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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 worst-case systematic error less than 1.1 mm. The
rms noise is proportional to the square of the distance and
equals 1.3mm 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 consisting
of a piezoelectric AIN membrane with 400 um diameter which
was fabricated using a low-temperature process compatible with
processed CMOS wafers. All circuits are low voltage, enabling
integration in standard low voltage circuit technology.

I. INTRODUCTION

Ultrasonic sensors have many applications including imag-
ing, rangefinding for computer vision, human machine interac-
tion, short-range navigation, non-destructive testing, and flow
sensing. Ultrasonic rangefinding is an attractive alternative
to radio frequency- and light-based rangers at short (<10 m)
distances since the relatively low speed of sound alleviates the
high speed electronics requirements of optical solutions.

However, commercially available bulk piezoelectric trans-
ducers suffer from a high acoustic impedance mismatch 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 efficiency,
but work only in a limited bandwidth. While capacitive
micromachined ultrasound transducers (cMUTs) [1], [2] cir-
cumvent these problems by miniaturizing the transducer using
integrated circuit technology, they require high bias voltages
and complicated fabrication processes. Piezoelectric microma-
chined ultrasound transducers (pMUTSs) [3], [4] do not need
a bias and need are much simpler to fabricate. In addition,
the aluminum nitride (AIN) piezoelectric layer used in this
work [5] 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.

Ultrasonic rangefinders operate either in continuous wave
(CW) mode or pulse-echo (PE) mode. Narrowband CW sys-
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Fig. 1. Cross-section of pMUT.

tems [6] suffer from multipath fading that can cause large
range errors. Frequency modulated continuous wave (FMCW)
excitation can overcome multipath fading [7], 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, thereby avoiding the dynamic range and
multipath problems that plague CW systems.

In this work, we present a model for the pMUT and the
acoustic channel which includes electrical, mechanical, and
acoustic domains. The model, presented in Section II, is the
basis for a pulse-echo ultrasonic rangefinder design based
on a single pMUT, which is presented in Section III. 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. The random error increases quadratically with
distance and is 1.3 mm at 450 mm. The range ambiguity for a
large flat target is periodic and has a peak value of 1.1 mm.

II. THEORY AND CHARACTERIZATION DATA
A. Device Structure

The ultrasound transducer [5] consists of a unimorph mem-
brane with diameter 400 um consisting of an SiOo/Pt/AIN/AI
sandwich fabricated on a Si wafer. As Figure 1 shows, a
trench etched though the wafer exposes both sides of the
membrane. The electrical field resulting from a voltage applied
between the Al and Pt electrodes results in a transverse stress
in the AIN layer and consequent out-of-plane bending of
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Fig. 2. Electrical model of transducer.
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Fig. 3. Electrical, mechanical, and acoustical model of ultrasound transducer.

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.

B. Transducer Electromechanical Model

For small displacements of less than approximately 0.6 um
the membrane behaves like a linear resonator. Figure 2 shows
an electrical equivalent model. In this model, capacitor C,,
models the equivalent lumped membrane stiffness, L,, the
mass, and R, the loss to the substrate. Impedance Z, rep-
resents 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, + R,, and Ly, = Ly, + L, as
well as the resonant frequency f, and the quality factor @)
can be determined 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
describes its mechanical and acoustic properties. Figure 3
shows a refined model where all domains are represented ex-
plicitly and coupled with ideal transformers. In this model all
components are represented by electrical equivalents. Voltage
and current correspond to force and membrane velocity v,
in the mechanical domain and pressure and volume velocity
V, = v, Ay, in the acoustic domains, respectively, where A,
is the effective area of the membrane.

The coupling coefficient n = Fj,, /V;,, between the electrical
and mechanical domains can be determined from a measure-
ment of the proof mass displacement at resonance, (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;y, = kx(w,). Using k = n?/C,, yields

z(wo)

The mechanical force on the air, Fj;,, estblishes a pressure
difference pi = Fair /A, between the front- and backside
of the membrane. In the model, D represents the acoustic

TABLE I
VALUES OF VARIOUS PARAMETERS AT RESONANCE

Description Electrical Mechanical ‘ Acoustical
Stiffness Cp : 82.34fF k : 500 N/m —
Membrane mass Ly, :6.1H Mm : 35ng —
Acoustic mass Lq : 0.62H Mg : 25ng Im(D) : 2000 %
Substrate damping Ry, : 385k bm : 16 %Ng —
Air damping Rq :69KQ | bg:2.840° | Re(D):920 B2
Coupling Ratio — n:6.4 % Ap, 1 0.038 mm?
Feedthrough Co : 14.6 pF — —
Resonant Frequency fo : 214kHz
Quality Factor Q :20
Sound Pressure Level, Po™ 20pPa, Distance = Smm
85

80 - \\
75 pd N \,

-]
& 70 ,/\N\/V/AN ]
65
60
—Measured SPL
----- Calculated SPL - Model
55

09 092 094 096 0.98 1 1.02 1.04 1.06 1.08 1.1
f/f0

Fig. 4. SPL vs. normalized frequency from measurement and theory.

impedance of the air, D = p,;-/V,, and is given by [8]

pc 2J1(2wa) = 2K (2wa) 47
D=—1(1- =— (2
A ( 2wa 7 2wa TN @
In this equation, p is the density of air, A ~ 1.6mm 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. Since the membrane radius
is smaller than the wavelength, the real part of the term in the
parentheses is less than unity, resulting in a somewhat reduced
effective impedance of the air, R,. Although this decreases
the mechanical efficiency to 15%, the transduction efficiency
of the device is still significantly higher than that of bulk
piezoelectrics [9]. Table I summarizes the measured device
parameters which result in a conversion factor at resonance
Sout = Pout/Vin =26 Pa/V and short-circuit current sensitivity
$i = im/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 for most materials the acoustic impedance is
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several orders of magnitude larger than that of air. Since
A > a at resonance for the transducer described here, the
ultrasound energy radiates isotropically from the frontside of
the transducer, resulting in a linear attenuation of pressure
with distance. Additionally, the vibration of the air molecules
give rise to an exponential signal attenuation [10]. Assuming
perfect target reflectivity, the ratio of the received to the
transmitted pressure is

in A'rn —
Gop = i — Y 2m 2Ry
Do 4ﬁRT

where o = 3.61 x 1076 f —0.0985 is the attenuation constant
in bels/meter, and f is the frequency of the sound wave.
For example, at Ry = 400mm and f = 200kHz, the
attenuation is p;,/p, = —83dB. The linear term dominates
up to approximately Im. At 400 mm, the exponential term
contributes —10 dB.

Because of the funnel created by the through-wafer hole
below the membrane, the radiation out of the backside of
the transducer is not exactly isotropic. Because of the higher
concentration of radiated power in the direction perpendicular
to the membrane, the attenuation in this direction is less
than predicted by the equation stated above. The measured
improvement is 17.1 dB. In rangefinder applications the nar-
rower radiation pattern from the backside has two advantages:
The larger return signal improves the signal-to-noise ratio and
hence maximum range of the system. In addition, the better
focus reduces the error caused by target range ambiguity.

; 3)

D. Model Verification with Acoustic Test

To verify the model, the pMUT is driven near resonance
with V;,, = 400mV,.,,,s and the acoustic output measured with
a high frequency microphone mounted 5Smm from the front
surface of the pMUT. Figure 4 compares the measured sound
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Block diagram of rangefinder.
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Membrane displacement as a function of drive voltage V;, at

pressure level (SPL) to the prediction from the model and
shows excellent agreement.

III. RANGEFINDER

The transducer described above is used in the acoustic
pulse-echo rangefinder shown conceptually in Figure 5. The
pMUT is excited with 15 cycles of a V;,, =4.2V rms sinusoid
at its resonant frequency f, resulting in an acoustic burst
being emitted and reflected at 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 calcuated from
the delay 7 = 2Ry /c and the speed of sound, c.

A simple implementation would use short pulses with a
well defined start to measure range. In practice, such pulses
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Fig. 7. Random distance noise versus target range Rr.

would be signficiantly distorted by the narrow-band response
of the transducer and limited to very low power. These
problems are avoided by exciting the transducer with a short
sinusoidal burst (15 cycles) at the resonant frequency. This
choice represents a compromise between transmit power and
pulse duration which sets the minimum range. Figure 6 shows
the peak amplitude of the transmit pulse as a function of drive
amplitude V;,,. By driving the system in the nonlinear region
the signal power and hence maximum range can be increased
substantially. This requires, however, that the transmit pulse
decays and the system to returns to the linear regime before
the echo is received. The resulting transmitted wave is shown
in Figure 5. The clipping at high amplitude due to nonlinearity
as well as the ring-up and long tail that are the result of
the high-Q response of the transmitter are clearly visible. At
short range, the tail overlaps and corrupts the received echo
resulting in measurement errors. To supress this error, the
transmitted waveform is measured during a calibration phase
and subsequently subtracted from the transducer output, as
indicated in the block diagram.

The round trip delay 7 is determined from correlating
the corrected return echo with the transmit pulse. Since the
transmit pulse is narrowband with bandwidth B ~ f,/Q, the
correlator acts as a matched filter that rejects broadband noise.
The resulting improved signal-to-noise ratio greatly increases
the maximum operating distance of the rangefinder.

Figure 5 shows the resulting range profile for a sample target
distance of R = 300 mm. The strong peak at zero range is
due to imperfect cancellation of the transmit pulse and limits
the minimum useful range to 30 mm.

The periodicity of the transmit signal results in a +\/2
periodicity of the correlation, resulting in a corresponding error
in the range estimate. A linear averaging filter at the correlator
output reduces its value. The remaining error is dominated by
thermal noise from the transducer and the interface circuits
and has an approximately Gaussian distribution.

Figure 7 shows the measured random noise as a function

Mean Error vs. Actual Distance

S
1)

=
[y
)

o
> e
I =
T
/
—

Range Error (mm)
>

VER

0.1
T 2 0

0.2 0.4 0.6 0.8 1 1.2
R/ (@R, =51mm)
Fig. 8. Systematic error due to finite beam width.

Fig. 9. Experimental setup. Inset shows prototype circuit board with pMUT
mounted with backside facing target.

of target range. It increases quadratically with distance due to
increased signal attenuation as predicted by Equation 3 in the
regime where linear signal attenuation dominates. The domi-
nant 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 C, reduces the amplifier
noise gain and hence its contribution to the overall noise.

The spatial divergence of the transmitted beam introduces
uncertainty in the distance measurement that depends on the
shape of the target. The received echo is the superposition of
signals with (slightly) different delays. Figure 8 shows the
resulting error for a flat target. The error is a function of
distance and has periodicity of approximately A/2, and it has a
peak value of 1.1 mm. Its value can be reduced by decreasing
the beam width, e.g. by using an array of transducers.

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

The prototype rangefinder was tested using a moving stage



with a metal target. Figure 9 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.

IV. CONCLUSION

Piezoelectric micromachined ultrasound transducers enable
compact and low power near field ranging with millimeter or
better accuracy. Unlike capacitive transducers, no high-voltage
bias is required and the unimorph design leads to a very
simple manufacturing process. The thin membrane structure
enabled by Aluminum Nitride results in significantly improved
coupling to air compared to published results fabricated with
bulk PZT. Using a single device for both transmit and receive
reduces complexity and alleviates problems from frequency
mismatch but introduces range ambiguity due to beam diver-
gence. This problem could be overcome with arrays of devices.
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