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Abstract: The localization of outdoor acoustic sources has attracted attention in wireless sensor
networks. In this paper, the steered response power (SRP) localization of band-pass signal associated
with steering time delay uncertainty and coarser spatial grids is considered. We propose a modified
SRP-based source localization method for enhancing the localization robustness in outdoor scenarios.
In particular, we derive a sufficient condition dependent on the generalized cross-correlation (GCC)
waveform function for robust on-grid source localization and show that the SRP function with GCCs
satisfying this condition can suppress the disturbances induced by the grid distance and the uncertain
steering time delays. Then a GCC refinement procedure for band-pass GCCs is designed, which uses
complex wavelet functions in multiple sub-bands to filter the GCCs and averages the envelopes of
the filtered GCCs as the equivalent GCC to match the sufficient condition. Simulation results and
field experiments demonstrate the excellent performance of the proposed method against the existing
SRP-based methods.

Keywords: source localization; wireless acoustic sensor networks; steered response power; general-
ized cross-correlation

1. Introduction

With the rapid development of communication technology and mobile computing
devices, applications of wireless acoustic sensor networks (WASNs) are becoming pop-
ular in acoustic signal processing. Particularly, WASN-based sound source localization
has captured researchers’ attention in the last two decades [1-5]. The existing methods
available for passive source localization in WASNSs include (1) the received energy-based
approaches [6-9]; (2) the direction of arrival (DOA)-based approaches [10,11]; (3) the time
of arrival (TOA)-based approaches [12]; (4) the time difference of arrival (TDOA)-based
approaches [13-15] and (5) the steered response power (SRP)-based approaches [16-22].

Most methods require a pre-processing stage in which specific modalities are mea-
sured from sensor signals before the location-estimating stage. In contrast, the SRP-based
approaches locate the source position or direction by maximizing the power of spatially
steered filter and sum beamformer of a group of sensors and contain only one decision step
in processing sensor signals to estimate location. Without information compression and
disturbances resulting from partial mistakes in the front-end stage, the SRP-based solutions
can usually yield more robust performance in noisy and reverberant acoustic environments.
Practical implementations commonly use the generalized cross-correlation [23]-based form
of the SRP function [16] to reduce computation. The methods similar to the GCC-expression
of SRP function are also called a “global coherence field (GCF)” in several references [24,25].

In practice, the primary constraint of the SRP-based approaches is the time-consuming
on-grid searching procedure for finding their global maximums. Hence, it has been a hot
issue to reduce the computational cost for the SRP-based approaches. In [17], a stochastic

Sensors 2021, 21, 1591. https:/ /doi.org/10.3390/5s21051591

https://www.mdpi.com/journal/sensors


https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-1853-5903
https://orcid.org/0000-0001-5007-4567
https://orcid.org/0000-0001-8486-2377
https://doi.org/10.3390/s21051591
https://doi.org/10.3390/s21051591
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21051591
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/21/5/1591?type=check_update&version=3

Sensors 2021, 21, 1591

2 of 20

region construction (SRC) method is proposed to avoid global grid searching. However, this
strategy also causes information loss. In [26], a geometrically sampled grid set based on the
TDOA gradient is proposed to improve the SRP performances. An alternative strategy to
solve the high-cost searching problem is adopting some adaptive SRP functions regarding
the grid resolution to apply a coarse or a hierarchical searching. In [27], the authors use
the low-frequency component of GCC for coarse grid resolution and the high-frequency
component for fine grids in the SRP-based DOA estimation. In [28], the authors adopt a
Gaussian low-pass filter to the GCC for coarse grids. For full-band signals, a similar kind of
modification is proposed both in microphone arrays [29] and WASNs [18,19], respectively, in
which the spatial spectrum of a given grid is calculated from the sum of the phase-transform
weighted GCCs (GCC-Phase Transform (PHAT)s) within a time window containing the
TDOA values in the volume surrounding the grid, instead of the original GCC-PHAT in the
SRP function.

The SRP-based approaches can provide a robust solution in DOA estimation and
source localization tasks in confined spaces. However, they could lose their robustness in
an outdoor WASN scenario due to the synthetic effect of the following factors. (1) Grid
size, since the monitoring area in outdoor cases may become much more extensive than
the area of indoor applications, and the proper searching grids would be much coarser
(e.g., meter-level grids outdoors compared with centimeter-level grids indoors). (2) Steering
time delay uncertainty; in the classical SRP-based localization frame, the steering time
delay at a given position is generated from an ideal propagation model and is always
assumed to be entirely right. However, the steering time delay to the source position is
different from the actual propagation time. Such a difference becomes no more negligible
in the outdoor environment and causes a defocus effect, even though the WASN system
is well synchronized. (3) Signal passband; when processing the acoustic data collected
in outdoor environments, high-pass or band-pass filtering is indispensable because the
environmental noise is intense in the low-frequency range, and the source signals in the real
world often possess the band-pass characteristic. The synthetic effect of these three factors
would make it difficult to achieve stable localization results. The Modified-SRP functional
(MSRP) method introduced in [18,19] provides an elegant solution for scalable grids but it
is not suitable for band-pass signals. In [21], the authors elaborate on the SRP in band-pass
situations and use the GCC-PHAT envelope or frequency-shifted GCC-PHAT to enhance
the robustness in such situations. Nevertheless, the above two methods hardly consider the
other two factors (the grid and the steering time uncertainty). In [30], the authors propose a
Frequency-Sliding GCC (FSGCC) method, which uses singular value decomposition (SVD)
or weighted SVD (WSVD) on the FSGCC matrix and can intelligently extract time delay
information of the source signal from multiple sub-band GCCs. The authors adopt the
WSVD-FSGCC to the MSRP functional for source localization. This solution can provide
excellent localization performance in the band-pass situation with scalable grids. However,
in outdoor applications, the high computation cost of the SVD of giant matrices is inevitable
due to the long GCC range.

Previously, several common acoustic source placements have been proposed in outdoor
scenarios. They mostly focus on localizing the source from TDOA [31] and DOA [32,33]
measurements. Some uncertainties are then introduced by the estimation error of TDOA or
DOA estimating algorithms. Moreover, some useful information is also compressed, which
results in unstable performance. In this direction, in this paper, a robust SRP-based outdoor
source localization problem is discussed.

In this paper, a modified SRP-based method is proposed, in which the systematic
influence of the above inevitable factors in outdoor WASNs scenarios is considered. The
localization performance is analyzed using the normalized contribution of the signal com-
ponents in the SRP function. A sufficient condition dependent on the GCC waveform
function for robust on-grid SRP-based source localization is derived by geometrical analy-
sis. The SRP function using GCCs satisfying this condition can suppress the disturbances
induced by the grid distance and the uncertain steering time delay. A GCC refinement
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procedure for band-pass GCCs is then designed, which uses the complex wavelet functions
in multiple sub-bands to filter the GCC and averages the envelopes of the filtered GCCs as
the equivalent GCC to match the sufficient condition. Simulation results and field experi-
ments demonstrate the excellent performance of the proposed method against the existing
SRP-based methods.

The rest of this paper is organized as follows. In Section 2, the outdoor SRP-based
source localization problem is formulated. Section 3 gives the sufficient condition in brief
and introduces the GCC refinement procedure. The results of the simulation and the field
experiment are presented in Section 4. Conclusions are given in Section 5.

2. SRP-Based Localization in Outdoor Acoustic Sensor Network
2.1. System Models

We discuss the acoustic source localization problem in an N-dimensional Euclidean
space with M distributed microphones (M > N). Let x € RN be a spatial coordinate
vector. Specifically, define x; as the source location and z,, as the position of the m;, sensor
(m=1,2,...,M). Let s(t) be the source signal in the time domain, and the received signal
of the microphone at z;; can be modeled as

Ym[n] = [h(£) % 5(t) + wm (1)]6(t — n/F), @

where h,,(t) is the impulse response function representing the propagation of sound from
X; to z,, the operator “x” represents the convolution operation, wy,(t) stands for the
additive noise signal, and §(t — n/F;) denotes the sampling process at rate F;. When the
multi-path delay and non-linear distortion are neglected, the propagation function in the

frequency domain can be simplified as
Hpy(w) = Ameijwtmr 2)

where A;; € Ris the amplitude-attenuation factor and ¢, is the time delay factor. In the
frequency domain Equation (1) can be denoted as

Yiu(Q) = AnS(Q)e 15 + W, (Q), ®)

where Q) = w/F; € [—m, ] is the normalized angular frequency, Y;,(Q)) is the discrete-
time Fourier transform (DTFT) of y,,[n], S(Q) and W,,(Q) are the Fourier transforms of
s(t) and wy, (t), respectively.

Let 77,,(x) € R be the steering time delay function describing the time delay associated
with sound propagation from a given location x to z,,. In practice, it is commonly modeled
as the sound traveling time going through the line-of-sight (LOS) path with a constant
sound speed vg; i.e.,

M (x) = [|x = zm|[ /s, (4)
where “||.||” denotes the Euclidean distance. Note that 7,,(x) is not exactly the sound

propagation in reality. Then the SRP function, which is defined as the output power of the
filtered-and-sum beam-former, is given by:

M ‘ 2
Y Gun(Q) Yo (Q)efnEm ™)) g0y, (5)

where G, (Q) e/ 51m(X) is the filter associated with the m1;, sensor. It can be equivalently
expressed in term of GCCs [16]:

M

M
P(x) = 2”12 1 Ry (1m (x) — m1(x)), (6)
=1

m=
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where o
Rin(™) = 5= [ ¥1m(@¥(Q)Y; ()70 @)

denotes the GCC of the sensor pair {I,m}, T is the time lag, superscript “(.)*” represents
the conjugate operation, ¥, ,,(Q) = G;(Q)G;,(Q) and denotes the weight function of the
associated GCC. Ideally, each R;,,(7) achieves its peak at T = t,, — f; so that the SRP
function is supposed to achieve its maximum value at the source position xs, as shown in
Figure 1a,b. The Phase Transform (PHAT) weight function

¥ Q) = 1/[Y(Q)Y,(Q)] ®)

is widely used in the TDOA- and SRP-based localization applications. The PHAT-weighted
GCC is generally referred to as the GCC-PHAT, and the SRP using the GCC-PHAT is
generally referred to as the SRP-PHAT.

Removing those irrelevant and repetitive terms in Equation (6), the effective compo-
nent for source localization can be simplified as

M %
Pe(x) = ) 1Rl,m(77m(x) —m(x) = ZlRp (7p(x)), )
s

where p is the sequence number of the valid sensor pair ¢, = {I,m}(l < m) and is deduced
tobe p = (2M —1)(I — 1)/2 + m — I, varying from one to a combinatorial number C2,;
Tp(x) = #m(x) — 111(x) and can be referred to as the steering TDOA function.
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Figure 1. Comparison of the ideal steered response power (SRP)-based source localization in an ideal
case and with the unexpected effects (the symbols “0” and “+” represent the source position and the
estimated position, respectively): (a) SRP map (3D view); (b) Ideal SRP map (2D view); (c) defocus
effect from steering time uncertainties; (d) undersampled effect from coarse grid; (e) rippling effect

from band-pass generalized cross-correlations (GCCs); (f) combined effect.

2.2. Problem Formulation

The classical SRP-based localization method often lacks robustness in outdoor scenar-
ios. The steering time delay function #,,(x) in the SRP function is different from the sound
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propagation in reality denoted as 79, (x), and At (x) = 1, (x) — 1% (x) is denoted as the
steering time-uncertainty function. Similarly, the steering TDOA-uncertainty functions in a
pair of sensors can be expressed as

ATy (x) = At (x) — A1y (x) = Tp(x) — TS(X), (10)

where Tg (x) = 79 (x) — n7(x), representing the real steering TDOA function for a given
sensor pair c,. This term is usually negligible within a confined space, so it has been rarely
discussed in classical SRP models. However, in outdoor applications, the sound propa-
gation is much more unpredictable, resulting in enlarged uncertainty with the increase
in distances. The steering time uncertainty can easily be influenced by the geography,
temperature, wind, and self-localization error among sensors, and then yields a noticeable
defocus effect on the SRP map, as shown in Figure 1c. The GCCs would intersect with each
other dispersedly around x;.

Since the spatial spectrum generated by the SRP function contains many local extrema
and ridged areas, the maximal value of P(x) is usually found through a grid-searching
process. Consider a uniform sampling grid (USG) case in RN. Define X, as the set of grid
points in the candidate searching region (V € RN), and dg € R, Ng € R as the grid distance
and the total number of the grids in X, respectively, then the estimated on-grid location is
formulated as

X; = arg {(rg(): P(x) = arg ilé?(); Pr(x). (11)

Note that the localization precision depends on the gird resolution. A more accurate
estimation usually requires a smaller d¢. This will leads to a larger Ny and significantly
increased calculation burden because the number of grids is inversely proportional to
the Ny, power of dg (i.e., Ny  (dg) ™). Hence, the accuracy and feasibility can hardly
be balanced in an outdoor WASN system confronting a large search region, for which
the minimal grid resolution limited by computing power is much coarser than that in
indoor applications. However, most SRP approaches usually work well at subtle grid
resolutions, and coarser grid resolution has an undersampled effect, as shown in Figure 1d.
The searching process probably would miss the source peak.

It is known that the background noise always dominates at low frequencies in the
field environment, and real sound sources often show band-pass characteristics. Thus a
band-pass GCC is indeed required. However, the SRP-PHAT with a band-pass source
would cause a rippling effect [21], as shown in Figure le. The rippling effect does not
alter the location of the maximal value of the SRP function. However, it may lead to local
extrema and even fake peaks such that the SRP spectrum is susceptible to the two other
factors and shows a lack of robustness.

Under the influence of the synthetic effect of the above inevitable factors, the real-
world SRP output is illustrated in Figure 1f. It shows that classical SRP implementations
hardly deal with all these factors outdoors and yield a divergent localization result.

3. A Robust Outdoor SRP-Based Source Localization Method
3.1. On-Grid SRP-Based Localization Error Bound Condition

It is known that the SRP-based spatial spectra mainly depend on the phase information
of the source components. It is always reasonable to assume that the additive noise of
sensors is independent of each other and the source signal, and then it has no spatial prefer-
ence (which means that they have zero mean in the phase domain). Their contributions to
the SRP spectrum can be neglected and not related to the grid resolution and the steering
time uncertainty. Therefore, only the contribution of the source signal is considered in
analyzing the SRP function. With the terms of additive noise w,, (7) neglected, the weight
functions ¥, (Q2) of the sensor pair ¢, usually can be expressed as

¥,(Q) = B,¥o(Q), (12)
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where B, € R is an amplitude-scaling factor irrelevant to the frequency, and ¥o(Q) =
¥o(—Q) € R is a real function irrelevant to sensors. Substituting Equation (12) into
Equation (7), the GCC R,(T) can be rewritten as

B,A/ A, ) -
Rp('r) _ Ppiistm /7[ ‘I’O(Q)S(Q)S* (Q)e]QPS(T Tg(xs))dQ

B 1247[14 Ci?T (13)
_ Ppalam-0 0
T o RO(T K (XS>)'
where Cyp = max ‘ffﬂ ¥o(Q)S(Q)s* (Y740, and
T .
Ro(T) = ci / Yo(Q)S(Q)S*(0)el 740, (14)
0J-n

is the amplitude-normalized version of the weighted self-correlation function of the source
signal s(t). Hence, each GCC contains the same waveform function Ry(7) with different
time-shifting factors Tg(xs) and amplitude factors B, A; Ay /Cp. In practice, the range
information in amplitude is usually less stable or accurate than in time delay. Thus, a
normalized mapping function representing the contribution of the source component in

the SRP function can be constructed as

Ch
Fo(x,x:) = Ciz X Ro((x) ~19(x)) (15)
M p=

In the above equation, the amplitude factors B, A;A;, / Cp between different sensor
pairs are removed. Thus, each pair yields an equal contribution to the SRP function. Note
that Fr(x) € [—1,1] has a definite value range regardless of the sensor number M.

For a given grid distance dg € R, an arbitrary uniform sampling grid set in RN can
be expressed as

X (dg,x)) = {x 134 x = [mdg, ..., nndg) T, ... ny € z}, (16)

where xg € RN is the position of the origin of the set. Then the on-grid location estimation
is given by

%§ =arg max Fp(x,xs)

X€X (dg,xo)
| % (17)
frg arg xei}r}ijg) @ p;l RO (Tp (x) - Tp (Xs) + ATp (X)) .

It is worth pointing out that the grid resolution, the steering time uncertainty, and
band-pass issues are comprehensively considered in the above-simplified SRP function.

The grid issue should be unrelated to the origin position xg. In the real world, the
uncertainty functions ATy (x) are hard to closely describe due to many interference factors,
and it is reasonable to assume that they have an upper bound ATy (ie., |ATy (x) | < ATiax).
ATyay indicates the steering time delay uncertainty level and can be estimated from the
environmental and devices’ conditions. Thus, the robustness of the on-grid localization

problem can be described as: given a dg and a ATy, there exists a ¢ € (0, 00) such that

Define a level-passed area based on Fg(x, X; ):

<e (18)

)A(‘sg — Xs

M(a,x5) £ {x: Fe(x,xs) > a} CRY, (19)
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where a € R is the level-pass threshold. Then a sufficient condition can be obtained in the
following Proposition:

Proposition 1. if M(a,xs) N X (dg,x3) # @ and M(a,xs) is a bounded set (i.e., there exists
aepy € (0,00) such that ||x; — x| < ep for all x1, x € M(a,xs)), then Inequality (18)
is satisfied.

The proof is given in Appendix A.1. Thus, the robustness of the on-grid source
localization problem can be analyzed in terms of M (a, xs).

A practical example of M (a, x;) is depicted in Figure 2, and its area shrinks inwards
when « increases. The first sub-condition (M (a,xs) N X (dg, xg) # @) can be satisfied
when M («, xs) covers enough areas. The shape of M (a,xs) relates to a, Ro(7), Aty(x),
and sensor distribution, and it is generally irregular. Consider a closed ball BN (xo,r) £
{x:|x—=xo| <7r;x0,x € RN} with center x; and radius r. If

r>dgVN/2, (20)

then BN (xo,r) N X (dg, Xz) # @ is satisfied. The proof can be seen in Appendix A.2.
Consequently, if BN (xs,d g\/ﬁ /2) € M(a, x;), then the first sub-condition is satisfied.

15
X-Axis (m) 12 14 16 18 20
X-Axis (m)

Figure 2. Illustration of the level-pass area M («, x5). (Orange: M (0.3, x;); yellow green: M (0.2,x;);
celeste: M (0.1, xs)).

Figure 3 illustrates a typical waveform of Ry(7), the GCC-PHAT of the passband
[Qc — Qp, Oc + Qp| C (0, ], which can be expressed by

RgHAT—BP(T) — sinC(Q ks T) cos(QcFT). (21)

A valid Ry (7) is an even and bounded function (i.e., Ro(T) = Ro(—7) and Ro(7) €
[—1,1]) and contains a main-lobe around T = 0, where its maximum a,, lies. The maximum
side-lobe height (or the maximum value outside the main-lobe area if Ro(7) has no side-
lobes) can be denoted as a5, where a5 < ay,.

Let us define a function based on Ry(7) by

Tr(ar) = inf{|7| : Ro(7) < ar}, (22)

where ar € [ag, ap] is the level-pass threshold of GCC, “inf{.}" represents the infimum.
Tr (aT) represents the half-width of the level-passed section of Ry(7) within its main-lobe.
It follows that Ro(7) > ar if and only if T € (—Tgr(ar), Tr(ar)).
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Example of the GCC waveform function

T
1 B a?n 7]
1
1
| ar
s
05F ! -
1
1
L 1
= |
= 1
2 0 1
= 1
< 1
: T (ar)
—05k X _
1
1
1
1
—1F a 1 Ry (1) = sinc (22£:7) cos (Qc Fur)-
1

Time delay 7 (s)
Figure 3. An example of Ry(1).

Based on a geometrical analysis in Appendix A.3, if Ro(T) possesses the following

property:
Tr (DC) > dg\/ﬁ/vs + ATiax, (23)

then M («,xs) D BN (xs, dg VN /2). Therefore, the first sub-condition can be satisfied.

For all a such that & > max |||, 4001 FE(X, Xs) }, the second sub-condition (M (a, xs) isa
bounded set) is satisfied . The area of M (a, x;) is mainly the superposition of the projection
area of the main-lobe sections of GCCs belonging to individual sensor pairs. Denote

Ap(T,T) = {x: |1,(x) — | < T}

to be the projection area of the TDOA section [t¢ — T, t° 4 T] of sensor pair ¢,, where

T €[0,00) and 7° € [—Tg’“", T’T”x ] are the half-width and the central TDOA of the section,

respectively, and ;""" = [|z; — zu|/vs is the maximal TDOA value that this sensor pair
can produce.

For each sensor pair ¢, the solution set of the half hyperbolic equation 7, (x) = 7¢ can
be denoted as A, (7¢,0) and extends to infinity (i.e., there exists an x such that ||x|| = oo and
x € Ay(7%,0)). For two different sensor pairs ¢; and c;, if there exist a 7¥ € [—7/"¥, 7]
and a T]? € [—Tj’”‘”‘, T]T”“"} such that A;(7f,0) C A; (T]?,O) or Ai(t£,0) 2 A (T]?,O), then
the half hyperbolic functions 7;(x) = 7/ and 7;(x) = 7j are not independent. The sense
might occur when the sensors of these two pairs are co-linear or have the same axis of
symmetry; in the meantime, both 77 and 77 reach their extremum or become zero. In
WASNS, this case rarely happens because the sensor distributions are often irregular.
Despite this sense for all sensor pairs, the maximal value of Fg(x, xs) at infinity does not

exceed a linear combination of a,, and a;, which is given as

Cam + (C3 — C3)as
C2 '
M

Qinf = (24)

The detailed derivation can be found in Appendix A.4. If & > a;, fr then M (a,x)
is bounded.

Combining Inequality (23) and Equation (24) together, a sufficient condition for robust
on-grid source localization is given by

Tx (oc,-,, f) > dgV/N /05 + Atya. (25)
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It means that for a given grid distance d; and steering TDOA uncertainties within ATy, if
the GCC waveform function Ry(7) has a wide main-lobe satisfying this condition, then the
divergent on-grid location estimation can be avoided.

The SRP-PHAT generates a sharp GCC to increase the TDOA resolution for cases
with reverberation or multiple sources. However, as shown in Figure 3, the band-pass
effect would bring a narrow main-lobe section and strong side-lobes to the GCC waveform
function. It can hardly satisfy the requirement Inequality(25), which is also shown by the
poor performance of SRP-PHAT in Figure 1f. Next, we will introduce a GCC waveform
refinement procedure for the band-pass SRP.

3.2. Robust SRP-Based Source Localization with Refined GCC Waveform

The condition in Inequality (25) is too strict for band-pass GCC situations with coarse
grid resolution and perceptible steering TDOA uncertainties. Some classical GCC methods
utilized low-pass filtering to meet a broader main-lobe requirement, but they are not
applicable for band-pass signals. In this section, the GCC is refined to obtain a suitable
waveform to modify the SRP function.

Consider a complex wavelet function 9,(t,Q¢c) = u.(7)e/HT, where u,(t) €
L?(R) is an even symmetrical function. Applying 1. (T, Qc) as the filtering function on the
GCC-PHAT, the filtered output of ¢, can be denoted as

RGE(7,Qc) = R (T) * e (1,Q0), (26)
where RFPAT (1) is the GCC-PHAT of c;.

When the real function u,(7) has an effective support [—Qp, Q] C [—7, 7] in the
frequency domain, i.e.,

o0 QB QB
[ u@pPia- [ ju(@Pio < [ juo)Po, @7)
oo —{lp —iB

where U,(Q)) is the Fourier Transform of u.(7), and if the source is dominant in the
frequency band [Q¢ — Qp, Q¢ + Qp] C (0, 7], then the approximation

1 o Y, (Q)Y: (Q) .
RCF(1,0¢) = 7/ P 2 (0 — Q) e OBTI0)
2 27 ) T ()Y;, (@) L O
Qc+08 Y, (O)YF (O .

zi/ e+ Y (Y, ( )ue(Q—QC)eJQFﬂdQ
21 Jac-0; Yy, (Q)Y, (Q)]

~ o / I R (0 — )0 29
27t Jae-0p

~ % / IR, (0 - 00T

= te(7 — 7(xs) )T (x0)
exists. It can be observed that the approximate function carries the same envelope as 1,(T)
and extracts the TDOA information in [Q¢c — Qp, Q¢ + Qp].

Note that the RgF (1, Q) is equal to the time domain approach of the sub-band GCC
defined in [30]. Since the main goal is to obtain an equivalent GCC to match the sufficient
condition in Inequality (25), a lightweight approach is to average the envelope of those
filtered GCCs of multiple sub-bands in high SNR conditions. According to the power
spectral density (PSD) of source signal or other prior knowledge, N, valid sub-bands can
be selected with individual central frequency (). The final refined GCC is given by

7

1
RWR(7) = EZ‘R;?P(T, Qq)’ ~ [ue(t — (x,))
q
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which has a specific waveform function Ry(7) ~ |u.(7)|. Furthermore, the improved
spatial function is calculated as

2
Cu Ny

WR WR CF
PR (x) C2 ZR () = o quzqu‘R (1,(x), ). (29)

The selection u,(7) has a significant influence on the refinement of GCC. Its envelope
|ue(T)| provides the waveform function of refined GCCs. The suitable envelope of a
suitable u,(7) should have no side-lobes, i.e., |u.(T1)| > |u.(12)| > 0 for all |7y| < |12|.
Meanwhile, each U, (Q2 — €);) in the frequency domain serves as a band-pass filter, thus the
spectral distribution of U, (Q)) should be concentrated to satisfy Inequality (27). Gaussian
function given by

ue (1) = ¢~ (QuET)? (30)
which possesses the required properties both in the time domain and in the frequency
domain. Then the corresponding complex filtering function i, (7, (c) can be regarded as

a complex Morlet wavelet. According to (25), for a given grid distance dy and steering
TDOA uncertainty level ATy, the parameter ()5 can be given by

=vsvV—Ina/ (Fsdg\/ﬁ—i— USATmax>, (31)

where N is the space dimension, « is the threshold value, which usually can be set as
« = 0.5. Taking Equation (31) into Inequality (27) and dividing (27) by its right side term,

it yields
0 4 Q 4 Q 4
l/ o () 4 -/ o~ () d()] / </ > () dQ) <.
—o0 703 7QB
Thus, the relation of ); and () can be obtained by the following equivalent equation:

o Q (@)
mdU e*“%zo—/ Beﬂ4d0]/</ Beﬂ4d0> _
0 0 0

where c is an extremely small number. Then, it can be obtained that
Qp = 2c.Q)y, (32)

where c, is the positive solution of the following equation:

*Ey (x4) - 1‘ifcr<i),

where E,(x) = [ e 2dt, (x > 0) and T'(x) = JoF® = le~1dt, (x > 0). When c is set as
0.001(—30 dB), c. in Equation (32) can be obtained as 2.89.

A simulation is performed to illustrate the effect of the GCC waveform refinement
procedure on on-grid SRP-based source localization. As shown in Figure 4, the dot-dashed
box shows the range of TDOA within the volume of the nearest gird x, the dashed line
with “A” shows the real TDOA, which should coincide with the peak of the GCC; the dotted
line with “V” marks R, (7, (xg)), corresponding to the nearest gird x,. The Ry, (7y (x¢)) of
the traditional GCC-PHAT is small, thus leading to poor performance in grid searching.
In contrast, the proposed refining method generates a smooth waveform and high values
throughout the TDOA region indicated by the box in the figure.
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GCC-PHAT equivalent GCC with refined waveform
n: . - . . . :
i M —Ry(r) f
k] d [
= i b --—TDOA range of x,
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g g AR, (Tﬂ(x!7)>
< < 0.6
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(9] (5
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Z, --—TDOA range of x, Z 0.2}
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@) (b)

Figure 4. An example of refined GCC from field data: (a) GCC-Phase Transform (PHAT); (b) re-
fined GCC.

The modified algorithm with the GCC refinement procedure is shown in Algorithm 1,

QdFST)

in which 1, (7) = e~ ( ? is taken as the target waveform function.

Algorithm 1: SRP with the waveform refinement procedure

Parameter Setting

(1) Set the maximum steering TDOA error ATy = ATSay + AThay, Where the
sub-items At,, and AT, are determined by the wind and the synchronization
error of sensors, respectively.

(2) Set the grid distance dg and searching region )V that meet the system
requirement. Then the searching grid set X is generated.

(3) Set the waveform function u,(7) = e~ (WED? and o =0.5.

(4) Set ¢ =0.001 and compute the bandwidth ()p using Equation (32).

Band selecting

(1) Set up the passband [Qr, Q]

(2) Pick up N, highest PSD bands of the source or divide the passband uniformly.

Source Localization

(1) Calculate the refinement waveform (WR)-SRP function PR (x) by Equation
(29) at all x € X,.

(2) Estimate the source location X; by Equation (11).

4. Experiment Results and Discussion
4.1. Numerical Simulations

In this section, we use Monte Carlo simulations to analyze the efficiency of the pro-
posed SRP-based localization method (the SRP functional with the refinement waveform,
referred to as WR), compared with the traditional SRP functional with GCC-PHAT (PS), the
SRP functional—the envelope of GCC-PHAT (PES) that is designed for acoustic band-pass
signals [21], the modified-SRP (M-SRP) functional with GCC-PHAT (PM) [18] in which
grid resolution is considered, and the M-SRP functional with the envelope of GCC-PHAT
(PEM) in which both band-pass and grid resolution are considered.

In this setup, M = 8 sensors and one source are randomly deployed in a monitored
area of 200 m by 200 m . The propagation model is set to be the line-of-sight path with a
constant sound speed of 345 m/s. The input GCCs are generated by the waveform function
in Equation (21) with passband of [0.157,0.47t]. The steering TDOA uncertainty Aty (x)
uniformly distributes over [—ATyax, ATiax], where ATy, is the maximal time uncertainty
dependent on the sound-propagation model error and the synchronization error.

We consider four different conditions in WASNSs to test the algorithms: (a) a small
steering TDOA uncertainty and small grid distance (STSG) condition with ATz = 0.1 ms,
dy = 0.1m, (b) a large steering TDOA uncertainty and small grid distance (LTSG) condition
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with ATy = 100 ms, dg = 0.1 m, (c) a small steering TDOA uncertainty and large grid
distance (STLG) condition with AT,y = 0.1 ms, dg = 10 m, (d) a large steering TDOA
uncertainty and large grid distance (LTLG) condition with ATy, = 100 ms or dg = 10 m.

The mean absolute error (MAE) E{||Xs — x;|| } of distance and the cumulative distribu-
tion function (CDF) of estimation errors of relative distance are calculated to evaluate the
accuracy and robustness of these algorithms, where the relative distance in the cumulative
distribution function (CDF) is normalized by the grid distance, i.e.,

Fleu) = P{[% — xs[|/dg < eu}, (33)

where ¢, is the relative positioning error that is determined as the system requirement.
Specifically, the 95th percentile of the localization error in meters is computed as F~1(0.95) - d.

The MAE and 95th percentile results are listed in Table 1. All the localization algo-
rithms can obtain the best estimation accuracy in the STSD condition in which the defocus
effect and undersampled effect are slight. When the steering TDOA uncertainty or the grid
distance increases, the MAE would increase. However, compared with the PS, PES, PM,
and PEM methods, the MAE in the WR has almost the smallest estimate error because all
these factors have been considered. The 95th percentile has similar results with the MAE,
which indicates that the proposed WR method has a stable localization performance in
outdoor conditions.

Table 1. Mean absolute error (MAE) and 95th percentile under different conditions in the simulation.

MAE (m)

Condition PS PES PM PEM WR
STSG 0.81 0.07 1.01 0.07 0.06
LTSG 4453 29.27 52.04 36.37 13.16
STLG 51.90 15.39 4297 4.07 4.46
LTLG 77.64 50.74 70.37 22.88 13.65

95th percentile (m)

Condition PS PES PM PEM WR
STSG 2.83 0.17 2.99 0.18 0.17
LTSG 123.13 82.61 128.10 118.61 33.43
STLG 147.04 58.81 124.39 7.11 9.24
LTLG 172.37 139.73 163.95 74.07 34.68

Figure 5a—d depict the CDF of each algorithm in the range e, € [0.5,100 m/d,] under
the four conditions. Specifically, the CDF curves will increase rapidly with the location error
in the fine condition, and then the estimate errors are the smallest for all the algorithms
in the STSG. The CDF curve will move down as the grid distance dgy and steering TDOA
uncertainty AT,y increase, such as in the LTSG, STLG, and LTLG. Since the steering TDOA
uncertainty is not considered in PES and PEM, their descent range of CDF in the SDLG
is lower than that in the LDSG. Among these localization algorithms, the CDF of the WR
is the highest or very close to the highest (STLG), and the PEM method is better than the
PS, PES, and PM. The proposed WR method is very robust even though the condition
becomes abominable.
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Figure 5. Simulation comparison in the cumulative distribution function (CDF) of relative distance
error. (a) small steering time difference of arrival (TDOA) uncertainty and small grid distance
(STSG); (b) large steering TDOA uncertainty and small grid distance (LTSG); (c) small steering TDOA
uncertainty and large grid distance (STLG); (d) large steering TDOA uncertainty and large grid
distance (LTLG).

Furthermore, Figure 6 presents the MAE in four situations: (a) fixed small steering
TDOA uncertainty (ST) with ATyay= 0.1 ms, dg ranges from 0.1 m to 50 m; (b) fixed
large steering TDOA uncertainty level (LT) with ATy,= 100 ms, d¢ ranges from 0.1 m
to 50 m; (c) fixed small grid distance (SG) with d¢= 0.1 m, ATy,y range from 0.1 ms to
100 ms; (d) fixed large grid distance (LG) with dg= 10 m, ATy,y range from 0.1 ms to
100 ms. The MAE increases with dg or ATy, significantly, and this indicates that the
steering TDOA uncertainty and grid distance have a severe influence on the performance
of source localization. In each situation, the PS and PM produce larger MAE than the other
algorithms when dg and AT,y are small because they are not applied to band-pass signals.
Since the scalable grid sampling and steering TDOA uncertainty are not considered in
the PES, it shows reliable performance only when dg < 1mand ATy < 1ms. The PEM
considered both grid size and band-pass effect; thus, it achieves the best performance in
the small ATy case. However, the MAE becomes worse when the influence caused by
the steering TDOA uncertainties is more significant than by the grid size. The WR obtains
the MAE close to the PEM when ATy, is small. Moreover, it is the smallest in all the other
situations. These results abundantly demonstrate its excellent robust performance.
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Figure 6. The mean absolute errors (MAEs) under different conditions. (a) small steering TDOA
uncertainty (ST) (ATygx= 0.1 ms, dg € [0.1 m,50 m]); (b) large steering TDOA uncertainty level (LT)
(ATiax=100ms, dg € [0.1 m,50 m]); (c) small grid distance (SG) (dg = 0.1 m, ATyay € [0.1 ms,100 ms]);
(d) large grid distance (LG) (dg = 10 m, ATyqx €(0.1 ms,100 ms)).

4.2. Field Experiment

In this experiment, seven nodes are distributed in a park, as shown in Figure 7a,b.
Each node consists of a microphone sensor, a Wi-Fi module, and a GPS module for self-
localization and time calibration. The monitoring area has the same 200 m x 200 m in
addition with a hillock. A portable speaker generates the sound signals at 12 positions
inside the area, such as the Gaussian signal (5-G), the whistle of vehicles (S-V) representing
an urban source, and birdsong (S-B) representing a field source. The temperature was
approximately 30 °C, and the wind speed is slower than 3 m/s. Therefore, in the proposed
method AT,y can be set to be 10 ms fully considering the self-localization error of the
sensors and the effect of wind.

The sampling frequency is 10,000 Hz and Figure 7c shows the PSDs of both the
background noise and received source signals, which are obtained with the Burg method
of 50 order number and 2048 FFT length. The PSDs of the source signals are collected at
about 30 m away from the speaker. Because the environmental noise is mainly distributed
in the frequency bands below 1500 Hz, the passband is set to be (1500 Hz, 3500 Hz) for
all sources. The estimated SNRs are shown in Figure 7d, and the SNRs of the full band
(0, 5000 Hz) and of the passband (1500 Hz, 3500 Hz) are plotted in solid lines and dashed
lines, respectively. For the three source types, the SNR is improved by 20 dB~30 dB.
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Figure 7. Setup of the field experiment (a) Device. (b) Distribution. (c) Estimated power spectrum
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density of sensor signal 30 m away from source. (d) Estimated signal to noise ratio.

The recorded data are divided into 1242 two-second audio frames. SRP algorithms
with full-band and band-pass cross-correlation (referred to as CSF and CSB) are added to
analyze the necessity of band-pass signals. The PS and PM are not included since they have
been proven unreliable in the simulation. Then the candidate SRP-based locators compared
in this sub-section include: (1) SRP with full-band GCC (CSF), (2) SRP with band-pass
GCC (CSB), (3) SRP with the envelope of band-pass GCC-PHAT (PES), (4) MSRP with the
envelope of band-pass GCC-PHAT (PEM) and (5) WR-SRP with band-pass GCC (WR). A
well known TDOA-based localization method [13] (referred to as TC) is also compared as a
reference in which the TDOAs are obtained by band-pass GCC-PHATs.

The MAE and the 95th percentile of the localization errors of the TC method and the
SRP-based methods with different grid distances (d¢ € {0.1,1,10} m) are listed in Table 2.
Moreover the MAEs with grid distance dg ranging from 0.1 m to 50 m are presented in
Figure 8a. Figure 8b—d give the CDF curves at the three grid distances (dg € {0.1,1,10} m).

Like the simulation, the MAEs increase and the CDF curves move down as the grid
distance increases. The MAE of the TC method is the highest because some sensor pairs
might produce very severe TDOA measurements in noisy acoustic environments. Its CDF
curve also shows that the solution is not stable. By comparing the result of CSF and CSB,
the band-pass GCC can significantly enhance the SNR and the localization performance.
The PES and PEM obtain more significant localization errors and lack robustness, which
indicates the influence of the steering TDOA uncertainty is very remarkable. The proposed
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WR method achieves the best estimation for all the grid distances, which thoroughly verifies
its effectiveness.

Table 2. Mean absolute error (MAE) and 95th percentile under different conditions in the field exper-
iment.

MAE (m)
Condition TC CSF CSB PES PEM WR
no grid 102.2 - - - - -
de=01m - 79.2 23.5 7.1 18.7 1.4
dg=1m - 83.0 33.0 12.6 27.4 2.0
dg=10m - 93.3 66.0 42.6 46.1 7.2
95th percentile (m)
Condition TC CSF CSB PES PEM WR
no grid 322.8 - - - - -
dg=01m - 146.5 100.8 53.7 105.0 54
de=1m - 150.4 113.1 91.6 105.1 6.0
dg=10m - 171.8 149.0 138.5 104.6 21.0
MAE comparison CDF of relative error (d, =0.1m)
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Figure 8. Experiment results: (a) MAE comparison; (b) CDF of relative error at d¢ = 0.1 m; (c) CDF
of relative error at d; = 1 m; (d) CDF of relative error at dg = 10 m.

5. Conclusions

In this work, a novel and robust Steered Response Power (SRP)-based source local-
ization approach is proposed to localize the band-pass source in outdoor WASNs with
steering time delay uncertainty and coarser spatial grids. The robustness of on-grid source
localization is analyzed by a sufficient condition, in which the relation between GCC signal
waveform and on-grid localization error is demonstrated. A band-pass GCC refinement
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procedure is designed to meet the sufficient condition for enhancing the on-grid source
localization performance. The Monte Carlo simulation and field experiment show that the
proposed method has a robust performance in outdoor WASNs scenarios, compared with
some state-of-the-art SRP-based methods.
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Appendix A

Appendix A.1
Proposition Al. if M(a,xs) N X (dg,x3) # @ and M(a,xs) is a bounded set (i.e., there exists

aepy € (0,00) such that ||x; — xo|| < ep forall xq, xp € M(a,xs)), then Inequality (18) will
be satisfied.

Proof of Proposition A1. For an arbitrary xg, if M(a,x;) N X (dg,x3) # @, there exists an
x; such that x; € M(a, xs) N X (dg, xg) Let £ be the estimated result from Equation (17).
Then FE()?§, Xs) > Fg(Xq,X%s) > a. According to the definition of M(a, xs), %8 e M (&, Xs)
holds. Since M(a,x;) is a bounded set, ||x,|| < oo. Then ||xs — x,|| is finite. Denote
em € (0,00) be abound of M(a,x;) and lete = )1 + ||xs — X,|| € (0,00). Then ||&8 — x| <
15 = xall + [Ixs = x5 <& O

Appendix A.2

Proposition A2. If a closed ball BN(x,,r) such that r > dg\/N/Z, then for all x
BN (x0,7) N X (dg, x3) # @ holds.

0 N
¢ € RV,

Proof of Proposition A2. Let BN (x,, ) be a closed ball with center x, and radius r. For an

arbitrary xg, € RN, the vector from x, to xg, is denoted as Ax° = x, — xg = [Axa’, el Ax?\,] T

. . Ax§) .
Given dg, € R, it deduces n{ = <d—x;>(k =1,...,N), where ”(.)” means the nearest integer.
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Therefore, we can find the grid point xg = xg, + [n‘{dg, .. ,n’f\]dg] T e X(dg, xg), so that
Xo — Xj = [Ax§ —nidy, ..., AxQy — niyd] T The distance yields

N 7d.\%> +/Nd
Z 8 _ 8
||xg 7x0|| S l_l( 2 ) - 2 .

Thus, if r > mdg/Z, then xg € BN(x,,7). Hence, X(dg,xg,) N BN(xp,7) # @
holds. O

Appendix A.3

Proposition A3. If the waveform function Ro(T) such that Tr(a) > 2r/vs + ATpax, then
BN(xs,7) C M(a,xs).

Proof of Proposition A3. Based on Equation (4), it derives that

|Tp(x) - Tp(x5)| = |11 (%) = m1(x) = 17m(xs) +171(xs) |
< 11m (%) = 1m (xs)| + [m1(xs) — 11 (x) |
_ = zmll = lIxs = zmll| + [Ix — 2z — [Ixs — z]]|
Us

< 2||x — x5 /vs

Given the steering TDOA uncertainty level ATy , for each x € BV (xg, ), the steering
TDOA function 7, (x) derives that

|Tp(x) - TS("S” = |Tp(x> - Tp("S) + ATP(XS)|
< (%) = Tp(xs)| + AT (xs)]
< 2||X - XsH/Us + ATnax
< 2r/vs + ATnax-

Since Tg(a) > 2r/vs + ATyax, according Equation (22), it derives that
Rp(Tp(x)) = Ro(Tp(x) — TS(XS)) >
holds for all ¢,. According to Equation (15), then for every x € BN (xs,7), the inequality
Fe(x,x5) > a

holds. According to Equation (19), BN (x;,7) € M (a,x;s) holds. [

Appendix A.4
Proposition Ad4. If for all two different pairs of sensors ¢; = {i,im } , ¢j = {ji, jm } in the WASNs
satisfy that Vti € [~z — 2z, ||, [|zi, — 2, |[1/vs and V77 € [=lzj, — 2;, ][, 2 — 2;,[l]/0s,

Ai(T£,0) € Aj (T]?,O) and Ai(T5,0) 2 A, (T]?, O), then

CZ CZ _ CZ
max {Fe(x,%x5)} < N + ( 2M N)%s
{lIxll =9, [l | <-+oo} 2,

holds.



Sensors 2021, 21, 1591 19 of 20

Proof of Proposition A4. For a spatial point x such that ||x|| = oo, let K € N be the total
number of sensor pairs ¢, such that x € A, (1'8 (xs), TR(as)) . According to Equation (15)
and Inequality (22), it follows that

Kay, 4+ (Cyp — K)as

FE(X, xs) <
Ch

(A1)

IfK > sz\] + 1, there exists a collection of N linear independent sensor pairs from those
(C% + 1) sensor pairs. Without the loss of generality, denote this collection as {c, ..., cy}-

Then for each x; € ﬂpN:1 Ap (Tg (xs), TR(as)), there exists an equation set such that:

™(xa) = T,

where 1§, € [Tg
tion A4 and since the sensor pairs are all linear independent, these N equations are linear
independent. Then it holds that ||x;|| # oo which is in contradiction with ||x|| = co. Thus
K < C%. According to Inequality (A1), it is easily obtain that Fg(x,xs) < (Cam + (C3; —
C3)as)/C3y. O

(xs) — Tr(as), Tg (xs) + TR(as)} . According to the condition of the Proposi-
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