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1 Introduction

Ultrasonic haptic feedback uses ultrasound to create a disturbance in the air that the user can feel when
they pass their fingertips across it.

Our system contains an array of transducers, each of which transmits a 40 kHz ultrasonic pressure wave.
The waves from each transducer are appropriately delayed such that the output waveforms line up at a focal
point above the array, making the pressure level (analogous to sound volume) at that point very high (see
Fig. 1 for a visualization). In order to reach the greatest possible output power, the transducers need to be
driven at approximately 30 VRMS. A 200 Hz signal is modulated onto the ultrasonic carrier and transmitted
by the transducers. If the user’s finger is placed at the focal point, the skin acts as an envelope detector and
a 200 Hz signal is felt as a vibration on the finger (Carter, 2013).

This technology is currently being explored to create novel user interfaces that don’t require direct in-
teraction with a surface. For example, in modern vehicles with touch-screen interfaces, tacile feedback using
ultrasound could allow the driver to make adjustments without looking at the screen (Ultrahaptics).

For our final project, our goal was to create a phased array of ultrasonic transducers to produce a vibrat-
ing midair focal point that a user can feel. To do this, we designed oscillators that provided the 200 Hz and
40 kHz signals, an analog mixer to create the modulated signal, and signal delay lines to provide the proper
inputs to each transducer.
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Figure 1: Focal Point Signal Lineup

Additional modules designed for this project were a power supply to provide the 30 VRMS for the
transducers, and an signal amplifier/driver for the transducer array. Since the transducers have signifi-
cant parasitic capacitance that causes poor power usage, the drive circuitry for each transducer provides
impedance matching to decrease the amount of current we need to supply from the power supply.

UT-1240K-TT-R 40 kHz piezoelectric transducers were used because of their affordable price point rela-
tive to other ultrasonic transducers.
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Figure 2: Ultrasonic Haptic Feedback Block Diagram

2 Circuit Design

2.1 Oscillators
Sarah Pohorecky

The transducer signal comprises of a low-frequency signal (200 Hz) modulated onto an



ultrasonic carrier (40 kHz). The oscillators were designed to provide these two signals.

Both oscillators were phase-shift oscillators, which use an RC network to operate an op-
amp in unstable mode to create oscillations. See Fig. 3 for schematics. To create unstable
operation, the op-amp must have feedback with a 180 degree phase shift from its input.
Since the maximum phase shift that can be created from 1 RC pole is 90 degrees, at least 2
poles are required. A solution with 3 poles, each buffered by an additional op-amp to prevent
segments from loading each other, creates a very nice sinusoidal oscillation with low distor-
tion and no noise (see Fig. 4). The frequency of oscillation is set by the time constant of the

RC network used, such that f = The gain and feedback resistors, Rp and Rg need

2rRC’

to be chosen so that the gain of the circuit, R_F = 8 to create a gain of 1 at the oscillation

frequency (one of the requirements for unstableGoperation). In practice, this gain sometimes
has to be slightly higher to begin oscillation, and has to be adjusted manually. This occurred
with our oscillators: while the 40 kHz oscillator used Rp = 160 k2 and Rg = 20 2, with
gain of 8, the 200 Hz oscillator required Rp = 160 k2 and Rg = 15 k2 with gain of 10.6
before it began to oscillate.
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Figure 3: Oscillator Schematics

The 40 kHz oscillator, using 620 €2 resistors and 6.8 nF capacitors, had a calculated fre-
1

quency of f = = 37.7 kHz, but was measured at a frequency of 41.3 kHz.

21 x 62082 X 6.8nF
The 200 Hz oscillator used 13 kf2 resistors and 0.1 uF capacitors, with calculated frequency

1
of f= 57 % 1350 % 100nF = 122 Hz and real frequency of 210 Hz.

LM613x op-amps were used for both oscillators. Originally, they were built with LM348s,




Figure 4: Oscillator Waveforms

but these op-amps proved insufficient for the oscillators, principally due to their low slew
rate, which is 0.5 V/us compared to 14 V/us for the LM613x op-amps. Originally, we were
testing the oscillators for use with a 15 V supply, and with 15 V input, the output waveform
was approximately 8 V peak-to-peak. This meant the maximum frequency of oscillation was
around 30 kHz, since 8V /((1/30kHz * 10%)/2) = 0.48V/us. While this problem may have
resolved with the lower supply voltage of 5 V, the outputs of both oscillators were addition-
ally much more distorted and less clean than the same circuits built with LM613x op-amps,
so switching components made sense.

2.2 Mixer

Chris Desnoyers

In order to provide an amplitude-modulated input to the transducer drivers, the outputs
of the 200 Hz and 40 kHz oscillators need to be multiplied together. See Fig. 5 for schemat-
ics. This is done using a cascode amplifier as a single-quadrant multiplier, in which the 40
kHz carrier is the input to the lower MOSFET and the modulating signal is the input to
the upper MOSFET (both are first divided down to be approximately 200 mV pk-pk in



order to keep the mixer within the desired bias region). Biasing is set so that the upper
FET is in saturation and the lower FET is in the triode region, resulting in a linear rela-
tionship between the carrier gain and the modulating signal level. The output also has a
high-amplitude component at the frequency of the modulating signal, which is filtered out
by the RC network used for AC-coupling into a common emitter amplifier, which amplifies
the modulated carrier. The output of this block is buffered by an emitter follower to allow
it to fan out to the analog delays.
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Figure 5: Analog Mixer Schematic

2.3 Analog Delay

Chris Desnoyers

A phased array is focused by applying the proper delay to the signal that is fed to each
transducer. These delay circuits are implemented as first-order all-pass filters (see Fig. 6 for
schematic), using an RC low-pass filter to introduce phase shift and an op-amp to reverse the
attenuation this filter would normally introduce. The following is the transfer function of the
filter, where Rpp denotes the summed values of the 1 k{2 and 10 k{2 delay potentiometers,
and the 5 k() potentiometer is set to zero:

1 — RppC
H(s) = - P18
1+ Rp pC’13
The magnitude of the transfer function is unity, and its phase is given by:

1
¢ = Qatan(m) (Zumbahlen, 2012)



Although the modulated signal has several component frequencies, and a first-order all-
pass filter provides a delay that varies with frequency, the component frequencies are clus-
tered so closely around 40 kHz that even in the worst case (90.0 degree phase shift at 40
kHz, which places the steepest phase slope across the signal components) they experience
approximately the same delay: 40.2kHz has an 89.7 degree phase shift, 39.8 kHz has a 90.3
degree phase shift, corresponding to +21 nanosecond range. A 10 k{2 potentiometer pro-
vides coarse delay tuning, and a 1 k() potentiometer provides fine delay tuning. The delay
is determined by the RC constant of the sum of these potentiometer resistances and a 6.8
nF capacitor, providing a delay range from 0.5 ps to 12.5 us (corresponding to 6.7 to 180
degrees of phase shift on the 40 kHz carrier). This allows the focal point to be moved by
computing the necessary delays for each transducer signal, then setting the variable delay
potentiometers accordingly.

Focusing a 3x3 transducer array at a point above its center requires the edge transducers
to be delayed relative to the corner transducers, and the center transducer to be delayed
relative to the edge transducers. The transducers are placed directly adjacent to one an-
other, and have a diameter of 12.8 mm. The transducers have a beam width of 70 degrees,
so we chose a focal point 35.7 mm above the center of the array because it is 20 degrees
off-center from the edge elements and 27 degrees off-center from the corner elements, less
than the 35 at which their output has fallen to half-power, but not so far away that the
acoustic power should be significantly reduced by the distance it travels. The necessary
delay for each element can be found by dividing the difference of its distance from the focal
point and the furthest element’s distance from the focal point by the speed of sound in air,
340.3 m/s. For a corner delay of 0 (achieved by bypassing its signal around the delay stage),
the edge transducers need a delay of 6.1 us and the center transducer needs a delay of 12.5 us.
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Figure 6: Delay Schematic

A 5 k) potentiometer in the feedback network was included in order to provide variable



gain in an earlier incarnation of the circuit, but no longer provides useful functionality in the
final version of the design. With this topology, setting the gain potentiometer to a nonzero
resistance value to provide greater-than-unity gain changes the transfer function from an
all-pass filter to a high-pass filter, as well as altering the phase shift, so the 5 k{2 gain poten-
tiometer can best be considered a mistake and its impact on performance is not represented
in the above performance analysis. For completeness, the transfer function including nonzero
gain potentiometer resistance (denoted as Rgp) is as follows:

_ R1 - (RQ + RGP)Rppcls

H
(8) Rl +R1Rpp018

2.4 Transducer Drivers

Chris Desnoyers

A UT-1240K-TT-R piezoelectric ultrasonic transducer can be approximated by the But-
terworth Van-Dyke model, in which the mechanically resonant mode is represented by a
series RLC network with the appropriate resonant frequency, and there is a parasitic ca-
pacitance in parallel with it (Guan and Liao, 2004). Due to manufacturing variations, the
resonant frequency of each transducer, nominally 40 kHz, is actually somewhere between 39
kHz and 41 kHz (PUI Audio, 2016). To simplify the design process, a resonant frequency of
40 kHz was assumed for all transducers, and an impedance analyzer was used to determine
an equivalent RC network for the transducer at an operating point of 40 kHz, in which the
power dissipation across the resistor approximates the acoustic output power. The datasheet
does not provide a full set of modeling parameters, but does provide an estimated value of 2
nF for the parallel capacitance, and a maximum voltage rating of 30 V RMS across the trans-
ducer. In practice, the impedance analyzer indicated a capacitance closer to 10 nF for most
transducers, with the highest at 90 nF, and an equivalent resistance between 100 £2 and 1 k(2.

To the best of our understanding, with this model the transducer at 40 kHz acts as a
low-pass filter, with the parasitic capacitance preventing the full driver output from being
delivered to the load (the resonant leg of the transducer circuit model). Driving a transducer
directly from an emitter follower, the only way to get most of our transducers to operate
close to full power (as measured in lab) was to use a very small emitter resistor and therefore
a very high bias current, dissipating a large amount of power (2.5 W static dissipation for
a 500 € emitter resistor; 50 mA bias current) across the emitter follower at its bias point.
In order to improve efficiency, an LC network was designed to form a parallel-resonant tank
with the parasitic capacitance, resonant at 40 kHz, effectively canceling out its undesirable
effect on power delivery to the load. Fixed RL622-391K-RC inductors with a nominal value
of 390 puH were used, and all were approximately 345 puH at 40 kHz (as measured by an
impedance analyzer). An additional parallel capacitance was added and tuned such that
the LC network composed of this matching capacitance, the parasitic capacitance, and the
matching inductor had a resonant frequency of 40 kHz, at which point it should present a
very high impedance to the driver and allow power to be delivered to the lower-impedance
series-resonant leg of the transducer. The transducer and matching network were AC-coupled
to the driver in order to avoid saturating the inductor with any unintended DC bias at the
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Figure 7: Driver Schematic

output.

See Fig. 7 for the driver schematic. The central stage of the driver consists of a common
emitter amplifier with emitter degeneration, which provides gain of approximately 8, and has
moderate input and output resistance. This amplifies a 5 V pk-pk sinusoid up to about 40 V
pk-pk, close to the transducer’s maximum rating of 30 V. RMS (42 V pk-pk for a sinusoidal
signal). A +25 V supply provides enough headroom to deliver this output voltage. This gain
stage is preced by an additional common emitter amplifier to amplify the delay line output
signal from 2.5 V pk-pk to 5 V pk-pk, with a nominal gain of 2.75 but an overall gain of
about 2 after accounting for attenuation due to high output resistance on the new stage and
low input resistance on the older stage. The driver output is buffered by a common emitter
amplifier to reduce the output resistance of the driver, allowing it to drive the relatively low
impedance presented by the transducer.

The overall voltage gain, input resistance, and output resistance (prior to the LC match-
ing network) of the driver are approximately as follows (assuming /5 of 160, a conservative
value for the 2N3904 transistors we tested in lab):

_ B RellBd|SRy  Rs  Rul[Ri||(6(Ris]|Ris5))
Ry Ri+ (Re||R7|[BRy) Ry Rg+ Ru|[Riol|(B(Rasl|[Ris))
Rin = BRu||Ro||Rs = 33.5 kQ

Ay = 14.0

L Va(Basl[Ras)

— =26%
9m3  Vps — Vee + 25V

Rour =



2.5 Power Supply
Sarah Pohorecky

Since the transducers require high-power signals, we designed a step-up power supply to
drive the transducer array. The requirements for the supply are that it provide two-rail
outputs at +25 V and —25 V respectively, and supply a total of 500 mA, approximately 400
mA at the positive rail, and 100 mA at the negative rail.

The supply topology (see Fig. 8 for the full schematic) was a dual-rail boost converter,
which can create both a higher positive voltage and an absolutely higher inverted voltage
using one switching signal.

The switching was provided by an N-Channel MOSFET and a 555 Oscillator. The IRF540
was chosen as the switching FET for its power characteristics: Vpg max = 100 V; continuous
Ip max = 28 A; continuous Ip max = 110 A. These characteristics were important, as the FET
needed to be able to handle the full inductor current as well as the current pulses created by
Cy discharging while on, and the high voltage difference created by the inductor while off.

A boost converter ideally has output Vi, = %Vin where D is the duty cycle of the
switching signal. Since this power supply required a stepped-up voltage of 25 V from 15 V,
the ideal duty cycle was 0.4. The switching frequency should ideally be as high as possible,
so that the inductor is less likely to fully discharge between cycles (and thus operate discon-
tinuously; a harder-to-analyze mode of operation). The combined rise, fall, and switching
delays of the IRF540 is on the order of 100 ns, so a switching signal frequency of roughly
100 kHz was chosen to provide both a large safety margin above the timing constraints of
the FET, while being low enough to avoid any concerns about over-clocking the 555.

Since the duty cycle of the switching signal to the boost converter needed to be less than
50%, a slightly different 555 oscillator topology was used, utilizing a diode in series with
Rp on the discharge path and another diode bypassing Rp on the charging path to allow
the charging and discharging times to be independently adjusted. The frequency of oscil-

Ra
C(Ra + Rp) Ra +Rp’

This oscillator used Ry = 3.9kQ2, Rg = 10k2 and C= 1 nF. These gave calculated
frequency and duty cycle of 71.9 kHz and 28% respectively. The real values of these mea-
surements were 76.3 kHz and 36%.

lation of this topology is then given by and the duty cycle is given by

All diodes used were MUR120s, for their high pulsed voltage and current rating, and all
capacitors used were non-polar electrolytics rated for 50 V.

The final design had 13.01W/15.156W = 86% efficiency. (input 15 V at 1.1 A; output 26
V across 68 Q2 and —25 V across 220 €2). Most of this power loss is presumed to have occured
across the inductor, as that was the only circuit component (excluding the load resistors)
that noticeably increased in temperature during operation (the FET, while certainly dissi-
pating some power, was not warm to the touch).
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Figure 9: Boost Converter Control Signal

The major problem with this design was the lack of feedback. With anticipated current
load (tested with 68 © and 220 €2 power resistors on the positive and negative outputs of
the boost converter), the converter output was at expected level. However, if the current
load was smaller than calculated, the voltage increased at the output and across the induc-
tor. This meant that variable current in our circuit would either over-volt the transducer
drivers, or also possibly burn out components of the converter itself (which happened while
testing with small current load and the voltage across the inverting capacitor exceeded 50 V).

The solution to this problem is to use feedback from the boost converter output to control

the duty cycle of the switching signal. While a basic design for this was created and tested,
it did not end up robust enough to inductor noise to use in the final circuit. The basic design

10



Figure 10: Boost Converter Output

Figure 11: Boost Converter Ripple Voltage (top: positive rail)

was to take the output of the positive rail of the converter, divide it down, and use the divided
output and a triangle wave as the inputs into a comparator to generate a variable-duty-cycle
square wave. While the comparator circuit worked when tested without the converter, noise
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from the inductor in the converter caused significant false triggers on the comparator without
the use of hysteresis, and there was not enough time to change the design before the deadline.

3 Results

Our final system was tested with 5 transducers running simultaneously, powered by lab sup-
plies. There was a noticeable, though weak, area of sensation at the focal point which was
qualitatively stronger than the sensation produced using a single transducer. This was tested
using both the oscillator-mixer-delay input to the array, as well as function generator-delay
(where the function generator provided the modulated signal). Both methods produced a
tactile sensation, though the function generator produced a sightly stronger output.

The power supply was complete and functional, although was not integrated into the rest
of the system due to several problems discussed in the next section.

At the start of the project, we programmed a microcontroller to replace many of the
analog signal functions in the event that one of our subsystems didn’t work, but in the end,
we did not need it, as we completed every required module and implemented the full system
in analog.

4 Challenges

Our final deliverable worked, although it was not as complete as we had planned. We en-
countered a number of challenges with various modules and integration.

The first of the challenges we encountered, as was mentioned earlier, was the lack of
robustness with our power supply. Since the supply did not include any feedback control,
with loads smaller than our estimated current draw (which we believe in hindsight may have
been higher than in reality), the voltage at both rails would increase and cause problems
both in the supply and in the rest of the circuit. In the end, we did not test our system with
the boost converter supply, and instead used lab power supplies, as we were worried about
accidentally burning out the rest of our system. While a feedback system was designed,
there was no hysteresis in the comparator circuit of the original design and the output signal
had many false triggers caused by interference from the rest of the converter and was not
acceptable for controlling the converter. A redesign of the feedback system using a more
robust comparator circuit with hysteresis would have solved this problem by eliminating the
false triggers.

In the mixer stage, variation in the output amplitude due to variation in the power supply
voltage between different bench supplies was also a challenge, one that was addressed with
the inelegant solution of introducing variable gain in the delay stage, which interfered with
the desired operation of the delay stage (see Section 2.3). A source degeneration resistor from
the lower MOSFET to ground would improve mixer bias stability in the face of variations

12



in MOSFET charcteristics and power supply voltage, and therefore might be an alternative
solution to the problem of variable output amplitude, but it was not immediately clear how
to resolve this solution with the original biasing scheme, so it was only ever explored in
simulation.

Another unexpected issue we encountered was the variability of individual transducers.
We were aware from the beginning of the project that in order to increase the efficiency of
driving our transducer array, we would have to build a matching network to compensate for
parasitics in the transducers, but we were not expecting the large variability in individual
transducers that we found existed in reality. This meant that each individual transducer
had to be compensated for individually, eating up time we had expected to dedicate to other
parts of the project.

Another driver issue was inductor saturation. Although we could not tell for certain
whether or not this was happening, using 500 mA-rated inductors opened up the possibility
that the inductors may have been saturating and operating at a lower effective inductance
than expected. Measurements taken on one driver indicated that this was most likely not
the case, but some odd behavior at the output (briefly exhibiting a more perfectly sinusoidal
shape before settling to a less perfectly sinusoidal shape of lower amplitude) seemed like it
could be explained by inductor saturation.

Finally, we failed to plan for the amount of time it would take to build multiple copies
of our circuit designs. We had at one point hoped to drive sets of transducers on a common
delay with a single driver, requiring only 3 working drivers to test array focusing at a fixed
point above the center of the array, but the variation in transducer characteristics made this
infeasible, as multiple transducers on a single driver would be driven so unevenly that it is
likely only one or two would produce the desired level of acoustic power. For the full array,
we would have needed 9 separate drivers, which required more time than we had remaining
as we approached the end of the project. Thus, our final system was tested with only 5 of
our transducers, as we only had time to build 5 drivers, and even these 5 were not tuned as
well as we would have liked.

5 Conclusion

While we encountered a number of challenges, and our system was not as robust as we had
hoped, our final design was a fully analog system that created a tactile sensation in midair.

Considering that our final test was with only five out of nine transducers, but produced
a stronger sensation than a single transducer, we believe that we could have attained a
stronger sensation with the full three-by-three array. Performance additionally could have
been improved with more precise tuning of the drivers to each of the transducers.
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