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Reflection of audio sounds generated by a parametric array

loudspeaker

Jiaxin Zhong,? Shuping Wang,” Ray Kirby,® and Xiaojun Qiu®
Centre for Audio, Acoustics, and Vibration, Engineering and Information Technology, University of Technology Sydney,

New South Wales 2007, Australia

ABSTRACT:

The reflection of audio sounds generated by a parametric array loudspeaker (PAL) is investigated in this paper. The
image source method and the non-paraxial PAL radiation model under the quasilinear approximation are used to
calculate the reflected audio sound from an infinitely large surface with an arbitrary incident angle. The effects of the
surface absorption in the ultrasound frequency range are studied, and the simulation and experiment results show
that the reflection behavior of audio sounds generated by a PAL is different from those generated by traditional audio
sources. The reason is that the reflected sound generated by the PAL consists of the reflection of audio sounds gener-
ated by incident ultrasounds and the audio sounds generated by the reflected ultrasound, and it is the latter that deter-
mines the directivity of the reflected audio sound. © 2020 Acoustical Society of America.
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I. INTRODUCTION

A parametric array loudspeaker (PAL) is an application
of the parametric acoustic array for radiating highly direc-
tional audio sounds in air."? Existing analytical models of
the PAL consider the sound radiation in free space but do
not pay much attention to its reflection, which is important
in many applications.> For example, PALs have been used
to measure the sound absorption coefficients of materials in
air*® and the reflection and transmission coefficients of
elastomeric materials underwater,”® and actively control the
binaural noise at human ears,” where the reflection happens
on the material surface or human skin and hair.

When a PAL radiates two intensive ultrasonic (primary)
waves at different frequencies in a free field, secondary
waves containing the difference-frequency wave (DFW; the
audio sound in air) are generated due to the nonlinearity.
The widely used model is based on the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation, which can be
solved with many methods analytically or numerically;
however, the results are usually only valid within the para-
xial region, about 20° from the transducer axis.'® A non-
paraxial model with better accuracy at wide angles was pro-
posed recently under the quasilinear aproximation,'' which
is extended in this paper to investigate the reflection of
audio sounds generated by a PAL.

When there is a reflecting surface near a PAL, both pri-
mary and secondary sound waves are reflected by the
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surface. The reflection by a pressure-release surface has
been studied for underwater applications.'? This model
assumes that the primary fields are plane waves within the
Rayleigh distance and spherical waves afterward, and the
analysis is based on the weak shock wave theory. It was
found that the DFW generated by the incident primary
waves is antiphase with itself after the pressure-release
reflection, while the DFW generated by the reflected pri-
mary waves is in-phase with the incident DFW. Therefore,
the DFW suffers from a phase cancellation effect and this
phenomenon has been observed in experiments.'? The stud-
ies were then extended to the finite size planar targets with
the weak nonlinearity by using a more accurate model."

The reflection of the water—air (pressure-release) inter-
face with a small grazing angle was modeled to investigate
its effects on acoustic communication in shallow-water
channels.'* Two theoretical models were proposed: a sim-
plified Westervelt model in which the primary waves are
highly attenuated within the collimated zone and a spherical
spreading model in which the interaction of primary waves
is significant in the far field spherically spreading beam.
Experiments were conducted at 5.4° and 7.7° grazing
angles, and only the spherical spreading model was shown
to agree well with the experiment.

Except for the experimental studies conducted under-
water in the aforementioned literature, the reflection of
audio sounds generated by a PAL in air has also been stud-
ied experimentally.'® It was found that the sounds reflected
from a rigid wall maintain the same directivity as the inci-
dent beam, but those reflected from a wall covered with a
diffusive panel lose the directivity completely. However, the
effects of the reflection of ultrasounds were not considered
in this research. When a PAL radiates sound in air in the

2327


https://doi.org/10.1121/10.0002161
mailto:Jiaxin.Zhong@student.uts.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0002161&domain=pdf&date_stamp=2020-10-26

presence of a reflecting surface, additional audio sound com-
ponents are generated by the reflected ultrasound waves.
The two models proposed in Ref. 14 are only valid in the far
field, whereas the model in Ref. 13 is valid in the near-field
but limited to the paraxial region. The non-paraxial model
in Refs. 11 and 16 is more accurate at the wide-angle field
but has not considered reflections. In this paper, the non-
paraxial model is extended to investigate the reflection of
audio sound generated by a PAL. Simulations are carried
out for oblique incident sound first, and then the experimen-
tal results are presented to verify the findings.

Il. THEORY

The Westervelt equation governing the sound propaga-
tion in a lossy media, considering the nonlinear effects,

isl6,17
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where p is the sound pressure and ¢, is the linear sound
speed. The first term on the right-hand side accounts for the
fluid thermo-viscosity, where ¢ is the sound diffusivity
parameter, which relates to the atmospheric sound attenua-
tion coefficient « at the angular frequency by
a(w) = 0*3/(2¢})."®"” The second term on the right-hand
side accounts for the nonlinearity, where py is the static fluid
density and f is the nonlinearity coefficient. It is noteworthy
that Eq. (1) cannot be used when the noncumulative (local)
effects are predominant.’*?' Further simulations (not shown
in this paper for conciseness) demonstrated that the error is
less than 0.2 dB when the distance between the field point
and the PAL is larger than 0.3 m for the parameters used in
this paper, which indicates that Eq. (1) is sufficiently accu-
rate for the model investigated.

As shown in Fig. 1(a), assume a PAL in free field
generates two harmonic ultrasounds at frequencies f; and f,

Field point (x, y, z)

PqCo

Virtual audio source (xv, yv, zv)

(2)

(fi > f>) with the boundary condition on the transducer sur-
face being

Vz(xaya t) =V (Xay)eijwlt + VZ(Xay)eijwﬂv (2)

where j is the complex unit, v, represents the vibration
velocity normal to the transducer surface, v, is the amplitude
of the vibration velocity, n=1,2, w, =2nf, is the angular
frequency of the nth primary wave, (x,y) is the transverse
coordinate, and the z axis is perpendicular to the transducer
surface under the coordinate system Opay -xyz. The solutions
of the ultrasound and audio sound are denoted as

Pa(r,1) :pn(r)e_]w/lt7 n=12a, 3)
where the subscripts 1, 2, and a represent the two ultra-
sounds and the audio sound, respectively, and r = (x,y,z)
represents the spatial coordinates.

Because the ultrasound level generated by a PAL is lim-
ited for safety concerns, the nonlinearity is not very strong
and the quasilinear approximation can be used in the deriva-
tion.” Assume that the sound pressure p in Eq. (1) consists
of a primary sound pressure satisfying the linear and homo-
geneous version of Eq. (1) and a secondary sound pressure
resulting from the source term."'" After applying the succes-
sive method to Eq. (1), the sound pressure of the ultrasounds
can be expressed as''*

o eiknds
pate) = =282 [ [, 5,3 Sy @

N
where S is the radiation surface, the wavenumber
ky=w,/co+jo,, with n=1 and 2, and d;

= \/(x —x)” + (y — ys)? 4 22 is the distance between field

point r = (x,y,z) and the source point (x,y,0) on the trans-
ducer surface. The audio sound can be treated as the contri-
bution of the radiation by infinitely many virtual sources at
ry = (Xy,Vv,Zy), Which has the source density function of?

<+— Reflecting surface
Field point (x, y, z)
p,_orp,

Image virtual source 7 ’
(v, Yv, —2v) -7 Virtual source
’y s =Y L. .// ..... 71 .............
/// '._" N ) 9 (.XV, Wy, Z\')
el Ax

Radiation .

PAL

0 axis N
'""'k""'""""""""""""/é‘ ................ AL
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¢ PAL :

D D
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FIG. 1. (Color online) A PAL radiating sounds (a) in free field or (b) to an infinitely large reflecting surface with an incident angle 6.

2328  J. Acoust. Soc. Am. 148 (4), October 2020

Zhong et al.


https://doi.org/10.1121/10.0002161

L ) 5)
0C0

q(ry) = —

The audio sound is then expressed as''*?

. ) o0 OO 00 ejkad"
pa(r) = _Jp‘;_)—naJO Jfoc J;OC q(rv) dv dxvdyvdzw
(6)
where the wavenumber k, = w,/co +jo,, and d,

= \/(x — )+ =n)+(z—2z)" is the distance
between field point r and virtual source point r, respectively.
The ultrasound fields can be calculated by substituting Eq. (2)
into Eq. (4), and then the audio field can be obtained
from Eq. (6).

Figure 1(b) shows a PAL radiating ultrasounds to an
infinitely large reflecting surface with an incident angle 0,
where the distance between the PAL center and the reflect-
ing surface is D, and the origin of the coordinate system, O,
is set at the projection point of the PAL on the reflecting sur-
face with the positive z axis pointing to the center of the
PAL. When the sound beams impinge on the reflecting sur-
face, both ultrasounds and audio sounds are reflected. The
total audio sound mainly consists of four components as
shown in Fig. 1(b), and can be expressed as

Pat(r) = pi(r) + pi(r) + pro(r) + pr_(r), @)

where p; , is generated by the nonlinear interactions of inci-
dent ultrasounds, p;_ is the reflection of p; ; to satisfy the
boundary condition on the reflecting surface for audio
sounds, p, . is generated by the nonlinear interactions of
reflected ultrasounds, and p, _ is the reflection of p, . These
four components will be analyzed individually in the follow-
ing. It is noteworthy that the nonlinear interactions of the
incident and reflected ultrasound are neglected because of
the phase mismatching of the ultrasound waves and small
source density of the virtual source. Further simulations (not
presented in this paper) show the audio sound generated by
them is at least 35 dB less than that calculated by Eq. (7) for
the parameters used in this paper, so they can be safely
neglected to simplify the model and focus on the reflection
phenomenon.

The audio sound generated by the incident ultrasounds
is

- B _jp()wa o0 (OO 00 - ejkadwr
pL’Jﬁ(r) B 4n JO J—oo J\foo ql(rV) dV,Jr

where d, ; = \/(x —x) (=) + (z —z,)% is the dis-
tance between the field point and the virtual source point. The
source density function of the virtual source at (x,,yy,zy) is

dx,dy,dzy,

®)

iBo. .
qi(ry) = — 3 _:pl,i(rV)pz,i(rV)a )
Poco
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where incident ultrasounds p; ; and p, ; are generated by
the original PAL in free field at frequencies f; and f,
respectively.

To satisfy the boundary condition on the reflecting sur-
face for the audio sound p;_, the image of each virtual
source at (xy,yy,zy) is assumed to be at (xy,yy,-zy) with the
source density function R,(w,)qi(ry). R,(w,) is the spherical
wave reflection coefficient at frequency f,, and R,(w,) =1
when the boundary is rigid. For an arbitrary impedance
boundary, R,(w,) depends on frequency, the source, and
field point locations, as well as the incident angle and the
admittance of the boundary.?® The audio sound generated by
the image virtual source is then obtained by

ek~
dy_

pi—(r)

X

dx,dy,dzy, (10)

where d, _ = \/(x — %)+ (v =)+ (z+2,) is the dis-
tance between r and the image virtual source at (x,,yy,-zy). It
is noteworthy that the spherical wave reflection coefficient
is difficult to measure in experiments. Because the audio
beams generated by the PAL behave like plane waves, the
plane wave reflection coefficient can be used in Eq. (10) for
simplicity.

The reflected ultrasounds are assumed to be the ultra-
sounds generated by the same PAL at the position of its
image position multiplied by a plane wave reflection coeffi-
cient R(w;) and R(w,) at frequencies f; and f,, respectively.
The audio sound generated by the reflected ultrasounds is

then
pe() =222 | [ R@OR (@2)4m(r)
T 0 —o0 J—00
elady s
X dx,dy,dz,, (11)
dy ¢

where the source density function of the virtual source is

jPwa *
Im(ry) = _z—Apl,m(FV)Pz,m(rV)a
Poo

12)

and p, , and p; ,, are the sound pressures of the correspond-
ing ultrasound generated by the image PAL in free field at
frequencies f; and f>, respectively. Similarly, to satisfy the
boundary condition on the reflecting surface for the audio
sound, the reflection of p, , is

: o 00 00 00 i}
pr_(r) = 3P0 j j j R(0))R (2)
477: 0 —o0 J —00
eikady
X Ry(0,3)qm(ry) d—dxvdyvdzv. (13)

After substituting Eq. (2) into Eq. (4), the incident and
reflected ultrasound fields can be calculated, and then the
total audio field can be obtained with Eq. (7). All of the
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FIG. 2. (Color online) The audio sounds at 1 kHz generated by (a) the original PAL in free field, (b) the image PAL with respect to the reflecting surface,

and (c) the PAL near a rigid reflecting surface.

integrals are calculated numerically without using the para-
xial approximation, so the results are more accurate at low
audio frequencies and wide angles."'

lll. SIMULATIONS AND DISCUSSIONS

In the following simulations, a circular piston with a
radius of @ =0.1 m is considered, which is driven by a sur-
face vibration velocity amplitude of 0.12 m/s. The sound
pressure level (SPL) of ultrasounds at both frequencies is
approximately 125 dB at 1 m away on the PAL radiation

axis when the PAL is placed in free field. The ultrasound
frequencies are set as f; =61 kHz and f, =60 kHz, so the
audio frequency is f, = 1 kHz. The absorption coefficients of
ultrasounds in air are 0.232 Neper/m and 0.228 Neper/m,
respectively, which are calculated based on ISO 9613-1 at
20 °C with the relative humidity being 50% and the ambient
pressure being the standard atmospheric pressure.”* The
Rayleigh distance at 60 kHz is 5.5 m and the absorption
length is 2.17 m.

To simplify the calculation, the infinitely large integral
domain of the triple integral in Eq. (7) is reduced to a

SPL (dB)

Piston
source

5-channel
end-fire array

FIG. 3. (Color online) Sound fields at 1 kHz where (a), (b), and (c) are the incident, reflected, and total sounds radiated by a piston source, respectively, and
(d), (c), and (f) are the incident, reflected, and total sounds radiated by a five-channel end-fire array, respectively.
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specific region covering the major energy of ultrasound
beams,16 and it has been confirmed that the error introduced
by this reduction is smaller than 0.1 dB for the parameters
used in this paper. Here, the integral domain is reduced to
two truncated cylindrical columns with a radius of 3 m (30
times the PAL radius) and a length of 10 m (more than 4
times the effective absorption length) centered on the axis of
the PAL and its image. The first column is for the calcula-
tion of the nonlinear interactions of incident ultrasounds,
i.e., Egs. (8) and (10), and starts from the PAL surface in the
direction of the radiation axis and is terminated by the
reflecting surface. The second column is for the calculation
of the nonlinear interactions of reflected ultrasounds, i.e.,
Eqgs. (11) and (13), and starts from the end of the first col-
umn in the direction of the axis of the image PAL. Only the
ultrasound pressure inside the two columns is considered.
All of the integrals are calculated numerically using the 1/3
Simpson’s rule (Sec. 2.2 in Ref. 25).

Figure 2 shows the audio sounds generated by a PAL in
free field (at 30° incidence) at its original and image source
locations and the total audio sound field calculated by Eq.
(7), where the reflecting surface is rigid for both ultrasounds
and audio sound, and the distance to the PAL is D=1 m. It

SPL (dB

2 70)
1.5
60
1
£ 50
S \
40
0 y
-0.5 30
0 0.5 1 1.5 2 2.5

z (m)

(a) SPL (dB)
70

30

is clear that the total audio sound shown in Fig. 2(c) is the
superposition of the other two shown in Figs. 2(a) and 2(b).
The interference between the reflected and incident waves
happens near the reflecting surface like two plane waves
because the audio beams generated by the PAL behave
like plane waves. The sound pressure on the back side (z
> D=1 m) focuses on the reflection axis and is almost
equivalent to the sound radiated by the image PAL.

For comparison with traditional sources, the incident,
reflected, and total sound radiated by an audio piston source
and a traditional directional sound source are calculated and
shown in Fig. 3 at 1 kHz. The piston source is the same size
as the PAL and mounted on an infinitely large baffle, so the
sound radiates only in the forward direction. The directional
source is a compact end-fire array consisting of five point
monopoles with an interval of 0.045 m as described in
Ref. 26. By comparing Figs. 2 and 3, it can be found that the
reflection for the audio sound generated by the PAL is much
stronger than that generated by the other two traditional
audio sound sources.

The mechanism of the reflected audio sounds gener-
ated by the PAL is different from that generated by tradi-
tional audio sources. It can be explained by analyzing the

SPL (dB
2 ' ( 70)
1.5
60
—~ 1
E 50

40
. 30
0 0.5 1 1.5 2 2.5
z (m)
SPL (dB)

2
1.5
AN 1

g

&8 0.5
0
0.5

0 25

70
60
50
40
30

(b)
0.5 1 1.5 2

z (m)

(d)

FIG. 4. (Color online) SPL distributions of four audio components radiated by the PAL at 30° incidence near a rigid reflecting surface with the distance of 1
m. (a) and (b) show the audio sounds generated by the incident ultrasounds and their reflections, respectively; (c) and (d) the audio sound generated by the

reflected ultrasounds and their reflections, respectively.
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four components in Eq. (7) for the PAL, and the calculated
sound fields are shown in Fig. 4, using the same parameters in
Fig. 2. The total sound pressure [shown in Fig. 2(c)] is the
superposition of the audio sound generated by the incident
ultrasounds [p; ;, shown in Fig. 4(a)] and its reflection
[pi-, shown in Fig. 4(b)], and the audio sound generated by the
reflected ultrasounds [p, ., shown in Fig. 4(c)] and its reflection
[p:-, shown in Fig. 4(d)]. The audio sound generated by the
original PAL [shown in Fig. 2(a)] is the superposition of p;
and p,_, and the one generated by the image PAL [shown in
Fig. 2(b)] is the superposition of p;_ and p, . It can be found
that the audio sound generated by the reflected ultrasounds
(pr) 1s the dominant contributor to the directivity of the
reflected audio sound of the PAL.

The amplitude of the audio sounds generated by
reflected sounds is affected by the distance between the
PAL and the reflecting surface (D). Figure 5 shows the audio
sound field generated by the PAL at 30° incidence with
the reflection surfaces at D =2 m and 4 m. Compared with
Fig. 2, the amplitude of the audio sounds generated by the
reflected sounds becomes small as D increases. This is
because the amplitude of the reflected ultrasounds becomes
smaller when the PAL moves farther away from the reflect-
ing surface, especially when the distance is larger than the
effective absorption length (2.17 m, in this case).

In some applications, reflecting surfaces, such as thin
carpets, can be highly absorbent for the ultrasounds but less

3.5 3.5

3 3

— 2 2
E

8 1 1

0 0

0.5 0.5

7.5 7.5

6 6

g 4 g 4

3 3

& 2 & 2

1 1

0.5 0.5

0123456738
z

(m)
(d)

absorbent for the audio sounds. Figure 6 shows the audio
sounds generated by the original PAL and its image, as well
as the total sound fields when the sound absorption coeffi-
cient of the reflecting surface is 0.5 and 0.9 for ultrasounds
(I — |[R(w)R*(w»)]), and O for audio sounds. Because the
reflected ultrasound is small with a large sound absorption
coefficient, the total sound pressure mainly consists of the
audio sounds generated by the incident ultrasounds. The
directivity of the reflected audio beams becomes worse for a
larger ultrasound absorption coefficient of the reflecting
surface.

Sound absorption in air is different at different frequen-
cies, especially at high frequencies. Figure 7 shows the
audio sounds of PAL at 30° incidence with reflection when
D =1 m. The ultrasound frequencies are 100 kHz and 101
kHz, or 200 kHz and 201 kHz. The absorption coefficients
at 100 kHz (101 kHz) and 200 kHz (201 kHz) in air are 0.38
Neper/m and 0.95 Neper/m, respectively. The effective
absorption lengths at 100 kHz (101 kHz) and 200 kHz (201
kHz) in free field are 1.32 m and 0.53 m, respectively. It can
be found by comparing Fig. 7 with Fig. 2 that the amplitude
of reflected audio beams decreases and the directivity deteri-
orates as the ultrasound frequency increases. All of the
aforementioned analyses demonstrate that the reflection of
audio sounds generated by a PAL differs from the traditional
directional source because the properties of ultrasounds
should be taken into account.

SPL (dB)
70

== 9
g/ ” 50
) 1"“///
/ 40
0
-0.5 30

6 78

FIG. 5. (Color online) The audio sounds generated by the original PAL and the image PAL and the total fields with different distances between the PAL and
the reflecting surface. (a)—(c) are for the distance of 2 m, and (d)—(f) are for the distance of 4 m.
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70
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FIG. 6. (Color online) The audio sounds generated by the original PAL and its image and the total fields with different sound absorption coefficients of the
reflecting surface. (a)—(c) are for ultrasound sound absorption coefficient of 0.5, and (d)—(f) are for ultrasound sound absorption coefficient of 0.9.

IV. EXPERIMENTS

Experiments were conducted in a hemi-anechoic room
with dimensions of 7.20 m x 5.19 m x 6.77 m (height). A
sketch and photos of the experimental setup are shown in
Figs. 8 and 9, respectively. The sound field generated by a
PAL, a traditional omnidirectional loudspeaker (point
monopole), and a horn loudspeaker (directional source) with
and without a cotton sheet on the ground were measured at
1 kHz. The preliminary test shows that the cotton sheet used
in the experiments has a high absorption coefficient for
ultrasonic sounds (more than 0.8) and a low absorption coef-
ficient for audio sounds at 1 kHz (about 0.05).

Figure 8 shows a sketch of the experimental setup when
the PAL radiates toward the ground. The sound field was
measured at many points distributed on a vertical plane
across the center of the testing loudspeaker. The length and
height of the measurement plane are 3 m and 2.5 m, respec-
tively. A custom made 60-channel microphone array with
the microphone spacing of 5cm was used to measure the
sound pressure. The spacing between measurement points in
the vertical direction is 5 cm when the microphone array is
close to the loudspeaker and 10cm in the other areas. All
measurement microphones were Briel and Kjer type 4957
microphones (Briiel and Kjer, Nerum, Denmark), and they
were calibrated by a Briiel and Kjer type 4231 calibrator.
The sound pressure was sampled with a Briel and Kjer
PULSE system (the analyzer 3053-B-120 with the input

J. Acoust. Soc. Am. 148 (4), October 2020

panel UA-2107-120) and the fast Fourier transform (FFT) ana-
lyzer in PULSE LabShop (Briel and Kjer, Neerum,
Denmark) was used to obtain the FFT spectrum. The fre-
quency span was set to 6.4 kHz with 6400 lines and the aver-
aging type is linear with 66.67% overlap and 30 s duration.
The PAL, point monopole sound source 400 Pleasant St.
Watertown, MAUSA, and traditional directional source used
in the experiments are Holosonics Audio Spotlight AS-24i
(Holosonics, Watertown, MA) with the surface sizes of
60cm x 60cm, a Genelec 8010A traditional voice coil loud-
speaker, and a Daichi dome horn loudspeaker with a
24 cm x 8 cm rectangular opening, respectively. The carrier
frequency of the PAL is 64 kHz, according to measurements
with a Briiel and Kjear type 4939 microphone (Briel and Kjer,
Nerum, Denmark), and the audio frequency in the experiments
was set to 1 kHz. The radiating surface of the PAL is covered
by a 6 mm thick perspex panel with a hole of radius 10cm at
its center to simulate the circular PAL used in simulations as
shown in Fig. 9(a). To ensure the perspex panel is thick enough
to block the audio sounds generated by the PAL, further exper-
iment results (not presented here) show that the SPLs on the
radiation axis of the PAL decrease by more than 30 dB at 1
kHz when the PAL is covered by a same size perspex panel
without the hole. Therefore, a circular piston source was con-
structed using the 6 mm thick panel with a hole. To avoid spu-
rious sounds at microphones induced by the intensive
ultrasounds radiated by the PAL,27 all the microphones were
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FIG. 7. (Color online) The audio sounds generated by the PAL, its image, and the total sound field at 30° incidence near a rigid reflecting surface with D =1
m. (a)—(c) are for the ultrasounds frequencies of 100 kHz and 101 kHz, and (d)—(f) are for the ultrasounds frequencies of 200 kHz and 201 kHz.

covered by a piece of small and thin plastic film in the tests. The
experimental results (not presented here) show the insertion loss
of this plastic film is more than 35 dB at 64 kHz and less than
0.6 dB at 1 kHz. The relative humidity and the temperature in
the experiments were 68% and 25.4 °C, respectively.

A thin cotton sheet was used in the experiments to simu-
late a surface with high absorption for ultrasounds at 64 kHz
but low absorption for audio sounds at 1 kHz. The thickness of
the sheet is 250 um and the surface density is 0.12 kg/mz. The
size of the cotton sheet is 2.8 m x 4 m and it is placed on the
ground so that the projection of the center of the loudspeaker is
on the bisector with respect to the narrower side (2.8 m) as
shown in Fig. 8. The sound absorption coefficient of the cotton
sheet was measured according to the two-microphone method
specified in ISO 10534-2 (2001) using the Briiel and Kjer type

e
5cm
Measurement 2.5m
plane Microphone
am array
s e s s s e s e S

Cotton sheet
2.5m

0.5m

FIG. 8. (Color online) Sketch of the experimental setup when a PAL radi-
ates toward the ground with and without a cotton sheet.
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4206 impedance tube (Bruel and Kjer, Neerum, Denmark) and
the value is 0.05 at 1 kHz,28 so it has little effect on the audio
sounds generated by the conventional loudspeakers.

Figure 10 shows the measured sound fields at 1 kHz gen-
erated by different loudspeakers at 30° incidence with and
without the cotton sheet on the ground. Due to operation diffi-
culties, the sound fields in the rectangular regions (0.85 m < z
<25m-05m<x<035m),(Im<z<12m-05m<x
<035m),and (09 m<z<13m-05m<x <0.35m)
were not measured for the three configurations, respectively,
which are marked as blank regions in Fig. 10.

It can be seen in Fig. 10(a) that the reflected audio
sounds are still highly focused on the axis in the reflection
direction as expected, but they drop by up to 6 dB on the
reflection axis with the cotton sheet placed on the ground as
shown in Fig. 10(d). However, the reflected sounds gener-
ated by the traditional loudspeakers are almost the same
with and without the cotton sheet. The results indicate that
the reflected audio sounds generated by the PAL are not
only the reflections of audio sounds generated by incident
ultrasounds, but they also contain new audio sounds gener-
ated by reflected ultrasounds, and it is the latter that deter-
mines the directivity of the reflected audio sound.

V. CONCLUSIONS

In this paper, a non-paraxial PAL radiation model under
the quasilinear approximation is extended to investigate the
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FIG. 9. (Color online) Photos of the experimental setups when different loudspeakers radiate toward the ground without the cotton sheet (a) the PAL, (b) the
traditional omnidirectional loudspeaker, and (c) the horn loudspeaker, and with the cotton sheet (d) the PAL, (e) the traditional omnidirectional loudspeaker,
and (f) the horn loudspeaker.
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FIG. 10. (Color online) Measured sounds fields at 1 kHz generated by different loudspeakers at 30° incidence without the cotton sheet for (a) the PAL, (b)
the traditional omnidirectional loudspeaker, and (c) a horn loudspeaker, and with the cotton sheet on the ground for (d) the PAL, (e) the traditional omnidi-
rectional loudspeaker, and (f) a horn loudspeaker.
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reflection of audio sounds in air generated by a PAL based
on the image source method. It is shown that the reflected
audio sound generated by a PAL contains not only the
reflected audio sound but also the audio sound generated by
the reflected ultrasound. This is different from the reflection
with traditional audio sound sources. For a PAL, if the
reflecting surface is highly absorbent for ultrasounds, the
directivity of reflected audio sounds is no longer retained
because the reflected ultrasounds are small. The experimen-
tal results show a thin cotton sheet with a thickness of 250
um on a hard surface can absorb a large portion of the
reflected audio sounds (up to about 6 dB on the reflection
axis) generated by a PAL but has little effect on that gener-
ated by a traditional loudspeaker. Future work includes
exploring the corrections in sound absorption coefficient
measurements using PALs and measuring sound absorption
coefficients of materials in the ultrasonic frequency range.
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