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Equivalent Circuit Model for a Large Array of
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Guoxi Luo, Lin Sun, and Liangchi Zhang

Abstract— In this article, an analytical equivalent circuit
model is established for the piezoelectric micromachined
ultrasonic transducer (PMUT) cell and array with a com-
bination of the annular and circular diaphragms used for
structural optimization and complex array design. Based
on this model, a comprehensive analysis is conducted on
the acoustic-structural coupling of an annular and circular
diaphragm-coupled PMUT (AC-PMUT) with a new excitation
method. The model-derived results are in good agreement
with the simulation and experimental results. Then, an opti-
mized design has been presented to achieve high-output
pressure and a good array working performance. In sum-
mary, a comparison of the array working performance is
conducted between the arrays that consist of AC-PMUTs
and traditional circular diaphragm PMUTs (C-PMUTs). The
results indicate that the AC-PMUT array has a much lower
crosstalk effect than that of the traditional C-PMUT array.
By this means, the AC-PMUT array can fully use the high
vibration amplitude achieved by each AC-PMUT cell to
improve its output ability. As a result, the highest ultrasonic
output pressure generated by the AC-PMUT array in its res-
onant condition can achieve an increase of 155%, compared
with that generated by the C-PMUT array.
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I. INTRODUCTION

ULTRASONICS has been playing significant roles in
almost all aspects of our life, including industrial

nondestructive testing (NDT) [1], [2], medical treatment
[3]–[5], and consumer electronics [6]–[8]. Although advances
have been achieved by bulk ultrasonic systems based on
the thickness vibration mode, the laborious manufacturing
process limits the realization of cost-effectiveness, small
form factor, and 2-D arrays for advanced ultrasonic imag-
ing [9]–[12]. As an alternative, the microelectromechanical
system (MEMS)-based ultrasonic transducers are showing
their advantages in cost-effective manufacturing with large
volume, advanced ultrasonic array design, and device minia-
turization [11], [13].

Recently, piezoelectric micromachined ultrasonic transduc-
ers (PMUTs) have received significant attention in develop-
ing MEMS-based ultrasonic transducers. In order to achieve
a high signal-to-noise ratio (SNR) during detection, ultra-
sonic emission performance must be improved [14]–[16].
Wang et al. [14] increased the output pressure by 76% by
introducing isolation trenches at the diaphragm edge of each
PMUT cell. Akhbari et al. [15] presented a PMUT cell
with dual-electrode double piezoelectric layers to increase the
ultrasonic emission sensitivity by 400%, compared with the
state of the art. Akhbari et al. [16] designed a PMUT cell
with curved aluminum nitride (AlN) diaphragms with a static
displacement of 50 times higher than that of a flat diaphragm
with the same diameter. Shelton et al. [17] introduced a
PMUT cell with an impedance-matching tube, which increased
the sound pressure level by 350%. Eovino et al. [18], [19]
presented an annular diaphragm PMUT (A-PMUT) cell with
a high-output ability, which achieved an increase of 900%
in directionality, compared with traditional circular diaphragm
PMUTs (C-PMUTs). Wang et al. [20] presented an annular–
circular diaphragm-coupled PMUT to make the cell diameter
match with the acoustic wave and achieved 1.9 times higher
emission sensitivity than the traditional C-PMUTs. However,
the above-discussed performance parameters of the PMUTs
were not obtained in an array.
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Considering the small dimension of each PMUT cell, many
of them must be connected in parallel to form a larger array to
achieve a practical value. An array analysis model is required
to examine their performance in depth. Bayran et al. [21]
concluded that the dispersive guided modes propagating in
the fluid–solid interface serve as the working mechanism
of acoustic interaction through experimental characterization
and FEM analysis. Meynier et al. [22] presented a time-
efficient simulation based on the separate calculations of the
self- and mutual-radiation impedances of a CMUT array.
Berthillier et al. [23] used a Rayleigh integral to estab-
lish an efficient simulation program considering the mul-
tivibration modes of the circular diaphragm and to reveal
the heavy acoustic interaction among the cells in an array.
Oguz et al. [24] introduced an equivalent circuit model for
a CMUT cell working in an array, including the self- and
mutual-radiation impedances of a circular diaphragm in its
bending vibration mode.

In a closely packed array, the acoustic interactions among
cells lead to different acoustic loadings on each cell, which is
called crosstalk [25]–[28]. The crosstalk degrades the perfor-
mance of the transducers in certain applications, such as med-
ical imaging and diagnosis [29]. Several crosstalk-relieving
methods were presented on the basis of the above-mentioned
array analysis methods. An early approach was based on
the damping method [30]. By adding losses to each cell in
the array, the spurious resonances caused by crosstalk can
be significantly suppressed. However, this method impairs
the emission sensitivity of the MUTs. Then, the active can-
cellation methods based on the excitation control of each
cell were presented [31], [32]. However, these methods were
based on the vibration displacement field of each cell in the
array, which was difficult to derive by simulation or experi-
ments. They would also complicate the circuit design for the
transducers.

In the field of PMUTs, Akhbari et al. [33] presented
an equivalent circuit model for a single PMUT cell with
a spherical-shaped diaphragm working in an array, which
realized the array performance analysis of the PMUTs. Wang
and Horsley [34] investigated the edge-wave-induced crosstalk
effect by the experimental and analytical methods and the
transmit time-response influenced by the strong acoustic cou-
pling in the densely packed PMUTs. However, none of the
works presented an effective way to handle the crosstalk
effect.

In this article, an analytical equivalent circuit model is
established for the PMUT cell and array with a combination
of the annular and circular diaphragms. The model validity is
examined by simulations and experimental results. Based on
the proposed model, a PMUT cell structure composed by a
pair of coaxially positioned annular and circular diaphragms
is presented. The excitation phases of these two diaphragms
are separately controlled to enhance the vibration coupling
between them. Based on the continuity equation of the
fluid, the crosstalk effect between the coaxially positioned
annular and circular diaphragms within one cell can not
only reduce the crosstalk intensity among different cells
but also achieves a high ultrasonic emission performance.

Fig. 1. Schematics of (a) AC-PMUT cell and (b) its sectional view.

In addition, an optimization design for the annular and cir-
cular diaphragm-coupled PMUT (AC-PMUT) cell has been
conducted by using the proposed equivalent circuit model.
Finally, a comparison of emission performance is conducted
between the C-PMUT array and the proposed AC-PMUT
array, verifying that the AC-PMUT array has a better emission
performance and a lower crosstalk intensity.

II. BASIC CIRCUIT MODEL FOR AC-PMUT CELL

A. Structural Design for AC-PMUT Cell

The schematics of the AC-PMUT cell are illustrated in
Fig. 1. From bottom to top, both diaphragms are composed
of a structural layer, bottom electrode, piezoelectric layer, and
top electrodes. The polarization direction of the piezoelec-
tric layer is perpendicular to the diaphragm surface. As an
ultrasound transmitter, an alternating electric field along the
polarization direction will be applied between the top and
bottom electrodes to drive the diaphragm vibration and emit
ultrasound. In addition, these two diaphragms can be regarded
as mechanically separated but acoustically coupled.

B. Equivalent Circuit Model for a Single AC-PMUT Cell

Given the considerably smaller structural dimension of a
PMUT cell than that of the acoustic wavelength, a lumped
element model can be used to analyze and predict its acoustic
behavior [27], [35], [36]. The lumped element model is
presented using an equivalent circuit, as shown in Fig. 2. In the
circuit, Ccir and Cann are the clamped dc capacitances between
the top and bottom electrodes, ηcir and ηann are the electro-
mechanical transduction ratios, ucir i and uann i are the volu-
metric vibration velocities, ZCm and ZAm are the mechanical
impedances, and zcir and zann are the self-radiation impedances
of the circular and annular diaphragms, respectively [37]–[39].
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Fig. 2. Equivalent circuit model for a single AC-PMUT cell.

Moreover, ZAC is the interaction matrix between the coaxi-
ally positioned annular and circular diaphragms induced by
acoustic coupling [27]. The relationship between the interac-
tion pressure loaded on each diaphragm and the volumetric
vibration velocity of the annular and circular diaphragms can
be presented as follows:
[

pca

pac

]
= Zac ·

[
ucir i

uann i

]
=

⎡
⎢⎣ 0

zac

Acir · Aannzac

Aann · Acir
0

⎤
⎥⎦

[
ucir i

uann i

]

(1)

where pca denotes the interaction pressure from the annular
diaphragm acting on the circular diaphragm surface, and
vice versa, Acir and Aann are the effective vibration areas
of the circular and annular diaphragms, respectively, which
make the equivalent piston vibration achieve the same vol-
umetric displacement as the proposed circular and annu-
lar diaphragms [33], [37], and zAC is the mutual radiation
impedance between the coaxially positioned annular and cir-
cular diaphragms.

The calculation of the equivalent circuit can be divided
into two domains, as shown in Fig. 2. The electromechanical
domain of the AC-PMUT cell can be simplified as the calcula-
tion of a pair of mechanically independent piezoelectric-driven
monomorph annular and circular plates that consist of an AlN
piezoelectric layer and a silicon structural layer, as discussed
in detail in previous studies [37]–[40]. The calculation of
the acoustic domain consists of three parts: the self-radiation
impedance of the circular diaphragm, self-radiation impedance
of the annular diaphragm, and mutual-radiation impedance
coupling the two diaphragms.

The self-radiation impedance of the circular diaphragm can
be calculated as an equivalent baffled piston with the same
volumetric displacement, as discussed in detail in previous
studies [33], [41]. In addition, the self-radiation impedance of
the annular diaphragm can also be calculated as an equivalent
baffled piston with the same volumetric displacement, as dis-
cussed in detail in previous studies [37].

According to the effective lateral dimensions of the circular
and annular diaphragms, the circular area having an effective
radius of reff4 can be divided into several circular and annular
regions like a jigsaw puzzle, as shown in Fig. 3. Assuming that
all jigsaw areas can vibrate with a spatially uniform velocity

Fig. 3. Jigsaw area projected by the effective vibration areas of the
annular and circular diaphragms.

TABLE I
SUMMARY OF THE STRUCTURAL PARAMETERS OF THE

ANALYZED AC-PMUT [20]

in a rigid baffle area, the radiation impedances of regions c2,
a3, and c3 can be presented as follows [42]:

zc2 = za1 + zc1 + 2 · za1 c1 (2)

za3 = za1 + za2 + 2 · za1 a2 (3)

zc3 = za2 + za1 + zc1 + 2 · za1 a2 + 2 · za2 c1 + 2 · za1 c1 (4)

where an expression such as zAB represents the mutual radi-
ation impedance between regions A and B, zc i represents the
self-radiation impedance of the circular region ci , and za i

represents the self-radiation impedance of the annular region
ai .

By substituting (2) and (3) into (4), the expression for
mutual radiation impedance between the coaxially positioned
circular and annular diaphragms can be obtained as follows:

zac = za2c1 = (zc3 − za3 − zc2 + za1)/2. (5)

C. Cell Model Verification

To verify the model, the results derived from the proposed
model are compared with the simulation and experimental
results presented in [20]. However, the top electrodes of
the annular and circular diaphragms presented in [20] are
connected, and the two diaphragms can only be excited in
the same phase. The frequency response of the center dis-
placement sensitivity of the circular and annular diaphragms
is analyzed in Fluorinert FC-70 (ρ = 1940 kg/m3 and c = 687
m/s [20], [34]). In addition, according to the SEM photograph
presented in [20, Fig. 2], the etching errors should be consid-
ered in the model verification. Tables I and II summarize the
detailed structural and material parameters, respectively.
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TABLE II
SUMMARY OF THE MATERIAL PROPERTIES

OF THE ANALYZED AC-PMUT

Fig. 4. Comparisons of the displacement sensitivity between the
proposed model and the experimental results [20]. (a) Comparison with
the 30–50–90 structure. (b) Comparison with the 30–50–95 structure.

TABLE III
SUMMARY OF THE STRUCTURAL PARAMETERS

OF THE PROPOSED AC-PMUT

Fig. 4 provides a comparison of the two types of struc-
tures and their versions considering the etching errors. The
frequency-response profiles derived from the proposed model
agree well with the experimental results presented in [20]. The
smaller amplitude value of the proposed model can be caused
by the piezoelectric coefficient difference of AlN between the
model and the real experiment.

Acoustic field analysis is then conducted in water for the
proposed AC-PMUT by using different excitation conditions.

Fig. 5. Acoustic model based on equivalent piston for annular
diaphragm.

Fig. 6. Spatial distribution of the output pressure and its corresponding
vibration mode generated by the C-PMUT cell (rann1 = 52 µm) in its
resonant condition. (a) Model-derived result. (b) FEM-derived result.
(c) Resonant vibration mode derived by Comsol simulation.

Table III presents the structural parameters of the annular and
circular diaphragms used in the verification.

The acoustic field generated by the circular diaphragm
can be calculated through an acoustic field generated by an
equivalent circular piston, as presented in [33] and [41].

As shown in Fig. 5, the acoustic field generated
by the annular diaphragm can be calculated by an
acoustic field generated by an equivalent annular pis-
ton with an effective inner radius reff1 and an outer
radius reff4

pann = jkrmeanωρ0c0vann
e

j
(
ωt−k

√
d2+r2

mean

)
√

d2 + r2
mean

· Dann(θ),

d > RRayl (6)

Dann(θ) = 2

1 − (reff1/reff4)
2

· J1(kreff4 sin θ) − (reff1/reff4)J1(kreff1 sin θ)

kreff4 sin θ
(7)

RRayl = k R2
eff4/2 (8)

where vann is equal to uann i /[π · (r2
eff4 − r2

eff1)].
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Fig. 7. Spatial distribution of the output pressure and its corresponding
vibration mode generated by the A-PMUT cell (rann1 = 87 µm and
rann4 = ��� µm) in its resonant condition. (a) Model-derived result.
(b) FEM-derived result. (c) Resonant vibration mode derived by Comsol
simulation.

However, (6) is not suitable for the nonaxial acoustic
calculation in the near field. When it comes to the near-field
calculation, the annular diaphragm can be equivalent to an
annular array consisting of N0 circular pistons. The near-
field acoustic field can be a superposition of the acoustic
field generated by these equivalent pistons. In addition, the
equivalent method of the piston array has been discussed in
Section IV-A.

Figs. 6–9 present the acoustic model verification for the
C-PMUT cell (rcir2 = 52 μm), A-PMUT cell (rann1 =
87 μm and rann4 = 166 μm), and the in-phase-excited and
antiphase-excited proposed AC-PMUT cells at their resonant
frequencies under ±1 V excitation. The vibration-mode shape
of the diaphragms has also been presented for each cor-
responding emission condition. According to the compari-
son, the model-derived acoustic results agree well with the
FEM-derived ones.

Then, the output pressure distributed along the axis of each
cell is compared, as displayed in Fig. 10. It can be seen
that the antiphase-excited AC-PMUT cell achieves the highest
output pressure. The directivities of these cells are shown in
Fig. 11, which show that the A-PMUT cell and the in-phase-
and antiphase-excited AC-PMUT cells having larger apertures
achieve a much better directivity than that of the C-PMUT
cell.

III. STRUCTURAL OPTIMIZATION FOR THE AC-PMUT

An optimization is conducted for the AC-PMUT cell in this
section. On the basis of fabrication capability, the thicknesses
of the AlN and Si layers are determined as 850 and 3000 nm,
respectively. A gap of 35 μm is allocated between the

Fig. 8. Spatial distribution of the output pressure and its corresponding
vibration mode generated by the in-phase-excited AC-PMUT cell in its
resonant condition. (a) Model-derived result. (b) FEM-derived result.
(c) Resonant vibration mode derived by Comsol simulation.

Fig. 9. Spatial distribution of the output pressure and its corresponding
vibration mode generated by the antiphase-excited AC-PMUT cell in
its resonant condition. (a) Model-derived result. (b) FEM-derived result.
(c) Resonant vibration mode derived by Comsol simulation.

coaxially positioned annular and circular diaphragms to ensure
the bonding quality of the cavity-SOI. Considering the require-
ments of medical applications [43], the working frequency of
the proposed AC-PMUT cell is set to be approximately 3 MHz
in water. To meet the demand of the frequency, the circular
diaphragm radius is set to be 52 μm. By this means, the inner
radius of the annular diaphragm is determined as 87 μm. Still,
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Fig. 10. Comparison of axial pressure distributions among the C-PMUT
cell, the A-PMUT cell, and the in-phase-excited and antiphase-excited
AC-PMUT cells.

Fig. 11. Comparison of directivities among the C-PMUT cell, the
A-PMUT cell, and the in-phase-excited, and antiphase-excited AC-PMUT
cells.

the outer radius of the annular diaphragm and the excitation
phase difference between the coaxially positioned annular
and circular diaphragms need to be determined. Therefore,
a traversing optimization is conducted by testing the output
sensitivity of an AC-PMUT cell with different combinations
between the excitation phase difference and outer radius of the
annular diaphragm.

The output power sensitivity of an AC-PMUT cell with
different annular diaphragm widths (rann4 − rann1) is ana-
lyzed under various excitation phase differences between the
two diaphragms. Fig. 12(a) shows the frequency responses’
envelopes of the AC-PMUT cell in the output power sensitivity
generated by the cell with various annular diaphragm widths
(rann4 − rann1), under a determined excitation phase difference
between the circular and annular diaphragms ranging from
0◦ to 360◦. Fig. 12(a) indicates that the maximum output
power sensitivity can be achieved when the excitation phase
difference is approximately 180◦. Therefore, the circular and
annular diaphragms are set in an antiphase excitation mode
to simplify the excitation circuit design. Then, the frequency
responses’ envelopes of the AC-PMUT with various annular
diaphragm widths, ranging from 65 to 95 μm, under the
antiphase excitation condition have been analyzed in detail
in Fig. 12(b) and (c), which indicates that the one with an
annular diaphragm width of 79 μm can achieve the highest
output sensitivity.

Fig. 13 presents the relationship between the resonant
frequency similarity and the output power ability of the
AC-PMUT cell under the antiphase-excitation condition,
which indicates that the antiphase-excited AC-PMUT cell
can achieve a higher output sensitivity when the circular

Fig. 12. Traversing optimization for a single AC-PMUT cell.
(a) Frequency responses’ envelopes of an AC-PMUT cell with vari-
ous annular diaphragm widths, under a determined excitation phase
difference ranging from 0◦ to 360◦. (b) Frequency responses of the
AC-PMUT with various annular diaphragm widths under the antiphase
excitation condition. (c) Enlarged view of the frequency response around
the resonant peaks.

Fig. 13. Relationship between the resonant frequency similarity and
the output power sensitivity of the AC-PMUT cells under the antiphase-
excitation condition.

and annular diaphragms achieve a close value of resonant
frequency.

Based on the fluid-structure coupling effect [44], the vibra-
tion amplitudes of the two diaphragms are amplified under
the antiphase-excitation working mode. Fig. 14 presents the
frequency response of the output pressure at 700 μm in
front of the AC-PMUT cell corresponding to the annular
diaphragm with a specific width. In accordance with the results
in Fig. 12, an output pressure peak occurs at the resonant
frequency when the annular width is approximately 79 μm.
However, because of the antiphase vibration between the two
diaphragms, a certain amount of output power produced by
each diaphragm will offset with each other. After getting
the vibration results from the model of a single cell, the
vibration results of the circular and annular diaphragms can
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Fig. 14. Output pressure (at 700 µm) versus frequency response of
the AC-PMUT cell with different annular diaphragm widths excited in an
antiphase mode.

be extracted to calculate the output pressure contributions
of the two diaphragms, respectively. Fig. 15 presents the
frequency response of the ratio between the absolute output
pressures generated by the circular and annular diaphragms,
which indicates that the annular diaphragm is a contributor
to the output pressure, whereas the vibration of the circular
diaphragm can offset half of the pressure contributed by the
annular diaphragm.

Although a large vibration amplitude is preferable to
increase the output ability of the PMUT, the vibration ampli-
tude should be limited under a safety value to ensure all
the material consisting of the diaphragm work in their elas-
tic deformation domain to guarantee the working stability
of the PMUT. Based on the boundary condition of these
two diaphragms, the maximum stress will concentrate at
the clamped edge of the diaphragm, dominated by tensile
stress [45]. The stress value of the diaphragm can be presented
as follows:

σradi = − Ezh

1 − μ2

(
∂2w

∂2r
+ μ

∂2w

∂2(rθ)

)
(9)

σtage = − Ezh

1 − μ2

(
∂2w

∂2(rθ)
+ μ

∂2w

∂2r

)
(10)

where σradi and σtage are the stresses along the radial and
tangential directions, respectively, zh is the vertical distance to
the neutral plane, E and μ are Young’s modulus and Poisson’s
ratio of the material, respectively, and w is the diaphragm
deflection.

Considering that the vibration modes of the annular and
circular diaphragms of an individually working AC-PMUT
cell are axisymmetric, the second derivative of the diaphragm
deflection along the tangential direction is equal to 0.
This makes the value of σtage much smaller than that of
σradi. In addition, considering that the endurance limit of
AlN (168–248 MPa) [46] is much larger than that of Si
(130–150 MPa) [47], the maximum tensile stress σradi of the
silicon structure is used as the judging criteria and need to be
kept under 130 MPa.

Fig. 15. Abs(Pcir/Pann)-frequency response of the AC-PMUT cell with
different annular diaphragm widths, where Pcir and Pann denote the
output pressures contributed by the circular and annular diaphragms,
respectively, in the antiphase working mode.

Fig. 16. Maximum silicon tensile stress–frequency response of the
AC-PMUT cell. (a) Frequency response of the maximum tensile stress of
the annular diaphragm. (b) Frequency response of the maximum tensile
stress of the circular diaphragm.

Fig. 16(a) and (b) presents the maximum silicon tensile
stress of the annular and circular diaphragms with the annular
diaphragm width ranging from 64 to 95 μm. As illustrated in
Fig. 16(a) and (b), the maximum tensile stress concentration
on the circular diaphragm is much larger than that on the
annular diaphragm. The AC-PMUT cell with the annular
diaphragm width of 79 μm can still keep its maximum tensile
stress under 130 MPa with ±3.7 V excitation. Moreover,
this excitation voltage can be achieved by most cell phone
batteries.
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Fig. 17. Schematic of the multimodal model by breaking the annular
diaphragm into an annular array consisting of equally spaced sector
diaphragms and its equivalent piston radiation.

IV. CIRCUIT MODEL FOR AC-PMUT ARRAY

In this section, an equivalent circuit model for the AC-
PMUT array is established by considering the multivibration
modes of the annular diaphragm.

A. Model Establishment

Unlike the annular diaphragm working individually,
the acoustic load applied on an annular diaphragm working
in an array is not axisymmetric to its diaphragm axis. The
unevenly distributed acoustic load makes the first bending
vibration mode no longer the dominant vibration of the
annular diaphragm. Instead, the higher vibration modes of the
annular diaphragm become more obvious when working in
an array.

Considering the multivibration modes of the annular
diaphragm, the array model based on the piston vibration
cannot fully describe the vibration mechanism of the annular
diaphragm. In order to solve this problem, a multimodal
model is presented, considering the multivibrate modes of an
annular diaphragm. In this model, the annular diaphragm is
separated into N0 sectors, as shown in Fig. 17. Each annular
diaphragm is equivalent to an annular array consisting of N0

sector diaphragms [37]. Based on Hooke’s law, the mechanical
impedance of each sector diaphragms ZSm is 1/N0 times that
of the annular one.

The equivalent circuit of the multimodal modal is presented
in Fig. 18. In this circuit, Csec is the clamped dc capacitances
of each sector, which is 1/N0 of Cann, ηsec is the electromechan-
ical transduction ratios of each sector, which is equal to ηann,
pcir i is the loaded pressure of the circular diaphragm included
in the i th AC-PMUT cell, usec i j and psec i j are the volumetric
velocity and loaded pressure of the i th sector included in the
annular diaphragm of the j th AC-PMUT cell, respectively, and
zsec is the self-radiation impedance of each sector.

Considering that the dimensions of the sector are much
less than the wavelength, its radiation performance can be
equivalent to the vibration of a circular piston with the same
volumetric displacement. In addition, these equivalent pistons
forming into an annular array can be modeled by the array
model for the circular cells presented in [24]. The equivalent
piston radius rp, the distribution radius rpos, and the amount
of the pistons N0 can be calibrated by the piston vibration

Fig. 18. Equivalent circuit model of the AC-PMUT array based on the
multimodal model.

Fig. 19. Frequency response results derived from the piston model,
multimodal model, and FEM. (a) Frequency response of volumetric
velocity. (b) Frequency response of output power.

model of a single annular diaphragm [37]. Based on the
calibration, N0 = 13, rp = [Aann/(N0π)]0.5 = (Asec/π)0.5, and
rpos = 1.01·(rann4+rann1)/2 for the annular diaphragm structure
presented in Table III. The frequency-response results for the
volumetric velocity and output power derived from the piston
model, calibrated multimodal model, and FEM are presented
in Fig. 19, and all results agree well with each other.

By this means, the AC-PMUT array is turned into a model
for an array composed by Ntot · (1 + N0) equivalent piston
cells with two different radii. The first Ntot cells have an
effective radius of reff and a mechanical impedances of ZCm.
The rest of the cells have an effective radius of rp and
mechanical impedances of ZSm. The relationship between the
volumetric velocity and the radiation load on each cell can be
presented as follows:⎡

⎢⎢⎢⎣
pcir

p1
...

pNtot

⎤
⎥⎥⎥⎦ = (ZSelf + ZMutual) ·

⎡
⎢⎢⎢⎣

ucir

u1
...

uNtot

⎤
⎥⎥⎥⎦ (11)
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where

pT
cir = [pcir 1 pcir 2 · · · pcirN tot] (12)

pT
i = [pseci1 pseci2 · · · pseci N0], i ∈ [1, Ntot] ∩ N (13)

uT
cir = [ucir 1 ucir 2 · · · ucirN tot] (14)

uT
i = [useci1 useci2 · · · useci N0], i ∈ [1, Ntot] ∩ N. (15)

The self- and mutual-radiation impedance matrices can be
presented as follows:
ZSelf

= diag

[ zcir

A2
cir

· · · zcir

A2
cir

zsec

A2
sec

· · · zsec

A2
sec

]
|
|
|
|

(16)

ZMutual

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
z11

A2
cir

· · · z1N tot

A2
cir

z(1)(N tot+1)

Acir Asec
· · · z(1)(N tot+N0·N tot)

Acir Asec

0 · · · z2N tot

A2
cir

z(2)(N tot+1)

Acir Asec
· · · z(2)(N tot+N0·N tot)

Acir Asec
. . .

...
...

. . .
...

0
z(N tot)(N tot+1)

Acir Asec
· · · z(N tot)(N tot+N0·N tot)

Acir Asec

0 · · · z(N tot+1)(N tot+N0·N tot)

A2
sec

. . .
...
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

(17)

where ZSelf is an Ntot · (1 + N0)-dimensional diagonal
matrix. The nonzero elements in the first Ntot line are con-
tributed by the circular diaphragms of the AC-PMUT cells,
and the remaining nonzero elements are contributed by the
equivalent piston for the equivalent sector diaphragms. ZMutual

is also an Ntot · (1 + N0)-dimensional symmetric matrix and
the first and fourth quadrants of the matrix are contributed
by the interaction between two identical circular diaphragms
and between two identical sector diaphragms, respectively.
The second and third quadrants are contributed by the interac-
tion between the circular diaphragm and the equivalent sector
diaphragm. In addition, the mutual radiation impedance zi j can
be presented as follows:

zi j = 2ρcπr2
i

×
∞∑

p=0

{
1

π1/2
	

(
p + 1

2

)

·
(

ri

di j

)p
[(

π

2kdi j

)1/2

· H (2)
p+1/2

(
kdi j

)]

×
p∑

n=0

(
r j

ri

)n+1( Jp−n+1(kri ) · Jn+1(kr j )

n!(p − n)!
)}

(18)

where ri and r j are the effective radii of the i th and j th cells,
respectively. In addition, di j is the distance between the center
of the two cells and H (2)

x is the spherical Hankel function of
the second kind.

Fig. 20. Schematics of the array model used for model verification. (a)
Cell distribution in four kinds of arrays. (b) Mode shape of the annular
and circular diaphragms excited in the same phase at 3.4 MHz.

In the transmission mode, the volumetric velocity of each
cell needs to be solved, which can be calculated by writing
Kirchhoff’s voltage law (KVL) equations for the circuit model
presented in Fig. 18. Knowing the input voltages, the volumet-
ric velocity matrix can be written in a matrix-form equation
as follows:

u = (ZMech + ZSelf + ZMutual)
−1 · V (19)

where

ZMech = diag[ZCm · · · ZCm ZSm · · · ZSm] (20)

uT = [
uT

cir uT
sec 1 · · · uT

sec Ntot

]
(21)

uT
cir = [

ucir1 · · · ucirNtot

]
(22)

uT
sec j = [

usec 1 j · · · usec N0 j
]
, j ∈ [1, Ntot] ∩ N (23)

VT = [
VT

cir VT
sec 1 · · · VT

sec Ntot

]
(24)

VT
cir = [

ηcirVcir1 · · · ηcirVcirNtot

]
(25)

VT
sec j = Vann j · [ηann · · · ηann], j ∈ [1, Ntot] ∩ N. (26)

The acoustic field of the array can also be derived based
on the superimposing of the acoustic field generated by each
equivalent piston [41].

B. Array Model Verification

In this section, COMSOL Multiphysics v5.3 is used as
the FEM simulation tool to verify the analytical model.
Tables II and III summarize the detailed material and struc-
tural parameters of the annular and circular diaphragms used
in array analysis, respectively. The verification and perfor-
mance comparisons are conducted on the basis of a series of
small-scale 2-D array, as shown in Fig. 20. Except Array II,
the smallest gap between every two cells is all set as 40 μm.
In addition, the coordinates of each cell in Arrays II–IV are
the same. Choosing one-sixth of the model can not only save
the calculating resources but also avoid the interception of the
symmetric boundary across the PMUT diaphragm which could
interfere with the diaphragms’ vibration mode shapes.
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Fig. 21. Verification for frequency response of the output power.
(a) Frequency response generated by the AC-PMUT array with the
excitation phase ranging from 45◦ to 180◦. (b) Frequency response gen-
erated by the in-phase-excited AC-PMUT array. (c) Frequency response
generated by the A-PMUT array. (d) Frequency response generated by
the C-PMUT array with high and low distribution densities.

Fig. 22. Spatial distribution of the output pressure generated by Array
II in its resonant frequency. (a) Multimodal model result. (b) FEM result.

Fig. 21(a) presents the frequency response of the output
power generated by the AC-PMUT array with different exci-
tation phases between the annular and circular diaphragms.
Fig. 21(a) indicates that the coaxially positioned annular and
circular diaphragms excited in an antiphase mode can achieve
the highest output sensitivity. In addition, the proposed multi-
modal model derived results achieve good agreement with the
FEM-derived results, while the extra restriction of the piston
model making the whole annular diaphragm surface vibrate
uniformly stiffens the diaphragm and underestimates its output
power.

As shown in Fig. 21(b), when the two diaphragms of
AC-PMUT are excited in-phase, the coupling within one
cell is impaired and the crosstalk between different cells
is enhanced. The crosstalk impacts the system to produce

Fig. 23. Spatial distribution of the output pressure generated by Array I
in its resonant frequency. (a) Multimodal model result. (b) FEM result.

Fig. 24. Spatial distribution of the output pressure generated by Array
III in its resonant frequency. (a) Multimodal model result. (b) FEM result.

multiple spurious resonant frequencies [30] and increases the
system bandwidth but suppresses the volumetric displace-
ment of each cell. In addition, the output power–frequency
response generated by Array III presented in Fig. 21(c) shows
a similar frequency response with that presented in Fig. 21(b).
According to Fig. 21(b) and (c), although the piston model
can approximately approach the output power of the array,
the overconstrained assumption makes its frequency response
profile smoother than that derived by FEM. The multimodal
model can give a better approach than the piston model.

Fig. 21(d) presents the frequency response generated by the
C-PMUT array with high (Array I) and low (Array II) distri-
bution densities. Array II having a larger distance between
the two cells reduces the mutual radiation impedance between
them and ultimately reduces the crosstalk. With a smaller
crosstalk, the frequency of Array II achieving the largest output
power keeps consistent with the resonant frequency of each
cell. On the contrary, the high vibration amplitude of each cell
at its resonant frequency in Array I not only fails to improve
the output pressure but also enhances the crosstalk in the array.
The heavy crosstalk effect drives a certain number of cells
acoustically instead of electrically, which indicates that they
are absorbing the acoustic power from the sound field radiated
by other cells. This scenario reduces the output power and
causes distortion of the ultrasound beam pattern. Therefore,
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Fig. 25. Spatial distribution of the output pressure generated by Array IV
excited in the same phase. (a) Multimodal model result. (b) FEM result.

Fig. 26. Spatial distribution of the output pressure generated by Array IV
excited in an antiphase mode. (a) Multimodal model result. (b) FEM
result.

the C-PMUT array with a high distribution density cannot
provide a stable high output at the resonant frequency of each
cell. Only at a frequency higher than the resonant frequency,
the crosstalk effect can be reduced due to the reduction in the
vibration amplitude of each cell. Thus, the C-PMUT cells in
the traditional array tend to have a rather uniform vibration
phase distribution to provide a stable output performance.
Fig. 21(d) also indicates that although the C-PMUT array with
a low distribution density can reduce the crosstalk and improve
the output efficiency of each cell, the reduced cell number
also impairs its output ability. However, by using the coupling
effect between the annular and circular diaphragms within one
cell, the AC-PMUT array can not only reduce the crosstalk
effect but also increase the output ability.

Then, the multimodal model-derived acoustic field gen-
erated by Arrays I–IV with both antiphase- and in-phase-
excitation methods is verified. As shown from Figs. 22–26, the
multimodal model-derived results agree well with that derived
by FEM.

Finally, the absolute acoustic pressure generated along the
array axis and at the Rayleigh distance of the array is pre-
sented in Figs. 27 and 28. The antiphase-excited AC-PMUT
array achieves the highest output pressure among other array
designs. In addition, the C-PMUT array with a high distrib-
ution density also achieves a good output performance, even

Fig. 27. Comparison of axial pressure distributions among the
antiphase-excited AC-PMUT array, in-phase-excited AC-PMUT array,
A-PMUT array, and C-PMUT array with high and low distribution
densities.

Fig. 28. Comparison of averaged pressure distribution at the Rayleigh
distance [41] for each array, which is around 5.35 and 7.08 mm for the
array working around 3.1 and 4.1 MHz, respectively.

Fig. 29. Schematics for the cell distribution in 1-D array.

better than the performance of the in-phase-excited AC-PMUT
array.

V. ARRAY PERFORMANCE DISCUSSION

Based on the multimodal model, this section compares the
crosstalk intensity and ultrasound emission performance of the
C-PMUT and AC-PMUT arrays. The optimized AC-PMUT
cell presented in Section III is selected as the cell for the
AC-PMUT array.

A. Crosstalk Performance of 1-D Array

In this section, the proposed AC-PMUT and traditional
C-PMUT (rcir2 = 52 μm) form a 1-D array. A 40-μm gap
is provided between every two cells, as shown in Fig. 29.
By adding the cell number from 1 to 11, the crosstalk
behaviors of the two 1-D arrays are compared, as illustrated in
Fig. 30. Fig. 30(a) and (b) shows the output power–frequency
responses of each cell in these two arrays as the cell numbers
increase.

Compared with the C-PMUT array, the proposed AC-PMUT
array remarkably reduces the crosstalk effect in the array.
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Fig. 30. Output power–frequency response of each cell in 1-D array with different amounts of cells. (a) Array consisting of the proposed AC-PMUT
cells. (b) Array consisting of the traditional C-PMUT cells.

Fig. 31. Cell distributions in the arrays. (a) Distribution for AC-PMUT
array. (b) Distribution for C-PMUT array.

The output power–frequency response of each cell can nearly
maintain the same profile as that when they are working
individually. However, the output power–frequency responses
of the traditional C-PMUT cells are very distorted. The
spurious resonance in the frequency response of the output
power is mainly caused by the propagation mechanism of the
Rayleigh–Bloch (RB) surface waves [30]. Some cells even
show negative output power meaning that these corresponding
cells are absorbing the acoustic energy instead of emission,
as the blue color illustrated in Fig. 30(b).

B. Emission Performance of 2-D Array

The performances of the large-scale 2-D arrays are analyzed
in this part. Because of the existing heavy crosstalk effect of
the traditional C-PMUT array, its working frequency achieving
the highest output ability is usually higher than the resonant
frequency of an individual C-PMUT cell, as the discussion in
Fig. 21(d). Therefore, a C-PMUT cell with a radius of 57 μm
with the same layer thicknesses is selected as the cell for the

Fig. 32. Frequency response versus output pressure and power of
PMUTs with the proposed and traditional array. (a) Frequency response
of the AC-PMUT array. (b) Frequency response of the C-PMUT array.

C-PMUT array, in order to make the array achieve the highest
output power around 3 MHz. By this means, a fair perfor-
mance comparison can be conducted between the AC-PMUT
and C-PMUT arrays. In addition, the cell distribution follows
the pattern of Fermat’s array [48], [49], as shown in Fig. 31.

1) Nonfocusing Working Condition: Initially, both arrays are
analyzed under a nonfocusing working condition within a fre-
quency ranging from 2 to 4.5 MHz. The frequency responses
versus the ultrasonic output pressure of the arrays along its axis
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Fig. 33. Displacement of each diaphragm in the arrays when the
excitation signal reaches its 90◦ phase. (a) Displacement condition of
the diaphragms in the AC-PMUT array when working at its resonant
working frequency. (b) Displacement condition of the diaphragms in the
C-PMUT array when working at the resonant frequency of a single cell.
(c) Displacement condition of the diaphragms in the C-PMUT array when
achieving the highest output pressure.

are analyzed and presented in Fig. 32(a) and (b). Fig. 32(a)
indicates that the proposed AC-PMUT array achieves the high-
est output pressure around its resonant frequency of 3.13 MHz.
Considering the low crosstalk effect, all AC-PMUT cells in the
proposed array can work uniformly at the resonant frequency.
On this basis, the phenomenon of the output pressure offset
among different cells has been reduced, and the AC-PMUT
array can fully use the large vibration amplitude to achieve a
stable resonant condition.

However, as the discussion presented for Fig. 21(d),
Fig. 32(b) indicates that the C-PMUT array cannot provide
a stable high output pressure at its resonant frequency, around
2.5 MHz. Only at a higher frequency, can the cells in the
C-PMUT array tend to have a further uniform vibration con-
dition across the array to provide a stable output performance.

A video presenting the displacement of each diaphragm
in the arrays is provided in the attachment. Assuming that a
sinusoidal signal was applied to excite the AC- and C-PMUT
arrays, the video records the vibration displacement of
each diaphragm under the steady operating condition at each
working frequency, when the excitation signal reaches its
90◦ phase.

The displacement condition of the antiphase-excited AC-
PMUT array at its resonant frequency of 3.13 MHz is
presented in Fig. 33(a), which indicates that all the cells
are working in a quite uniform condition across the array.
Fig. 33(b) presents the displacement condition of the C-PMUT
array at the frequency of 2.52 MHz, which is the resonant
frequency of a C-PMUT cell (rcir2 = 57 μm). Fig. 33(c)
presents the displacement condition of the C-PMUT array at
the frequency of 3.17 MHz, at which frequency the C-PMUT
array achieves the highest output pressure. Fig. 33(b) and (c)
verifies the results derived from Fig. 32(b), indicating that only
at the higher working frequency with a more uniform working
condition for the cells across the array can the C-PMUT array
achieve a stable and high output ability.

Fig. 34 presents the spatial distribution of the output pres-
sure generated by these two arrays in their working condi-
tions with the highest output pressure. The AC-PMUT array
achieves the highest output pressure value along the array
axis, increased by 166% compared with that generated by the
C-PMUT array.

Fig. 34. Spatial distribution of output pressure generated by PMUT
array working in nonfocusing working condition. (a) Output pressure
distribution generated by AC-PMUT array in its working frequency with
the maximum output pressure. (b) Output pressure distribution generated
by the C-PMUT array in its working frequency with the maximum output
pressure.

Fig. 35. Far-field performance of the array. (a) Pressure distribution
on the spherical surface (radius = 26 mm) of the AC-PMUT array with a
working frequency of 3.13 MHz. (b) Pressure distribution on the spherical
surface (radius = 26 mm) of the C-PMUT array with a working frequency
of 3.17 MHz. (c) Comparison of averaged pressure distribution at the
Rayleigh distance [41] for each array.

Fig. 35(a) and (b) shows the pressure distribution on a
hemisphere with a Rayleigh distance of 26 mm from the center
of the array, which is the beginning of the far field [41].
Fig. 35(c) presents a comparison of the average output pres-
sure values generated by these two arrays at their Rayleigh
distance. Similar to the analysis above, the pressure generated
by the AC-PMUT array achieves a 153% increase compared
with the C-PMUT array at the Rayleigh distance.
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Fig. 36. Spatial distribution of output pressure generated by the
AC- and C-PMUT arrays working in the phased-array condition.
(a) Output pressure distribution generated by the AC-PMUT phased
array. (b) Output pressure distribution generated by the C-PMUT phased
array.

Fig. 37. Pressure distribution at the hemisphere with a radius of 5 mm.
(a) Output pressure distribution of the AC-PMUT array on the hemispher-
ical surface with a radius of 5 mm. (b) Output pressure distribution of
the C-PMUT array on the hemispherical surface with a radius of 5 mm.
(c) Comparison of averaged pressure distribution at a position of 5 mm.

2) Focusing Working Condition: The output pressure of the
array can be further improved with a strong mainlobe ampli-
tude and a narrow beamwidth by electronic focusing. The focal
length is set to 5 mm. In addition, the spatial distribution of
the output pressure generated by these two phased arrays in
their working conditions with the highest output pressure is
compared and presented in Fig. 36. Fig. 37 shows the focused
output pressure distribution of both arrays on the surface of
the hemisphere with a radius of 5 mm. Notably, the phased-
array method can increase the output pressure and shrink

the mainlobe width. According to the directivities at 5-mm
distance, as illustrated in Fig. 37(c), the AC-PMUT array
achieves an output pressure increase of 155% compared with
the maximum pressure value generated by the C-PMUT array.

According to the analysis above and the principle of
energy conservation, although the coupled AC-PMUT design
helps to enhance the output ability, its bandwidth has been
impaired, which is not desirable for the imaging application.
However, considering the high output performance and low
crosstalk ability of the proposed AC-PMUT cell, an array
with AC-PMUT cells in different dimensions may be help-
ful to extend its bandwidth. Considering the current design
for the AC-PMUT cell and array, they can always achieve
its maximum output pressure when working in its resonant
frequency due to the low crosstalk effect. This characteristic
of the AC-PMUT array can be especially useful as an active
sonar system, which requires transducers to play as projectors
and hydrophone operators in the vicinity of the same resonant
frequency [42].

VI. CONCLUSION

This study presents an equivalent circuit model for the
PMUT cell and array consisting of annular and circular
diaphragms. Based on the proposed model, a PMUT cell struc-
ture composed of a pair of coaxially positioned annular and
circular diaphragms, with a separate driving system, has been
presented. Based on the continuity equation of the fluid, these
two diaphragms are excited in an antiphase mode to enhance
the coupling between them within one cell. Moreover, this
crosstalk within one cell not only reduces the mutual crosstalk
effect across the array but also helps the array to achieve a high
ultrasonic emission performance. In addition, the proposed
model can give an efficient design and optimization for the
PMUT cell and array, considering the multiphysics coupling
among the electrical, mechanical, and acoustical domains.
In summary, a detailed analysis is conducted for the output
performance of the AC-PMUT array, which can make full
use of the large amplitude generated by each cell, given the
low-crosstalk effect. As a result, the resonant mode of the
AC-PMUT array is achieved to obtain a much higher output
pressure than that of the traditional C-PMUT array.
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