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Abstract—The parametric loudspeaker is a type of directional
loudspeakers making use of the nonlinear acoustic effects. The
past studies to reproduce the three-dimensional audio contents
with a pair of the parametric loudspeakers have demonstrated
satisfactory performance. In this paper, the steerable parametric
loudspeakers are proposed to relocate the sweet spot to follow
the head movement of the listener. Although the spatial aliasing
effects are observed in the steerable parametric loudspeaker, they
can be converted to generate multiple sound beams simultane-
ously. A new case of the grating lobe elimination, namely the over
elimination, is studied to extend the controllable level difference
between the two sound beams. The simulation results to compare
the equal and Chebyshev weights are also presented in this paper.

I. INTRODUCTION

The parametric loudspeaker is a type of directional loud-
speakers that transmits a narrow sound beam with a relatively
smaller emitter size as compared to a conventional loudspeaker
or loudspeaker array [1]. As an application of the parametric
transmitting array in air, the parametric loudspeaker generates
a virtual endfire array from the parametric array effect. Hence,
the parametric loudspeaker is understood to be a combination
of the electronic hardware and the nonlinear acoustic effects.
When the ultrasonic emitter of the parametric loudspeaker is
blocked, it is muted, because there is no virtual source formed
in the air [2].

A common structure of the parametric loudspeaker is shown
in Fig. 1 [3]. In this structure, a bandpass filter is introduced to
increase the reproduced sound pressure level and to reduce the
intermodulation distortions, which is similar to the bandpass
filter used in the telephone systems. The driving circuit con-
sists of an amplifier and a processor or a hardware modulator.
Preprocessing and modulation methods are often carried out in
the driving circuit. The filtered audio signal will be modulated
on an ultrasonic carrier. There is no demodulator required at
the location of the listener, because of the self-demodulation
effect [4]. The ultrasonic emitter has the resonance frequency
equaling to the carrier frequency used in the modulator. The
carrier frequency and emitter size determine the absorption and
Rayleigh distances. The absorption distance gives the length

Fig. 1. Common structure of the parametric loudspeaker [3].

of the virtual endfire array, while the Rayleigh distance defines
the near field boundary of the ultrasonic emitter. In the early
studies of the parametric loudspeaker, the Rayleigh distance
was designed to be longer than the absorption distance, and the
observation points were placed beyond the Rayleigh distance
[5].

In the steerable parametric loudspeaker, the ultrasonic emit-
ter consists of hundreds of the piezoelectric ceramic transduc-
ers (PZTs). They are grouped into several channels and driven
by individual amplifiers [6]. The phased array beamsteering is
adopted in the steerable parametric loudspeaker to generate a
controllable sound beam [7]. A diagram of the beamsteering
structure is shown in Fig. 2. Individual delays and weights can
be applied to the carrier and sideband frequencies. The spatial
aliasing effects are adverse to the steerable parametric loud-
speaker [8]. According to the Nyquist criterion, the ultrasonic
emitter consisting of the PZTs resonating at 40 kHz requires
the interchannel spacing being less than 8.5 mm to prevent the
occurrence of grating lobes. This requirement is difficult to be
carried out, for most of the PZTs have the diameter of 10mm
or 16 mm. Some experimental configurations of the ultrasonic
emitter are shown in Fig. 3.

There are three potential approaches to deal with the spatial
aliasing effects in the steerable parametric loudspeaker. Firstly,
the compact configuration can be adopted in the ultrasonic
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emitter as shown in Fig. 3(d) [9]. In the compact configuration,
the interchannel spacing is reduced to only half of the diameter
of the PZTs. An implementation of the compact configuration
has been carried out in the steerable parametric loudspeaker
for active noise control [10]. In contrast to the column config-
uration using the same number of PZTs in every channel as
shown in Figs. 3(a)-3(c), the compact configuration contains
different numbers of the PZTs in the odd and even channels.
Hence, a larger number of the PZTs is usually required in the
compact configuration to ensure the output power is equally
spread across all the channels [11].

Secondly, the microelectromechanical (MEMS) technology
helps to reduce the size of the PZTs. A MEMS PZT array
has been fabricated and examined [12]. The diameter of every
ultrasonic transducer in this array is as small as one eighth the
diameter of the conventional PZTs. The piezoelectric thin film
is specially designed to improve the acoustic efficiency of the
MEMS PZT [13]. Therefore, the reproduced sound pressure
level is not much compromised by the reduced emitter size.

Thirdly, the grating lobe elimination has been proposed in
theory and validated by experiments [14]. When the interchan-
nel spacing is too wide to fulfill the Nyquist criterion, grating
lobes are observed at the carrier and sideband frequencies.
However, there is little or no spatial aliasing observed at the
difference frequency. The steerable parametric loudspeaker can
be designed to take advantage of the grating lobe elimination,
so the column configuration in Fig. 3(a) can be free from the
spatial aliasing effects.

In this paper, the spatial aliasing effects are made use of to
generate two sound beams. Thus, a stereophonic reproduction
method is proposed to transmit different audio contents to two
directions simultaneously from only one steerable parametric
loudspeaker. The proposed method will benefit the nonwear-
able stereophonic sound reproduction [15]–[17]. For example,
the steerable parametric loudspeaker can be installed in the
portable device, where two sound beams can be steered to the
left and right ears of the listener and the stereophonic audio
contents can be reproduced without earphones.

II. THEORY

A uniform linear array consisting of M channels has the
equal interchannel spacing d. The input signal is assumed to
represent a plane wave at the angular frequency of ω and
wavenumber of k. When the weight wm and delay τm are
applied to the mth channel for m = 0, 1, · · · ,M−1, the output
of each channel observed in the far field at the incidence angle
of θ is written as

Cm (θ) = wm exp (jmdk sin θ + jωτm) , (1)

where j =
√
−1 is the imaginary unit.

The delay amount can be designed as

τm (θ0) = −
md sin θ0

c
, (2)

Fig. 2. Beamsteering structure of the steerable parametric loudspeaker, where
SSBAM-SC is the abbreviation for the single sideband amplitude modulation
suppressed carrier.

Fig. 3. Photos of ultrasonic emitters using different configurations, where the
interchannel spacing is denoted as d.

where θ0 is the steering angle, and c is the speed of sound.
Thereby, the beampattern of this linear array is calculated by

D (θ, f, θ0) =

∣∣∣∣∣
M−1∑
m=0

wm exp

[
j
2πf

c
md (sin θ − sin θ0)

]∣∣∣∣∣ .
(3)

As shown in Fig. 2, the delays τm1 and τm2 are applied
to the first primary frequency f1 and the second primary
frequency f2 = f1+fd, respectively. The two groups of delays



Fig. 4. Four cases of grating lobe elimination in the column configuration
(d = 1.25cm), where the primary waves at 40 kHz and 44 kHz are plotted
in black and red, respectively; and the difference frequency at 4 kHz is plotted
in blue.

result in two steering angles of θ1 and θ2, respectively. Based
on the product directivity principle [18]–[20], the directivity
of the difference frequency fd can be computed in a simplified
expression as

Dd (θ) = D (θ, f1, θ1)×D (θ, f2, θ2) . (4)

In the directivity of the difference frequency, the angular
directions of the mainlobe and the first grating lobe are denoted
as θa and θb, respectively. Furthermore, an envelope method
can improve the accuracy of the product directivity principle
[20], which applies the spline interpolation between the local
maxima of (4).

III. FOUR CASES OF GRATING LOBE ELIMINATION

In this section, the column configurations in Figs. 3(b) and
3(c) are adopted, where M = 8. The interchannel spacings of
them are given by 1.25 cm and 1.5 cm, respectively. Both the
interchannel spacings are larger than the wavelength of the 40
kHz wave. The speed of sound is estimated at 344 m/s. The
primary frequencies are selected at 40 kHz and 44 kHz, and
the difference frequency at 4 kHz is expected to be generated.
The steering angle of the first primary frequency is given by

θ1 = sin−1 c

2f1d
. (5)

The mainlobe and grating lobe are steered to be symmetric to
0◦ [16]. The equal weights are used. When the second primary
frequency is steered to different angles θ2, four cases of grating
lobe elimination can be derived from (4).

Firstly, the case of dual beam generation is shown in Figs.
4(a) and 5(a). In the dual beam generation, the steering angle
of the second primary wave is given by

θ2 = sin−1 c

2f2d
, (6)

Fig. 5. Four cases of grating lobe elimination in the column configuration
(d = 1.5cm), where the primary waves at 40 kHz and 44 kHz are plotted in
black and red, respectively; and the difference frequency at 4 kHz is plotted
in blue.

so that the mainlobe and grating lobe occur symmetrically to
0◦ as well. This beamsteering structure is called the symmetric
structure [16]. Based on the product directivity principle, the
difference frequency has its mainlobe and grating lobe being
symmetric to 0◦. The dual beam generation can transmit the
same audio contents to two different directions simultaneously.
From Figs. 4(a) to 5(a), the angular separation between the
mainlobe and grating lobe of the difference frequency is nar-
rowed from 38.3◦ to 31.8◦, because the increased interchannel
spacing leads to the reduced spatial aliasing periods of the
primary frequencies.

The second case, namely, the stereophonic beam generation,
is shown in Figs. 4(b) and 5(b). In the stereophonic beam
generation, the steering angle of the second primary frequency
is adjustable to control the level difference between the two
sound beams [15]. In comparison with the dual beam genera-
tion, the mainlobe of the second primary frequency is steered
closer to the mainlobe of the first primary frequency. Here, an
example of the steering angle of the second primary frequency
is given by

θ2 =
1

2

(
sin−1 c

2f1d
+ sin−1 c

2f2d

)
. (7)

The third case is the steerable parametric loudspeaker, where
the steering angles of the two primary frequencies equal to the
intended steering angle of the difference frequency, i.e.

θ2 = θ1 = sin−1 c

2f1d
. (8)

In Figs. 4(c) and 5(c), the mainlobes of the primary frequencies
coincide with each other. However, the grating lobes of the
primary frequencies occur apart, due to the difference in the
spatial aliasing periods of the primary frequencies. The resul-
tant grating lobe of the difference frequency will be eliminated.



The high difference frequency leads to the full elimination of
grating lobes, while the low difference frequency results in the
partial grating lobe elimination only [14].

In this paper, the fourth case of grating lobe elimination is
derived, which is called the over elimination as demonstrated
in Figs. 4(d) and 5(d). The maximum level difference between
the two sound beams in the stereophonic beam generation is
used to be constrained by the partial grating lobe elimination
[15]. The over elimination provides a significant increment of
the maximum level difference between the two sound beams
generated from one steerable parametric loudspeaker.

IV. SIMULATION RESULTS

The intersection function was originally proposed in [8] and
experimentally validated in [14]. With the variables defined in
this paper, the original intersection function is rewritten as

Iold (fd) = max
−θ∆<θ<3θ∆

[D (θ, f1, 0)×D (θ, f2, θ∆)] , (9)

where
θ∆ = sin−1 fdd

c
. (10)

In order to comparatively study the four cases of grating lobe
elimination, the intersection function has to be modified as

Inew (fd, φ) =
max

−θ∆<θ<3θ∆
[D (θ, f1, 0)×D (θ, f2, θ∆)]

max
−φ<θ<3φ

[D (θ, f1, 0)×D (θ, f2, φ)]
,

(11)
where φ = θ1 − θ2 is the angular separation between the
mainlobes of the primary frequencies, and

θ∆ = sin−1

(
sinφ+

c

f2d
− c

f1d

)
(12)

is the angular separation between the grating lobes of the
primary frequencies. The modified intersection function can
calculate the maximum level difference between the two sound
beams generated from one steerable parametric loudspeaker.

The results obtained from (9) and (11) using four sets of
weights are plotted in Fig. 6. The four sets of weights include
one set of equal weights and three sets of Chebyshev weights
resulting in sidelobe attenuations of 13 dB, 20 dB, and 30 dB.
It is observed in Fig. 6 that the proposed over elimination has
resulted in a wider range of level difference between the two
sound beams when compared with the previous stereophonic
beam generation, in spite of the set of weights adopted. In
the previous method, the set of Chebyshev weights with the
largest sidelobe attenuation results in the worst performance
in terms of the maximum level difference. However, the same
set of Chebyshev weights demonstrates the best performance
when using the proposed over elimination.

Although the over elimination can improve the maximum
level difference, the mainlobe level is compromised for the
low difference frequency. Similarly, the dual beam generation
achieves the same levels of the two sound beams, but the main-
lobe level is compromised for the high difference frequency.
In Fig. 7, the mainlobe levels are compared between the
over elimination and the dual beam generation to demonstrate

Fig. 6. Maximum level difference between the two sound beams generated in
the over elimination and the stereophonic beam generation, where blue lines
represent the over elimination; and red lines represent the stereophonic beam
generation.

Fig. 7. Mainlobe level in the over elimination and the dual beam generation,
where blue lines represent the over elimination; and red lines represent the
dual beam generation elimination.

the power efficiency of the steerable stereophonic parametric
loudspeaker. The input power is kept consistent. The set of
Chebyshev weights with the largest sidelobe attenuation results
in the lowest power efficiency to generate the low difference
frequency, but the highest power efficiency to generate the
high difference frequency. It shows that a wider range of the
level difference between the two sound beams would request
higher power input of the steerable stereophonic parametric
loudspeaker. In the future, we will carry out acoustic mea-
surements to find the tradeoff settings and examine the sound
quality by subjective assessments.



V. CONCLUSIONS

Complementing to the three known cases of grating lobe
elimination, the fourth case, namely the over elimination, has
been demonstrated in this paper. The intersection function,
which used to describe the level of grating lobe elimination,
has been modified to evaluate the maximum level difference
between the two sound beams generated from one steerable
parametric loudspeaker. By accounting for the over elimina-
tion, the steerable stereophonic parametric loudspeaker has
achieved a wider range of the level difference between the
two sound beams as compared to the previous method. Four
sets of weights have also been compared in the simulation.
The set of Chebyshev weights with the largest sidelobe atten-
uation can lead to the best performance of the stereophonic
beamsteering. However, there is a remaining issue to improve
the power efficiency of the steerable stereophonic parametric
loudspeaker.
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