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Abstract—Capacitive micromachined ultrasonic trans-
ducers (cMUT) have large bandwidths, but they typically
have low conversion efficiencies. This paper defines a per-
formance measure in the form of a gain-bandwidth prod-
uct and investigates the conditions in which this perfor-
mance measure is maximized. A Mason model corrected
with finite-element simulations is used for the purpose of
optimizing parameters. There are different performance
measures for transducers operating in transmit, receive, or
pulse-echo modes. Basic parameters of the transducer are
optimized for those operating modes. Optimized values for
a cMUT with silicon nitride membrane and immersed in
water are given. The effect of including an electrical match-
ing network is considered. In particular, the effect of a shunt
inductor in the gain-bandwidth product is investigated. De-
sign tools are introduced, which are used to determine op-
timal dimensions of cMUTs with the specified frequency or
gain response.

I. INTRODUCTION

APACITIVE micromachined ultrasonic transducers
C (cMUTSs) [1]-[3] have the potential of replacing piezo-
electric transducers in many areas. The applications in-
clude air-coupled nondestructive testing [4], [5], medical
imaging [6], [7], three-dimensional (3-D) immersion imag-
ing with 2-D transducer arrays [8], flow meters, level
meters, position and distance measurements and micro-
phones. Recently, analytical and computational models for
the ¢cMUTs have been developed [9]-[12]. Drawbacks of
the cMUTs are studied and eliminated for optimum per-
formance for a variety of applications. Increasing the dy-
namic range, decreasing parasitic capacitances and cross-
coupling [13] have been the major goals. The methods to
overcome the problems include new ways of electrode pat-
terning [14], [15], changing the material used for mem-
brane, optimizing the geometry for the best performance,
and finding new regimes of operation [16].

It is shown that a large bandwidth is possible with an
untuned ¢cMUT immersed in water [10], [14]. For such a
cMUT, the operation frequency range may extend from
very low frequencies to the antiresonance of the membrane
[17]. However, those cMUTs have small conversion efficien-
cies and are not as sensitive as piezoelectric transducers.
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An electrical tuning network can be added to increase the
gain. In this work, we explore the limits of a cMUT op-
erating in different regimes using the Mason model cor-
rected with finite-element method (FEM) simulations. We
try to maximize the bandwidth of a cMUT while keep-
ing the output pressure or the conversion efficiency at a
reasonable value. For this purpose, we define performance
measures in the form of a pressure-bandwidth product or
a gain-bandwidth product. We try to maximize this figure
of merit by optimizing various geometrical parameters of
the cMUT.

II. MASON MODEL CORRECTED BY FINITE-ELEMENT
METHOD SIMULATIONS

A cross-sectional view of a cMUT is seen in Fig. 1, in
which ¢, is the thickness of the membrane, ¢; is the thick-
ness of the insulator on the bulk silicon. The radius of the
membrane is represented by a and the gap height is sym-
bolized by t,. An electrode is placed on the bottom of the
membrane. The cMUT's are assumed to be fabricated from
silicon nitride.

It is customary to use a Mason model for the cMUTs
as depicted in Fig. 2 [18]. In this model, the left-hand side
of the transformer is electrical, and the right-hand side is
mechanical. The mechanical impedance of the membrane,
Zm, 1s approximated by the ratio of the applied pressure
on the membrane to the average velocity of the membrane.
Because the average velocity of the membrane is a function
of the excitation frequency, Z,, is a function of frequency.
The sign errors in the relation given in [10] are corrected
to give the membrane impedance as:

g Jwptmakika(k1Jio — kaJo1)
m aklkg(kljlo — kQJOl) — 2(/€% + k%)]n ’

(1)

where J01 = Jo(kla)Jl (kga), J10 = Jl(kla)Jo(kga), J11 =
Ji(k1a)Ji(kea), w is the radian frequency, p is the density
of the membrane material, Jy and J; are the zeroth and
first-order Bessel functions of the first kind. k7 and ks are
given by:
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Fig. 1. Cross-sectional view of a cMUT.
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Fig. 2. Mason model (a) for a cMUT operating as a transmitter
excited by a voltage source (Vg) to drive the acoustic impedance of
the immersion medium (Z,S) (b) for a cMUT operating as a receiver
excited by the acoustical source (Fs, ZqoS) to drive the electrical
load resistance of the receiver circuitry (Rg). S is the area of the
transducer, Lt is the tuning inductor.

where

2
ee B+ Dt qa= T (3)
12p(1 - 0?) p

here, Y} is the Young’s modulus, T is the residual stress,
and o is the Poisson’s ratio of the membrane material.
Around its first natural resonance frequency, Z,, can be
modeled by a mass and a spring system. The effective
mass, m,, of the membrane can be related to the actual
mass of the membrane using the slope of Z,, around the
resonance as:

me ~ 1.8pt,ma’. (4)

Another electrical parameter that depends on the phys-
ical dimensions is the shunt input capacitance at the elec-
trical port. The value of this capacitance can be found by
the parallel plate approximation [19]:

a+ig r
C. ~ 271'60/ —dr, (5)
0

where ¢, is the effective gap height ¢, = t,+€ot; /€. €9 and €
are the permittivity constants of air and insulator material,
respectively. z(r) is the deflection profile of the membrane
as determined by FEM simulations. The extra capacitance
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due to fringing fields is included approximately by extend-
ing the radius from a to a +t,. The accuracy of the model
is tested for the gap height values between 0.1 pym and
1 pm. The resulting capacitance values are within 1% of
the corresponding FEM simulations. Note that the mem-
brane thickness, t,,, does not affect the value of C,, as the
electrode is placed under the membrane.

Typically, many cMUT cells are connected together to
form a transducer. An extra capacitance arises because
of the interconnections between the cMUT electrodes. Al-
though this spurious capacitor can be quite large, in this
work we will ignore it for simplicity. Therefore, our results
are somewhat optimistic.

Because the turns ratio, n, is the product of the capac-
itance with the electric field [17], n. for a deflected mem-
brane can be determined by the following integration:

a+ig r
Ne QWEOVDC/ ( dr, (6)
0

tyg —x(r))?

where Vpce is the applied bias voltage.

The first natural resonance frequency can be written in
terms of the effective mass, me, and the stiffness, «, [14]
of the membrane as:

L 2t Yo+ T
me  ma?\l 1.8p(1 —02)’

Jr (7)

1
S or
An approximate expression for the collapse voltage is:

128(Yp + T3, 3
Vot = 0.7\/M. (8)

27¢0(1 — 02)at

A more accurate value for V., can be determined using
the method developed in [12]. A fast numerical algorithm
is implemented using the parallel plate force distribution.
We determined V,,; and the deflection profile, z(r), of the
membrane for direct current (DC) biased operation. The
resulting V,,; values are within 5% of the results obtained
with FEM simulations!.

We checked the validity of the model by comparing
with the experimental results of [20]. They measured f, =
12 MHz with a 12 MHz bandwidth. Our predictions for the
same geometry? and with material constants given in Ta-
ble I are as follows: f,, = 13.1 MHz, bandwidth = 13.7 MHz
(2.3 MHz to 16 MHz), one-way conversion loss = 12.2 dB.

It was shown [21] that the effect of liquid loading in
a liquid immersed cMUT is not negligible, especially if
the membrane is thin. With liquid loading, the resonance
frequency shifts to lower frequencies. Nevertheless, we ig-
nored this effect for the sake of simplicity.

IFEM simulations are done with ANSYS (ANSYS Inc., Canons-
burg, PA). Two electrostatic analyses are followed by two prestressed
harmonic analyses [14] calculating the mechanical impedance and the
turns ratio of a cMUT.

2q = 18 um, tym = 0.88 um, tg = 0.12 pym, ¢t; = 0.2 ym, T = 0,
Rgs =220 k.
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TABLE 1
CONSTANT PARAMETERS USED IN THE SIMULATIONS.

Parameter Value
Young’s modulus of SizNy4, Yo 3.2 x 10° MPa
Poisson’s ratio of SigNy, o 0.263

Relative permittivity of SigN4, €yn, 5.7
Density of SizsNy, p 3.27 g/cm3
Breakdown voltage of SizNy 900 V/um

III. OPTIMIZATION OF PERFORMANCE

If the membrane of a cMUT is very thin, the mechanical
impedance, Z,,, of the membrane is very low compared to
the acoustical impedance of the immersion medium, Z,;
hence, Z,, can be ignored. In this case, the Mason model
reduces to just a resistance-capacitance (RC) circuit, in
which bandwidth can be made very large at the expense
of gain. In this work, we do not ignore Z,,. We will explore
the effect of various device dimensions on the overall cir-
cuit. In particular, we would like to optimize the radius (a),
the thickness of the membrane (t,,), the gap height (¢,),
and the electrical termination resistance (Rg). Z,, and n.
are dependent on the above parameters as discussed in
Section II. The mechanical termination impedance, Z,5,
is dependent on Z, as well as the area of the membrane,
S. To make a fair comparison of cMUTs with different di-
mensions, we always choose the maximum applied voltage
as 0.9 V,; of the corresponding membrane.

The electrical side termination impedances of cMUTSs
for transmission and receive modes can be different. Typi-
cally, a low resistance electrical source is used in the trans-
mission mode. In the receive mode, the optimal electrical
termination impedance may be relatively high (10 KQ to
100 K2 per unit ¢cMUT). Therefore, transmission and re-
ceive modes must be treated separately, although cMUT
is a reciprocal device.

A. Transmission Mode

A cMUT used in transmission mode has a limitation in
the applied voltage due to breakdown of insulation mate-
rial or the collapse voltage of the membrane. Other than
this limit, there is no practical limitation in the amount of
available electrical power. Moreover, any electrical source
resistance can be used for exciting the cMUT. Hence, the
electrical mismatch between the electrical source and the
c¢MUT is unimportant. In this case, it is reasonable to try
to maximize the pressure at the mechanical side while the
maximum allowed voltage is applied at the electrical port.
Referring to Fig. 2(a), let P be the pressure in the im-
mersion medium, P = F'/S, when the applied alternating
current (AC) voltage, Vs, is at the maximum allowable
value. Bj is the associated 3 dB bandwidth of the output
pressure. In the transmission mode, we define the figure of
merit as the pressure-bandwidth product:

My = PB;. (9)
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Fig. 3. Pressure-bandwidth product, Mp, of a cMUT resonating at
5 MHz and operating as a transmitter in water as a function of
membrane radius, a (or as a function of membrane thickness, tm)
for different gap heights. t,, /a® is kept constant. The bias voltage is
Vpe = 0.45 V,,; and the electrical source resistance, Rg, is zero.

A calculation® of My is done using the corrected Mason
model. If the maximum peak voltage on the electrode is
0.9 Veoi, ne is calculated from (6) with Vpo = 0.45 V.
Although the cMUT is highly nonlinear with a large exci-
tation, we treat the problem as if it is linear for simplic-
ity, and n. is assumed to be independent of the applied
AC voltage. The resulting My is seen in Fig. 3 as a func-
tion of a or t, with the gap height, ¢,, as a parameter.
In order to have the same membrane resonance, t,,/a? is
kept constant as a or t,, is varied. In Fig. 4, the resulting
bandwidth, By, and 3-dB lower corner frequency, fi, are
plotted. (3 dB band extends from f; to f1 + Bj.)

We see that larger radii (or thicker membranes)
give higher pressure-bandwidth products, but smaller
bandwidths. For higher bandwidth values, the pressure-
bandwidth product must be sacrificed. In other words,
large bandwidth values are possible with only very small
gain values. In all cases, larger gap heights are preferable
because the corresponding collapse voltages are higher.
With a higher applied input voltage, a higher pressure is
possible. Bandwidth B is found to be independent of the
gap height.

B. Receive Mode

Unlike the transmission mode in which we may have
unlimited electrical input power, in receive mode the input
acoustic power is limited. It is important to use as much
of the available acoustic power as possible. For the best
performance, the acoustic mismatch at the mechanical side
should be minimized. Similarly, the electrical mismatch at

SMATLAB (The MathWorks Inc., Natick, MA) is used to evalu-
ate the expressions. Scattering parameters of the Mason’s model are
determined using the equations given in p. 210 of [22].
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Fig. 4. Bandwidth (dash-dot), Bj, and lower corner frequency
(dashed), fi, of a cMUT resonating at 5 MHz and operating as a
transmitter in water as a function of membrane radius, a, (or as a
function of membrane thickness, tm ). tm/ a? is kept constant. By and
f1 are independent of ty. fi curve is multiplied by four to improve
readability. The bias voltage is Vpc = 0.45 V_,;, and the electrical
source resistance, Rg, is zero.

the electrical side should be kept at a minimum for good
performance. Mismatch loses at both sides are included, if
we use the transducer gain definition [Refer to Fig. 2(b)]:

Gr = Pg/Pa, (10)
where Pg is the power delivered to the electrical load re-
sistance, Rg, and P, is the available acoustic power* from
the immersion medium. The highest transducer gain is ob-
tained if the electrical side impedance of the transducer is
conjugately matched to the receiver impedance, and the
acoustic side impedance of the transducer is equal to the
acoustic impedance of the immersion medium. Because the
transducer gain is a power gain, we define the gain as the
square root of the transducer gain and the bandwidth, B,
as the 3 dB bandwidth of the transducer gain. Hence, in
the receive mode, we define a figure of merit, Mg, as the
gain-bandwidth product:

Mg = \/GrBs. (11)

In what follows, we will investigate the effect of various
parameters on this product. We have determined that the
gap height does not affect Mg, provided that the cMUT
is biased with the same percentage value of the collapse
voltage. For all cases we keep the bias voltage at Vpo =
0.9 Veor-

We calculated and plotted Mz as a function of a or
tm in Fig. 5 for the cMUTSs immersed in water. We note
that the electrical termination resistance, Rg, is optimally

4 Available power is the power delivered to a load when the load
impedance is conjugately matched to the source impedance (see
p. 610 of [22]).
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Fig. 5. Gain-bandwidth product, Mg, of water-immersed receiving
mode cMUTSs resonating at 5 MHz as a function of membrane ra-
dius, a, or membrane thickness, tm, for untuned (solid) and tuned
(dotted) cases. tm, /a? is kept constant. Electrical termination resis-
tance, Rg, is optimal at every point. Vpc = 0.9 V,,;. The curves are
independent of the gap height.

chosen® for each a—t,, pair. For the membranes resonating
at 5 MHz, the highest gain-bandwidth product is obtained
for a =70 pm and t,, =5 pm. If a shunt tuning inductor
is added at the electrical port, a further improvement in
the gain-bandwidth product is possible as shown in Fig. 5.
The value of this inductor is chosen to maximize the gain-
bandwidth product. In this case, a = 130 pym, ¢, = 18 um
and Lt = 1.5 uH gives the best Mpg.

For small a values, Z,,.S is negligible compared to Z, 5,
and the equivalent circuit may be simplified to an RC cir-
cuit. In this case, the tuning does not bring any improve-
ment. But when the mechanical impedance of the mem-
brane is significant, an inductor provides a better match
at the electrical port.

The tradeoff between the gain and the bandwidth is
demonstrated graphically in Fig. 6 as a function of a or
tm- As a goes up, the bandwidth decreases and the gain
increases. We note that, for each radius value, a differ-
ent membrane thickness is used in such a way to keep the
membrane resonance at 5 MHz. In the same figure, the
effect of tuning is also indicated. It is clear that adding
an inductor does not have a positive effect on the band-
width; hence, it should be used only when a higher gain is
a necessity.

We demonstrate the effect of the electrical termination
resistance on the gain-bandwidth product in Figs. 7 and 8.
It is obvious that there is an optimum Rg value to maxi-
mize the gain-bandwidth product. Because n. depends on
the bias voltage, the optimum Rg will be different for dif-
ferent gap heights. We note that in Fig. 7 the given Rg
is for one cMUT unit cell. If the actual electrical termi-

5Rg value is found by a binary search conducted in a range of
resistance values for all a — ¢, pairs.
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Fig. 6. Dependence of gain and bandwidth on the membrane radius or
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in water and resonating at 5 MHz. Rg is optimal at every point
(Vbe = 0.9 Vp1). The curves are independent of the gap height.
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Fig. 7. Effect of electrical termination resistance, Rg, on the gain-
bandwidth product for different cMUTSs resonating at 5 MHz im-
mersed in water. (tg = 0.3 pm, Vpc = 0.9 V1)

nation resistance value, Rg,, is lower, we need to con-
nect N = Rg/Rg, many ¢cMUTSs in parallel to achieve
the desired match. For example, in Fig. 7 a cMUT with
a = 70 pum requires an Rg of approximately 50 kQ for
maximum Mg, and if 100 such cMUTSs are in parallel, an
electrical load of 500 €2 is necessary. Changing the value of
Rg is a very simple way of trading gain with bandwidth
at the expense of some loss in the gain-bandwidth prod-
uct. Referring to a = 70 pm curve in Fig. 7 and Fig. 8,
we notice that, although Rg is reduced by a factor of five
from its optimal value, we lose the gain by a factor of two
(6 dB), but the bandwidth can be increased only by 32%.
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Fig. 9. Normalized pressure-bandwidth product as a function of nor-
malized membrane radius or thickness for transmitter cMUTs. Bias
voltage is at 45%, and applied peak-to-peak AC voltage is at 90% of
the collapse voltage.

C. Pulse-Echo Mode

In most applications the same transducer is used for
both transmission and receive, and it is operated in the
pulse-echo mode. A transmit-receive switch connects ei-
ther the transmitter amplifier or the receiver circuit to the
electrical side of the cMUT, depending on the mode of op-
eration. Hence, the electrical termination resistance, Rg,
can be different for transmit and receive modes. In this
case, a figure of merit can be defined as:

Mpg = P\/GrBs, (12)
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Fig. 10. Normalized bandwidth (dash-dot) and lower corner fre-
quency (dashed) as a function of normalized membrane radius or
thickness for transmitter cMUTs. Bias voltage is at 45%, and ap-
plied peak-to-peak AC voltage is at 90% of the collapse voltage.

where P is defined as in (9), Gr is defined as in (10), and
Bs is the 3 dB bandwidth of the P/Gr product.

IV. DESIGN GRAPHS

In what follows, we will present normalized versions of
the graphs that can be used as design tools for cMUTSs
with silicon nitride membranes. A number of examples are
given to demonstrate the use of these graphs.

A. Transmit Mode

Figs. 9, 10, and 11 are normalized graphs that can be
used to determine the dimensions of a transmitter cMUT
at specified frequencies. The first two are essentially the
same graphs as Figs. 3 and 4 with its axes normalized
with respect to resonance frequency and gap height®. No-
tice that all axes are normalized and their relation with
the actual values is provided in the axis labels. Let us
demonstrate the use of the graphs by designing a trans-
mitter cMUT to operate between 3-dB frequencies f; to
f2 with an output pressure as high as possible. Suppose
fi =3 MHz and f; = 20 MHz. We start at a point with
a high Mp such as af, = 300. At this point we read from
Fig. 10 By/f, = 1.8. Because we need a bandwidth of
fo — fi = By = 17 MHz, resonance frequency should be
fr = 17/1.8 = 9.3 MHz. The lower corner (f;) of the
band can be determined from Fig. 10 as 4f1/f, = 1.55
or fi = 3.6 MHz. Because this is larger than the re-
quired 3 MHz, we need more iterations. af, = 285 gives

6Because of the fringe field extension of the radius to a + g in (5),
there is a difficulty of normalization with respect to t4. However, the
graphs remain valid as long as t; < a.
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Fig. 11. Normalized pressure as a function of normalized membrane
radius or thickness for transmitter cMUTs. Bias voltage is at 45%,
and applied peak-to-peak AC voltage is at 90% of the collapse volt-
age.

satisfactory results. We find f, = 17/2 = 8.5 MHz,
fi = 85x14/4 ~ 3 MHz and a = 34 pum. We de-
termine from the upper x-axis of Fig. 10 t¢,,f, = 17 or
tm = 17/8.5 = 2 pm. We should pick a collapse voltage as
high as possible. Let V,.,; = 150 V. Eq. (8) gives nearly the
same result as the method in [12]: ¢, should be 0.35 pm. To
make sure that 150 V does not cause a breakdown of the ni-
tride stand, we calculate the E-field: 150/0.35 = 428 V/um
which is well below the breakdown voltage. Pressure-
bandwidth product, Mp, is determined from Fig. 9 as
My = 0.24 x 8.52 x 0.35 ~ 6 MPa-MHz. Hence the out-
put pressure corresponding to an excitation voltage of
0.9 x 150 = 135 V peak-to-peak is P = 6/17 ~ 0.35 MPa.
To verify results we performed FEM simulations of the
same structure resulting in f; = 2.8 MHz, B; = 16 MHz,
Veor =153 V, P =0.33 MPa and My = 5.37.

As a second example, suppose we need a cMUT with
an output pressure of P = 0.5 MPa at a center frequency
of 8 MHz. Let us determine the dimensions. With a rea-
sonable gap height of t;, = 0.2 ym and f, = 8 MHz we
find P/(frty) = 0.5/(8 x 0.2) = 0.32 and from Fig. 11 we
determine af, = 450 and t,,f, = 42 or a = 56 pm and
tm = 5.2 pm. We estimate V,,; = 101 V from (8). From
Fig. 10 we find the bandwidth B; = 0.8 x 8 = 6.4 MHz
and f1 = 2.5 x 8/4 = 5 MHz. Hence, the center fre-
quency is at 5+6.4/2 = 8.2 MHz. FEM simulations for the
given parameters produce f; = 4.6 MHz, B; = 7.2 MHz,
Veor =109 V and P = 0.48 MPa.

B. Receive Mode

Normalized graphs to design receiving mode cMUTSs are
shown in Figs. 12, 13, and 14. There is no tuning induc-
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Fig. 12. Normalized gain-bandwidth product as a function of nor-
malized membrane radius or thickness for receiver cMUTs without
tuning. The curve is independent of the gap height.

tance, but the electrical load resistance, Rg, is chosen at
the value to maximize the gain-bandwidth product.

As an example of use of these graphs, suppose we need a
receiver cMUT with By = 14 MHz of bandwidth between
fi =1 MHz and fo = 15 MHz 3 dB corner frequencies.
At af, = 350, we read By/f, ~ 1.1 from Fig. 13 and de-
termine f, = 12.5 MHz. For this choice, we use the f;
curve in Fig. 13 and find 5f1/f, ~ 1.7. So, we calculate
f1 = 4.3 MHz, which does not satisfy our requirement of
1 MHz for the lower end frequency. After a few iterations,
we find that a f,, = 200 and f, = 6.4 MHz give satisfactory
results. Hence, a = 31.5 ym and ¢, = 8.3/6.4 = 1.3 pm.
The gain-bandwidth product is determined from Fig. 12
as Mg/ fr ~ 0.45 or Mp = 2.8 MHz. Therefore, the trans-
ducer power gain of the cMUT is /G = 2.8/14 = 0.2 =
—14 dB. The gap height does not affect the performance,
and it should be chosen to give an acceptable bias volt-
age. For example, t; = 0.3 pm gives Vo = 74 V. FEM
simulations of the cMUT with the dimensions above give
a bandwidth of 13.7 MHz starting at f; = 940 KHz with
Veot = 76 V and Gr = —13.4 dB verifying the predicted
gain and bandwidth values.

As a further example, suppose we need to design a
cMUT with a transducer gain of —3 dB centered at
10 MHz. From Fig. 14 we find af, = 610 pm-MHz or
tm fr = 75 pmMHz satisfies the gain requirement. We also
find from Fig. 13 Bz/f, = 0.6 and 5f1/f, = 3.1. To make
fi1+ Bz/2 =10 MHz we set 3.1f,./54 0.6f,/2 = 10 MHz
or fr =10.9 MHz, f; = 6.7 MHz, Bs = 6.5 MHz. Hence,
a = 56 pm and t,, = 6.9 um. Because this is a rather thick
membrane, the gap should be very small to give an accept-
able collapse voltage. For t; = 0.1 ym we find V., = 57 V.
On the other hand, the values determined from FEM are:
f1 =5.7MHz, By = 6.5 MHz, V,,,; = 65V, Gr = —2.8 dB.
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Fig. 13. Normalized bandwidth (dash-dot) and lower corner fre-
quency (dashed) as a function of normalized membrane radius or
thickness for receiver cMUTs without tuning. The curves are inde-
pendent of the gap height.
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Fig. 14. Normalized transducer gain as a function of normalized mem-
brane radius or thickness for receiver cMUTs without tuning.

C. Pulse-FEcho Mode

Figs. 15 and 16 also are normalized graphs that can
be used to design cMUTSs in pulse-echo mode in a simi-
lar manner. Inspection of the first graph shows that one
should prefer larger gap heights for the best figure of
merit. Although a larger membrane radius gives a bet-
ter merit figure, it results in a smaller bandwidth. As an
example, we design a transducer with an overall band-
width of B3 = 14 MHz between 3 dB corner frequencies
of 1 MHz and 15 MHz. We find from Fig. 16 by iteration
at af, = 160 pm MHz, By = 2.3f,, and f; = 0.7f,./4, re-
sulting in f, = 14/2.3 = 6 MHz and f; = 1 MHz. Hence,
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Fig. 16. Normalized overall bandwidth (dash-dot), and lower corner
frequency (dashed) as a function of normalized membrane radius or
thickness for cMUTSs in pulse-echo mode.

a =160/6 = 27 pm, t,, = 5.2/6 = 0.9 pm are determined.
If Veor = 50 V, we find from (8) ¢, = 0.27 pm. In trans-
mitter mode we find from Fig. 10 B; = 18 MHz and from
Fig. 11 P = 0.065 MPa. In receive mode we use Fig. 13 to
find By = 16 MHz and Fig. 14 to find Gy = —16 dB.

V. CONCLUSIONS

We defined performance measures for cMUTs in trans-
mit, receive, or pulse-echo modes and described the ways
of determining the optimum dimensions. In transmit and
pulse-echo modes, cMUTs with large gaps are preferable
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because the collapse voltages are higher; hence, higher ex-
citation voltages are possible. In general, there is a tradeoff
between bandwidth and gain-bandwidth product. Smaller
membrane radii result in higher bandwidth at the expense
of a reduced gain-bandwidth product. For the cMUTSs op-
erating in receive mode, the gap height does not affect the
figure of merit if cMUT is biased at the same percentage
value of the collapse voltage. There is an optimal value of
the membrane radius or thickness and an optimal electri-
cal termination resistance for the highest gain-bandwidth
product. One should sacrifice some gain-bandwidth prod-
uct if a higher bandwidth is necessary.

We introduced design tools to determine approximately
the optimum dimensions of the ¢cMUTs with given fre-
quency response. Our results could be on the optimistic
side because we did not include the effect of spurious ca-
pacitors. One should use a full FEM analysis, including
the liquid loading, if more accurate results are desired.
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