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Abstract—An ultrasonic rangefinder has a working range of
30 mm to 450 mm and operates at a 375 Hz maximum sampling
rate. The random noise increases with distance and equals 1.3 mm
at the maximum range. The range measurement principle is
based on pulse-echo time-of-flight measurement using a single
transducer for transmit and receive. The transducer consists
of a piezoelectric AIN membrane with 400 ym diameter, which
was fabricated using a low-temperature process compatible with
processed CMOS wafers. The performance of the system exceeds
the performance of other micromechanical rangefinders.

I. INTRODUCTION

LTRASONIC transducers have many applications in-
Ucluding imaging, rangefinding for computer vision,
human machine interaction, short-range navigation, non-
destructive testing, and flow sensing. Ultrasonic rangefinding
is an attractive alternative to radio frequency- and light-based
rangers at short (<10m) distances since the relatively low
speed of sound alleviates the high speed electronics require-
ments of optical and RF solutions.

However, commercially available bulk piezoelectric trans-
ducers suffer from a poor acoustic impedance match to air,
which results in poor transduction efficiency between the
electrical and acoustical domains. The addition of special
materials to the transducer surface can improve the effi-
ciency, but only in a limited bandwidth [1]. Despite these
shortcomings, rangefinders based on bulk transducers can
achieve larger maximum ranges [2] than rangefinders based on
micromachined transducers because their size translates into
much higher output power. However, because of their size and
power consumption, systems based on bulk transducers are not
practical in mobile applications.

In the past fifteen years, the introduction of capacitive
micromachined ultrasound transducers (cMUTSs) [3]-[5] has
reduced the power consumption and enabled two-dimensional
arrays by miniaturizing the transducer using integrated cir-
cuit fabrication technology. Since the cMUT output pressure

Manuscript received February 1, 2011, revised May 15, 2011.

An earlier version of this paper was presented at the 2010 IEEE SENSORS
Conference and was published in its proceedings.

This material is based upon work supported by the Defense Advanced
Research Projects Agency (DARPA) and/or the Space and Naval Warfare
Center, San Diego (SPAWAR SSC-SD) under Contract No. N66001-08-C-
2023

R. Przybyla, I. Izyumin, M. Kline, and B. Boser are with the Berkeley
Sensor and Actuator Center, University of California, Berkeley, CA 94720
(e-mail: rjp@berkeley.edu).

S. Shelton, A. Guedes, and D. Horsley are with the Berkeley Sensor and
Actuator Center, University of California, Davis, CA 95616.

depends quadratically on the excitation voltage and the in-
verse of the capacitor gap, cMUT designs usually have sub-
micron gaps [6] resulting in complex fabrication. The small
gap translates into a small linear displacement range; this
is especially significant in air-coupled transducers since the
acoustic impedance of air is three orders of magnitude lower
than that of water, limiting the output power for a given
displacement. To partially overcome this, some air-coupled
capacitive transducers use bias voltages of hundreds of volts
[5], further increasing system complexity.

Piezoelectric  micromachined ultrasound transducers
(pMUTs) [7], [8] do not require high voltage. The pMUT’s
linear displacement range is a function of the membrane
thickness [9], which can be increased at the cost of only a
linear reduction in the electromechanical coupling factor. In
addition, the aluminum nitride (AIN) piezoelectric layer used
in this work [10] is readily integrable with foundry CMOS,
enabling fully integrated solutions with on-chip signal
processing. This is particularly attractive in applications
requiring multiple transducers for beam forming and imaging.

Aluminum nitride is also attractive for rangefinding. AIN
has a higher piezoelectric coefficient than ZnO, resulting in
increased output power and receive sensitivity. AIN’s piezo-
electric coefficient is one-tenth that of PZT, but AIN’s di-
electric constant is less than one-hundredth that of PZT. This
results in an improvement in the signal to noise ratio in designs
that use AIN compared to those that use PZT, due to the lower
parallel plate capacitance.

Ultrasonic rangefinders operate either in continuous wave
(CW) mode or pulse-echo (PE) mode. Narrowband CW sys-
tems suffer from multipath fading that can cause large range
errors [11]. Frequency modulated continuous wave (FMCW)
excitation can overcome multipath fading [12], but requires
very high dynamic range since the transmitted signal dwarfs
the return signal. PE excitation has lower average output power
compared to CW, but the transmit pulse and return echoes are
separated in time. This avoids the dynamic range and multipath
problems that plague CW systems.

The performance of a rangefinding system depends on
the output power and operating frequency. Bulk transducer
based systems [2] can achieve large (>10 m) maximum range
[13] or millimeter accuracy [14]. Micromachined transducer
based systems suffer from lower output power because of
the small actuation area. A system that used a thermally
actuated micromachined transducer [11] demonstrated mil-
limeter accuracy and 11cm range. Hybrid systems, which
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Fig. 1. Cross-section of piezoelectric micromachined ultrasound transducer.

Fig. 2. Optical micrograph of pMUT.

use a bulk transmitter and a micromachined receiver, can
achieve millimeter accuracy and >70cm range [15] due to
the increased output power.

This paper expands on the work presented in [16]. In
Section II we present a model for the pMUT and the acoustic
channel which includes electrical, mechanical, and acoustic
domains. The model is the basis for a pulse-echo ultrasonic
rangefinder based on a single pMUT, which is presented in
Section IIl. The device operates over a working range of
30 mm - 450 mm. The measurement error consists of a random
component dominated by noise sources in the transducer and
a systematic error caused by the range ambiguity that results
from the divergence of the beam and a systematic error caused
by the demodulation technique. The random error increases
with distance and is 1.3 mm at 450 mm.

II. THEORY AND CHARACTERIZATION DATA

A. Device Structure

The ultrasound transducer [10] consists of a circular uni-
morph membrane with diameter 400 um consisting of an
SiO9/Pt/AIN/Au sandwich fabricated on a Si wafer. As Fig. 1
shows, a hole etched though the wafer exposes both sides of
the membrane. The electrical field resulting from a voltage ap-
plied between the Au and Pt electrodes results in a transverse
stress in the AIN layer and consequent out-of-plane bending
of the membrane, which produces a pressure wave. Similarly,
an incident pressure wave results in membrane deformation
and consequent charge on the electrodes, enabling the device
to be used both as a transmitter and receiver. For optimum
pMUT performance the top electrode should cover the area
of the membrane where its displacement curve has positive
curvature. For this pMUT the optimum electrode/membrane
diameter ratio size was found to be 70%, resulting in an
electrode diameter of 275um. No dc bias is required for device
operation, but the device can be tuned using a dc bias. The
transducer’s resonant frequency has a dc bias sensitivity of
800Hz/V. Fig. 2 shows an optical micrograph of the pMUT.
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Fig. 3. Electrical model of transducer.
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Fig. 4. Electrical, mechanical, and acoustical model of ultrasound transducer.

TABLE I
VALUES OF VARIOUS PARAMETERS AT RESONANCE

Description Electrical Mechanical Acoustical
Stiffness Cm :82.3fF | k:500N/m —
Membrane mass Ly :6.1H mm : 250 ng —
Acoustic mass Lq : 0.62H mgq : 25ng pa 660 L5
Substrate damp- . . Ns

ing Ry - 385kQY | by 1 16 22 —

Air damping Rq :69KQ | by :2.8 452 | Re(D): 2 KRays
Coupling ratio — n:6.4 % Ap, :0.038 mm?
Feedthrough Co : 14.6 pF — —
Resonant .

frequency fo: 214kHz

Quality factor Q:20

Since the pMUT diameter/thickness ratio is very high, the
residual stress plays an important role in the device perfor-
mance. The pMUT displacement and resonance frequency
are strongly dependent on the overall membrane residual
stress. For that reason, the deposition of the membrane layers
(SiO2/AIN) was tuned so that the overall stress was close
to zero. Another effect that can cause variations is surface
roughness of the SiO layer, which influences the quality of
the piezoelectric AIN layer, and hence the device performance.
To minimize oxide roughness, chemical-mechanical polishing
was performed after oxide deposition. The backside etch
stops on the SiOy layer, so over—etch could also cause some
variation in the displacement and resonant frequency of the
device.

B. Transducer Electromechanical Model

For small displacements (<0.4 ym) the membrane behaves
like a linear resonator. Fig. 3 shows an electrical equivalent
circuit. In this model, capacitor C,, models the equivalent
lumped membrane stiffness, inductor L,, models the mass,
and resistor R,,, models the loss to the substrate. Impedance
Z, represents the interface to the air. The resistive part R,
models the acoustic power delivered to or received from the
air. The values of C,, Cy,, R, = Ry, +Rq, and Ly, = Ly, + Lo,
as well as the resonant frequency f, and the quality factor )
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Fig. 5. SPL vs. normalized frequency from measurement and theory.

can be measured with a network analyzer and are listed in
Table I.

The electrical model accurately reflects the characteristics
of the transducer at its electrical port, but only indirectly de-
scribes its mechanical and acoustic properties. Fig. 4 shows a
refined model where all domains are represented explicitly and
coupled with ideal transformers. In this model all components
are represented by electrical equivalents. In the mechanical
domain, voltage and current correspond to force and mem-
brane velocity v,,. In the acoustic domain, voltage and current
correspond to pressure and volume velocity V,, = v, A,
respectively, where A,, is the effective area of the membrane.

The coupling coefficient n = Fj,, / Vi, between the electrical
and mechanical domains can be determined from a measure-
ment of the membrane displacement at resonance, x(w,) using
a laser Doppler vibrometer (LDV). At resonance, the voltage
across capacitor C,, equals QV;,, and the force on the spring
k is kx(w,), thus nQV;, = kx(w,). Using k = n?/C,, yields

Q‘/;ncm,
= €))
x(wo)

The mechanical force on the air, F,;,, establishes a pressure
difference pyir = Fair /A between the front- and back side
of the membrane. In the model, D represents the acoustic

impedance of the air, D = p,;./V,, and is given by [17]

pc 2J1(2wa) = 2K (2wa) 27
e =2
Am < owa ! 2ua TN

In this equation, p is the density of air, A ~ 1.6 mm is the
wavelength of sound at f,, J; is the first order Bessel function,
K is the first order Struve function, and a is the effective
radius of the membrane. The real part of (2) models real power
delivered to the air, and the electrical equivalent is

A%,
72
Maximum power transfer to the air is achieved when the
resistance of the air R, is equal to the mechanical loss R,,.

D= 2)

R, = Re(D) 3)
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Fig. 6. Membrane displacement as a function of drive voltage amplitude V;,,
at the linear resonant frequency. The inset shows the membrane displacement
vs. frequency for different drive voltages. The dip at high drive amplitude is
due to an undesirable mode that shifts into the measurement band.

Since the membrane radius is smaller than the wavelength, the
real part of (2) is approximately 0.2, resulting in a lower than
optimal value for R,. Although this decreases the mechanical
efficiency to 15%, the transduction efficiency of the device is
still significantly higher than that of bulk devices [1]. The
2um thick membrane The mechanical efficiency could be
increased with a design that uses a partially released membrane
to reduce anchor losses. Table I summarizes the measured
device parameters. The conversion factor at resonance is
Sout = Pout/Vin =26 Pa/V and short-circuit current sensitivity
is $; = 4y /pin =13 nA/Pa.

C. Return Echo Attenuation

In a rangefinder, the echo signal strength depends on the
target distance and acoustic reflectivity. The latter is near unity
since the acoustic impedance of most materials is several
orders of magnitude larger than that of air. Since A > a
at resonance for the pMUT, the acoustic energy radiates
isotropically from the front side of the transducer, resulting
in a linear attenuation of pressure with distance. Additionally,
the vibration of the air molecules give rise to an exponential
loss [18]. Assuming a large target with perfect reflectivity, the
ratio of the received to the transmitted pressure is

Din a —2aR
Gep = 22 = — 1072087 4
ch Do 4RT ( )
N~ loss
spreading

where R is the range to the target, « = 3.61x1075f—0.0985
is the attenuation constant in bels/meter, and f is the frequency
of the sound wave. The vibration loss constant o increases
with increasing humidity; the worst—case value is given here.
For example, at R = 400mm and f = 200 kHz, the attenu-
ation is p;,, /po = —93dB. The spreading term dominates up
to approximately Im. At 400 mm, the loss term contributes
—10dB.
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Fig. 7. Block diagram of rangefinder.

Because of the funnel created by the through-wafer hole
below the membrane, the back side of the transducer is
most sensitive in the direction normal to the membrane.
As a result, round-trip attenuation in this direction is less
than predicted by the equation stated above. The measured
improvement is 17.1dB, and the measured full-width half-
maximum beam width is approximately 40°. In rangefinder
applications the narrower radiation pattern from the backside
has two advantages. The larger return signal improves the
signal-to-noise ratio and hence the maximum range of the
system. In addition, the better focus reduces the error caused
by target range ambiguity.

D. Model Verification with Acoustic Test

To verify the model, the pMUT was driven near resonance
with V;,, = 400mV,.,,,s and the acoustic output was measured
with a high frequency microphone mounted 5Smm from the
front surface of the pMUT. Fig. 5 compares the measured
sound pressure level (SPL) to the prediction from the model
and shows excellent agreement.

E. Nonlinearity

The transducer has significant nonlinearity at high displace-
ment amplitudes. As Fig. 6 shows, the maximum amplitude
at the linear resonant frequency is limited to less than 0.7 pm.
The inset of Fig. 6 shows that when the excitation voltage
is increased above 9V, an extraneous mode shifts into the
measurement band and causes a dip in the displacement
amplitude.

III. RANGEFINDER
A. System Overview

The transducer described above is used in the acoustic
pulse-echo rangefinder shown conceptually in Fig. 7. The
pMUT is excited with a burst at its resonant frequency f,

_—\_) LPF J

| Ryy | —>\

Correlator

resulting in an acoustic wave being emitted and subsequently
reflected by the target. The backside of the transducer is used
to realize the benefits discussed above.

A transimpedance amplifier measures current (which is
proportional to the membrane velocity) resulting from the
acoustic echo. The target distance Ry is then calculated from
the delay 7 = 2Ry /c and the speed of sound, c.

A single transducer is used to transmit the burst and receive
the echo. Using separate transmitter and receiver elements
would decrease the minimum range and could potentially
allow separate pMUT designs optimized for transmit or re-
ceive. However, matching between devices is both critical and
difficult since the @ of the transducers is 20 and residual stress
prevents precise control of the resonant frequency.

B. Transmit Burst

The ideal implementation would use short, high power
pulses with a well defined start to measure range; however,
this goal is obstructed by the transducer’s narrowband response
and nonlinearity at large displacements. When operated in the
linear regime at the resonant frequency, the transducer requires
Q/ fo = 93usec to reach the maximum output power, as Fig. 8
illustrates. When the transducer is operated in the nonlinear
regime, the output power shows significant compression, but
nonlinear operation still yields a substantial increase in the
output power.

The transducer exhibits spring softening, and as Fig. 6
shows, a substantial increase in the displacement can be
realized by operating at the nonlinear resonant frequency.
However, since the pMUT operates in the linear regime during
the receive phase, the signal-to-noise ratio is maximized by
operating at the linear resonant frequency.

Nonlinear excitation results in a distorted envelope as Fig. 9
shows. For small excitation voltages the envelope has an
exponential shape as the linear model predicts; for larger
excitation voltages the envelope reaches the maximum value
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Fig. 8. Measured transmit motional current versus excitation time at reso-
nance. As the comparison with the linear model shows, transducer nonlinearity
reduces the time needed to reach peak output power but this comes at the cost
of reduced output power.

much sooner, but the burst also decays more slowly. Fig. 10
shows that for large input voltages the settling time can be
increased by nearly 20%, increasing the dead time in which
no return echo can be received.

Excitation with amplitudes >7V causes the envelope to ring
due to the second- and third- order spring coefficients, as
Fig. 9 shows. This can cause errors in the measured range
since the transmitted pulse is used as the search waveform for
the matched filter. Because of this, the excitation amplitude
was chosen to be 6.5V.

Using the transducer in the nonlinear regime requires that
the transmit pulse decays and the system returns to the linear
regime before the echo is received. The transmitted wave
is shown in Fig. 7. At short range, the motional ring down
current overlaps and corrupts the received echo, resulting in
measurement errors. To suppress this error, the transmitted
waveform is measured during a calibration phase and subse-
quently subtracted from the received signal.

The power required to drive the pMUT is dominated by
C,V?2f loss due to the parasitic capacitance of the device. For
Veze =6.5V, the excitation power is 5754 W and the acoustic
output power is 1.254W; with an excitation time of 70usec,
the transmit energy consumption is only 40nJ per burst.

C. Receive Circuit

The round trip delay 7 is determined from correlating the
corrected return echo with the transmit pulse. The bandwidth
of this matched filter is B ~ f,/N, where N is the number
of transmit cycles. Transmitting a longer pulse reduces the
bandwidth and hence the noise at the output of the correlator.
The resulting improved signal-to-noise ratio increases the max-
imum operating distance of the rangefinder as v/ N, neglecting
loss, but the increased length of the pulse also increases the
minimum operating range. The pulse must also be long enough
to excite the narrowband response of the transducer when
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Fig. 9. Measured output pulse shape for different drive voltages when the
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Fig. 10. Measured settling time to 10% of peak for different drive voltages
with a 70usec excitation at fo,.

it receives the echo. In this implementation, 15 cycles are
transmitted at f, resulting in a transmit time of 70usec.

The periodicity of the transmit signal results in a +\/2
periodicity of the correlation, resulting in a corresponding
error in the range estimate, which is determined by taking the
peak of the correlation vector. A linear averaging filter at the
correlator output reduces the error. Due to this demodulation
technique, there is a residual systematic error with period A/2,
which is shown in Fig. 11. The remaining error is dominated
by thermal noise from the transducer and the interface circuits
and has an approximately Gaussian distribution.

Fig. 7 shows a sample range profile for a target distance
of R = 300mm. The strong peak at zero range is due to
imperfect cancellation of the transmit pulse and limits the
minimum useful range to 30 mm.
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Fig. 12. Experimental setup. Inset shows prototype circuit board with pMUT
mounted with backside facing target.

D. Results

The prototype rangefinder was tested using a moving stage
with a metal target. Fig. 12 shows the experimental setup.
The rangefinder has a working range of 30 mm to 450 mm.
No averaging is used; the sample rate is limited to 375Hz by
the round-trip delay of 2.6 ms at the maximum range at room
temperature.

Fig. 13 shows the measured random noise as a function
of target range. At short ranges, it increases linearly with
distance due to increased signal attenuation as predicted by (4)
in the regime where spreading dominates. At longer ranges,
the increased attenuation results in increased distance noise. As
Fig. 13 shows, the increase is approximately 7.8dB at 400mm,
close to the theoretical result of 10dB predicted by (4). This
discrepancy is likely explained by the fact that (4) uses the
worst—case value for «, which occurs at maximum humidity.
The dominant noise sources are the mechanical and acoustic
damping in the transducer modeled by the Johnson noise from
R,, and R, in the transducer model, as well as noise from the
transresistance amplifier. Lowering the parasitic capacitance
C, reduces the amplifier noise gain and hence its contribution
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TABLE II
PERFORMANCE COMPARISON

Reference Type Max Range Accuracy
[2] Electrostatic 10m [13] 25.4mm [13]
[14] Bulk S5m 1 mm
[15] Hybrid >0.7m <4mm
[11] pmachined 0.11m 4 mm

This work pmachined 0.45m 3.9mm (30)

to the overall noise.

The temperature dependence of the speed of sound adds an
additional error of 0.2 %/°C. Its effect can be reduced with
temperature compensation.

Table II shows a performance comparison to previous work.
This work exceeds the performance demonstrated by the
micromechanical rangefinder in [11]. At ranges of less than
220 mm, the 30 accuracy of this sensor exceeds the reported
accuracy of the bulk rangefinder in [14].

IV. CONCLUSION

Piezoelectric micromachined ultrasound transducers enable
compact and low-power short-distance ranging with millimeter
or better accuracy. Unlike capacitive transducers, no high-
voltage bias is required; the unimorph design leads to a very
simple manufacturing process. The thin membrane structure
results in significantly improved coupling to air compared
to published results fabricated with bulk PZT. The current
design uses a single device to transmit and receive to alleviate
problems with resonant frequency matching. As a result, the
system requires calibration to resolve echoes during the ring
down of the transducer. Active damping could obviate the
need for calibration. Beam divergence, which causes range
ambiguity, could be mitigated in future systems with electronic
frequency matching and arrays of devices. The performance of
the system exceeds that of other micromechanical rangefind-
ers, and approaches the accuracy achieved by piezoceramic-
based solutions.
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