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Abstract

The development of acoustic measurement technology gives opportunity to measure noise levels at
a convenient distance from the object, with respect to its the geometry and signal-to-noise ratio, and then to
calculate signal levels at the desired distance. The methods of acoustic holography is widely used here. To do
s0, the amplitude and phase of the signal must be measured in a sufficient number of points. Of great interest
is the measurement of the characteristics of broadband signal sources is of great interest. When solving such
a problem, two parameters are most important: the form of temporary realization and the average level of the
pressure field. The calculated waveform as a function of time is best illustrated by the example of pulse signals.
In the present work, describe the corresponding laboratory experiment conducted in an anechoic chamber. The
technique for reconstructing the far field is given, followed by the results of calculations and comparison with
experimental data.
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BoccranoBJjienne pacnpenejieHusI HMIOYJIbCHBIX CUTHAJIOB B IPOCTPAHCTBE
MeTrogaMu OJIN>KHENOJIBHOH aKyCTHYIeCKOl rojorpagun
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AHHOTAUA

OO U3 HANpaBJIeHHH DA3BUTHS METOAOB AKYCTHYECKHX H3MEDEHHI - 9TO MEPeXoj] K H3MEPEHHIO
VPOBHEIT HIyMa HA TOM PACCTOSHHH OT OOBEKTAa, IJie ITO YJ0OHO HCXO/S U3 T€OMETDHH U COOTHOINCHHS CHIHAJI-
IIyM, € TOCJEAYIOI[HM PAcdeTOM YPOBHSI CHTHAJA HA HHTEPECYIOIIEl JUCTAHIHH, C IPHMEHEHHEM MeTOJ0B
akycrudeckoii rojorpagun. Ilpm srom ammanryna u ¢a3a CHrHaJIa JOJXKHA ObITh H3MEDPEHa B JOCTATOTHOM
KostmgecTBe To4eK. Bosibinoit uHTepec nmpeacTaBiser H3MepeHne XapaKTePUCTHK HCTOYHHKOB IMTHPOKOMOJIOCHBIX
curgagoB. Ilpu permennn momo6HOH 3amatdd, eCaH Pedb HAeT 00 aKyCTHKe, HaHOOJee BAa’KHBIMH SIBJISTIOTCS
JiBa mapaMmerpa: (popMa BPEMEHHOH peau3amuud U CPeJHHil ypOBeHb 1oJis japiexus. DopMy BpeMeHHOIt
pean3amny HATJISIHee BCETO HCCJIEJOBATH HA MPHMEPE HMITYJIbCHBIX CHIHAJIOB. B Hacrosimeii pabore ommcan
COOTBETCTBYIOIIUIT TAOOPATOPHBII SKCIIEPHMEHT, ITPOBEJIEHHBII B O€39X0BOI KaMepe, METOIUKa, BOCCTAHOB/ICHUST
JTaJIBHErO MOJIsI, & TaK K€ Pe3YJIbTaThl PACIeTOB H CPABHEHHE C SKCIIEPHMEHTATbHBIMH JTAHHBIMIA.

KuroueBbre cioBa:  OJIMXKHEMOJIbHAST AKYCTHYECKAs TOJIOrpacpus, gajibHee MoJIe, HMILYJIbCHBIE

CUTHAJIBI.
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Introduction

The use of near-field holographic methods opens up possibilities for measuring
characteristics of sources under complex external conditions. For example, near-field methods
are used if it is necessary to measure the source field in the far zone, and this is not possible,
due to the limited size of the laboratory setup on which the experiment is being conducted.
For example, one can place a large-aperture sonar can in an anechoic pool to measure the
parameters of its signal in the near zone. Then a specific procedure is available to calculate
the radiation pattern in the Fraunhofer zone [1]|, while the size of the basin does not allow
direct measurements of the far field.

In the previous work [4], we described a number of methods for converting the results
of near-field measurements to the far zone. Continuous signals were considered in that work,
but the methods described above can be generalized to the case of broadband signals, which is
going to be done in this work. The application of near-field methods to the analysis of sources
of broadband signals is of particular interest to researchers [2, 3| in view of the great practical
importance of this issue.

When reconstructing the field of a broadband source in space, two aspects are of
interest: the average signal level and its waveform. Proper reconstruction of a waveform is best
illustrated by the example of pulsed signals. Methods for calculating the field in the far zone
are verified in the present work with the use of the results of near-field measurements for pulsed
signals.

1. Experimental installation

Similar to the previous work [4], the experiment was carried out in an anechoic chamber.
The installation diagram is shown in Fig. 1. The installation consisted of a loudspeaker
without an enclosure and a microphone. The measurements were carried out in a plane where
a system of thin metal cables was stretched, allowing the microphone to be fixed at the nodes
of a rectangular grid. The microphone was alternately installed in the grid nodes, the speaker
remained stationary. At each point, the same realization of the pulse signal was played, the start
time of the playback and the start time of the recording were synchronized. After combining
all the records, a general picture of the field in a plane was obtained. Records were made at
two heights of the speaker anchorage, which corresponded to the near and far zone. In the
first series of measurements, the speaker was located at a distance of z,.,. = 18 cm from the
measurement zone above its center and emitted a sequence of pulses, each of which had a
frequency of 1 kHz, a duration of 4 ms, and the time between pulses was 5 s. The estimate
of the Fresnel parameter is: F, = 1,53 (F, = AZnear/D?, here: X is the wavelength, D is the
size of the aperture of the loudspeaker). The measurement zone was a rectangle with sides of
192 cm and 131 cm. The distance between the nodes in both coordinates was variable and
averaged 12 cm. In the second case, the source was located at a distance z¢,, = 215 cm from
the measurement zone, which corresponds to the Fraunhofer zone (F, = 18,27). In Fig. 2 a
wave front is constructed along the line of sensors y = —84 c¢m, 2 = 2,047
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Fig. 1. Experimental installation
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Fig. 2. Temporal scan of the signal at several points along the line at the boundary of the
measuring zone

2. Analysis of the results
2.1. Signal processing of the synthesized planar antenna

To calculate the field, we use the reasoning given in [4,5]. Write the Kirchhoff —
Helmholtz integral, for this use the green function for the soft boundary and the fact that the
size of the measuring section of the plane in the near zone was taken large enough so that the
source field would fall along the edges and no stationary phase points appeared on the areas
outside it [6].
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R) = —% //p(ﬂzy)% (ei;R) ds (1)
S

where i — imaginary unit, p is the complex pressure amplitude [usually Pa, but conventional
units are used in this article - V|, single frequency is considered here, the transition to a wide
spectrum will be made below, k is the wave vector [m™!|, S - zone in the plane (2 = 2,,¢.,) where
pressure was measured, R set of vectors from nodes in near zone (x,y, Zyeqr) to the required
observation point |m|, n is the normal to the measurement plane. Formula (1) is called Huygens
second integral formula. Tt determines the value of sound pressure in a half-space based on the
known value of sound pressure on the plane. If the distance to the observation point is much
longer than the wavelength, then formula (1) can be converted as follows:

zk cos(a LR
~ etrar 2
p(R) = R / / zy)e™dS (2)

where 7 - set of vectors from the origin to the nodes of the measuring zone (x,y, Zyeqr) [m],
« is the angle [rad] between the normal to the measurement plane and R. Since we made an
assumption the R > r, now R can be understood as the radius vector from the center of the
plane to the required observation point in the far zone. This approach for calculating the far
field was called FPK (Far Plane Kirchhoff). Expression (2) can be generalized to the case of
wideband signals, and in particular for pulsed signals, by carrying out the standard procedure
of transition from the spectral to the temporal representation [7]. Then (2) takes the form:

SRR - scosa azp@ _Rr]> @

C ome

where ¢ is the speed of sound [m/s], As is the area of the cell [w?], r; is the vector at the j-th
measurement point in the near zone [m].

The values obtained by formula (3) were compared with the signals recorded at this
point in the far zone. Fig. 3 shows the results for several positions of the receiving microphone.
The calculated signals on these graphs are represented by a blue curve, the red line corresponds
to the measured signal at this point.
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Fig. 3. Comparison of the results of direct measurements in the far zone and calculations
based on near-field measurements. Microphone position: top plot: =0 cm, y = 0 cm,
2 = Zfqr = 215 cm, bottom plot = 24 cm, y = 24 cm, 2 = zp,,. FPK method. Acoustic
pressure is plotted in relative units over the vertical axis.

It can be seen from the graphs that this method, although quite simple, allows for
sufficient accuracy in restoring the signal in the far zone from near-field measurements, which
was demonstrated by comparison with the control signals recorded in the far zone.

The obtained results demonstrate that this method, with its simplicity, allows one to
restore the waveform and phase center of a signal in the far zone with sufficient accuracy. The
difference in amplitude is associated with the instability of the method, because the integral
in formula (2) can diverge in the general case. To show this, let us assume that the section S
is infinitely large and substitute the spherical wave as p. The origin of the spherical wave is
(0,0, 29). To reduce the calculations, assume o = 0, i.e. R is aligned with the z axis. After the
substitutions made and also assuming r > zp, we can rewrite expression (2) in the following
form:
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r 7

p(R) =~ ) /cos(?kr)dr + i/sin(ri)dr
0 0
where A\ — wavelength [m].

Considering the integration zone as a set of rings of A/4 width, one can notice that
both integrals turn into alternating series whose members do not decrease by absolute values:

A/8 3)/84nA\/4 A/4+nA /4
k
p(R) =~ —% / cos(2kr)dr + Z / cos(2kr)dr + i Z / sin(2kr)dr
0 " N/84n)/4 " ni/4

Therefore, equation (2) contains a diverging integral.

However the discussed integral is convergent for sources with a higher multipole order.
Coming back to the practical task of processing the measurement results, we note that the
calculation by formula (3) will result in a finite value due to the finite area of S and due to the
introduced apodizing factor. But the increase of the measuring section of the plane may not
lead to the expected result of increasing the accuracy. Therefore, the method is workable, and
in a number of tasks the achieved accuracy is sufficient.

2.2. Signal processing of the synthesized linear antenna

Next, consider the technique described in [5], and tested in [4], where it was called Far
Line Transfer (FLT). This technique allows to restore the field in the far zone, according to the
results of a linear antenna |7]. Here, this is simulated by sampling for processing data from
sensors located on one straight line in the plane of the source and the point at which the field
is restored, in this case the straight line is y =0, 2 = 0.

Introduce a cylindrical coordinate system with the z axis, ¢ is the angle between the
z axis and the axis of the receiving antenna [rad|, radius p = \/y? + 22 [m]. The acoustic field
can be expanded in cylindrical waves:

p(x,p0,p) = Z Z D1 Hy (Ko p) €08(10) + Ciom Hy (Komp) sin(lip)] etzm) (4)

l m

where by, ¢, - coefficient, H; — Hankel function of the [-th order, 1-st kind (sets the diverging
wave in the time dependence e '), wave number k,, = /k? — k2 [m~!], if a k* > k2,
otherwise k,, = i\/k2,, — k? and H(k,,p) attenuates with increasing p.

The main idea of the proposed method is to eliminate the summation over [ in
formula (4). To do this, specify the following limitation of the measurement method.

1. the length of the antenna must exceed the length of the source plus two radii of the
1-st Fresnel zone,

2. it is required to calculate the field in the floor of the plane formed by the axis of the
source and the axis of the antenna, here is the half-plane y = yo = 0, z > 0(¢ = 0).

3. the source should not have an overly complex radiation pattern in the y, z plane. The
expansion (4) of the source field can be limited in azimuthal indices to | < l,,42, and the restored
distribution in z in the far zone can be limited to harmonics kum < Ky mae = VA2 + K2,;,, Where
KminZnear = V lmam +1

The FLT method was described in [5]. According to the indicated work, it is possible
to calculate the field in the far zone at the point (Rsin«a, 3, Rcos ) in the following way:
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by NAZ | wzpeqr COS v

R 2mce (5)

where o — the angle between the direction perpendicular to the axis of the antenna and the
vector to a point in the far zone [rad|, N is the number of measuring points, the coefficient b,,-
be according to the formulas (6):

pla,R) =

b = [ bye™*dw

1 N/2 A (6)
bm - N Z hl (‘r”>p(xn7y07Znear)€(_2k’”"x")
N n=—N/2

where m* (coefficient index b,,+) is chosen so that k- /k = sin «.
hy — Hanning function, defined by the following formula (7):

1 27 (x, — o1 + Az /2)
hi(zn) = — (1 — cos .
1(@n) w ( €08 Ty — 1 + Az (7)
N
W be out of the normalization condition > hi(x,) = N.
n=1

The signal calculated using equation (5) is presented na Fig. 4
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Fig. 4. Restore a field at a point (0,0,2,,) using a linear antenna method «FLT». The
ordinate axis represents acoustic pressure in relative units

This method with good accuracy allows you to calculate the field in the far zone, using
a single measurement of a linear antenna.

Conclusion

The paper is devoted to comparing methods of near-field acoustic holography, applied
to pulsed signals. The restoration of the field in the far zone from the nearfield measurements
is in good agreement with the control measurements by the phase and the waveform. Using
the “linear antenna” method, the amplitude is also restored with high accuracy. The proposed
methods allow, for example, to measure the pulse transfer function of the speaker system
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without using an anechoic chamber, provided that the duration of the generated pulse allows
one to suppress the reflection from the walls by the gating method.
The authors are grateful to Prof. Huancai Lu for useful discussions.
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