various Virtual Sensing (VS) techniques have been proposed
to estimate the pressure at points away from the monitoring sensors and shift the zone of

local control to some desired remote position®.

Regardless of the VS method used, accurately estimating the sound field at the remote
positions is of paramount importance. Erroneous estimation can significantly impact the per-
formance of the system, limiting the maximum attainable attenuation’. Conventionally, VS
methods have primarily been investigated and implemented using omnidirectional sensors to
sample the disturbance field and acquire pressure information at discrete positions®’. How-

ever, incorporating pressure gradient information into the estimation process can improve
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the accuracy'” and enhance observability''. Moreover, strategies utilising pressure gradient

12-15

information to control the total acoustic energy and intensity'® have been shown to

outperform conventional pressure minimisation methods.

While sensors that directly measure pressure and particle velocity exist and have been

10,16

used in past studies'”'", pressure gradient components can also be estimated via the pressure

differential between closely spaced matched pressure microphones'”!®. The performance of
acoustic energy sensors based on this principle has been investigated both theoretically'® 2!

and experimentally’! and it has been shown that they can provide accurate measurements

of the pressure, pressure gradient, intensity and total acoustic energy.

Moreau et al.'” used the pressure at two closely spaced microphones to control the pressure
at a virtual microphone location along the axis of the microphones and showed that the
control performance is comparable to using the pressure and pressure gradient at a single
point. The study described in the current paper expands upon the virtual sensing aspect of
this previous work, by employing the Remote Microphone Technique (RMT) VS method®
with nested microphone arrays consisting of multiple pairs of closely spaced microphones
to estimate the pressure at virtual microphone locations over a two-dimensional grid. The
aim of this work is to investigate how nested microphone arrays built up from closely spaced
microphone pairs can reduce the estimation error and increase the spatial extent of the region
over which effective estimation can be achieved. Circular and linear arrays are considered,
highlighting the effects the number of microphones, array and sub-array geometries have on

estimation performance in each case.
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The paper is structured as follows: section II outlines the formulation of the RMT esti-
mation method; the considered experimental setup is presented in section I1I, which includes
a description of the different nested microphone array geometries considered; in section IV
the measured responses are used to implement the RMT and the estimation performance is
interrogated over a spatial grid of virtual microphone positions; to allow further insight into
the limitations of the different nested microphone array configurations, section V introduces
numerical simulations of the experimentally implemented microphone arrays, which allows
the estimation error to be explored over a greater spatial extent with finer resolution than
was possible in the experimental implementation; finally, section VI summarises the main

conclusions.

II. REMOTE MICROPHONE TECHNIQUE VIRTUAL SENSING

The generalised block diagram for a virtual sensing system is shown in Figure 1. In
this general case it is assumed that the pressure field is generated by N, primary sources,
whose complex source strengths are v = [vy, vg, . .. ,UNV]T, where []T denotes transposition,
and the frequency dependence has been suppressed for notational convenience. The signals
are assumed to be realisations of uncorrelated wide-sense stationary random processes and
are characterised by their power spectral densities. These primary sources generate the
disturbance signals measured at N, monitoring sensors, d,, = [dml, iy s - - - ,dmNm}T, and

N, virtual microphones, d, = [del, doyy .., deNJ T The disturbance signals can be expressed

4
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as
d,=P,v (1a)
d. = Pv, (1b)
where P,,e C™™™ and P.eC™""™ are the Frequency Response Functions (FRFs) between

the primary sources and the monitoring and virtual microphones respectively.

FIG. 1. Block diagram of a virtual sensing system, where the disturbance signals measured at
the error microphones, d., are estimated from the disturbance signals measured at the monitoring

microphones dy,, to give the estimated disturbance signals at the virtual locations, de.

As shown in Figure 1, according to the RMT, the disturbance field d, at the virtual
microphone locations is estimated by applying an observation filter O to the monitoring
microphone responses d,,,. The estimation error is defined as the difference between the true

and estimated disturbance at the virtual microphones, given as
e=d.—d.=d.—Od, =P.v—OP,v. (2)

The symbol [*] denotes that the value is an estimate. The optimal observation filter can be

calculated in the least-squares sense by minimising the cost function®”
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J=E [eHe} =tr {E [eeH}}
(3)
— tr {see 8,01 — Ost_ ¢ OSmmOH} ,
where E[-] is the expectation operator, tr{-} denotes the trace of a matrix, [-]" denotes
Hermitian transposition, S, and S,,, are the power spectral density matrices of the dis-
turbance field at the virtual and monitoring microphones respectively and S, is the cross
spectral density matrix between the monitoring and virtual microphone signals. Similarly,

the power spectral density matrix of the primary source strengths is S,, and the power and

cross spectral density matrices can be expressed as

See = E[dd;'| = PSP (4a)
Sum = E[dnd}| = PSS\ P (4b)
Sme = E[dcd}}] = PSP}, (4c)
Sw =E[vv]. (4d)

If the number of independent disturbance sources is greater than the number of microphones
in the monitoring array configuration, it is guaranteed that the power spectral density matrix

of the monitoring microphones, S,,,,, will be invertible and the optimal observation filter

~

O,,. can be calculated by minimisation of Equation 3, which gives™

~

Oopt = Sme (Smm + 61)71
(5)
= PeSVVPEl (PmSVVPg + 51)71 ;
where equations (4b) and (4c¢) have been used to expand Sy, and Sp.. The non-negative

real number 3 is a regularisation parameter, which can be frequency dependent and I is

an Ny, X Ny, identity matrix. Regularisation is used to constrain the magnitude of the
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observation filter®, which can increase robustness to uncertainties at the expense of reduced
estimation accuracy’ and is equivalent to introducing white noise to the measured monitoring
signals?>. The solution becomes increasingly less sensitive to uncertainties for higher values
of 3, but a bias is introduced leading to higher estimation errors.

If the system instead has more monitoring microphones than independent disturbance
sources, and so is overdetermined, the power spectral density matrix of the monitoring
microphones will become singular. In this case, the minimum-norm observation filter can

instead be used, which is given by
Ouptn = Po (PEP,, + 1) PIL (6)

The derivation of this form of the observation filter is provided in Appendix A. Substituting

the observation filter given by Equation 6 into Equation 2 gives the estimation error as

A

e=P.v— Oy uPnv
= P.v - P, (PIP, + 6I) ' PIP,v (7)
= P.v—-P.v=0.
Therefore, in the absence of noise, and when the regularisation parameter g is set to zero,
the observation filter in the overdetermined case given by Equation 6 will always result in
perfect estimation, regardless of the sound field or the spatial arrangement of the system
components.

The normalised mean squared estimation error is used in this work to quantify the esti-

mation performance and is defined as

L. = 10log;, (_tr {SGE}) ,

tr {Sce}

7
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where S.. = E[GGH] is the mean squared estimation error. The metric will acquire negative

values for good estimation with —oo representing perfect estimation accuracy.

ITII. EXPERIMENTAL SETUP AND PROCEDURE

A schematic diagram of the physical two-dimensional arrangement of sources and sensors
used in this work is illustrated in Figure 2. The setup was implemented in the anechoic
chamber at the Institute of Sound and Vibration Research, University of Southampton; this
allows the performance of the nested microphone arrays to be evaluated in a well-defined
acoustic environment before future work considers specific applications. A constellation
of sixteen Genelec 8020D loudspeakers were used as primary sources equispaced on the
circumference of a circle with a radius of 3 m. GRAS 40PL-10 and Briiel & Kjeer Type 4958-
A 1/4” omnidirectional microphones were used to implement two monitoring microphone
configurations, each consisting of sub-arrays of closely spaced microphones, which have been
defined to detect sound field contributions related to the pressure and the pressure gradient
in the different coordinate directions. A four-element Uniform Linear Array (ULA), whose
elements are denoted with L in the schematic, and a six-element Uniform Circular Array
(UCA), whose elements are marked with C, have been considered. The number of elements
in the UCA is chosen to be higher than the ULA to take into account the increased distance
between the array elements and the estimation positions. The distinct characteristics of
the arrays enable evaluation of the performance against the number of elements and inter-
element spacing for both array topologies. The ULA is positioned parallel to the global

x-axis, translated 0.19 m towards the negative y-direction. The UCA has a radius of 0.45 m
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and is centred at the origin with two of its elements being on the z-axis. The sub-arrays
consist of two orthogonal pairs of microphones, with the distance between the microphones
in each of the two pairs being 0.05 m, giving an aliasing frequency of 3.43 kHz. The ULA
has the sub-arrays orientated so that one pair of microphones is parallel to the y-axis and the
other to the z-axis. The sub-arrays forming the UCA have one pair of microphones aligned
radially and the other arranged circumferentially. The virtual microphone positions, at
which the monitoring arrays are utilised to estimate the disturbance pressure, are arranged
on a 0.4 m x 0.2 m grid. The distance between the positions is 0.025 m in each Cartesian
direction resulting in a 17 x 9 uniform grid, giving a total of 153 positions at which the

estimation performance is evaluated.

To investigate the estimation accuracy for the different monitoring microphone configu-
rations utilising the RMT described in section II, the responses between each of the sixteen
primary sources and all of the monitoring and virtual microphone positions have been mea-
sured. This was achieved using synchronised logarithmic sine sweeps®* with a duration of 2 s
and energy at frequencies from 50 Hz to 5 kHz and the impulse responses were then calcu-
lated via deconvolution. The signal acquisition was performed with a National Instruments
PXI-1033 system with a sampling frequency of 24 kHz. The FRFs from the sources to the
virtual microphone positions, P,, and to the monitoring microphones, P,,, were calculated

via Fourier transformation of the corresponding impulse responses.
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C | 04m o

0.2 m

weto

FIG. 2. Schematic diagram of the experimental configuration realised in an anechoic chamber.
Sixteen primary sources are located on the outer circle with a radius of 3 m. A four-element
uniform linear array denoted with L, and a six-element uniform circular array denoted with C,
are deployed as monitoring microphone configurations. The individual elements comprise sub-
arrays with four pressure sensors arranged on a cross shape. The virtual microphone positions are

uniformly arranged on a 0.4 m x 0.2 m rectangular grid.

10
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IV. EXPERIMENTAL RESULTS

This section presents an evaluation of the performance of the RMT estimation accuracy
for the experimental configuration described in section I11. Deriving from the ULA and UCA
microphone configurations shown in Figure 2, six distinct monitoring microphone arrange-
ments are investigated by using different subsets of the sub-array microphones, as shown in
Figure 3. Firstly, to facilitate comparison with previous literature utilising single pressure
sensors®*>?% the two array configurations shown in Figure 3 (A) were implemented by av-
eraging the responses of the four sub-array microphones to approximate a single pressure
sensor” at the centre of each sub-array; these two configurations are referred to as ULA; and
UCA; with four and six emulated sensors respectively. Secondly, the two array configura-
tions shown in Figure 3 (B) utilise a single microphone pair in each sub-array, thus providing
pressure gradient information in one direction'’*"; ULA,, utilises the four microphone pairs
parallel to the y-axis (giving a total of eight microphones) and UCA,. utilises the six radially
aligned microphone pairs (giving a total of twelve microphones). The final two microphone
array configurations are shown in Figure 3 (C) and consist of the fully populated sub-arrays,
which provide pressure gradient information in two directions, which results in the ULA,,

and UCA,, configurations, with sixteen and twenty-four microphones, respectively.

The optimal observation filters were calculated for each of the six microphone array
configurations using the measured FRFs and Equation 5, except in the case of UCA,,,
which due to there being less primary sources than monitoring microphones utilises the

overdetermined solution provided by Equation 6. In these calculations a random field was

11
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(A) ULA; and UCA;. (B) ULA, and UCA,. (C) ULA,y and ULA,.,.

FIG. 3. The six different monitoring microphone configurations investigated. Microphone pairs in
each sub-array are coloured differently and the grey rectangle corresponds to the grid of virtual
microphone positions. The configurations in (A) are implemented by averaging the response of
all four microphones of each sub-array to emulate a pressure sensor. The configurations in (B)

comprise a pair of microphones at each array element position and the configurations in (C) have

fully populated sub-arrays.

generated by assuming that the sixteen primary sources were uncorrelated with unity source
strength, which results in the power spectral density matrix S,, being an identity matrix

and the filters depending only on the FRFs*?.

A.

Spatial variation in the estimation performance

The estimation performance of the six monitoring microphone configurations described
in Figure 3 has initially been assessed over the grid of virtual microphone positions. The
normalised estimation error, as defined in Equation 8, averaged over octave frequency bands
with centre frequencies of 250 Hz, 500 Hz and 1 kHz, is depicted in Figure 4 for all configura-
tions. Regularisation was applied during the calculation of the observation filters to minimise

12
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numerical errors, with a frequency-independent regularisation parameter of 5 = 1072. The
term 10 dB estimation zone will be used here to define the area where the error is less than
—10 dB, with the solid lines in Figure 4 representing these zones. When the estimation zone

exceeds the virtual microphone positions, a solid line appears at the border of the grid.

1kHz 500Hz 250Hz

iisasginnses
Wi, NEEr — i

FIG. 4. Spatial distribution of the normalised mean squared estimation error over the virtual
microphone grid, as shown in Figure 3. The contours show the error averaged over the octave
bands with centre frequencies of 250 Hz, 500 Hz and 1 kHz. The solid lines denote the limits of the
area where the error is less than —10 dB. The array configurations are denoted on the top and the
subscripts represent the pairs in the sub-arrays, with p denoting the configuration with emulated

single pressure sensors.

The results presented in Figure 4 demonstrate that the estimation performance deteri-
orates with increasing frequency for all configurations. Moreover, increasing the number
of microphones within the arrays monotonically enhances the estimation accuracy and re-
sults in larger estimation zones. There is good agreement between these results and the
performance of microphone arrays in simulated diffuse fields*®, where the estimation zones

extended along the direction of microphone pairs, and the coherence between the monitor-

13
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ing and virtual positions was identified as the primary factor affecting estimation'%?’. Tt

is worth noting that, even though the arrays are designed to be symmetrical, the spatial
distribution of the error, especially for the UCAs, shows some degree of asymmetry, which

can be attributed to positioning errors in the implementation of the experimental setup.

From the results presented in Figure 4 it can be seen that the ULA configuration with
single pressure sensors, ULA;, fails to generate a 10 dB estimation zone in any frequency
band. The linear array configurations with sub-arrays containing two, ULA,, and four,

ULA,,, microphones show similar levels of performance to each other. At low frequencies,

zy)
both configurations achieve a 10 dB estimation zone extending beyond the area of the
virtual microphone grid. In the mid and high frequency octave bands, the ULA,, array
exhibits a slightly larger 10 dB estimation zone compared to the ULA, array. However,
this extension comes at the expense of doubling the total number of microphones from
eight to sixteen. In summary, it can be seen that for the ULA configurations increasing
the number of microphones from one to two per sub-array provides significantly higher

estimation performance, both in accuracy and spatial extent of the estimation zone, than

increasing the number of microphones in each sub-array from two to four.

Considering the results presented in Figure 4 for the UCA configurations, it can be seen
that in general they achieve higher spatial uniformity and estimation accuracy than their
ULA counterparts. The configuration with pressure sensing in each sub-array element ex-
hibits an estimation zone extending beyond the virtual microphone position grid at low
frequencies, which is a significant improvement when compared to the corresponding linear
array, although it does utilise six sensors rather than the four used by the ULA; configu-

14
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ration. The 10 dB estimation zone for the UCA configuration with two sensor sub-arrays,
UCA,, covers the majority of the virtual microphone positions in the 500 Hz octave band,
but in the high frequency band the error is greater than —10 dB over the whole virtual micro-
phone grid. Finally, the fully populated circular array, UCA,,, achieves a 10 dB estimation
zone larger than the virtual microphone grid over all three frequency bands, outperforming

all other configurations, but requiring 24 microphones.

The increased performance of the circular microphone configurations can be partly at-
tributed to the greater number of individual sub-arrays in each case. However, comparing
the fully populated linear array ULA,,, with sixteen microphones, and the circular con-
figuration with two-sensor sub-arrays, UCA,, with twelve microphones, can provide more
insight into the impact of the spatial distribution of the sensors on the estimation process.
The circular setup achieves a lower estimation error over the virtual microphone grid in
the low octave band and generates a larger 10 dB estimation zone with higher uniformity
in the mid frequency band. In the high frequency band, both configurations show com-
parable performance in the extent of the 10 dB estimation zones and minimum achievable
error. These results indicate, unsurprisingly, that the topology of the monitoring arrange-
ment significantly influences the estimation performance, which is consistent with previous
studies?>?%*", In particular, these results demonstrate that both the overall geometry of the
array (i.e. linear versus circular), as well as the configuration of the sub-arrays influences the
estimation performance. For example, the circular configurations provide a more distributed
sampling of the sound field than the linear arrays and, thus, tend to require less element
positions to accurately estimate the sound field at remote locations®'. This tendency may

15
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differ depending on the generated sound field, for example, if the sound field was generated
by sources located exclusively below the ULA as shown in Figure 3 and therefore incident

from a single direction, the ULA may in fact outperform the UCA.

B. Frequency dependence of the estimation performance

To this point, the evaluation of the monitoring microphone array configurations has
focused on the spatial distribution of the estimation error over three octave bands. However,
it is insightful to consider the performance in more detail over frequency. Figure 5 presents
the range and the mean value of the estimation error across the virtual microphone grid
for frequencies between 50 Hz and 1.5 kHz. From Figure 5(A) it can be seen that the
performance of the linear array with single pressure sensors, ULA;, exhibits the lowest
variability over the entire frequency range, however, with evidently very limited overall
performance. An error of —10 dB at all virtual microphone positions is achieved only at
very low frequencies, up to approximately 60 Hz. Increasing the number of microphones in
the sub-arrays of the ULA offers a significant increase in the performance, as also shown
in Figure 4, but the differences between the two, ULA,, and four, ULA,,, microphone sub-
array configurations is relatively small. There is a slight estimation performance increase for
ULA,, at frequencies exceeding about 1.1 kHz, but this is probably not sufficient to justify
the significant increase in the number of microphones required. It is also worth noting that
for all of the linear arrays, the range in the performance around the mean slightly decreases

with increasing frequency.

16
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FIG. 5. Estimation error over the virtual microphone grid achieved by the (A) linear configurations
and (B) circular configurations for frequencies from 50 Hz to 1.5 kHz. The solid lines indicate the
mean estimation error over the virtual microphone grid, while the shaded regions indicate the range

in estimation error over the full grid.

Figure 5(B) shows the corresponding results for the UCA configurations, which clearly
demonstrates the significant difference in the overall behaviour compared to the linear se-
tups. Compared to their ULA counterparts, the lowest frequency for which the error is
less than the —10 dB threshold is shifted higher in frequency for all UCA configurations.
However, the variation in the mean error over frequency is considerably larger over the in-
vestigated bandwidth, showing increased variability in the estimation. For frequencies up
to approximately 250 Hz, the estimation error and the spatial variation across the virtual
microphone grid are similar for all UCA sub-array configurations, and all circular setups

outperform the ULAs irrespective of the total number of microphones in the configuration.

Moving to higher frequencies, the UCA; configuration shows a pronounced reduction in
the estimation accuracy at around 280 Hz. This drop in performance occurs at the frequency
for which the zeroth order Bessel function associated with the array radius exhibits its first

17
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zero”?*?. The two UCA monitoring microphone configurations comprising multi-microphone
elements, UCA, and UCA,4, do not suffer from this problem, because the arrangement of
the sub-arrays means that the microphones lie on circles of different radii**. However, both
setups exhibit additional peaks in the estimation error, for example at around 550 Hz and
800 Hz, which can be associated with zeros of higher-order Bessel functions. Except for
the peak around 280 Hz, the UCA; array achieves a —10 dB error across the entire grid
up to approximately 380 Hz. This is a considerable frequency range extension compared to
the linear arrays, which at best achieved an estimation error below —10 dB for all virtual
microphone positions up to only 250 Hz. It is worth highlighting that the error for the UCA
with four-microphone sub-arrays, UCA, 4, is consistently less than —10 dB across the entire
grid for the full frequency range considered. Furthermore, the error remains below —20 dB
for a larger part of the presented frequency range. The performance of this configuration is
mainly attributed to the difference in the underlying formulation of the observation filter,
which for this array is given by Equation 6, because the number of microphones deployed
in this setup is larger than the number of independent disturbance sources. This behaviour

is discussed in greater detail in section V A below.

Overall, increasing the number of microphones improves performance both over space
and frequency. However, higher computational cost will inherently result from the increased
number of microphones. As discussed in this section and in section IV A, the topology of the
microphone array and the constituent sub-arrays significantly influences performance, sug-
gesting that careful configuration design can minimise the number of microphones required
to achieve a certain level of performance.

18



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

Remote Microphone Virtual Sensing with Nested Microphone Sub-Arrays

V. SIMULATION STUDY

The results presented in the previous section have shown, using FRFs from the experi-
mentally implemented array configurations shown in Figure 3, how the performance of the
different ULAs and UCAs incorporating different sub-array configurations varies over both
frequency and space. In particular, it is clear that the UCAs typically outperform the ULA
configurations, but more pertinently to this study is how the inclusion of closely spaced
pairs of microphones in the sub-arrays improves the estimation performance by effectively
incorporating pressure gradients into the estimation. The experimental study, however, is
limited by the practical density and size of the virtual microphone grid. To provide further
insight into the limits of the various nested microphone arrays considered here, this section
will present a numerical simulation study into the spatial limitations of the arrays. In the
first instance, the numerical simulations are described and their behaviour is tuned to be
consistent with the experimental implementation in terms of the condition number. Subse-
quently, the average estimation error over the virtual microphone grid is compared between
the numerical and experimental results, before the simulated system is utilised to explore
the spatial limits of the estimation error over a wider region of space than was possible in

the experimental system.

A. Simulated arrays

In this section, the performance of the considered arrays is numerically simulated with the

constituent microphones being modelled as ideal omnidirectional receivers. The disturbance

19
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field is generated by 64 monopoles evenly spaced on the circumference of a circle with a

radius of 7, = 3 m. The frequency response from a source to a receiver is expressed as**

Pnrn (W, T) = 4J7T_u;p e—janm7 (9)

where w is the angular frequency, equal to 27 f with f being the temporal frequency, k = w/c
is the wavenumber, with ¢ the speed of sound, j the imaginary unit for which j> = —1
is true, p is the density of the medium and r,, denotes the distance between the nth
source and mth receiver. The simulated configurations are consistent with the experimental
implementations, except a larger number of sources are used to generate the disturbance
sound field to overcome issues related to the matrix inversion required to calculate the
optimal observation filters.

In the simulated setup, the optimal observation filters for all array configurations can
be calculated using Equation 5. As briefly mentioned in section IV B, the calculation of
the optimal observation filters for the circular array with four-element sub-arrays, UCA,,
in the experimental investigation uses Equation 6 and this may lead to differences between
the experimental and simulated array performance which will be discussed in this section.
However, it is worth noting that, as illustrated in Figure 5(B), the normalised estimation
error achieved by the experimental setup does not reach —oo, as predicted by Equation 7, due
to experimental uncertainty introduced by electrical noise and positioning errors effectively
regularising the matrix inversion?’.

To facilitate a meaningful comparison between the experimental and simulated results in
the following sections, the condition number, x, of the regularised power spectral density
matrices has been matched by adjusting the regularisation in the simulated case. This has
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been achieved by applying a frequency-dependent regularisation in the calculation of the
observation filters using the simulated responses. The regularisation was tuned at the edge
frequencies of the octave bands with centre frequencies ranging from 62.5 Hz to 1 kHz and
shape-preserving cubic interpolation was subsequently applied to calculate the regularisation
factor for all frequencies of interest. The resulting condition numbers for the experimental
and simulated cases for all array configurations are shown in Figure 6. From these results
it can be seen that the simulated results are able to accurately match the predominant
characteristics of the experimentally derived condition number. It is important to highlight
that the ULA and UCA microphone configurations formed using the same sub-arrays exhibit
condition numbers of comparable magnitude, indicating the influence of the constituent sub-
arrays on the overall condition number. Additionally, it is worth noting that the general

modal behaviour of the circular arrays has been successfully reproduced in the simulations.

—ULA, - sim —ULA, - sim —ULA,, - sim| E. —TUCA, - sim —UCA, - sim —UCA,, - sim|
= ULA; - exp==ULA, - exp -~ ULA,, - exp| = UCA; - exp == UCA, - exp -+ UCA,, - exp)

210k €102k

10t 10'F

10°

0 I I I I I I I I I I I I I I
10 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

Frequency [Hz]| Frequency [Hz]|
(A) (B)

FIG. 6. Condition number & for the simulated and experimental monitoring microphone configura-
tions for the (A) linear, and (B) circular configurations. The condition number for the experimental

setups is shown with dashed lines (- -) and that for the simulated arrays with solid lines (-).
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B. Comparison of estimation for the simulated and experimental arrays

In this section, the performance of the experimental and simulated arrays is interrogated
over the virtual microphone grid shown in Figure 2. The frequency-dependent regularisation
introduced in section V A for the simulated case has been utilised here such that the exper-
imental and simulated arrays exhibit consistent conditioning. The average estimation error
is presented in Figure 7 and although the disturbance field was generated with a different
number of sources in the simulations compared to the experimental setup, the performance
of the simulated arrays is generally consistent over the majority of the presented spectrum.
On this note, according to Kennedy et al®°, the sound field in a circular region of radius
r. = 0.2 m, effectively covering the virtual microphone grid utilised in the experiments, can
be reproduced with 16 sources up to a frequency of about 1 kHz with a theoretical upper
normalised error bound of approximately —20 dB, regardless of the sound field complexity.
Thus, it may be relevant to note that discrepancies between the simulation and experimental
results at frequencies above around 1 kHz may be at least partially due to differences in the

generated sound fields, but are likely to have another explanation at lower frequencies.

Focusing initially on the ULA results presented in Figure 7(A), it is clear that for all three
ULA configurations the estimation error over frequency is consistent between the simulations
and experiments. It can be seen that some details that are observed in the experimental
results do not appear in the simulations, most notably the ripples in the estimation. However,

this is consistent with the corresponding deviations between the experimental and simulated
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=ULA, - sim =ULA, - sim —ULA,, - sim| =g

= ULA; - exp e+ ULA, - exp - ULA,, - exp| H =

30 i | i . 30 i i

200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Frequency [Hz| Frequency [Hz]

—UCA, - sim =UCA, - sim —UCA,y, - si
2= UCA, - exp == UCA, - exp - UCA,; - exp)

(A) (B)

FIG. 7. Average estimation error for the experimental and simulated (A) linear and (B) circular
configurations over the virtual microphone grid of Figure 2. The estimation error for the experi-
mental setups is shown with dashed lines (- -) and that for the simulated arrays with solid lines (-).
The vertical lines denote the edge frequencies of each octave and the horizontal lines the —20 dB

and —10 dB error

condition numbers, as shown in Figure 6(A), and can be related to the smoothly interpolated

regularisation factors utilised in the simulations.

In the case of the UCA results presented in Figure 7(B), it is clear that more significant
deviations between the simulation and experimental results arise compared to the ULA. For
the circular array with pressure sensing, UCA;, the results are consistent at higher frequen-
cies, however, the simulation results significantly outperform the experimental results at
lower frequencies. This discrepancy can be related to the high condition number at low fre-
quencies, as shown in Figure 6(B), making the performance susceptible to the uncertainties
inherent in the experimental case. In contrast, the estimation performance for the circular
arrays with one, UCA,, and two microphone pairs, UCA,,, shows exceptional consistency
between the simulation and experimental results up to around 700 Hz. However, at higher
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frequencies, larger deviations are observed, with significant discrepancies for the fully popu-
lated setup, which can primarily be attributed to the difference in the underlying formulation
of the observation filters. The experimental results show performance deterioration at fre-
quencies associated with the modal behaviour of the array, but due to the overdetermined
nature of this implementation, the performance is otherwise only limited by the inherent

19:20.23 - On the contrary, in the simulated case the sys-

uncertainties in the measurements
tem is underdetermined and the performance deteriorates as frequency increases, which is
consistent with the other microphone arrays. Nevertheless, this comparison between exper-
imental and simulated results helps to justify the use of the simulated systems to provide

more insight into the limitations of the various array configurations over a larger spatial

extent.

C. Simulated spatial estimation performance limits

To provide further insight into the spatial performance limits of the considered monitoring
microphone configurations, the simulated system described in section V B is used here to
assess the estimation performance over a larger region, defined by a 2 mx2 m area containing
an 81 x 81 square grid of equally spaced virtual microphone positions centred at the origin.
The disturbance field and the regularisation of the different array configurations are kept
as described in section V B. The —10 dB estimation zones for the octave bands with centre
frequencies of 250 Hz, 500 Hz and 1 kHz are illustrated in Figure 8. To facilitate comparison
with the error maps depicted in Figure 4, the area of the virtual microphone grid deployed
in the experimental setup is overlaid as a grey rectangle.
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—ULA; —ULA, —ULA,, —UCA; —UCA, —UCA,,,
fe = 500Hz f. = 1000Hz
1 1
0.5 0.5
E) 0 E) 0
) )

-0.5 -0.5
-1 -1

-1 0 1 -1 0 1

x [m] x [m]

FIG. 8. Estimation zones of the simulated array configurations averaged over octave bands with
centre frequencies f. = 250 Hz, 500 Hz and 1 kHz. The circles denote the sub-array element
positions for the ULA and the ‘x’ symbols denote the element sub-array positions for the UCA.
The virtual microphone grid deployed in the experiment is represented with a grey rectangle for

reference.

From the results presented in Figure 8 it can be seen that the —10 dB estimation zone for
the conventional ULA array using pressure sensors, ULA;, is an ellipsoid, with its principal
axis aligned along the axis of the array and its secondary axis orientated perpendicularly,
measuring about 0.1\ in length, where )\; denotes the wavelength at the centre frequency
of the octave band. As described in previous studies on both tonal and broadband noise,
comparably sized estimation zones were generated for bandpass filtered noise and tonal dis-
turbances with frequencies equal to the mid-frequency of the bands considered here®?"3%.
Consistent with the experimental results, the simulated —10 dB estimation zone for ULA;

does not encompass the grey rectangle denoting the experimental virtual microphone grid.

The simulated —10 dB estimation zones for the two ULAs comprising nested microphone
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arrays, ULA, and ULA,,, are also consistent with the experimental results. In the 250 Hz
octave band the zone encompasses the full extent of the experimental virtual microphone grid
and it can be seen in the simulated results that it encloses a much more significant region of
space covering an area of approximately 0.61 m?. In the 500 Hz octave band, the estimation
zones for ULA, and ULA,, cover about half of the experimental virtual microphone grid
area in the vertical direction, which is consistent with the experimental results presented
in Figure 4. However, the full extent of the simulated zone is significantly larger than the
experimental virtual microphone grid area, occupying an area of approximately 0.29 m?,
centred around the array. Finally, in the 1 kHz octave band the fully populated linear array

configuration, ULA,,, includes a small region of the experimental virtual microphone grid

zy>
in the estimation zone, which is again consistent with the experimental results. However,
the simulated estimation zone is in fact comparable in size to the experimental virtual mi-
crophone grid, albeit translated in the y-direction to be centred around the microphone
array. As previously observed in the experimental results, both linear array configurations
incorporating sub-arrays with closely spaced microphone pairs exhibit comparable perfor-
mance to each other, with notable differences primarily appearing in the 1 kHz octave band.
Additionally, it is interesting to highlight that the extent of the estimation zones along the

horizontal Cartesian axis are comparable, despite the higher number of microphones in this

direction for the ULA,, configuration.

In the case of the UCA configurations, in the 250 Hz frequency band, the estimation
zone for all three sub-array configurations encompasses the experimental virtual microphone

grid, which is consistent with the experimental results presented in Figure 4. However, it
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can be seen from the simulation results that the estimation zones do differ between the
three configurations. The conventional circular array, UCA;, approximates that of the
configuration with two-microphone sub-arrays, UCA,., with the zone in both cases extending
outwards from the microphone array in the radial directions aligning with the sub-array
elements. In the case of the circular array utilising four-element sub-arrays, UCA,4, a
unified circular estimation zone covering a significant region extending outwards from the
array is achieved with an area of approximately 2.4 m2. In the 500 Hz frequency band,
the three circular arrays show distinct behaviour, with the array utilising only pressure,
UCA;, generating estimation zones that, in two-dimensions, are circles concentrated around
the microphones with a radius of about 0.1)\s. These zones resemble the performance of
distinct pressure microphones as has been described in the literature on remote microphone
virtual sensing in random sound fields®!'%?>2%36  In the mid-frequency band, the UCA,
configuration is similar in form to that observed in the lower frequency band, but with a
smaller overall area and sharper regions extending in the radial directions towards the sub-
array elements. The fully populated circular array configuration, however, maintains an
extended estimation zone, with an area that is reduced to approximately 1.6 m? compared
to the low frequency band. Finally, in the 1 kHz octave band the UCA; configuration
continues to generate small estimation zones around each element, with dimensions of around
0.1)\;. The UCA, configuration also generates individual zones around the sub-arrays in this
frequency band, but in this case they are elongated radially along the direction of the sensor
pair, which gives an ellipsoid shape as described in [27]. Additionally, a small area of

effective estimation is also generated at the origin, which is also visible in the experimental
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results for the UCA, configuration. For the fully populated circular array, UCA,4, the
simulated behaviour is somewhat different from the experimental results, which showed
that the estimation zones encompassed the full experimental virtual microphone grid. In
the simulations, the —10 dB estimation zone includes a unified zone centred at the origin,
covering a circular area with a radius of about 0.3)\; with ellipsoid extensions towards the
array element positions and distinct zones centred at the element positions, extending about
0.4\ outwards. The difference between the simulated and experimental results in this case
can again be related to the different optimal observation filter calculations required in each
case, as discussed in relation to Figure 7.

Overall, the presented results agree well with previous studies on microphone arrays in
three-dimensional diffuse fields'”?"?®, demonstrating an extension of the —10 dB estimation
zones along the array axes. This suggests that sub-array pairs should be, in general, ori-
entated towards the virtual microphone positions to achieve an estimation zone extension
along that direction. Moreover, spherical sub-array configurations would provide angularly
uniform pressure gradient information, increasing spatial coherence radially around the array

elements resulting in uniform estimation zone extension in three dimensions.

VI. CONCLUSIONS

This paper has presented an investigation into the use of multi-microphone configura-
tions to estimate a stationary, random sound field at remote locations using the Remote
Microphone virtual sensing technique. The performance of monitoring microphone arrays
composed of nested sub-arrays is investigated with closely spaced microphone pairs used to

28



474

475

476

477

478

480

481

482

484

486

487

488

489

490

491

492

493

494

495

Remote Microphone Virtual Sensing with Nested Microphone Sub-Arrays

incorporate pressure-gradient information in the estimation process'’. Using subsets of the

sub-arrays, three linear and three circular configurations have been investigated.

The estimation performance for each array was initially assessed over a rectangular grid of
virtual microphones over a frequency range spanning almost five octaves using measurements
from an experimental implementation. In general, these results have shown that monitoring
microphone array configurations with sub-arrays containing closely spaced microphone pairs
outperform conventional arrays with single pressure sensors, both in terms of the level of
accuracy and the spatial extent of the region over which an accurate estimation is provided.
However, inclusion of closely spaced microphone pairs results in a greater variance in the
estimation performance over space and will also require a higher computational complex-
ity. The performance of linear array configurations showed significant degradation as the
distance between the array and the position at which the pressure is estimated is increased.
The circular configurations exhibit higher levels of performance compared to their linear
counterparts, but with higher variation over frequency due to their modal behaviour. The
presented results have highlighted that the microphone topology has a significant impact on
the estimation performance and the spatial distribution of the estimation error, with circular
configurations achieving higher estimation accuracy and larger estimation zones with fewer

microphones for the considered disturbance field.

Numerical simulations were carried out to assess the performance of the different ar-
ray configurations over a larger spatial grid. The behaviour of the simulated arrays was
matched to the experimental realisations by applying frequency-dependent regularisation
to match the condition number over frequency. To circumvent the numerical issue arising
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when the number of deployed microphones exceeds the number of sources in the system,
the simulations were performed with a larger array of primary disturbances compared to
the experimental implementation. Despite this difference in the number of independent pri-
mary sources, the performance of the simulated systems aligned well with the experimental
results. Finally, the simulations were used to investigate the performance of the considered
arrays over a larger area and these results have demonstrated the extent of the performance
gains that may be achieved by incorporating pressure gradient into the estimation process.
In the case of the linear arrays, there is a significant increase in the —10 dB estimation zone
by incorporating pressure gradient information in the y-coordinate direction, but further
inclusion of pressure gradient information in the z-coordinate direction only provides mod-
est performance gains. In the case of the circular arrays, significant extensions in the size
of the —10 dB estimation zone are achieved by incorporating either a single pair of closely
spaced microphones or two closely spaced microphone pairs. However, in all cases the arrays
become less well-conditioned when closely spaced microphone pairs are utilised and this may
limit the robustness of the array performance to practical uncertainties. Although this study
has only investigated the performance of nested arrays in sound fields without scattering
or reflecting objects, it has previously been demonstrated that the spatial correlation and
coherence increase in the vicinity of rigid scattering bodies. This means that the —10 dB
estimation zones are expected to increase in size close to the reflecting or scattering objects,
with the extension depending on the shape of the reflective object and its distance from the

7

estimation position®”. However, as noted variously throughout this paper, future work is

required to further explore practical aspects of the considered nested microphone arrays.
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APPENDIX: OVERDETERMINED SYSTEM

When the number of microphones exceeds the number of sources in the system, the power
spectral density matrix, S,,, as given in Equation 4b, is singular. Using Equation la and

Equation 1b the error in Equation 2 can be expressed as

e=d.—0d,, = (P.— OP,,)v. (A1)
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Since we want the error to be zero for all v, the trivial solution of v .= 0 is dropped. A
minimum norm observation filter that sets Equation A1 to zero can be formulated by solving

the following optimisation problem
min| O3, s.t. P, — OP, =0, (A2)

where 0 € RV here is the zero matrix and ||-||r denotes the Frobenius norm. The problem

can be solved using the method of Lagrange multipliers with the Lagrangian being®®
L(0,A) =tr {OO0" + R{A" (P, - OP,)}}, (A3)

where A € CNe*M is a matrix whose entries are the complex Lagrange multipliers A and
R {-} denotes the real part of an expression . The real part of A" (P, — OP,,) is taken
because the Lagrangian has to be a real function.

Using the fact that for a complex number z, the sum z + 2* = 2R {z}, with [-]" denoting

complex conjugation, to express the real part of A" (P, — OP,,) we get

R{A" (P.—OP,,)} :% [M" (P, — OP,,)
+ M" (P, — OP,,)"]
(Ad)
=A" (P, - OP,)
+ AT (P: - O*P}),

where A = %M Plugging Equation A4 into Equation A3 the Lagrangian is expressed as

L(0,A) =tr {00"} + tr {A" (P, — OP,,)}
(A5)

+tr {AT (P} — O*P})}.
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Treating O, O*, A and A* as independent variables and taking the partial derivatives of the

Lagrangian we get®’

g_é =0"— (AP})" = (O — AP])” (A6)
aag* =0 - AP! (A7)
g_ﬁ =P - 0P, = (P — OPy)’ (A8)
aajf* =P, - OP,, (A9)

where the dependency of the Lagrangian on the variables has been dropped for notational
convenience. Next, summing Equation A6 with Equation A7 and using the relation of the
sum of a complex variable with its conjugate used before, we can form the partial derivative

with respect to the real part of O like*

o __ oL oL
OR{0} 90 00~

= (0 - APY)" 4 (O — APY) (A10)

=2R{(0O—AP})}.

Similarly, by subtracting Equation A7 from Equation A6 and using the fact that z — 2* =
27 {z}, where Z denotes the imaginary part of an expression, we can form the partial deriva-
tive with respect to the imaginary part of O. Working in the same way for the derivatives
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555 with respect to A and A* we get

mf—{%} —2R {(0 — AP} (A1D)
% =27{(0 — AP})} (A12)
: Ra {ﬁ Ay 2R (P OPy)) (A13)
aIa{EA} —27 {(P, — OP,)}. (A14)

ss6  Combining Equation A1l with Equation A12 and Equation A13 with Equation A14 we get

ss7 the complex derivatives of the Lagrangian as

oL oL oL

— = ' =20 — 2AP}] Al5
90 ~ orR {0} 'az{0} z (A15)
oL oL oL
= _ ' = 2P, — 20P,,. A16
JA ~ ORIA} OTTA (AL6)
558 Next, setting Equation A15 equal to zero and solving for O gives
O = AP (A17)

ss0 Plugging Equation A17 into Equation A16, setting equal to zero and solving for A gives

-1

A =P, (P.P,) (A1)

soo  Using Equation A18 to express A in Equation A17 gives the minimum norm solution for
ss1 the observation filter

-1

Ouptu = Pe (PLP,) Pl =P.P!, (A19)

s2  where the term PI = (PEPm)_1 P is recognised as the Moore-Penrose, left inverse, of Py,
sss and this concludes the derivation.
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