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Abstract—A piezoelectric micromachined ultrasonic trans-
ducer (pMUT) operating at dual-frequencies (3.75 MHz and 18
MHz) was designed to achieve an ultrasound-on-a-chip solution
for next-generation biomedical applications. Unlike transducers
using two or more single-frequency ultrasonic resonators to
generate dual-frequency ultrasound, every element of dual-
frequency pMUTs exhibits dual-resonant response simultane-
ously. Electrode configurations for the dual-frequency pMUT
were optimized using finite element analysis (FEA). Simulations
for dual-actuations with both inner and outer ring electrodes
showed that the two resonant modes are superimposed without
significant vibrational crosstalk, and result in high-quality dual-
frequency acoustic radiation in water.

Index Terms—piezoelectric micromachined ultrasonic trans-
ducer, dual frequency, ring electrode, ultrasound-on-a-chip, finite
element analysis

I. INTRODUCTION

Dual-frequency ultrasonic transducers for advanced biomed-
ical applications were developed three decades ago, which
were based on multiple piezoelectric layers or blocks. [1]–
[3] And the development of dual-frequency ultrasonic trans-
ducers has been studied for a long time. However, most dual-
frequency ultrasonic transducers are still fabricated by dividing
and/or assembling bulk piezoelectric materials, which adds
additional complexity to fabrication and potential degradation
in beamforming performance. [4]

In contrast to bulk ultrasonic transducers, ultrasonic trans-
ducers based on microelectromechanical systems (MEMS)
technology are better for mass fabrication, which consists of
pMUTs and capacitive micromachined ultrasonic transducers
(cMUTs). The previous studies indicate that a pMUT can ex-
ibit dual-frequency resonances on its vibrating membrane. [5],
[6] Also, it has been reported that the bandwidth of pMUTs
can be broadened by merging multiple resonances on a rect-
angular diaphragm immersed in water. [7]–[9]

To date, dual-frequency pMUTs based on a single vibrating
membrane have not been reported. An important challenge to
the realization of a dual-frequency pMUT device with a single
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Fig. 1. (a) illustrates a unit cell of dual-frequency pMUTs and (b) presents
the dual-frequency pMUT array fabricated in the first round experiment.

membrane is elimination of vibrational crosstalk between the
two resonant modes of the diaphragm. To overcome this
challenge, we propose a dual-frequency pMUT design based
on a single diaphragm utilizing two ring electrodes.

II. CONCEPTIONAL DESIGN

Dual/Multi-eletrode pMUTs have been studied in previous
work for particular purposes such as increasing transmit sensi-
tivity, [10], [11] spliting the transmiter and receiver, [12] utiliz-
ing more resonant frequencies. [13] However, these dual/multi-
eletrode pMUTs only operate at alternate resonant frequencies
sequentially but not simultaneously. Inspired by the design of
dual-eletrode pMUTs, we designed a dual-frequency pMUT
with two ring electrodes, which aimed to excite the first two
resonances simultaneously. As shown in Figure 1a, the dual-
frequency pMUT has two ring electrodes instead of a disk
electrode and/or a single ring electrode that are usually used in
traditional pMUTs. Figure 1b shows a 10 by 10 array of dual-
frequency pMUTs, which were fabricated in the first round
experiment using a standard pMUT process flow. [14] The
applied dual ring electrodes are straight-forward to implement
in the standard pMUT process flow by changing a single metal
mask and therefore do not significantly increase the cost and
complexity of the fabricated devices.
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III. MODELING AND OPTIMIZATION

A. Operating frequencies

The traditional pMUT with a single disk electrode operates
at the first resonant frequency of its diaphragm. In contrast,
the dual-frequency pMUT device using two ring electrodes on
a single piezoelectric film diaphragm is designed to operate
at the first two resonant frequencies. The first two natural
frequencies can be expressed as

f1,2 =
λ2
1,2

2πr2

√
D

ρh
, (1)

where the dimensionless frequency parameters λ2
1 and λ2

2

equal to 10.216 and 39.771; r, h, D, and ρ are the ra-
dius, thickness, flexural rigidity, and mass density of the
diaphragm. [15] The λ2

2-to-λ2
1 ratio is about 3.9. When the

pMUT is submerged in water and its vibrating diaphragm has
one side in contact with water, the ratio of the two resonant
frequencies, f

′

1,2, is modified and becomes

f
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h
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where the non-dimensionalized added virtual mass incremental
factors β1 and β2 equal to 0.46674 and 0.27231 respectively
and ρw represents the mass density of water. [16] The design
of the dual-frequency pMUT begins with the selection of oper-
ating frequencies, of which the higher frequency is specified as
18 MHz for sensing higher order harmonic vibrations. Accord-
ing to (1) and (2), the lower operating frequency is estimated
to be 3.75 MHz, which is exactly in the range of microbubble
resonance (about 1–6 MHz). The two operating frequencies
are favorable for dual-frequency contrast imaging. [4]

B. Optimization of electrode configurations

To simplify the design process, we analyze the dual-
electrode structure, optimize device parameters, and verify
the prototyping model by finite element analysis (FEA) using
COMSOL Multiphysics 5.3a. Figure 2 shows the geometry and
materials of the FEA model of a single-electrode pMUT. The
default voltages of the two bottom electrodes were set to zero
and the voltage amplitude of both top electrodes was set to 12
V. Multiple positions and widths of the top electrode after ge-
ometric discretization were swept. The average displacements
of the diaphragm topside for each of the swept data point
cases were calculated and mapped as shown in Figure 3a,
where two peaks at 3.75 MHz and 18 MHz were found under
all swept conditions. In addition, as shown in Figure 3b, the
average displacement profiles at the two peak frequencies were
extracted and the displacement ratios for the cases of 3.75/18
MHz and 18/3.75 MHz were calculated. Peaks at the two
profiles of displacement ratios indicate that the displacements
at 3.75 MHz and 18 MHz were extremely unbalanced.

By optimizing the position and dimension of each ring
electrode on which the excitation signal is applied, we found
that the peak deflection amplitude of the diaphragm occurs
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Fig. 2. The two-dimensional model for finite element simulations.
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Fig. 3. The variation of average displacement with the position and width of
a single ring electrode (a); the average displacement curves for the first two
resonant frequencies and the displacement ratio of them (b).

at the first resonant frequency but appears minimum at the
second resonant frequency. Similarly, for the alternate case,
the opposite relationship was observed. Based on this physical
phenomenon, two concentric ring electrodes, e.g., one inner
ring electrode and one outer ring electrode were designed on
the diaphragm. The inner ring electrode was used for exciting
the first resonance at 3.75 MHz, and the outer ring electrode
was used for exciting the second resonance at 18 MHz.

In addition, the intersection between the two ring electrodes
should be avoided. Figure 4 presents the candidate configura-
tions for the inner ring electrode (in green) and the outer ring
electrode (in yellow). The optimal combination was found to
be W=3, pos=2 and W=2, pos=6, which is shown in Figure 4.

IV. MULTIPHYSICS SIMULATION

A transient analysis was conducted to evaluate the transmit-
mode impulse response of the dual-frequency pMUT. The
input pulses (pulses #1 and #2) are two sinusoidal waves with
center frequencies at 3.75 MHz and 18 MHz and amplitudes
of 12 V and 24 V, respectively. The pulses were each apodized
by convolution with an identical Blackman window.

Figure 5a and b show the frequency response in terms of
displacement and pressure for pulse #1 and pulse #2 applied
individually to respective electrodes, as well as both pulses
applied simultaneously, where the pulses #1 and #2 were
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Fig. 4. (a) shows the optimal dual-top-electrode model; (b) presents the
feasible combinations of two top electrodes.

applied to the top ring electrodes 32 and 26, respectively.
Displacement of the diaphragm was measured at its center
and acoustic pressure was measured at a distance of 0.62 mm
along the acoustic axis. For a single pMUT element, there
were two operating frequency bands in the frequency domain:
the first frequency band was centered around 3.75 MHz
with -6 dB fractional bandwidth of 46.9%, while the second
frequency band was centered around 18 MHz with -6 dB
fractional bandwidth of 11.4%. As is illustrated in Figure 5, the
simulated response of the device to a driving signal composed
of a combination of pulse #1 and pulse #2 was almost
identical to the combination of the individual output responses
of the system to separate inputs of pulse #1 and #2. This
superposition effect holds for both the simulated displacement
and the acoustic pressure, which indicates that the first two
resonant modes occur together and are superimposed on the
diaphragm of the dual-frequency pMUT.

-60

-40

-20

0

-50
-40
-30
-20
-10

0

Center displacement

Pressure @0.62 mm

M
ag

ni
tu

de
 (d

B
)

pulse #1
pulse #2
pulse #1&2

5 15 20100 25
Frequency (MHz)

(a)

(b)

Fig. 5. (a) and (b) present the responses of center displacement and acoustic
pressure in the frequency domain under different actuations.

V. CONCLUSION

In conclusion, a comparison of the impulse response of
the dual-frequency pMUT with that of two individual single-
frequency pMUTs operating at the same frequencies, suggests
that the dual-frequency pMUT is equivalent to two single-
frequency pMUTs in basic acoustic performance. For fine
pitched arrays, such as high frequency devices, where available
device area is at a premium, dual-frequency pMUTs have
significant advantages over a combination of two single-
frequency pMUTs in terms of device dimensions, transmit sen-
sitivity, power consumption, and production cost. Therefore,
the dual-frequency pMUT holds great promise for ultrasound-
on-a-chip technology.
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