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Abstract Focused ultrasound is the base mechanism for mid-air tactile feedback
generation, acoustic levitation, wireless power transfer, directional audio and other
emerging applications. The basic required setup is an ultrasonic emitter with the
capability of focusing its acoustic power at a target point. Ideally, a multi-emitter
phased array is used since it is capable of steering and shaping the sound field
with millimetre accuracy and a time response in the order of milliseconds. There
are compelling commercial products and open designs for this kind of ultrasonic
arrays. Here, we review the different elements that compose an ultrasonic array:
from the emitters and the driving electronics to the signal generators or algorithms.
We review some techniques to simulate the output of ultrasonic arrays or to determine
the emission phases for target fields. Also, we provide some suggestions for future
challenges related to cost, power, and heat reduction.

1 Introduction

Transmitting phased arrays are devices made of multiple emitters that can adjust the
phase (i.e. time delay) and amplitude of each element in order to focus their power at
specific points or directions. This focusing and steering can be done electronically,
at fast speeds and with high-accuracy without the need of mechanically moving the
array. Phased-arrays are nowadays used in 5G communications [1] but have been
commonly used in radar [2], sonar [3] and medical ultrasound [4]. When the arrays
are composed of airborne ultrasonic emitters, it is possible to focus the acoustic
amplitude at different points in space; by applying a modulation on the emitted
wave, these points can be perceived as tactile stimuli by the mechanoreceptors of the
human hand [5, 6, 7, 8].
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Airborne ultrasonic phased-arrays (AUPs) can also be used for acoustic levitation
[9, 10], wireless power transfer [11] or the generation of directional audio beams
[12, 13]. The AUPs can be dynamically focused, this enables to move the particles
in levitation, transfer power only to specific receivers in wireless power, and deliver
sound to moving people in directional audio. An AUP can be used in conjunction
with virtual reality systems [14] to generate the missing tactile sensations when
touching virtual objects without forcing the user to wear devices on their hands.
Other use cases can be found in hands-free car interfaces [15] or kiosks with gestural
input [16].
This chapter focuses on describing the main elements that form an AUP. The main

ones are the ultrasonic emitters, the amplification drivers, and the signal generators.
Some of these elements are commercially available.Wewill also see common spatial
arrangement of the emitters used for the AUP. The chapter finishes with a review on
the main simulation techniques and algorithms.

2 Components

Aphased array has 3main components. Firstly, the ultrasonic elements that transduce
the electrical signal into ultrasonic waves. Since we focus on emission arrays, also
called transmission arrays, we use ultrasonic emitters, but other types of arrays
have elements that receive (receivers) or that perform both functions (transducers).
Secondly, the driver electronics that amplify the logic signal into a signal capable
of driving the emitters with enough amplitude; in general, emitters based on piezo-
electric transduction have high impedance, require high-voltage and low-current.
Thirdly, the signal generators capable of producing multiple synchronised signals of
adjustable phase and amplitude.

2.1 Emitters

The main commercially available ultrasonic emitters used in phased-arrays have
1 cm in diameter, larger emitters are available but 1 cm is closer to the operating
wavelength (8.46mm) and thus can createmore accurate fields and focal points. These
emitters are based on leaky-plate radiation and operate at 40 kHz; some common
models are MA40S4S (Murata Electronics, Japan), MSO-P1040H07T (Manorshi,
China) or FBULS1007P-T (Ningbo, China). Inside these emitters, there is a thin
piezoelectric disk that vibrates in radial mode, the disk is attached to a metal plate
so that the radial vibration is transformed into traversal vibration, a metal cone is
attached on top of this metal plate and allows to radiate from the metal plate into air
despite the large mismatch of acoustic impedance. Variations of these transducers
can be found with different diameters (e.g. 1.6 cm) or materials for the casing (plastic
or aluminium) Fig. 1.a. The cone is exposed directly at the top but protected with a



Prototyping airborne ultrasonic arrays 3

metal grid or a plastic pattern that also helps to tune the directivity pattern. These
emitters are mainly available at 40 kHz, but it is also possible to find them operating
at 25 kHz or 58 kHz.
In the supplementary information of [17], a table with radiation amplitude and

aperture can be found for different ultrasonic emitters. These parameters can be
used in the equations presented in section 4 to obtain an estimation of the field at
different points around the emitters. In general, the emitters are driven with a square
wave signal [18] leading to simpler driving electronics and generation with digital
components. Excitation signals of 24 Vpp are normal in continuous operation, with
the metal-case emitters being able to take up to 50 Vpp continuously. The current
consumption varies from 4 to 10 mA depending on the efficiency of the driving
electronics. Some ultrasonic emitters are made of a piezoelectric elements directly
bonded to a metal case. These transducers are water-proof, robust and easy to cool
down (e.g. MCUST18A40B12RS, Multicomp). However, their radiation into air is
not as effective as the previously described leaky-plate emitters since closed-case
emitters are designed to be bonded into a solid material, for example in distance
measure applications in small boats [19].
There are wideband ultrasonic emitters made of a piezo-element attached to

a plastic membrane. These emitters are generally sold as pest control technology
(e.g. FBUT3813, NingBo). They are less efficient than the previous models but can
emit with a wide range of frequencies. In the same spectrum, compression drivers
(Fig. 2.c) [20] have often been used as ultrasonic emitters for levitation experiments
and perhaps could be used for haptic applications.
Commercially available transducers of frequencies larger than 100 kHz are avail-

able, they employ a different working principle. The base is a metal case with a piezo
attached on the front face from the inside. To provide correct transmission from the
case into air, a white porous material is used as the matching layer. These transducers
are available operating at 100, 200, and 400 kHz (Fig. 2.b). However, they have a
diameter of dozens of wavelengths, therefore having little capability to create wave
interferences and be used in phased-arrays.
Custom-made emitters can be found in the research literature. For example, large

bulks of metal clamping piezo electric elements are called Langevin transducers

Fig. 1 Different ultrasonic
emitters. The black lines at
the bottom left of each Figure
are for reference. They are all
10 mm. a) Leaky-plate open
case operating at 40 kHz of
diameter 10 mm and 16 mm.
b) High-frequency transducers
with porous matching layer
operating at 400, 200, and 100
kHz. c) Compression drive. d)
Membrane based tweeter. e)
Langevin horn.
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(Fig. 2.d) and are widely used for high-intensity ultrasound applications [21, 22].
However, their use in phased arrays would not be feasible since it is difficult to
manufacture them in a small size (they are more than 3 or 4 times the wavelength).
More importantly, it is hard to build them with similar resonant frequencies; to
obtain two emitters with similar frequencies, the method was to build a dozen of
horns and select the closest pair [21]. Also, these Langevin horns are quite sensitive
to continuous emission due to changes in temperature and the required voltage to
drive them is dangerous (>200 V). Consequently, some airborne ultrasonic systems
are moving from Langevin-based emitters to commercially available leaky-plate
transducers [23].
Some research groups have created wideband high-frequency transducers [24]

but no arrays for haptic feedback have been realized yet. Flexible transducers made
of PVDF are also a promising technology [25] but still not suitable for a full phased-
array due to their low-power, and even less for prototyping AUPs.

2.2 Drivers

The signal coming from the signal generators usually does not have enough amplitude
for exciting the emitters with sufficient power. Most of the times, the ultrasonic
emitters are the most expensive parts of the arrays and thus. For this reason, they
should be driven at their maximum voltage, so as to achieve as much acoustic
amplitude as possible with the minimum number of emitters.
If a sinusoidal signal is used, then audio amplifiers [26] or even RF amplifiers

[27] can be used to amplify the analog signal. However, most of the AUPs use square
waves, which are usually amplified with Mosfet drivers [18]. Mosfet drivers are a
good option since they are designed to drive the highly capacitive gates of Mosfets;
there are several theoretical models to describe an ultrasonic piezoelectric emitter
and how their main load is of capacitive nature [28].
The drivers can operate in push mode, in which one terminal of the emitter is

connected to ground (or voltage) and the other terminal connects to the oscillating
signal of the driver [29]. Another possibility is to drive the emitter in push-pull
mode, where both legs connect to two signals that are out of phase [17]; thereby,
the voltage peak-to-peak that is applied into the emitter is double of the supplied
voltage, although two driver channels are needed per emitter in this case.
Most ultrasonic emitters present a high-impedance (e.g. 1 kOhm) when compared

to traditional speakers, therefore most drivers are not designed to drive them effi-
ciently. Electrical matching can be done with different circuit networks [30] or with
a matching transformer [31] that also increases the voltage delivered to the emitters.



Prototyping airborne ultrasonic arrays 5

2.3 Signal generation

Using an off-the-shelf signal generator can be feasible for generating 1 or 2 channels.
Depending on the requirements for the signal, a scientific instrument (e.g. Keysight
Technologies 33210A in the order of EUR 1000) or just a breakout board based on a
direct digital synthesis IC (e.g. AD9851 Analog Devices at EUR 15) will suffice. For
focusing, a phase resolution of 5 divisions per period leads to optimum amplitudes
at the focal point, since increasing the phase resolution further only improves the
amplitude by 5% [18]. For more complex amplitude patterns, like the ones shown in
Sec. 5.3, a phase resolution of 8 divisions per period produces the optimum results,
as adding further phase resolution only decreases theMean Square Error by 3% [29].
Steering the beam at specific angles will require more phase resolution, especially
if the beam needs target points at long distances from the array. For haptic AUPs,
steering with high accuracy is not as important as focusing at different point around
the array since the user’s hand is not further than 1 m. The low requirements on
phase resolution but the necessity of a high number of channels leads to the use of
other signal generators in AUPs for haptic.
The traditional 555 IC is used in some projects when only one channel is required;

however, it is not possible to synchronize multiple of them. An Arduino UNO can
generate at least 2 channels with phase control [17] and an Arduino MEGA, up to 64
channels with 10 divisions per period [18]. However, when more channels or phase
control are needed, a solution based on an FPGA is commonly employed [32, 29].
Hybrid architectures like the BeagleBone [33] have been successfully used and new
microcontrollers like the ESP32 or Raspberry Pi Pico are promising alternative still
to be tested since they include protocols for parallel output of data at controlled
speeds.

Fig. 2 Basic array geometries. a) a 16x16 flat array made with 10 mm diameter emitters. b) a 16x16
flat array using 16 mm emitters. c) a bowl of radius of 100 mm made with 60 emitters of 16 mm
diameter.
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3 Geometries

The location of the ultrasonic emitters determines the main capabilities of the arrays
such as the amplitude that can be obtained at the focal points, the dimensions of
those points, the undesired secondary lobes that appear and the working volume in
which the array can be focused effectively.
A flat geometry is used in most commercial products, since it allows for soldering

the emitters directly in a PCB and thus enable easy manufacturing. The rectangular
distribution is the simplest because it is panelizable and it does not leave gaps (Fig. 2).
A more efficient geometry is the hexagonal packing, which gives more density of
emitters but leaves gaps and makes it harder to put components on the other side
of the array or to tile various arrays. Arrays with uniform distribution of emitters
lead to the generation of undesired focal points (side lobes) that appear outside
the main target focal point. To avoid this problem, distributions with quasi-random
[34] or Fibonacci arrangements [35] have shown to reduce sidelobes; however, their
manufacturing in a PCB is more complicated.
Emitters do not need to be constrained to a flat surface if extension wires are

used to decouple their driving electronics. Spherical caps (Fig. 2.c) generate focal
points with more amplitude [17], however the working volume in which they can
be focused gets reduced. In other words, flat arrays can focus on a larger volume
but with less power. Furthermore, spherical caps have a natural focus which can be
used to remove the necessity for complex electronics if only a static focal point is
desired. That is, when all the emitters are driven with the same signal a focal point
is generated at the geometric focus.
Height offset on the emitters can be used to produce phase changes at a point

without the need of using different electrical signals [36], this technique has been
used to generate vortices [37], twin-traps or other acoustic fields by placing the
emitters at specific positions. This reduces the complexity on the electronics but
the arrays does not have the capability to focus at different points. Passive phase
modulators can also be used for focusing and shaping the acoustic field emitted from
AUPs [36, 38, 39].
Using multiple arrays or extended ones is a technique used to cover a larger

working volume [40] or being able to focus at different positions around a 3d object
[41, 42]. Please refer to chapterX.Other types of spatial distributions such asV-shape
or ring shape have been presented in the literature (See supplementary information
of [43]), but they are not commonly used for haptic arrays.

4 Simulation of the emitted field

The piston model is an simplification commonly used to calculate the incident field
generated by one or multiple emitters [44]. The model is only applicable for the far-
field of the emitters, but this is not an issue since most tactile stimulation takes place
centimetres away from the array, the far-field of the employed ultrasonic emitters
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starts at 3 mm approximately from their top. The near to far-field limit starts at
(2𝑎)2/4𝜆, where 𝜆 is the wavelength and 𝑎 is the emitter radius [45]. The piston
model cannot be used for simulating domains with complex reflecting geometry but
this is usually not a problem because tactile systems radiate directly onto the user’s
hand. Reflections on planar objects can be approximated by mirroring the emitters
and adding an attenuation coefficient depending on the material of the reflector. This
method is fast and can run in real time for hundreds of emitters [18].
The complex acoustic pressure 𝑝(𝒓) at point 𝒓 due to a piston source emitting at

a single frequency can be modelled as:

𝑝(𝒓) = 𝐴𝑉
𝐷 𝑓 (𝜃)

𝑑
𝑒𝑖 (𝜑+𝑘𝑑) (1)

Where 𝐴 is the transducer output efficiency and 𝑉 is the excitation signal peak-
to-peak amplitude. The term 1

𝑑
is the divergence, where 𝑑 is the distance between

the center of the piston and the point 𝒓. 𝑘 = 2𝜋/𝜆 is the wavenumber and 𝜆 is the
wavelength. 𝜑 is the emitting phase of the source. 𝐷 𝑓 is the directivity function of
the emitter and depends on the angle 𝜃 between the emitter normal and the point 𝒓.
The directivity function of a vibrating piston source can be expressed as:

𝐷 𝑓 = 2𝐽1 (𝑘𝑎 sin 𝜃)/𝑘𝑎 sin 𝜃 (2)

Where 𝐽1 is a first order Bessel function of the first kind and 𝑎 is the radius of the
piston. This directivity function can be approximated as 𝐷 𝑓 = sinc(𝑘𝑎 sin 𝜃).
The total acoustic field 𝑃 generated by 𝑁 transducers is the addition of their

emitted complex fields, i.e. 𝑃 =
∑𝑁

𝑗=1 𝑝 𝑗 . The constant 𝐴 and the piston radius 𝑎
are needed to characterize a transducer. For instance, the commonly used MA40S4S
(Murata Electronics, Japan) can be approximated as: 𝑎=4.5mmand 𝐴=0.17 𝑃𝑎·𝑚/𝑉 .
This simple model can be used to simulate the shape and amplitude of the focal

points generated by different array geometries. For instance, in Fig. 3, we compare a
flat 16×16 array made with 10 mm emitters (MA40S4S) and 16 mm emitters (MSO-
P1040H07T). It can be seen that the 16 mm emitters produce a stronger and smaller
focal point around a larger working volume but sidelobes are closer to the main focal
point. Also, an array made with 16 mm emitters is larger and more cumbersome.

Fig. 3 Amplitude at the
focal point when the arrays
are focused at each point of
the slice. 16×16 flat arrays
made of Murata MA40S4S
10mm emitters (top row)
and 16 mm Manorhsi MSO-
P1040H07T emitters (bottom
row) are compared. On the
third column, the shape of a
focal point is shown.
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5 Focusing algorithms

Multiple techniques have been developed to determine the required emission phases
of each emitter so that the array focuses the acoustic power at different positions.
We divide them in 3 categories: single focal point, multiple focal points, and the
generation of a 2D amplitude pattern (also called acoustic image).

5.1 Simple focus

To focus the acoustic power at a position in space, the incoming wave from each
emitter should arrive at that point with the same phase. This leads to a simple time
of flight algorithm 𝜑𝑛 = 𝑘 | 𝑓 − 𝑠𝑛 |, where 𝜑𝑛 is the emission phase for the 𝑛 emitter,
𝑓 is the position of the target focal point, 𝑠𝑛 is the position of transducer 𝑛, and
|·| the distance between those two points. Also please refer to chapters 1 and 14.
Apodization techniques, such as applying a Gaussian profile on the amplitude of the
emitters, can be used to reduce the sidelobes [46] or give a rounder profile to the
focal point.

5.2 Multi-focus

There are 3 main techniques for creating multiple focal points at target positions. In
the first one [47, 48], the emitters are split into different groups using a checkboard
pattern or other type of spatial division, each subset of emitters is focused with the
simple focus method at a position. This method is fast to compute, leads to smooth
transitions, but it does not provide optimum results in terms of amplitude, since the
emitters may interfere between subsets.
The creation of multiple focal points can be set as an optimization problem with

the emission phases as the variables, and the addition of the amplitude at the target

Fig. 4 Amplitude field result-
ing from focusing a phased ar-
ray using different algorithms.
The array has 16x16 1cm
emitters (Murata MA40S4S),
the slices are taken 16cm
above the array. a) single focal
point. b) three focal points. c)
amplitude target of a letter A.
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points as the target function. Optimizations solved by mean root squares [5, 49] or
Broyden–Fletcher–Goldfarb–Shanno (BFGS) [43] have been used with success.
Iterative back propagation (IBP) [50] can also be used to find emission phases

that create maximum amplitude at the target points. Variations of this method such
as GS-SPAT [51] lead to fast calculations that allow the movement of the focal points
at high speeds (in excess of 10 kHz). For details, please refer to chapter XI.

5.3 Amplitude images

For some applications, it is desired to project an amplitude pattern that resembles that
of an image, it could be a simple shape such as a circle or a more complex one like
a dove. However, for haptic applications, simple shapes are enough since complex
shapes cannot be discerned correctly by humans. Holograms for acoustics [52] is
an emergent field with the aim of modulating acoustic waves into target amplitude
fields, normally a passive phase modulator of high spatial resolution is employed,
but algorithms adapted to phased-arrays are also present in the literature [29].

6 Conclusion

We have presented the main components that form an ultrasonic airborne phased-
array used for mid-air haptic stimulation. We have analysed the main types of
commercially-available ultrasonic emitters, driver electronics and signal generators.
We showed some of the common geometries for the spatial disposition of the emitters.
Algorithms and simulationmethods for phased-arrays were briefly introduced. There
are multiple companies that commercialize phased-arrays, also it is still possible to
build arrays at home and customise them in shape or power. This fosters novel
applications and a growing community of both researchers and enthusiasts that will
experiment with phased array for mid-air haptic feedback.
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