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Audible Noise Reduction Using Generic Boréas’ Piezo Drivers

1 Introduction

In third generation haptic applications, piezo ceramics play a key role in delivering a high-quality user
experience. However, beyond their use in haptics, piezo elements are also known for their audio-
generating capabilities, which can often be an undesirable effect in haptic application. In this case, it is
recommended to identify and remove each noise source independently.

This application note presents the various audible noise sources integrators will face when developing
haptics applications and how to deal with them.

2 Audible Noise Sources Detection

When integrating haptic in various applications, noise can happen for numerous reasons. The most
common sources are the waveform shape and its distortion; the waveform generator; and the
mechanical amplification and transmission.

2.1 Waveform Shape and Distortion

Sound is a waveform propagated into some medium by means of pressure waves. Also, for it to be
audible, this waveform must have energy in the audible frequency range, which is typically defined
between 20 Hz and 20 kHz. Within this range, human perception may vary, typically being more sensitive
in higher frequencies and making them perceived as more unpleasant. For the purpose of simplicity, the
term noise will be used to refer to undesirable sound.

Haptic waveform frequencies are generally below 300 Hz. Therefore, tactile haptic waveform effects will
have energy in the lower frequencies of the audible spectrum and will be audible to some extent. Also,
the higher the amplitude of the waveform, the greater the piezoelectric actuator displacement and air
pressure, thus the louder it is.

According to Fourier series, apart from a pure sinusoid, any other waveform will possess a frequency
content on more than just a single tone. For example, as pictured in Figure 1, the DFT (Discrete Fourier
Transform) of a square wave contains energy at every odd multiple of its fundamental frequency, known
as harmonics. Therefore, compared to a sinewave of the same amplitude and frequency, by having a
higher frequency content, a square wave will be more audible and irritating.
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Figure 1: Pure sine wave and pure square wave frequency content

The type of waveform impacts the frequency content, but edge transitions also have an impact. For
example, Figure 2 shows a discontinuity at each end of the “half sine” which will generate more
harmonics than the continuous cosine (“cos”) with smooth transitions. It follows that any waveform with
sharp transitions, or discontinuity of the waveform slope, will produce undesirable noise.
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Figure 2: Waveform continuity comparison
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Harmonics are also generated when the waveform produced is distorted. This would happen when the
combination of piezo load and waveform parameters are not matched to Boréas’ driver strength. If the
combination of the load and desired waveform requires more power than the available output drive, the
driver’s output waveform will be slew-limited, even saturated, resulting in a triangle-like waveform,
which is noisy.

The Figure 3 below depicts the frequency content of such distorted waveform, including the pattern of
a triangle waveform near the maximum; note the harmonics reaching a lot further than the fundamental
frequency.
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Figure 3: Effect of driving strength on waveform output

2.2 Electrical Output Noise

Boréas’ driver itself, even though having a low THD, may output small scratchy-like noise in the few
kilohertz range, due to the digital nature of the controller. Depending on the application, piezo actuator
used, and the mechanical integration, this noise may be barely noticeable or perceptible enough to be
disturbing.

Additionally, if abrupt transitions are present in the waveform, these will also induce unwanted noise.
Such transitions may occur for various reasons, such as firmware communication delays, a problematic
BOM, or wrong register parameter values, sometime creating a “tick” sound (example in Figure 4). These
problems can be detected by probing the output waveform signal.
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Figure 4: Impact of a small but abrupt transition on frequency content

2.3 Mechanical Amplification and Transmission

When the electric signal is converted into mechanical movements, the mechanical integration will
impact how sound is amplified or generated.

Firstly, the piezo itself can be seen as a speaker, creating force and displacement on the mechanical
structure according to the voltage waveform being applied. This induces displacement of the mechanical
outer shell inducing pressure waves in the air and inherently generating sound. Larger surfaces tend to
generate more noise when oscillating, and noise emission will be higher when the movement is in the
normal direction to that surface. Specifically, if a piezo is pushing on a large surface to make it vibrate,
like in a display for example, most of that surface will act like a drum, possibly producing significant
amount of audible noise.

Secondly, the mechanical system with its specific properties (stiffness, damping ratio, natural
frequencies, etc.) will be more or less sensitive to noise generation for a given waveform. If the natural
frequencies are in the audible range and they are stimulated enough, significant noise can result.

Thirdly, the coupling between the piezo actuated device and the user (due to the presence of a finger)
will define a new transfer function differing from the free system transfer function. There could be
additional damping to account for, resulting from the user-device coupling and a significant shift of the
system natural frequency.

Finally, if the actuator preload applied by the structure is insufficient to account for assembly tolerances,
a gap might appear in the assembly, leading to rattling, thereby generating significant noise when firing
haptic. By design, the preload on the actuator needs to be accounted for to prevent this phenomenon.
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3 Analysis and Correction Methods

Now that the possible sources of noise are known, it is suggested to address them in the order presented
in this section. This will ease the overall correction effort, by optimizing each parameter one at a time,
without influencing too much on those which were already adjusted.

Note that often compromises must be done. The inherent nature of haptics is to induce vibration, which
is @ movement, which is creating pressure sound waves. The general goal is to limit as much as possible
the undesired components of that noise.

3.1 Stimulus

Since the most significant source of noise comes from the choice of the waveform, it is of the utmost
importance to design it well. As stated before, even with a pure sine wave, all discontinuities and sharp
transitions are undesirable when attempting to avoid noise. Also, the magnitude of the haptic and sound
is closely related. So, at some point, a compromise between sound and haptic may need to be done, and
the assembled result should be evaluated afterward.

As shown in Figure 2, a half sine wave contains more harmonics than a similar waveform starting as a
unipolar cosine and being smooth for the entire waveform. Also, the steeper the slope of the waveform,
the higher the frequency content.

The key recommendations when designing the waveform are:

- Avoid waveform shapes with high frequency harmonics.
- Keep the waveform continuous and smooth, avoid abrupt changes.
- Minimize the waveform slope’s steepness.

Figure 5 shows two suggested waveforms: a cosine and a Gaussian waveform, both having relatively low
frequency content and being smooth
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Figure 5: Smoothness of cosine and Gaussian waveforms

Note that a piezo ceramic can be driven in a way to produce less noise than a mechanical button, because
the waveform used to excite the piezo can be crafted to avoid high frequencies.

3.2 Electrical Analysis
Once the stimulus is well-defined, then the electrical system that generates it must be evaluated.
3.2.1 Driver/Load Combination

The first aspect to check is the combination of the Boréas’ driver and the chosen actuator. Each different
Boréas’ integrated circuit (IC) is capable of a certain drive strength. Increasing the load capacitance or
driving at higher amplitudes would require more drive strength and as a result, impact negatively the
usable bandwidth.

To match electrical components, Boréas’ IC and piezo, please follow the recommendations found in
Boréas’ specific datasheet. It specifies its range of operation, describing the acceptable waveform
voltage and frequency for a given capacitive load. Also note that a lower input supply voltage reduces
the output bandwidth.

On Boréas’ website, there is a calculation tool available to help determine the BOM needed based on
the specific application conditions (BOM Calculator). Parameter requirements for each component are
given as a starting point for the design.

To physically validate if the driver/actuator combination is adequate, probe the waveform shape across
the actuator on an oscilloscope. The measured waveform should match the intended/programmed
waveform. If the measured waveform shows distortion or does not seem to reach the desired shape,
then some changes may be required. Make changes to the components to increase the output drive if
possible, or if the application allows it, try using an actuator of lower capacitance.
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The energy required to drive a capacitance with a sinewave is proportional to CV2f, where C is the load
capacitance, V the amplitude of the sinewave and f its frequency. Therefore, increasing any of these
parameters will require more driving strength, which may be higher than the circuit capabilities, as
shown by a slew-limited rise on the waveform (see Figure 3).

So, in the case where the actuator capacitance cannot be reduced, try reducing the demand on the driver
by reducing stimulus frequency and/or amplitude. If again this is not a viable option, consider using a
stronger driver in Boréas’ portfolio.

3.2.2  IC’s PID and Register Parameters Optimization

When probing the output waveform on the circuit, if there is distortion or unwanted artefacts in the
output waveform, it may be due to Boréas’ closed-loop controller parameters not being optimized for
the BOM used. See section 10 of Solid-State Button Design — Hands-on Guide for complete method on
how to optimize Boréas’ registers to improve the waveform shape. Parameter adjustment will help
correct specific problems in the waveform, for example near the extremums or near 0V crossing.
Parameter adjustment will not solve a lack of drive or a bad choice of components.

Note that in most haptic effects, a sampling rate of 8 kSPS is sufficient due to the interpolation feature
of the Boréas’ drivers. Thus, increasing output sampling rate does little to improve noise from the
electrical waveform.

3.2.3 Low-Pass Filter (RC)

The following section will propose an additional correction method to remove undesired residual
content at high frequencies. This method will get rid of the controller noise and residual artefacts. The
system’s output should be evaluated before doing so by probing the output on an oscilloscope and
subjectively by ear. There might not be an added value by implementing the following corrections.

Since the piezoelectric actuator behaves electrically mostly as a capacitor, adding a resistor between the
driver output and the actuator will create a RC low-pass filter. As an example, in Figure 6, Rf+ and Rf-
have been added between the Boreas driver output and the piezo actuator load. Only one resistor is
required, but two can be used for layout considerations or power dissipation purposes. In the following
description, R will be used as a sum of Rf+ and Rf- (R = Rry + Rr_).
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Figure 6: Resistors placement for low-pass filter

The cutoff frequency (f;) of an RC filter is defined by (1), where C;,44 is the nominal capacitance of the
piezo actuator in farads (F); and R the series resistor in ohms (Q). This definition results in a -3dB gain at
fc (the gain from this filter is expressed by (2)).

1

fC - 27R Cload

(1)

As a general rule of thumb, a filter with a cutoff frequency three times the signal highest frequency (f. =
3" fs max) is @ good trade-off. This ensures that the low-pass filter will not attenuate too much the
waveform amplitude by having its cutoff frequency too low while sufficiently filtering the higher
frequencies.

Cai Xc ¥ 1
ain = ——=;Xc = ——— 2
\/RZ + XCZ- ¢ 27chload 2)

BTOOOAANO01.01 © All rights reserved 2025 Boréas Technologies Inc



General % BOREAS

Application Note

RC Low-Pass Filter Gain (f,=900Hz)
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Figure 7: Gain vs frequency of a first order 900 Hz low-pass filter

This would give approximately a5 % loss at f = % Note that a piezo capacitance will typically increases

with voltage (PZT ceramic may exhibit increases in capacitance, usually 1.5 to 1.7 times the nominal
capacitance at maximum voltage) and thus, cutoff frequency will decrease accordingly. This can lead to
an increase in gain loss. This can be taken into account by testing, and the stimulus amplitude can be
adjusted accordingly. Note any gain loss will also result in a loss of haptic feedback.

Once the resistor value is selected, its power rating needs to be considered. The first assumption to ease
calculation, favoring a worst-case scenario, is considering the waveform as always playing on the
actuator (100% ON-time). Thus, the definition for average power through the resistor (P) is defined by
(3), where I s is the RMS current in the resistor.

P = RI3ys (3)

For a sinusoidal stimulus in the form of V(t) = Vp(cos(2nf;t — m) + 1); assuming the voltage across
the resistor to be small, Iy is given by (4):

Ims = V21 £;CloaqVp (4)
oo ~ 2
Replacing in (3) P = R(\/EnfSCloade) (5)

For example, playing a 300 Hz, 0-95 V sine wave on a 500 nF load would require a resistor of 345 Q with
a power rating of 354 mW.
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3.3 Analysis of Mechanical Structure

The mechanical structure is the medium through which the user will feel the haptic. All its components
can contribute to audible noise. Any modification may have a positive or negative impact on either or
both haptic and emitted sound. When trying to reduce noise caused by the mechanical integration,
please be aware of the following aspects, but know the cause may be something else and more complex.

3.3.1 Rattle

An insufficient preload between moving parts is likely to cause a rattling sound. Inertia of the moving
parts may also cause the rattle. This would happen when firing the haptic against a non-constraint
surface. As an example, if a piezo ceramic pushes against the surface and that surface reaches beyond
the movement of the piezo, it may lose contact with the piezo and create a rattling noise when coming
in contact again.

The first recommendation is to design for preload to be applied at times, making sure the moving part
stay in contact during the haptic vibration. This may be achieved by preloading the mechanical structure
and all the parts involved in the haptic movement. Alternately, foam or other compliant material can be
used to create the preload, but it is likely to reduce haptic performances at the same time, by absorbing
some of the movement’s energy. In a haptic application, the finger of the user can be considered as a
preloading factor if appropriate.

Aside from the preload, the interference between moving parts and surrounding fixed parts should be
avoided. Failing to do so will cause collisions and either create rattling noise or limit parts movement
thereby leading to loss of haptic.

3.3.2 Resonant Cavity

In @ mechanical system, any cavity risks to resonate and amplify sound. Around haptic implementation,
any cavity should be avoided as much as possible to minimize risk of resonance. Adding absorbing
medium, like low density foam, will mitigate air wave propagation and reflections in the cavity,
minimizing the cavity impact.

3.3.3  Mass, Rigidity, Thickness and Surface Area

The mass, rigidity, thickness and surface area of all materials will change the acoustic behavior of the
mechanical assembly. Any of these parameters can be adjusted to improve sound performance. Often,
trade-offs need to be made.

3.4 Conclusion

There are three main sources of noise in haptic integrations: the intended waveform shape, the
generated electrical waveform and the mechanical integration and assembly.

To minimize the emitted sound, the waveform should be crafted as to avoid any sharp transition, be
smooth and avoid generation of harmonics with high frequency content.

Ensure good matching between the load, the driver and the selected components (including the piezo
actuator) to stay in the recommended range of operation. A RC low-pass filter may be useful to filter
higher-pitched noise.
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Once good and noiseless waveforms can be generated with the selected actuator and with the designed
electrical system, then the last step is to look upon the mechanical integration.

Taking all theses steps one at the time and in the proposed order will help identifying the most impactful
elements and resolve them to produce a nice and noiseless haptic experience.
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