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Abstract
Parametric array loudspeakers use arrays of ultrasonic
transducers to generate highly directive audible fields
through the non-linear properties of air in the
ultrasonic range. They require very high ultrasonic
pressure levels to generate the audible field, but these
levels, in turn, lead to measurement inaccuracies
produced by the microphone. Known as spurious
sound, this measurement error can be circumvented
by incorporating a filter in front of the microphone
to reduce the ultrasonic levels. However, its effects
have been studied mainly in the far field and at a
few fixed measurement points. This paper explores
this phenomenon by mapping the sound field using an
automated robotic system, composed of a 6-degree-
of-freedom robot mounted on a linear track. By
recording exponential sine sweeps and deconvolving
with the corresponding inverse filters, sound field maps
for the audible and ultrasonic fields are obtained.
Measurements were performed with and without
the microphone filter to isolate the spurious sound.
Results confirm a correlation between the ultrasonic
field and the spurious sound, and show that spurious
sound levels increase with the audible difference
frequency.
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1. Introduction
Parametric array loudspeakers (PALs) utilise
ultrasonic transducers to generate highly directional
sound fields [1], [2]. They depend on the nonlinearity
of sound propagation in air at ultrasonic frequencies,
which causes energy transfer from the ultrasonic
to the audible range — i.e., demodulation of the
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sound. In a sound field composed of two ultrasonic
frequencies f1 and f2, this effect causes the generation
of a secondary sound field composed by f2 + f1,
the second harmonics of f1 and f2 — which are
absorbed by the air — and f2 − f1, which is called
difference-frequency. The difference-frequency can
be tuned to be in the audible range, allowing the
utilisation of PALs for sound reproduction [3], [4],
[5], noise cancelling [6], [7], acoustic identification of
materials [8], [9], room acoustics [10], [11] as well as
entertainment and informational purposes [12].
The audible sound-field, in turn, is composed by
the actual nonlinear difference-frequency field pdf i.e.
corresponding directly to f2 − f1, and a spurious
component pss, caused by receiver nonlinearity [13],
[14], [15], proportional to the product of the primary
wave amplitudes. When spatially sampling the sound
field generated by a PAL, spurious sound affects
measured SPLs and must be taken into consideration.
This deviation can be especially problematic in the
nearfield and at low frequencies, where, despite
high primary field levels, the secondary field does
not exceed the spurious component, leading to
overestimated sound pressure levels.
The most common strategy to mitigate spurious sound
is to attenuate the primary-wave pressures using
polymer film barriers [14], [16] or resonators [17], [18]
to act as filters, but these approaches present practical
limitations, such as their frailty and high sensitivity to
mounting conditions in the case of the films, and their
narrow-band behaviour in the case of the resonators.
Acoustic filters based on preprocessing techniques
employing phase-cancellation of the primary field also
exist [19], [20], but the employment of such techniques
affects the frequency response of the PAL device [19].
This paper explores the spurious sound by mapping
the response of a flat PAL with 91 transducers in
its near and Westerwelt far-fields. A methodology
for measuring the ultrasonic and audible fields using
ESSs in PALs [10], [21] allows for the correlation
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between the audible range field and the ultrasonic
field that generates it for a broad frequency range,
and by mapping the sound field with and without an
acoustic filter, the spurious sound can be extracted
based on the difference between the signals in each
position. A robotic arm mounted on a track
[22] can be used to obtain the spurious sound
pressure in an area in front of the PAL, and the
information of the ultrasonic primary pressures and
the spurious sound pressures can be used to model the
relation between both, allowing for the estimation
of the spurious sound directly from the primary
sound field amplitudes. Finally, by proposing a
model for the relationship between the primary-
wave amplitudes and frequencies and the spurious
sound, the estimated spurious sound can be deduced
from the audible measurements without the filter,
allowing simultaneous measurements of the difference-
frequency and ultrasonic sound.
The paper is organised as follows. Section 2 presents
a review of the spurious sound, and also explains the
measurement and calibration techniques. Section 3
presents the sound field mappings, the spurious sound
estimation, and the estimation of the difference-
frequency sound from the combination sound and
ultrasonic range measurements for an audible field of
1 kHz. Finally, Section 4 provides the conclusions.

2. Methodology

2.1. The Parametric Array effect and the

spurious sound

The parametric acoustic array (PAA) effect is
the phenomenon whereby audible frequencies
corresponding to the difference frequency between two
ultrasound tones are generated by non-linearities in
the propagation of sound in air when the primary
ultrasonic waves have sufficient energy. A sound
field composed of two ultrasonic frequencies f1 and
f2 of sufficient amplitude causes the generation of a
secondary sound field composed by the sum of their
individual frequencies (f2 + f1), the second harmonics
of f1 and f2, which are frequencies so high they get
promptly absorbed by the air, and f2 − f1, which is
called difference-frequency and can be adjusted to be
audible.
To trigger the above non-linearities, the primary
(ultrasonic) tones must have very high amplitudes,
which affect the measured values in two ways. One is
the radiation pressure or pseudo-sound generated by
the incidence of these wavefronts on the transducer
[13], [14], [16], and the other is non-linearities in
the electronics of the microphone cartridge [13], [14],
[16]. Both are usually assessed simultaneously as
spurious sound or detector non-linearity, although it is
known that the pseudo-sound contributes little to the
inaccuracies in comparison to electric non-linearities
on the microphone’s pre-amplifier [14].
In practical terms, the spurious sound pss manifests
itself as an increment in the measured sound pressure

pm, meaning measured values correspond to [14]

pm = pdf + pss, (1)

with pdf being the difference frequency pressure
produced in the audible field. The relative effect of
the spurious sound reduces with increasing frequency,
since the PAA effect becomes stronger and the levels
corresponding to the difference-frequency become
higher, and with the decay of the primary levels due
to distancing from the source.
Typically, the spurious sound pss is modelled as

pss = K pu1 pu2, (2)

where pu1 and pu2 are the amplitudes of the ultrasonic
waves in the primary field [14], [18], [20], and there’s
no explicit frequency dependence. We call pu1 pu2

cross-frequency product. Existing literature regarding
the spurious sound is dedicated to determining the
K coefficient in the far field of the PAL through
simulated or experimental data [14], [15], [20],
usually considering that K is constant in frequency

— usually a result from averaging K and ignoring
the frequency dependence — and looking for a
function of the axial distance from the source. We
propose a different approach, relating the isolated
spurious sound, calculated from measurements with
and without a polymeric filter, and the measured
amplitude of the primary waves directly, in an
aperture of 1 m × 2 m. The proposed model for
the relation between spurious sound and the cross-
frequency product is

pss(fdf) = K pu1 pu2 + N fdf, (3)

where, besides the K coefficient, there’s an N term
that weights the frequency dependence.

2.2. Experimental setup

Measurements were performed in the anechoic
chamber of La Salle - Universitat Ramon Llull, using
two GRAS 46BF-1 1/4” microphones. One was
covered with a layer of matte acetate tape (commonly
referred to as “magic tape”) to measure the audible
field without the spurious sound effect [23], and
another was used without the protection grid to
measure the ultrasonic field. The microphones with
and without the acetate tape can be seen on the top
row of Figure 1.
The analysed PAL had 91 Multicomp Pro
MCUST16A40S12RO transducers, arranged in
9 concentric rings plus one central transducer. The
radius of the radiation area of the prototype is
a = 98 mm. To characterise the PAL, we set the
sweep’s lowest frequency fi = 20 Hz and its highest
frequency fi = 14 kHz and use a total duration of
T = 1 s, adding also 1 s of silence before and after
the sweep. A linear fade-in from 20 Hz to 80 Hz
and fade-out from 12 kHz to 14 kHz are applied
to avoid pre-ringing artefacts [24]. This paper will
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limit itself to analysing only the 4 kHz frequency
and its corresponding ultrasonic frequency, 45.4 kHz.
The emitted signals were acquired using a Type
3160-A-022 Brüel & Kjaer LANXI module with a
UA-3102-041 front end. The signals were amplified
using an Ecler XPA3000 amplifier with its gain
set to achieve a peak voltage of 17 V. Following
[11], an equalisation of the amplifier was done to
compensate for the change in waveform and maintain
the excitation voltage constant.
Each microphone was mounted on the automated
robotic measurement system described in [22], to scan
an area of 1 m in the radial direction and 2 m in the
axial direction.The scan resolution was 10 mm over the
first 500 mm of the axial direction to better visualise
the vicinity of the PAL, and 40 mm in the remaining
area. In total, 6278 positions were measured over 35 h
per scan. A picture of the setup, including the PAL,
the microphone, and the automated system, is shown
in the bottom row of Figure 1.

Figure 1: Top row: 1/4” microphone without grid (left)
and with acetate tape (right). Bottom row: experimental
setup, with UR5 robot and the analysed PAL.

3. Results

3.1. Pressure maps at the ultrasonic range

Figure 2 shows the results in the ultrasonic range:
(a) pressure field of the second primary wave pu2

at 45.4 kHz (fc + 4 kHz), and (b) pressure field of
the first primary wave pu1 at the carrier frequency
fc = 41.4 kHz, and (c) the cross-frequency product
pu2pu1. Looking first at Figure 2a, observe that
the generated ultrasonic field consists of a high
directive beam with high SPLs, surrounded by
weaker sidelobes. The plot also displays comb
filtering, characteristic of constructive and destructive
interferences between the individual transducers. An

interesting remark can be made about the spatial
distribution of the ultrasonic pressure at the carrier
frequency. Comparing Figures 2a and 2b, the mapping
of the PAL at the carrier frequency has the same aspect
as the ultrasonic frequency that corresponds to 45 kHz.
This can be an indication that the directivity of the
transducer is practically constant with the frequency
in this range, and the changes in the audible range are
resulting from the PAA effect being more efficient and
better cross-frequency coupling between transducers
[25].

3.2. Pressure maps in the audible range

Figure 3 displays the mapped SPLs at 4 kHz, measured
with and without the acoustic filter in front of
the microphone. The combination sound measured
without the presence of the acetate film, and thus
contaminated with spurious sound, is displayed in
Figure 3a, whereas results with the film and this
without spurious sound are shown in Figure 3b.
The sound field is composed of a beam with a peak
SPL between 40 mm and 250 mm, aligned with the
transducer’s axial direction. In the beam region, the
sound radiates like a plane wave, evident by the non-
decaying nature of the sound field as we get further
from the source in the axial direction. However, the
audible SPL in the immediate vicinity of the PAL
remains small, and the plane wave forms only after
the local maxima are surpassed in the ultrasonic
range. Figure 3c displays the SPL maps for the
isolated spurious sound. Remarkably, the spurious
sound seems directly proportional to the product of
the primary waves shown in Figure 2. Furthermore,
observe that the levels of the spurious sound are larger
than those of the audible difference frequency sound
in the very near-field of the PAL and along the beam.

3.3. Spurious sound estimation

As explained in Section 2, the spurious sound is
proportional to the product of the primary waves
pu1 pu2. Figure 4a represents the pressure values
of the spurious sound pss against this product. To
facilitate their location in space, values are coloured
according to the radial direction of the PAL, with
yellow corresponding to the radiation axis, red to
positive +x, and blue to negative −x. The values in
Figure 4a are then used to fit a regression line, and
from there, the coefficients of K and N in Eq. (3) are
determined. The figure includes also, for comparison,
the classical estimation of the spurious sound, where
pss is set to be proportional to pu1 pu2, see Eq. (2). The
values of K and N at 4 kHz are K = 1.0574e−04 Pa−1

and N = 7.40e − 02 Pa Hz−1.
Observe in the figure how, while the classic method
overestimates the spurious sound levels at a certain
pu1 pu2 level, the 1st order model presents a good
fit with the measured spurious sound. The plateau
that forms at lower values of pu1 pu2 can be explained
by that region not presenting high enough levels of
pu1 pu2. Since the primary waves do not have enough
energy to generate any relevant difference-frequency
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Figure 2: SPL mappings of the ultrasonic tones and radiation pressure generated by the flat PAL. (a) pu2 (45.4 kHz),
(b) pu1 (41.4 kHz), (c) pu1pu2.
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Figure 3: SPL mappings of the measured combination audio (without the film), the difference frequency audio (with the
film), and isolated spurious sound generated by the flat PAL at 4 kHz. (a) pm, (b) pdf , (c) pss.
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Figure 4: Scatter plot of each measured position, relating
the cross-frequency product pu1 pu2 and the spurious sound
pss .

or spurious sound levels, that region is dominated
by background noise. The classic estimation does
not represent this behaviour. Another aspect that
can be highlighted is that relevant values of spurious
sound, i.e., of an order of magnitude comparable to the
difference-frequency sound at a given frequency, occur
only when the cross-frequency product is very large,
as consistently observed over the section of the beam
(yellow-coloured points). Evidently, points directly
in front of the PAL will receive higher pu1 pu2, which
potentiates the PAA effect in the audible field.

3.4. Removing spurious sound

Finally, an attempt is made to remove the spurious
sound from a measurement performed without a
filter in front of the microphone. The spurious
sound is estimated from the ultrasonic primary waves
using the expression in Eq. (3), and the values of
K and N derived above. Figure 5a shows the
estimated spurious sound, and Figure 5b shows the
reconstructed audible field without this measurement
error. As can be observed, Figure 5a displays the
same shape as Figure 3c. The same can be said when
comparing Figure 5b with Figure 3b, in the case of
the difference-frequency sound. It is worth noting
that the reconstruction appears more accurate in the
Westerwelt far-field, which can be explained by the
sound pressure being nearly constant with increasing
distance compared to the near-field.

4. Conclusions
This work aimed to explore the spurious sound
of a parametric array loudspeaker in its near-field
and Westerwelt far-field regions by mapping them
using an automated robotic system equipped with
a microphone. The spurious sound was isolated by
subtracting the audible difference-frequency sound,
and the combination of the difference-frequency and
spurious sound was measured with and without an
acoustic filter, respectively. It was found that previous
models for the relationship between the spurious
sound and the primary-wave pressures overestimate
the spurious sound values outside the far-field, and
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Figure 5: SPL mappings of the reconstructed audible sound pressures. (a) Reconstructed spurious sound p̃ss (b).
Estimated difference-frequency sound p̃df .

that a dependence on the difference-frequency must be
accounted for. A model that also considers the audible
frequency was proposed, enabling the estimation
of spurious sound at different spatial positions and
the recovery of difference-frequency levels at 4 kHz,
yielding accurate results.
Future work involves scaling this analysis to
broadband, thereby enabling analysis of spurious
sound at varying difference frequencies. Since the
difference-frequency audio and spurious sound are
separable, post-processing techniques can also be
further developed for application in this context. In
a theoretical sense, although a relationship between
the spurious sound, the primary ultrasonic waves,
and the difference-frequency levels was assessed, the
influence of certain design choices, such as transducer
size, spacing, and distribution shape, has yet to be
addressed.
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