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for Maximum Off-Resonance Sensitivity
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Abstract— We propose an airborne collapse capacitive
micromachined ultrasonic transducer (CMUT) as a practical
viable ultrasound transducer capable of providing a stable per-
formance at the off-resonance frequencies. Traditional practice is
to bias the CMUT plate close to collapse voltage to achieve high
coupling coefficient and sense the incoming ultrasound as an
open-circuit receive voltage signal of the transducer or short-
circuit receive current (SCRC). Maintaining CMUT plate in
the vicinity of collapse threshold is rather difficult. In this
paper, an analytic approach to design an airborne collapsed-
mode CMUT for maximum off-resonance sensitivity is presented.
We use small-signal circuit model to evaluate the performance
of a collapsed CMUT for varying operating conditions. CMUT
operational parameters that yield the highest off-resonance
SCRC are directly obtained from performance design curves.
Collapsed CMUT plate is then biased in a critical biasing region
that produces a stable and maximum off-resonance sensitivity.
We experimentally verify and measure a stable sensitivity of a
fabricated collapsed CMUT cell of −60 dB V/Pa at 100 kHz
when biased between 50 to 65 V. We characterize our linear
circuit model performance against the measured performance of
collapsed CMUT in air within 4-dB tolerance. [2018-0058]

Index Terms— CMUT, collapsed CMUT sensitivity, critical
biasing region, off-resonance, small-signal circuit model.

I. INTRODUCTION

OWING to standard silicon integrated circuit (IC) fab-
rication technology and potential for integration with

electronics, CMUTs have proved to be a viable technol-
ogy in medical ultrasound. For example, the first pulse-echo
128-element, 1-D linear CMUT array was fabricated using
simple photolithography process and was characterized with
a wider bandwidth and higher sensitivity than piezoelectric
ceramics in 2001 [1]. Commercial scanners using 1-D CMUT
arrays are also reported to have produced clinical-quality
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images [2], [3]. 2-D CMUT arrays with 128 × 128 elements
have also been successfully fabricated and characterized [4].
These 2-D arrays can be integrated with electronics in the
form of a 3-D multichip module by flip-chip bonding [5].
Recently [6], tuning of the center frequency of collapsed-
mode CMUT is investigated for inter-cardiac echo imaging.
The center frequency of a collapsed CMUT is tuned between
8.7 MHz and 15.3 MHz by varying the DC bias. Maximum
transmit sensitivity of 52 kPa/V is achieved at the center
frequency of 9 MHz.

In this paper we demonstrate both analytically and exper-
imentally that an airborne CMUT in collapsed mode could
be optimized and used for the detection of ultrasound more
efficiently and in a stable manner than that in conventional
mode. The electric field sustained between the biased collapsed
plate and the substrate is larger than an un-collapsed plate
owing to small insulation layer at the contact region. This
small separation increases the capacitance, resulting in an
improved electromechanical transformer ratio [7], [8]. This
makes collapsed-mode CMUT operation a viable choice for
higher acoustic output [9] with lower bandwidth than conven-
tional CMUTs [10]. Many studies have developed and used
accurate FEM models to show superior power transmission
and efficiency for a collapsed mode CMUT [11].

We derive and use linear equivalent circuit model to evaluate
the performance of a collapsed CMUT. SCRC normalized to
incident pressure is derived from the model in terms of its
lumped circuit elements. We compare SCRC with open circuit
receive voltage (OCRV) and show that SCRC performance is
not impaired due to electrical losses. The normalized SCRC
is then optimized with bias for varying CMUT operational
parameters.

II. ANALYSIS OF COLLAPSED CMUT
A cross-sectional view of collapsed CMUT plate is shown

in Fig. 1 where a is the clamped circular plate radius, b is the
contact radius, tg is the gap height, ti is the insulation layer
thickness and tm is the plate thickness.

A static analysis of CMUT can be done using the normal-
ized form of the Timoshenko’s equation [12], [13]. We sum-
marize this method in Appendix A for completeness.

III. LINEAR SMALL-SIGNAL MODEL

A collapsed-mode CMUT receiver, under small signal con-
ditions can be represented by a linear equivalent-circuit-model,
shown in Fig. 2. The small signal circuit parameters are
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Fig. 1. Cross-sectional view of a collapsed CMUT cell.

Fig. 2. Small-signal model of collapsed mode CMUT with both mechanical
and electrical losses.

TABLE I

CIRCUIT PARAMETERS OF SMALL SIGNAL MODEL

derived by linearizing the transduction and plate restoring
force at the static operating point. These parameters are
described in Table I.

The receive CMUT signal is the ac voltage, Vac at the
electrical port and resulting plate rms displacement is xr .1

The electrical terminal voltage, V and resulting total rms plate
displacement xR is expressed as:

V 2 = [VDC + Vac]2 ≈ V 2
DC + 2VDC Vac (1)

xR = X R + xr since |Vac| � VDC and |xr | � X R (2)

fR is the electrical transduction force derived from the instan-
taneous energy, E , due to charge accumulated on the CMUT
electrode in presence of electrical terminal voltage, V :

fR = d E

dxR
= d

dxR

(
1

2
CV 2

)
= C0V 2

2tge
g�

c(
xR

tge
) (3)

where C0 is the clamped CMUT capacitance and gc(.) is the
capacitance polynomial defined in Appendix B. tge = tg +
ti/εr is the effective gap height, εr is the relative permittivity

1rms displacement is defined as xr =
√

1
πa2

∫ a
0 2π x2(r)rdr .

of insulation layer. C is the non-linear electrical capacitance
given by,

C = C0 gc

(
xR

tge

)
(4)

C0 = ε0
πa2

tge
(5)

Using (1) in (3) we linearize the transduction force, fR around
static X R as:

fR = FR + fr

= C0
(
V 2

DC + 2VDC Vac
)

2tge

[
g�

c(
X R

tge
) + xr

tge
g��

c (
X R

tge
)

]
(6)

Ignoring the higher order terms, and the DC force FR , we write
our linear transduction force fr in terms of normalized rms
plate displacement X R/tge as:

fr = C0VDC Vac

tge
g�

c(
X R

tge
) + xr

tge

C0V 2
DC

2tge
g��

c (
X R

tge
)

= nR Vac + xr

CRS
(7)

where

nR = C0VDC

tge
g�

c(
X R

tge
) and CRS = 2t2

ge

C0V 2
DC g��

c ( X R
tge

)
(8)

nR is the electromechanical turns ratio at the static operating
point, and CRS is the spring softening capacitance due to
applied VDC whose effect opposes the plate restoring force.
In terms of normalized quantities (8) can be expressed as:

n2
R = 4

15

C0

CRm0

[
VDC

Vr
g�

c(
X R

tge
)

]2

(9)

CRS = CRm0

[
2

15

V 2
DC

V 2
r

g��
c (

X R

tge
)

]−1

(10)

In (9) and (10) CRm0 is the linear spring compliance of an
un-collapsed plate:

CRm0 = 9(1 − σ 2)a2

80πY0t3
m

(11)

and Vr is the bias required to collapse the plate in vacuum
given by (31). In collapsed mode, the restoring force has a
non-linear dependence on the plate displacement, therefore the
restoring force is also linearized around X R :

fR + FRb = xR

CRm(xR)
(12)

where FRb = (
√

5/3)πa2 Pb is the uniform rms force due
to ambient pressure Pb [14]. Ignoring the higher order terms,
we can write the linearized compliance at X R as:

fR + FRb = X R

CRm
+ xr

[
d(xR/CRm(xR))

dxR

∣∣∣∣
xR=X R

]

= X R

CRm
+ xr

(
1

CRm
− X R

C2
Rm

dCRm(xR)

dxR

∣∣∣∣
xR=X R

)

(13)
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Fig. 3. Normalized series compliance, CRms/CRm0 as a function of
normalized bias voltage, VDC/Vr for varying normalized gap heights, tg/tge
and normalized force, Fb/Fg of 1 and 2.

In (13) CRm is defined as:

CRm = CRm0 hc(
X R

tge
) (14)

hc(.) is the plate compliance polynomial in X R/tge. Coeffi-
cients for capacitance and compliance polynomials are tabu-
lated in Appendix B. From (13) we obtain our small signal
compliance capacitance, CRms as:

CRms = CRm0

[ h2
c(

X R
tge

)

hc(
X R
tge

) − X R
tge

h�
c(

X R
tge

)

]
(15)

In Fig. 3, the normalized series compliance capacitance,
CRms/CRm0 is plotted for varying normalized gap heights,
tg/tge and normalized force, Fb/Fg of 1 and 2. For Fb/Fg = 2
case, the plate makes large initial contact with the substrate and
therefore is less compliant. As VDC/Vr increases, plate stiffens
even more with increasing contact making it less compliant.

The inductance is equal to the mass of plate in rms model:

L Rm = πa2tmρ (16)

The small signal model is finally terminated with the collapsed
CMUT radiation impedance of acoustic medium [15] as:

Z R R = πa2ρ0c0{R(ka, kb) + j X (ka, kb)} (17)

where R(ka, kb) and X (ka, kb) are the normalized radiation
resistance and reactance of collapsed-CMUT transducer, k is
the wavenumber, co is the speed of sound and ρo is the density,
all specified in the immersion medium.

On the electrical side the small signal capacitance, C0dc,
is defined at the static X R/tge as [16]:

C0dc = C0 gc(
X R

tge
) (18)

Fig. 4 plots gc(.) as normalized CMUT electrical capacitance
of (18), C0dc/C0 versus X R/tge for varying normalized gap
heights, tg/tge and normalized force, Fb/Fg of 1. For large

Fig. 4. CMUT capacitance polynomial, gc(X R/tge) as a function of X R/tge
for varying normalized gap heights, tg/tge and normalized force Fb/Fg = 1.

tg/tge values collapsed CMUT capacitance is higher owing
to thin insulation layer gap between the electrodes. As VDC

increases, plate contact area becomes large resulting in a
higher capacitance. Calculation of CMUT capacitance from
the static deflection profiles is done in Appendix B.

We add lumped elements to our model to represent both
electrical and mechanical losses in the CMUT. On the electri-
cal side, Cp is the parasitic capacitance. Dielectric loss in the
insulator can be modeled as a conductance, Gi = ωCi tan δ
which appears parallel to the insulation capacitance, Ci . tan δ
is the loss tangent of insulating material (for silicon diox-
ide tan δ = 0.001). This insulation dielectric loss can be
approximated by a resistance Rp described by [17, eq. (13)]
as Rp = 1

ω(C p+Codc) tan δ . The series resistance, rloss , in the
mechanical side accounts for the frictional loss of the collapsed
plate.

The loss to substrate in the form of spherical waves into
the solid half-space or in the form of surface waves in the
interfaces is modeled by a parallel impedance branch [18] at
the node after −CRS shown in Fig. 2. For a solid backing,
RB is much higher than the plate radiation resistance in air.
CRb is the series compliance of backing material.

IV. COLLAPSED CMUT RECEIVER PERFORMANCE

A. Open Circuit Receive Voltage (OCRV) Sensitivity

OCRV normalized to the incident pressure, p, is derived
from the small signal equivalent circuit of collapsed CMUT
of Fig. 2 as:

VOC

p
=

πa2nR
jω(C0dc+C p)

RR + jω(L Rm + X R) + 1
jω

(
n2

R
C0dc+C p

+ 1
CRms

− 1
CRS

)

(19)

At frequencies much lower than the resonance frequency,
both the inductive reactance, jωL Rm and the self-radiation
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Fig. 5. Collapsed CMUT sensitivity multiplier term h1

(
X R
tge

,
Fb
Fg

,
tg
tge

,
Cp
C0

)

in dB for C p = 0.

impedance, RR + jωX R of a collapsed CMUT cell are small
and can be ignored, we rewrite (19) as:

VOC

p
=

[
3

8

√
2(1 − σ 2)

ε0Y0

(
a2

tm

)√
tge

tm

]
h1

(
X R

tge
,

Fb

Fg
,

tg
tge

,
Cp

C0

)

(20)

with units of V/Pa. The first term of, Voc/p, gives insight
into the dimensional parameters of CMUT for highest receiver
voltage sensitivity. It implies that the plate diameter must be
as large as possible and it must be thin compared to both the
diameter and the effective gap. The second term of (20), h1,
is given by,

h1

(
X R

tge
,

Fb

Fg
,

tg
tge

,
Cp

C0

)

=

√
3
2

(
VDC
Vr

)
g�

c

(
X R
tge

)
[

VDC
Vr

g�
c

(
X R
tge

)]2

+ 15
4

[
C p
C0

+ gc

(
X R
tge

)][
1

C Rms
− 1

C RS

]

(21)

h1 of (21) is plotted in Fig. 5 for Cp = 0 for various
normalized gap heights and Fb/Fg = 1 and 2.

B. Discussion

To maximize h1, the collapsed CMUT cell must be designed
for the lowest static force, Fb/Fg and the highest possible
tg/tge with a bias equal to or slightly larger than that required
for maximum sensitivity. Increasing the bias thereafter makes
the plate less compliant and harder to move implying lower
sensitivity. For example, when Fb/Fg = 1, and tg/tge = 0.85,
we obtain h1 = −24 dB for 0.45 < VDC/Vr < 0.65.

We observe similar maximum sensitivity regions for higher
Fb/Fg , however it is not prudent to choose the dimensions of
CMUT for large Fb/Fg , as the plate becomes pre-stiffened
due to large static force, resulting in more contact and

Fig. 6. Effect of relative parasitic capacitance on collapsed CMUT sensitivity
multiplier term, h1 for various normalized gap heights and Fb/Fg = 1.

less sensitivity. Fig. 5 shows a loss of 6 dB for the same
normalized gap height if the static normalized force, Fb/Fg is
doubled.

Fig. 6 demonstrates the effect of relative parasitic capaci-
tance on sensitivity multiplier, h1, for Fb/Fg = 1 and various
tg/tge values. Cp/C0 = 1 at tg/tge = 0.85 introduces loss of
3 dB in the maximum sensitivity region. This loss increases
to 4 dB if tg/tge = 0.65 is employed at Fb/Fg = 1 .

C. Short Circuit Receive Current (SCRC) Sensitivity

SCRC current, iSC (normalized to incident pressure, p) on
the electrical side at off-resonance is given by,

isc

p
= πa2ωnR

CRmsCRS

CRS − CRms
(22)

(22) can be rewritten as:

isc

p
= ωπ

5

[√
ε0(1 − σ 2)

2Y0

(
a4

tm

)
1√

tmtge

]
h2

(
X R

tge
,

Fb

Fg
,

tg
tge

)

(23)

with units of A/Pa. The first term contains CMUT geomet-
rical parameters. For high SCRC sensitivity, CMUT must be
designed with thin plate and small effective gap height, tge

but with larger aperture radius, a. The second term of (23) is
given by,

h2

(
X R

tge
,

Fb

Fg
,

tg
tge

)
=

√
3
2

(
VDC
Vr

)
g�

c

(
X R
tge

)
[

1
C Rms

− 1
C RS

] (24)

We can use a transimpedance amplifier to measure SCRC.
If we use a capacitance, C f , as the feedback element, we get
a transimpedance gain of 1/(ωC f ), which eliminates ω depen-
dence of (23). Note that h2 is independent of Cp unlike OCRV
multiplier term, h1. Fig. 7 plots h2 for various normalized
gap heights and Fb/Fg = 1 and 2. h2 variation with VDC/Vr



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KHAN et al.: OPTIMIZATION OF A COLLAPSED-MODE CMUT RECEIVER 5

Fig. 7. Collapsed-mode CMUT SCRC sensitivity multiplier term, h2 in dB
for various normalized gap heights and Fb/Fg = 1 and 2.

TABLE II

DIMENSIONAL PARAMETERS OF A FABRICATED CMUT CELL

indicates that a collapsed-mode CMUT has a better SCRC
performance than its OCRV counterpart. This is because
current on electrical side is scaled by turns ratio, nR , which
increases with the bias and improves the SCRC performance.

D. Collapsed-Mode CMUT Design for Maximum
SCRC Performance

We find collapsed CMUT physical dimensions from the
operational parameters that maximize, h2. For example for,
Fb/Fg = 1 and tg/tge = 0.85, employing ti = 1 μm
thick silicon oxide (εr = 3.9), with tg = 1.45 μm produces
tge = 1.7 μm. A silicon plate with tm = 16 μm and
a = 487 μm yields Fb/Fg = 1. From (27) and silicon material
properties described in Table II, the vacuum collapse voltage,
Vr = 121.7 V, that is VDC = 92 V is required to obtain
h2 = −4 dB. If a transimpedance amplifier is employed with
a feedback capacitance, C f = 1 pF then we get a maximum
transimpedance amplifier output as −57 dB V/Pa.

V. FABRICATION OF COLLAPSED CMUT RECEIVER

We employ anodic wafer bonding technology similar to
the one described in [19] to produce collapsed CMUTs.

Fig. 8. Optical photo of CMUT bottom electrodes taken from the rear Pyrex
side after bonding.

A (100) orientation, p-type, boron doped, wafer having 1 μm
top layer thermal oxide on 15 μm thick device Si layer is used
as a CMUT plate. A (4-inch wide, 3.3 mm-thick) Pyrex wafer
is used as the substrate. The SOI wafer has 1 μm thick buried
oxide (BOX) layer between the device layer and 350 μm thick
silicon handle layer. The total plate thickness, tm of Table-II
has a variation of ±1 μm as measured by FIB/SEM.

Following the standard Pyrex wafer clean process,2 35 nm
of Cr is first deposited on the Pyrex wafer in an e-beam evap-
oration chamber. Using a standard photolithography process,
circular CMUT features are UV exposed and developed.
Before the Pyrex wet-etch process to carve the circular cav-
ities, exposed Cr is removed by a Cr wet etch remover.
Pyrex wafer was kept in a wet-etch (BOE 7:1) bath for
50 mins at room temperature. This produced circular CMUT
cavities of tg = 1.12 μm. CMUT cavities and electrical pads
are connected by a 50 μm wide channel. Bottom electrodes
were deposited in an e-beam evaporation chamber and consist
of 100 nm Ti, 30 nm Pt and 50 nm Au, patterned by a lift-
off process. The processed Pyrex wafer containing CMUT
features is then bonded with the SOI at a commercially
available bonding facility.3 After bonding, the interface of the
air gaps between SOI and glass substrate, are sealed with
a low-viscosity epoxy resin4 which is cured in a vacuum
chamber. To reveal the collapsed CMUT profiles and for
subsequent electrical connections, first 350 μm thick silicon
handle layer is removed by SF6 based RIE process run inside
an ICP chamber, while exposed gold pads are being protected
by a metal shadow mask made from aluminum alloy. The
BOX acts like an etch stop layer for this process, which is
then removed by BOE 7:1 to reveal device silicon layer.

VI. MEASUREMENTS AND MODEL CHARACTERIZATION

To validate the model predictions we use a fabricated
CMUT, (see Fig. 8) parameters of which are given in Table II.

A. Admittance Measurements

The small signal model is experimentally validated by first
measuring the conductance and susceptance of the fabricated
CMUT in air with an impedance analyzer (HP 4194A).

2Acetone Sonication/IPA/DI water/Nitrogen blow
Device Si layer has a 0.01-100 �cm resistivity range.
3Applied Microengineering Ltd., Oxfordshire, UK.
4Biresin CR122 epoxy resin and CH122-3 hardener, Sika, Baar, Switzerland.
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Fig. 9. Measured and simulated conductance of collapsed CMUT.

Fig. 10. Collapsed CMUT plate modes obtained in FEM modal analysis
(a) first symmetrical mode at 645 kHz (b) first asymmetrical mode at 684 kHz
(c) second asymmetrical mode at 872 kHz (d) third asymmetrical mode
at 1220 kHz.

The admittance measurements are made in long averaging
mode with 20 V of bias voltage and 0.5 Vpp of AC volt-
age. As seen in Fig. 9 measured fundamental resonance is
at 650 kHz, and the quality factor is 68.

Fig.10 shows the lowest order symmetrical and asymmetri-
cal modes of the collapsed CMUT plate as obtained from FEM
simulations.5 The lowest order symmetrical mode (Fig. 10(a))
occurs at 645 kHz as verified by the experiment. Asymmetrical
modes of the plate are also excited due to small asymmetries
arising from production inaccuracies. These resonances are
also visible in the measurement results as small peaks.

5FEM simulations are carried out in Ansys R14.5 (Ansys Inc., Canonsburg,
PA). Modal analysis of a 3D collapsed CMUT cell is done and lowest plate
symmetrical and asymmetrical modes are extracted.

Fig. 11. Pulse measurement setup with lock-in amplifier.

The radiation resistance of spherical waves propagating in
isotropic solids is derived by Blake, Jr., [20]. Baseline of the
measured conductance is reproduced by RB which is 10 times
larger than plate radiation resistance in air with a series loss
of 5.6Sρ0co. This series loss (due to friction of collapsed plate)
together with the backing loss, lowers the overall SNR of the
received signal. We measure Cp as 0.98 times C0.

To match the measured resonance, we need to set tm =
15.4 μm and a = 492 μm. The peak conductance is adjusted
by setting tge = 1.53 μm which does not result in a significant
shift in the resonance frequency.

B. Receive Sensitivity Performance Measurements

SCRC sensitivity of CMUT is measured at low ultrasound
frequency of 100 kHz using the setup shown in Fig. 11.
First, the CMUT wafer is covered with a metal shield to
reduce the coupling. A low noise OPAMP (MAX4475)6 in
a shield is placed right next to CMUT with R f = 1 G�
and C f = 1 pF as its parallel feedback impedance. CMUT
is connected directly to the inverting input while the non-
inverting input of the OPAMP is connected to the ground.
CMUT bias voltage is applied to the bottom electrode. The
output voltage of amplifier, (isc/ωC f ) is recorded with varying
bias at each frequency. The small-signal model of Fig. 2 is
simulated in a circuit simulator7 using the employed OPAMP
at off-resonance, to include the pre-amplifier gain in SCRC as
shown in Fig. 12c.

C. Time Domain Pulse Measurements

Receiver CMUT is mounted 40 cm away on a planar
wooden hardboard baffle, and is insonified by a wideband
airborne transmitter8 which is driven by a signal gener-
ator with a 3Vp pulse of 1 ms duration (100 cycles at
100 kHz). A gain of 75 is provided by an amplifier.9

6Maxim Integrated 160 Rio Robles, San Jose, CA 95134 USA,
www.maximintegrated.com

7Advanced Design Systems, Keysight Technologies, Santa Rosa, CA.
8Series 600 Instrument Grade, Ultrasonic Transmitter, SensComp Inc.

Livonia, USA
9Krohn-Hite 7500, Krohn-Hite Corporation, Brockton, MA
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Fig. 12. Pulse Measurements at 100kHz (a) transmitted pulse and measure-
ment microphone recorded pressure (b) received signal envelopes for varying
DC bias is recorded on an oscilloscope (c) squares in the figure shows the
recorded sensitivity at 100kHz of CMUT at preamplifier output in dB V/Pa
from the time domain pulse data.

Pulse repetition rate is kept 200 ms, to avoid any interfer-
ence due to reflections or incoming transmitting pulse (See
Fig.12a). A lock-in amplifier (Stanford Research Systems,

Fig. 13. Variation of measured CMUT sensitivity against model at 110kHz.

SRS 830) with a set time constant of 100μs and filter roll
off of 12 dB/octave is employed to measure the ampli-
tudes of receive signal envelopes on an oscilloscope. The
incident acoustic pressure is first measured by a calibrated
pressure microphone (pressure-field microphone, B&K 4138)
mounted on a preamplifier (B&K 2633) using an adap-
tor (B&K UA 160). The microphone is polarized by a power
supply (B&K Type 2807). The sensitivity of the microphone
sub system is −66.9 dB V/Pa (or 0.452 mV/Pa). The micro-
phone output voltage is converted into pressure using its
calibration data and referred to the second axis at the right
of Fig. 12a. At the same distance of 40 cm, we measure
the baffle pressure of 0.12 Pa. This reference pressure is
used to normalize the received CMUT acoustic envelopes of
Fig. 12b for varying DC bias. Measured sensitivity of fabri-
cated CMUT cell is then compared with the model prediction
at 100kHz (Fig. 12c).

We repeat the pulse measurements at an alternate off-
resonance frequency of 110kHz, with the same pulse excitation
duration of 1 ms (110 cycles at 110kHz). The variation of
measured CMUT sensitivity against model is shown in Fig. 13.

D. Discussion

Measured SCRC sensitivity at 100kHz is shown
in Fig. 12. We characterize maximum receive performance
of −60 dB V/Pa over the biasing range of 50 to 65 Volts.
Measured absolute receive sensitivity of collapsed CMUT
receivers is in very good agreement with what is predicted by
our small signal model. We repeat the same measurements at
an alternate off-resonance frequency of 110kHz (see Fig. 13)
and obtain the same variation of CMUT performance against
varying bias. The critical biasing region predicted by the
model of fabricated CMUT is characterized within 4 dB on
average at off-resonance frequencies. We record multiple
receive envelopes at each bias with a variance of less
than 2 dB. Averaged envelopes are shown in this paper.
Average SNR of these measurements for varying bias is
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about 21 dB. We report absolute pressure measurements
in air which are affected by the measurement environment
differently at different frequencies.

VII. CONCLUSION

This paper shows that an optimized off-resonance CMUT
receiver can be more stable and reasonably sensitive in
comparison to an uncollapsed CMUT receiver. A linear-
equivalent-circuit model based approach is employed to char-
acterize the receive sensitivity of collapse mode CMUT
receiver. We demonstrated through low frequency SCRC mea-
surements that a fabricated collapsed CMUT cell maximum
receive sensitivity can be very accurately characterized by our
linear small signal model. Conductance baseline correction is
first made by adding backing loss impedance in the model.
After impedance characterizations, we rederive CMUT receive
performance with backing loss and compare it with SCRC
measurements. Variation of the measured SCRC shows that a
collapsed mode CMUT receiver sensitivity can be optimized
with bias and that if it is biased in the critical maximum
sensitivity region a stable maximum performance can be
achieved at off-resonance frequencies.

APPENDIX A
STATIC ANALYSIS OF COLLAPSED MODE CMUT

Collapsed CMUT bending profile x(r) is determined by
employing radial dependent electrical force in presence of
uniformly distributed mechanical force (due to ambient pres-
sure, Pb) in Timoshenko’s formulation’s [21]. To avoid a
large set of collapse bending profile calculations for each
different CMUT design, we start with the normalized form
of Timoshenko’s Eq. (3) in [12]:

r̄
d

dr̄

(
1

r̄

d

dr̄

(
r̄

dx(r̄)

dr̄

)) = 64
∫ r̄

b̄

(
Pb

Pg
+ 2(VDC/Vr )

2

9(1 − x̄(ζ ))2

)
ζdζ

(25)

where r is the circular plate radial variable and the normalized
variables are:

r̄ = r

a
, b̄ = b

a
, x̄(.) = x(.)

tge
(26)

Pg is the pressure required to deflect the plate by its effective
gap height, tge at zero bias and Vr is the bias required to
collapse the CMUT plate in vacuum.

Pg = 64Dtge

a4 , Vr = 16

3a2

√
Dt3

ge

ε0
(27)

where D is the plate flexural rigidity constant. D = Y0t3
m/

12(1 − σ 2). Y0 and σ are the Young’s modulus and Poison
ratio of the plate, respectively. (25) is solved numerically with
the following boundary conditions:

x̄(r̄)
∣∣
r̄=1 = 0, x̄(r̄)

∣∣
r̄=b̄ = tg

tge
,

d

dr̄
x̄(r̄)

∣∣
r̄=1 = 0,

d

dr̄
x̄(r̄)

∣∣
r̄=b̄ = 0,

d2

dr̄2 x̄(r̄)
∣∣
r̄=b̄ = 0 (28)

For different combinations of CMUT operational parameters
Pb/Pg , VDC/Vr , and tg/tge resulting collapsed rms plate
displacement, X R is calculated numerically in the MATLAB
routine described in [22]. The lumped circuit elements are then
uniquely defined as polynomials in X R/tge.

APPENDIX B
COLLAPSED-MODE CMUT CAPACITANCE

AND COMPLIANCE POLYNOMIALS

gc(.) in (4) is a polynomial in X R/tge corresponding to the
CMUT nonlinear capacitance

gc

(
X R

tge

)
=

3∑
i=0

ni

(
X R

tge

)i

(29)

For a given CMUT design first the operational parameters
are determined from its physical dimensional parameters. For
the obtained fixed normalized static pressure, Pb/Pg , and gap
height, tg/tge, (25) is solved by varying VDC/Vr . This yields
values for the collapsed bending profile, x(r). Corresponding
nonlinear CMUT capacitance C for each given deflection
profile x(r) is obtained from (30) as:

C = C0

∫ 1

0

2r

1 − x(r)
dr (30)

For each collapsed profile x(r), (30) is solved numerically in
the MATLAB routine of [22] and corresponding values for
normalized capacitance, C/C0 are obtained. A third degree
curve fitting to C/C0 against X R/tge yields polynomial coef-
ficients ni of (29).

Compliance in collapsed mode of operation is a nonlinear
function of normalized rms plate displacement X R/tge and
decreases with increasing contact of plate on the substrate.
We define CRm as the ratio of X R to total rms force on the
membrane (including both electrical and ambient force)

CRm = X R

FR + FRb
(31)

where FR is the nonlinear electrical force of (6) and FRb is
the rms static force due to ambient pressure Pb. (31) can be
expressed in its normalized form as:

CRm

CRm0
=

√
5(X R/tge)

2
√

5
15

( VDC
Vr

)2 dC
d X R

+ Pb
Pg

(32)

With C/C0 data in hand, dC/d X R is obtained from the first
derivative of (30) numerically for any given Pb/Pg , and tg/tge.
A fourth degree curve fitting to the normalized compliance
curve CRm/CRm0 yields polynomial coefficients mi for hc(.)
of (33).

hc

(
X R

tge

)
=

4∑
i=0

mi

(
X R

tge

)i

(33)

For any arbitrary CMUT operating conditions once gc(.) and
hc(.) polynomials are obtained, the sensitivity multiplier h2 of
the collapsed CMUT can be calculated from (24). Short circuit
receive performance can then be readily obtained from (23) for
given material and physical dimensional parameters of CMUT.
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TABLE III

POLYNOMIAL COEFFICIENTS FOR Pb/Pg = 1.29 AND tg/tge = 0.79

Table III contains the polynomial coefficients obtained for
CMUT capacitance and compliance for normalized static
pressure, Pb/Pg of 1.29 and normalized gap height tg/tge

of 0.79.
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[17] A. Unlugedik, A. S. Taşdelen, A. Atalar, and H. Köymen, “Design-
ing transmitting CMUT cells for airborne applications,” IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 61, no. 11, pp. 1899–1910,
Nov. 2014.

[18] H. Köymen, A. Atalar, and A. S. Taşdelen, “Bilateral CMUT cells
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