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Abstract: Vector sound intensity probe can be used to determine the BO#\ sound source by measuring the three orthogonal
components of the sound-intensity vector. Typical vectamsl intensity probes are composed of six or four sensots syinmetric
structures. Such probes, in our opinion, are still not coiar@ for engineering implementation. A four-sensor vestund intensity
probe with arbitrary configurations is proposed here. Thelfle structure of this probe allows it easily fix in any ptatf. In this
paper, the direction finding algorithm based on this foursse probe is investigated first, then the error in direcéstimates caused
by instrument systematic error in sound intensity measargsnare analyzed theoretically. Last, simulation expeniisiare conducted
for testing the performance of DOA estimation based on trobe.

Keywords: vector sound intensity probe; sound intensity measurerfiemttion-of-arrival(DOA) estimation,four-sensorbdarary
configuration,error analysis

1 Introduction p is mass density of the fluid. Faljf[and Chung$]
modified this equation with the help of Fourier transforms

Sound intensity in its vector form became routinely to develop an expression suitable for digital signal

measurable since 1980s with the development ofProcessing.In the frequency domain, itis given by

two-channel analyzers and the discovery of the P (f)Po(f)
cross-spectral formulatiori[2] of the components of the I(f) = —Im1—Z =~ (2)
sound-intensity vector. In practice most sound-intensity 2mfpd

measurements are made using a probe consisting of twgypare Im[] indicates the imaginary paRy(f) andPs(f)
Sensors 'toldetermme the component of sound '”tins't\ére the Fourier-transformed two sensor sound pressure
perpendicular to a given measurement surfaCegjgnals. The symbol * represents complex conjugatfon,

Mathematically sognd intensity is expresse_zd as thegihe frequency in Hz. Since 1990s, a few pap&d][
product of acoustical pressure and velocity, where

is the arithmeti fh %ﬁ/e described four- or six-sensor probes that
pressure is the arithmetic mean of the pressures measur ultaneously measure all three components of the

by sensor pair and velocity is derived from the Pressurego ngd-intensity vector.

: ) - The six-sensor vector sound
difference B]. Therefore, the sound intensity is

intensity probef] is composed of three pairs of sensors
T with pairs aligned along orthogonal axes as shown in
I, = lim 1/7 pa(t) + pa(t) {_1/ pa(t) — p2(t) dt] gt figure 1. Each sensor pair provides one of the components
ToeT /T 2 P of the three dimensional intensity vectdss Iy and I,.

Q) Wherely, ly and |, also define the x, y and z Cartesian
Where |, is the instantaneous intensity along the line components. The four-transducer prd}é$ composed of
connecting the sensor pajp; and p, are the acoustical four sensors with sensors at each of vertices of a regular
pressures measured by sensor paiis the separation tetrahedron as shown in figure 2. With this arrangement,
between the acoustic centers of the pressure sensors, aptessures measured at the four vertices are averaged in

d
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pairs to give a finite-difference approximation of the intercept receiver 12 . These devices have made
pressure at each of the six midpoints of the edges of thémportant contributions to the Navy sonar community,
tetrahedron. The four-sensor vector sound intensity probevhere it is desirable to obtain an accurate DOA
can also measure the three orthogonal components afstimation or bearing to a low-frequency target from a
sound intensity at the center of the tetrahedron. single point in space. But the changeless structure
sometimes restricts its application. This paper proposes a
four-sensor vector sound intensity probe with arbitrary
configurations which has more flexible configuration than
the typical six- and four-sensor vector sound intensity
probe shown in figure 1 and figure 2. We investigate the
direction estimation algorithm based on this four-sensor
probe and analyze theoretically the error in direction
estimation caused by instrument systematic errors. And
we examine two examples of the application of probes
with arbitrary configurations to DOA estimation of an
underwater sound source by simulating.

2 DOA Estimation for Arbitrary Four-Sensor
Array Configurations

Fig. 2: Four-sensor vector sound intensity probe

The three componentk, Iy and I, of the sound
intensity vector can be used to find the direction of a
sound source using azimuth (horizontal) and elevation
(vertical) angle®) and .

tang = :—y cosf = Iz 3)

X l Fig. 3: A four-sensor vector sound intensity probe with arbitrary
i i geometry

Where sound intensity= , /12412 +12. It should be
noted that the signs of the different components of the
sound intensity vector provide the information needed to ~ As shown in figure 3, four sensors are arranged
avoid 180 deg ambiguities. Therefore, the vector soundarbitrarily but not in a same plane. The four sensors are
intensity probes can not only measure sound intensityassumed to be located at poirs A, B andC. Where
vector, but also find the direction of sound sources. AndpointO is selected as origin of Cartier Coordinate System
the main advantage of these vector probes over traditionadnd pointsO, A, B can form a plane which is selected as
scalar sensors is that they allow the use of fewer sensor$y plane. The coordinates of poin@® A, B andC are
and smaller array apertures, while maintaining (0,0,0), &,0,0) , &b, Yb, 0) and &, Yc, Z) respectively.
performance. This character makes vector sound intensityVherexa,Xs,yo,Xc, yc andzc are all knowndoa, dog and
probes very useful for locating a low-frequency doc are the distances from sensors at p@rb pointsA,
underwater sound source, while a traditional linearB .C, respectively. And they are all restricted ky << 1,
additive array of pressure sensors is too large to be fix invherek is the wave numbeyis the angle between vectors
smaller facilitiesB,10,11]. Two-dimensional acoustic OA andOB, and it can be expressed yas- tan‘li—g.
vector sensors have been used in several Navy systems, loa, log and loc are the components of the sound
like the DIFAR sonobuoy and the AN/WLR-9 acoustic intensityl caused by sound sour&along the directions
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of vectors OA,0B and OC The instantaneous sound So thez-component of vectadrcan be expressed as
intensity components can be calculated hi) @nd .
expressed as: docloc — Xcloa — Ye(log — loacosy) / siny

Z

1/% po(t) + pal(t) '71/ po(t) — pa(t) dt- at Now the three orthogonal componeiysly andl, can be
TJ)-3 2 L P d calculated by equation8] (9)and (L1),respectively. then

(11)

IZ:

loa = lim
OA T—00

T - i} the azimuthal anglep and elevation anglé® can be
log = lim 1/7 Po(t) + ps(t) _E/Mdt dt obtained by equation3]. Figure 4 shows two types of
ToeT )3 2 L P d J vector sound intensity probe maybe fix in some platforms
1 /%2 pot)+pct) [ 1 /pot)—pc(t) ] in real engineering implementation. The configuration of
- 2 _5/ fdt dt four sensors of the probe can be arbitrarily arranged to
i (4) adjust the form of instruments.

Where po(t), pa(t) , ps(t) and pc(t) are the
acoustical pressures measured by sound pressure sensor
located at pointsO, A, B and C. According to
cross-spectral formulation, the frequency domain of the
sound intensity components can be calculated by
equation 2) and expressed as

loc = lim =
C T eT g 2

1
loa(f) :—mlm[soA(f)]
los(f) = —T:;dmlm[sos(f)] (5) Y
loc(F) =~ 37 e mISec(1)
Where, ImBoa(f)], Im[Sos(f)] and Im[Soc(f)] are the @

imaginary part of the cross spectrum of the pressures
received at poinO and AB,C. To find the direction of
sound sourceS, the three orthogonal components of
sound intensity vector must be known. Then how to
measure the three orthogonal componégts, andl, by

the four-sensor vector sound intensity probe is the key
point. From the arrangement of the four sensors shown in
figure 3, we can deduce the relation betwég( log and

Ixoy - Ixoy is the projection of the sound intensity vector on b)
thexoy plane.

Fig. 4: two type vector sound intensity arrays fix on platforms
loa = Ixoy COSP (6)

log = |xoyCOS(V_ QO) (7)
The direction of vecto©A is the direction ofx-axis,

S0loa is thex-component of sound intensity vector. 3 Analysis of direction estimation error

Iy=loa (8) Many factors, namely, finite difference approximation for
) ) calculation, the phase mismatch between the measuring
Then they-component of the sound intensity vector can bechannels, the directional characteristics of the probe

expressed as itself, the presence of holding devices and the conditions
_ log — loaCOSy of the actual sound field will influence the accuracy of
ly = lxySINQ= ———— 9) sound measurement, and also influence the accuracy of

siny C : L
direction sensing. All measurement errors can be divided

Where loa, log and y are known qualities, and the into two types: bias errors and random erra8]
numerator sily # 0. Sound intensity can be written as Random errors reveal themselves by poor repeatability

I = (Ix,ly,l2), the dot product of andloc results ina and reproducibility, therefore it can always be

scalar can be given by recommended to repeat the measurement to reduce the
random error in practice. The detailed analysis of the
I -loc = Xclx+ Yely + Zl; (10) random error in sound intensity measurement and
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direction estimates are given by Thierdd]. Bias errors

are more subtle, no amount of averaging will reduce such

errors. According to Fahy4], systematic error is the

equation {4)into equationsg),(9) and (L1).

p3 sin(kdoa cosaoa + Adon)

IXZIOA:

distinct source of bias error which occur when estimating 21t pdoa
sound intensity using vector sound intensity probe. Most fo — IOACOSV P2 sin(kdog COSos + A dos)
important sources of system error are: (a) the Ily= - 211t pdemsin
finite-difference approximations(FDAE), (b) S _ y Tt pdossiny
phase-mismatch error and imbalance between the sensor  P§cosysin(kdoacosaoa +A¢on)
channels(IPME). In this section the direction estimation andeAsiny
error caused by systematic error in sound intensity Xe
measurement is deduced based on two assumptlons a)lz= —|oc— —loa— sin (|OB—|0ACOSV)
the vector sound intensity probe is located in the far-field 22? % % y
of the sound source, b) the sound field is a harmonic _ PgSin(kdoc cosaoc + Adoc)
sound filed. Here, the finite-difference approximation 2nfpz
error and phase-mismatch error are discussed together. 2\ sin(Kdop COSAoR + A
For a harmonic sound field of frequency, w, the (real) — Poye é fOBd o8 bos)
acoustic pressure received@tA, B andC are given as: Tt pdogZ: SIny
po(yccosv xcsiny) sin(kdoa coson +A¢oa)
06 — Pyl ko) 2mtf pdoazcsiny as)
pA — Poej [M_k(ro_dOACOSGOA>]

PR = Pyel [wt—k(ro—dog costos)] (12)

pc p— Poej [M7k<r07dOCCOSUOC>]

Where R, is the pressure amplitudé,is wave number,
rois the distance between the sound source and the origi
O. apa, Oos, Ooc are the angles of directions for the
incident plane wave of sound source with respect to th
vectors OA, OB and OC respectively. The relation
betweernx and direction of the sound sourag, @) is

COSOpa = SinB cosp
XpSiNB cos@ + y,sin@ sing

dos
Xc SinB cosy + ycsin@ sing + z.cosf

doc

COSapB =

(13)

COSOoc =

Then the three components of sound intensity along the

directions ofOA, OB andOC can be achieved by cross-
spectrum formulation expressed by equatig):

~  pgsin(kdoacosaoa + Adon)

OA= 27TfdeA

~  psin(kdog cosaos + Adog) 14
o = 27Tfpdo|3 ( )
i p sin(kdoc cosaoc + Adoc)

oc = 2mntf pdoc

WhereA¢on, Apos andAg¢oc are the instrument phase
difference between sensor at pofdtand sensors at point
A,B andC, respectively. The three orthogonal components
of sound intensity can be calculated by substitution

The (real) sound intensity of a plane wave which was
determined from acoustical pressure, using the so-called
far-field approximationf5,16] can be expressed &s- p3

/pc. Compare to the real sound intensity components with

estimated ones expressed by equatids),(the ratio
between the estimated value and the real value can be
expressed as

I Iy~ sin(kdoaCoSaoA+Adon)

Iy IsinBcosp kdoa cosaoa
f_y B Iy _ sin(kdog cosaog + APos)
ly Isinfsing  kdogsinysin@sing

B cosysin(kdoa cosapa + Adon)
kdoa sinysin@sing

Iz Iz
M =1, = Tcoso
 XcSin[k(xcsinB cosp+ ycsin@ sing -+ z.cosd) + Aoc]
N kzc cos@

Yo  SinK(X + Yp)Sinf cosp+ A¢os]
Z:siny kdog cos@
. (Ye€Osy—xcsiny) sin(kdoasin6 cosp+ A ¢on)
Z:siny kdoa cost

(16)

So, error in elevation angle and azimuth angle estimates
caused by the finite-difference approximation and phase-
mismatch can be shown as

06 06

aly aly a0l

= (my— 1) cosB cospsinB cosp+ (m,— 1)
cosBsingsin@sing — (mz— 1) sin6 coso
¢ e
dly dly

06

7)
Ap=

——Alx+ =—=Aly = (m,— my)sinB cosp
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In equations 16) and (7), the error in DOA estimates sound source by simulating. Here we consider the ocean
due to finite-difference approximation in sound intensity ambient noise is an isotropic noise field, which is made
measurements can be achieved by setting the phasgp of statistically independent waves arriving from all
mismatch between probe channels to zeros, i.epossible angles and is similar to the models described by
Apon = Adpos = Apoc = 0. And the error due to phase Cron and Shermaff]. We assume a monopole source in
mismatch can be achieved by assumingxsinx,x < 1. free field is located on a circle with elevation an§e60°
Here we chose a typical orthogonal four-sensor vectorand@=30" relative to the probe, and the azimuth angle is
sound intensity probe for an example to calculate thechanged fromp = 0 to 360 deg with steps of 10 deg. The
direction error caused by FDAE and IPME by equationsly, ly andl, components of the sound intensity vector are
(??) and (??) . We assume that the coordinates of the fourcalculated at each step by using the formula in equations
sensor point®, A, B andC are (0,0,0),4,0,0) , (0,d, 0) (8) ,(9) and (1), and the angl@ and ¢ are determined
and (0,0d), and Agon = Adog = Apoc = 0.5°. The  using the formula inJ). For reducing the random error in
sound source is located &t= 60° andp = 80° relativeto  DOA estimates due to ambient noise, each spectrum of
the probe. Figure 5 shows the direction measurementhe intensity componentsy, Iy and |, is consisting of
errors due to FDAE and IPME with the varying kd. The sixty spectral averages. The phase differences between
simulation results show that error due to FDAE increasessensors of the probe are
whenkd is increasing, while error due to IPME decreases.A¢oa = Apog = Apoc = 0.5°.The sound source radiated
This conclusion is consistent with the error in soundharmonic signal with frequenc§=800Hz and signal to
intensity measurement by vector sound intensitynoise ratio is 10dB.

probeflL7].
A.Direction finding with the four-sensor probe shown

in figure 4a)

We redraw
the configuration of the probe
shown in fig.4a) as the left
figure. Typically we assume
that the coordinates of
the four sensors of the probe
are 0(0,0,0), A(0.2,0,0),
B (0, 0.2, 0) andC(0,0,0.2).
That is,OA, OB andOC are
a) orthogonal to each other and their length are all equal to
0.2m. The results of direction finding are shown in figure
6 and 7. After averaging to reduce error due to ambient
noise, the errors in angle estimates are within 2

1 in direction estimates due to FDAE/(")
Lon e
L &

Ero

16 N
——— ermor in azimuth angle estimates. <

1| """ eror in elevation angle estimates | . LN
0 01 02 03 04 05 06 07 08 09 1
kd

B. Direction finding with the four-sensor probe shown
in figure 4b)

A four-sensor vector sound
intensity probe can be fixed in a
platform as shown in fig.4b). For
finding DOA of a sound source
by this probe, we must put these
four sensors in Cartier coordinate
system so that we can calculating

o A three orthogonal components of

sound intensity vector. As shown
in the left figure, sensoD is put

on the origin of the coordinate, sensdiis on thex-axis.

. The length ofOA is assumed to be 0.2m. VectoB and

4 Numerical results OA are designed to be orthogonal, and the distance

between them is set to be 0.2m. The lengthvafBC is

In this section we will examine some examples of the0.1m. The results of direction finding are shown in figure

application of four-sensor arrays with arbitrary 10 and 11. The results show that the errors in angle

configurations to the estimation of DOA of an underwater estimates are within in°3

b)

Fig. 5: Error in direction estimates caused by FDAE and IPME in
sound intensity measurement.a) Error caused by FDAE;b)Err
caused by IPME.
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5 Conclusion [16] A.D Pierce,An introduction to its physical principlesd
applications, AIP, New York, 39-42 (1989).

In this paper, we considered the DOA estimation for[17] M.L Munhal,An error inherent in the use of the two-

arbitrary Compared to the symmetric arrangement of  microphone method for gas pulsation measurement in a

pressure sensors of vector sound intensity probes, the reflective environment,Journal of Sound and Vibratgi2,

arbitrary configuration of four- sensor probe, appears to  539-541 (2001).

provide an unrestricted structure in engineering[18] B.F Cron and C.H Sherman, Spatial-correlation funeio

implementation. DOA estimation via the vector sound fro various noise models, Journal of Acoustic Society of

intensity probe we proposed here is still based on three =~ America34, 1732-1736 (1962).

orthogonal components of sound intensity measurements.
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