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Abstract— Capacitive micromachined ultrasonic transduc-
ers (CMUTs) represent an effective alternative to piezoelec-
tric transducers for medical ultrasound imaging applications.
They are microelectromechanical devices fabricated using silicon
micromachining techniques, developed in the last two decades
in many laboratories. The interest for this novel transducer
technology relies on its full compatibility with standard integrated
circuit technology that makes it possible to integrate on the
same chip the transducers and the electronics, thus enabling the
realization of extremely low-cost and high-performance devices,
including both 1-D or 2-D arrays. Being capacitive transducers,
CMUTs require a high bias voltage to be properly operated
in pulse-echo imaging applications. The typical bias supply
residual ripple of high-quality high-voltage (HV) generators is
in the millivolt range, which is comparable with the amplitude
of the received echo signals, and it is particularly difficult to
minimize. The aim of this paper is to analyze the classical
CMUT biasing circuits, highlighting the features of each one,
and to propose two novel HV generator architectures optimized
for CMUT biasing applications. The first circuit proposed is
an ultralow-residual ripple (<5 µV) HV generator that uses
an extremely stable sinusoidal power oscillator topology. The
second circuit employs a commercially available integrated step-
up converter characterized by a particularly efficient switching
topology. The circuit is used to bias the CMUT by charging a
buffer capacitor synchronously with the pulsing sequence, thus
reducing the impact of the switching noise on the received echo
signals. The small area of the circuit (about 1.5 cm2) makes
it possible to generate the bias voltage inside the probe, very
close to the CMUT, making the proposed solution attractive for
portable applications. Measurements and experiments are shown
to demonstrate the effectiveness of the new approaches presented.

Index Terms— Bias voltage, capacitive micromachined
ultrasonic transducers (CMUTs), capacitive transducer, high-
voltage (HV) generator, ripple rejection, synchronous biasing.

I. INTRODUCTION

THE availability of ultrasonic transducers with suitable
performance is crucial for the development of any high-

resolution pulse-echo ultrasound imaging system. The charac-
teristics of the transducer determine the final image quality.
A large bandwidth is important, since the pulse length deter-
mines the axial resolution of the system, while the transducer
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aperture and wavelength define its lateral resolution. Any type
of noise added to the echo signals collected by the probe
(normally characterized by a very large dynamic range, up
to 80–100 dB) and processed by the scanner results in a
degradation of the reconstructed image quality.

In recent years, the major semiconductor manufacturers
have developed a wide range of analog components such
as low-noise amplifiers (LNAs) and variable-gain ampli-
fiers (VGAs) for ultrasound imaging applications. The band-
widths of these components are about 50–120 MHz1 and the
dynamic ranges are about 85–97 dB, which are well matched
with most commercial ultrasound transducers [1]. As the
high-frequency acoustic signals penetrate through the body,
they are attenuated by about 1 dB/cm/MHz. For example,
with an 8-MHz probe and 4-cm depth penetration, accounting
for the two-way propagation path, the amplitude of the echo
signals coming from the deeper tissues will differ by 64 dB
from those generated by superficial tissues. Adding 50 dB of
image dynamic range, and accounting for losses due to bone,
cables, and other mismatches, the required dynamic range
approaches 120 dB. This establishes a practical limit for the
dynamic range between 100 and 120 dB.

To give an idea of the amplitude range of the signals that
can be detected by an ultrasound imaging system front-end
circuit, we bring the example of an LNA with a maximum
input signal amplitude of 500 mVpk−pk and a dynamic
range of 97 dB, resulting in a minimum signal amplitude of
about 7 μVpk−pk.

Capacitive micromachined ultrasonic transducers (CMUTs)
represent today the most promising devices for the next
generation of ultrasound imaging probes [2]. These are micro-
electromechanical devices fabricated using silicon microma-
chining techniques [3]–[7] developed in the last two decades
in many laboratories, and also by some of the authors of this
paper. In the past decade, their use has proved to be attractive,
mainly in the field of medical ultrasound imaging [6], [7]. The
growing interest for this new technology is based on its full
compatibility with the standard integrated circuit (IC) technol-
ogy that allows integrating, on the same chip, the transducers
and the electronics, thereby enabling the realization of low-
cost devices with high performance [9]–[14]. From a practical
point of view, CMUTs have been widely recognized as a
valuable alternative to piezoelectric transducer technology in a
variety of medical imaging and biometric applications, thanks

1The AD8331 (Analog Devices, Norwood, MA, USA) ultralow-noise VGA
has a preamplifier with a −3 dB bandwidth of 120 MHz.
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to the higher sensitivity, wider bandwidth, and improved ther-
mal efficiency [15]–[18]. On the other hand, this technology
has suffered from some initial technical limitations, gradually
overcome by research efforts, and also the high development
costs have made the introduction of these new devices still
very slow. However, thanks to the latest research advances and
the growing interest among the semiconductor manufacturers,
these devices are becoming more attractive for large medical
devices companies.

Being capacitive transducers, CMUTs require a bias voltage
to be both linearly operated in transmission and to provide
electrical signal generation capability in reception [2]. More-
over, CMUT biasing is strictly required in those applications
where linearity is desirable, such as ultrasound imaging [6].
Depending on the CMUT design and fabrication technology,
the bias voltage needed to operate efficiently may be relatively
high (>100 V). In this case, the residual ripple noise that
typically affects high-voltage (HV) generators used for CMUT
biasing is detected by the readout circuits as a valid signal,
and it is particularly difficult to minimize. In fact, currently
available high-quality and HV laboratory power supplies are
capable of generating hundreds of volts with a residual ripple,
at best, in the millivolt range.2 In ultrasound medical imaging
applications, such noise level may be of the same order of
magnitude of the echo signals. Furthermore, for efficiency
reasons, switching circuits are often used in HV power supply
units of ultrasound imaging systems, whereby it is neces-
sary that the switching frequencies and their harmonics fall
outside the system bandwidth. Normally, switching regulator
configurations cannot achieve a low-noise performance level.
Even though sophisticated circuital solutions may be adopted,
it is challenging to efficiently generate high dc voltages
over 100 V keeping the ripple noise below 100 μVpk−pk inside
the frequency band of interest [8].

In general, considering the typical voltage values for med-
ical imaging CMUTs [19], a biasing circuit must be capable
of generating a maximum voltage of about 300 V dc with
a residual ripple amplitude lower than 5–10 μVpk−pk in the
frequency band of the ultrasound imaging system receiver
(i.e., 1–20 MHz), in order to be considered as an efficient
bias generator, with negligible effect on the image quality.

In this paper, we first introduce some simple models used
to analyze the receiving CMUT operation in relation to the
applied bias voltage. Then, we describe the typical biasing
network circuits used to couple a bias voltage to a CMUT
array, partly already presented in [20]–[25], and we ana-
lyze their performance in terms of biasing noise rejection.
We then propose two novel high-bias-voltage generator cir-
cuits, based on different approaches and designed to be used
in different contexts. The first biasing circuit proposed imple-
ments a particular technique to achieve the high dc voltage
required for CMUT biasing with an extremely low residual
ripple. Such a circuit uses a sinusoidal oscillator to obtain
a “step-up” characteristic, i.e., a dc-to-dc power converter with

2As an example, we report the specification of the high-voltage power
supply TOE 8842-130 (Toellner Electronic Insrumente GmbH, Herdecke,
Germany), which features a maximum dc voltage of 130 V with a residual
ripple level of 1 mVrms in the 10 Hz–1 MHz frequency range.

an output voltage greater than its input voltage. Since the
power consumption of the circuit is quite high (14 W), and
the physical dimensions of the realized prototype (100 cm2)
are constrained by the size of the components, the proposed
circuit has to be integrated in the scanner system chassis,
and the biasing signal must be routed to the probe using
a suitable cable, in addition to those used to connect the
pulse-echo signals from the system to the probe and vice
versa. Therefore, such an approach is suitable for “cart-based”
ultrasound scanners. The second biasing circuit proposed uses
a different approach to generate the high dc voltage. The basic
idea is to use a small and efficient circuit, able to generate HVs
thanks to a high output current capability, but characterized by
a very high switching noise, synchronized with the scan timing
of the ultrasound imaging system, and activated only when
the system is not in receiving mode. The circuit is used to
charge a buffer capacitor, which maintains the dc bias voltage
during the acquisition time while the circuit is turned OFF.
This circuit is realized on a very small area (about 1.5 cm2,
i.e., 60 times smaller than the previous one), making it possible
to integrate it inside the probe, and thus generating the high
dc bias voltage very close to the transducer. Such low-power
and small-size features make the circuit suitable for portable
ultrasound scanners.

The two circuits have been realized and characterized. Both
electrical measurements and ultrasound imaging experiments
demonstrate the validity of the new approaches here presented.

This paper is organized as follows. In Section II, we
describe the main CMUT bias voltage coupling circuits and
we analyze their characteristics in terms of noise rejection per-
formance. In Section III, we describe the two proposed CMUT
biasing generator architectures. We dedicate Section IV to
the characterization of the two generator prototypes, carried
out by means of electrical measurements and B-mode ultra-
sound imaging experiments. Finally, we report the conclusions
in Section V.

II. DC BIASING OF CMUT ARRAYS

A CMUT cell is an electrostatically actuated ultrasonic
transducer realized with a flexural plate suspended above a
substrate. Each element of a CMUT transducer array, normally
used in ultrasound imaging systems, consists of several CMUT
cells connected and operating in parallel. The array elements
are provided with their own individual electrodes, and they
share one common electrode.

A CMUT transducer array can be employed to either trans-
mit or receive ultrasonic acoustic signals. Acoustic wave trans-
mission is accomplished by applying a time-varying voltage
signal across the CMUT electrodes, thus making the flexural
plates able to vibrate. Reception signal generation occurs when
an impinging acoustic wave makes the plates vibrate, inducing
the variation of the distance between the upper and lower
electrodes, i.e., the “gap,” and hence a modulation of the
equivalent capacitance [26].

In order to simply illustrate the dependence of the reception
signal on the bias voltage, we use the scheme shown in Fig. 1.
If linearity is required, a dc charge may be stored in the
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Fig. 1. Simple scheme of a CMUT cell in reception mode: the impinging
acoustic wave makes the plate m vibrate, causing a modulation of the gap d
and of the equivalent capacitance.

CMUT during transmit and receive operation by applying a
bias voltage. In transmit mode, the electrical signal applied
to the CMUT cells consists of a voltage signal added to a
constant bias voltage VBIAS. In receive mode, only the bias
voltage is applied to the CMUT cells, and the gap between
the electrodes changes in response to an impinging acoustic
signal, causing the capacitance to vary according to

C(t) = ε0 · A

d0 − d(t)
(1)

where C(t) is the capacitance of a single CMUT cell, ε0 is the
vacuum permittivity, A is the area of the electrodes, d0 is the
static gap distance, and d(t) is the variation of the gap caused
by the impinging ultrasound pressure [14]. The variation of
the gap generates a current signal (iCMUT in Fig. 1) that can
be expressed by

iCMUT(t) = d Q

dt
= C(t)

dV

dt
+ V (t)

dC

dt
(2)

where Q(t) is the charge stored in the CMUT and V (t) is
the voltage across the CMUT electrodes. If the electrical load
impedance seen by the CMUT is zero, which is the case of
an ideal dc voltage generator, V (t) = VBIAS, so (2), becomes

iCMUT = VBIAS
dC(t)

dt
= VBIAS · ε0 · A · d

dt

(
1

d0 − d(t)

)
(3)

and finally

iCMUT = VBIAS·C(t)2

ε0· A
· ∂d(t)

∂ t
(4)

where the term ∂d(t)/∂ t is the velocity of the membrane.
Equation (4) shows that the current signal generated by the
CMUT cells in reception directly depends on the biasing
voltage, so that any signal possibly superimposed to the bias
voltage is in turn added to the current signal generated: hence,
the need to use a bias voltage, as far as possible, free of
residual ripple noise [22]–[25].

In order to properly analyze all the possible biasing circuit
configurations and the effect of the residual ripple generated
by the bias generators, we introduce the simplified electrical
model of the CMUT cell [27] shown in Fig. 2.

Referring to Fig. 2(a), C0 is the shunt capacitance, Rem is
the series electrical resistance of the plate metallization, and
the complex impedance (Zm + Z R)/φ2 represents the total
mechanical impedance, including the radiation term, of the

Fig. 2. (a) Equivalent circuit of the CMUT transducer. (b) Its Thévenin
reduction.

CMUT divided by φ2, which is the electromechanical trans-
formation factor, given by

� = C0 · VBIAS

d0
. (5)

Both C0 and d0, and hence φ, depend on VBIAS. Zm and Z R

are, respectively, the mechanical and radiation impedances of
the CMUT.

By denoting the open-circuit voltage sensitivity of the
CMUT as Sv0, and relating VS to the incident acoustic
pressure pS , the mean squared voltage V̄ 2

S is

V 2
S = |Sv0|2 · p̄2

s . (6)

The equivalent circuit of the CMUT in receive mode can
be reduced to the one shown in Fig. 2(b), i.e., its Thévenin
reduction, which consists of the equivalent voltage signal VT

and the input electrical impedance of the CMUT, ZT

VT = VS · �2

�2 + jωC0(Zm + Z R)
(7)

ZT = (Zm + Z R)

�2 + jωC0·(Zm + Zr )
+ Rem . (8)

In Fig. 3, the two circuits typically used to bias a CMUT
array are depicted. In the configuration in Fig. 3(a), that we
call direct biasing, for each array element CMUTi , the bias
voltage is applied through a resistor RB to the electrode, and
the signal is decoupled by a capacitor CCi . In the configuration
of Fig. 3(b), called indirect biasing, the bias voltage is applied
through a resistor RB to a common electrode, i.e., to the
electrode opposite to the signal electrode, and the CMUT itself
behaves as a decoupling capacitance. In this case, the common
electrode is connected to ground through the CC capacitor.

In the direct biasing case, n resistors and n capacitors
are needed. On the other hand, in the indirect biasing case,
the use of a single resistor and a single capacitor for the
entire array is possible. However, the drawback of this last
configuration is that, in the event of an electrical failure of
a single element such as a short circuit between the CMUT
electrodes, a drop of the common electrode potential occurs,
caused by a low-resistance path toward ground (i.e., the input
stage of a receiver), and the entire array may become unusable.
Anyway, the addition of n decoupling capacitors (CCi ) to
the n output nodes of the array (similar to the direct biasing
scheme) can overcome this problem. Although presenting the
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Fig. 3. Two basic schemes for CMUT biasing. (a) Direct biasing. (b) Indirect
biasing.

advantage of the lower number of components, in the direct
biasing configuration, the high dc bias voltage is applied on
the common electrode, connected to the ground in ac, which
is preferably realized on the front face of the CMUT, for
electromagnetic shielding purposes. In the case of failure of
the front-face dielectric isolation, this aspect could represent
a disadvantage in terms of safety.

In Fig. 4, the basic models for a CMUT using the direct
[Fig. 4(a)] and indirect [Fig. 4(b)] biasing configurations are
depicted, where Vn is a noise generator that represents the
ripple added to VBIAS by the bias generator and ZIN is the
impedance of the receiving LNA. The impedance ZIN can
model both the high input impedance of a voltage amplifier
and the low input impedance of a charge amplifier or tran-
simpedance amplifier. In Fig. 4, we also report the possible
parasitic components (in gray): CB is the parasitic capacitor
of the resistor RB and ESR is the equivalent series resistance
of the decoupling capacitor CC . We will use them to assess
the influence of the parasitic components on the results of the
present analysis (Section II-D).

In order to analyze the effect of the biasing circuit on
the CMUT signal and on the bias generator ripple noise,
we introduce a special version of signal-to-noise ratio, called
signal-to-ripple ratio (SRR), relating it to both voltage and

Fig. 4. Thévenin schemes of the CMUT with (a) direct biasing and
(b) indirect biasing. Gray: the parasitic components.

current signals. The output SRR for the voltage signals is
given by

SRRV
OUT = ∣∣V OUT

T

∣∣2
/
∣∣V OUT

n

∣∣2 (9)

and, for the current signals, by

SRRI
OUT = ∣∣I OUT

T

∣∣2
/
∣∣I OUT

n

∣∣2
. (10)

Thus, it can be shown that for any value of ZIN, i.e., for
any kind of receiving LNA, the two SRR values, (9) and (10),
are the same

SRRV
OUT = SRRI

OUT = SRROUT. (11)

Moreover, even if the CMUT “signal” and bias generator
“ripple” sources are not located in the same part of the circuit,
we define the “input” voltage SRR as

SRRIN = |VT |2/|Vn|2 (12)

with the aim of studying how these two signals are affected
by the different biasing circuits.

A. Direct Biasing

Following the definitions indicated above, we compute the
output SRR of the direct biasing circuit in Fig. 4(a), which is:

SRROUT = SRRIN · R2
B

|ZT |2 . (13)

Equation (13) shows that the output SRR linearly depends
on the R2

B resistance and inversely on the square of the
CMUT equivalent impedance ZT . Since the CMUT impedance
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ZT is fixed by the specific design, one can increase the bias
resistor RB to improve the noise rejection of the circuit.
In fact, the ripple signal is low-pass filtered by the bias resistor
and the CMUT impedance. Therefore, RB may be chosen large
enough to obtain a cutoff frequency below the operation band.
However, the choice of the maximum RB value is limited by
the parallel resistance of the CMUT, representing the dielectric
loss, which causes a bias voltage division.

B. Indirect Biasing

The output SRR of the indirect biasing circuit of Fig. 4(b)
is given by

SRROUT = SRRIN ·
(

RB + |ZC |
|ZC |

)2

(14)

where |ZC | is the impedance magnitude of CC .
Equation (14) shows that, for the indirect biasing configu-

ration, the output SRR directly depends on the squared sum of
RB and |ZC | and inversely on the square of |ZC |, while it is
not dependent on the CMUT equivalent impedance ZT . Thus,
for a CMUT device in reception using an indirect biasing
circuit, the SRR improves when the capacitance CC is very
large, because it shunts to ground the ripple signal generated
by the bias generator. The choice of RB must be performed
similarly to the direct biasing case.

C. Comparison Between the Two Biasing Circuits

To compare the two biasing circuits under investigation, we
propose a figure of merit (FoM) named “ripple figure” (RF).
We define the RF of a network as the ratio of the input SRR
to the output SRR

RF = 10 · log

(
SRRIN

SRROUT

)

and, for the proposed circuits in particular, we evaluate

RFdirect = 20 · log

( |ZT |
RB

)
(15)

RFindirect = 20 · log

( |ZC |
|RB + ZC |

)
(16)

which represent the decrease in the SRR introduced by
the two networks, respectively. Unlike the classical “noise
figure” (NF) [28], which is defined always positive (NF ≥ 0),
the RF may assume negative values, indicating that noise,
i.e., the bias generator ripple, is attenuated by the network
(i.e., the biasing circuit).

As an example, we numerically evaluated the FoMs for
the direct and indirect biasing circuits using the electrical
characteristics ZT of a CMUT array element previously real-
ized [15], [19], biased at 220 V, with RB = 1 M� and
CC = 100 nF. The main parameters of the CMUT array
element are reported in Table I.

Fig. 5 shows the RF values computed in the 1–30-MHz
range. The indirect biasing circuit features an SRR improve-
ment of about 70 dB, compared with the direct biasing circuit,
making this configuration preferable, yet keeping in mind its
safety-related aforementioned limitations.

TABLE I

CMUT PARAMETERS

Fig. 5. RF of the direct biasing (red solid line) and indirect biasing
(blue solid line) circuits. The dashed lines represent the same quantities, but
considering the parasitic capacitance CB (2 pF in this example) in parallel to
the bias resistance RB .

D. Influence of Parasitic Components

We also analyzed how the performance of the direct and
indirect biasing circuits, in terms of ripple rejection, change
by including the effects of the parasitic components (in gray
in Fig. 4). In particular, we repeated the previous analysis by
accounting for the ESR of the capacitance CC and the parasitic
capacitance CB of resistor RB .

In the direct biasing configuration, the parasitic capac-
itance CB can drastically affect the ripple-rejection char-
acteristics of the circuit, whatever the value of ZIN. In
fact, considering the values of the components mentioned
in the previous section, and assuming a parasitic capac-
itance of 2 pF (including both the resistor package and
the printed circuit board (PCB) pads and routes), we com-
puted the output SRR value using in (13) the parallel
RB–CB instead of RB . Fig. 5 depicts the corresponding
RF value, using a red dashed line, showing that the ripple
rejection is drastically lowered by this parasitic component,
compared with the ideal case. On the other hand, the influence
of the ESR of the decoupling capacitance Cc is less important.

In the indirect biasing configuration, the dependence of the
output SRR on RB and ZC is clearly shown in (14). In this
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case, both the parasitic capacitance CB of the resistor RB and
the ESR of the decoupling capacitance Cc significantly affect
the ripple-rejection capability of the circuit. In fact, the output
ripple-noise contribution, due only to the parasitic capacitance
of RB (i.e., considering an ideal CC ), may significantly
increase the RF, regardless of the ZIN value. In Fig. 5, the
blue dashed line depicts the RF, computed by considering the
same CC , CB , and RB values of the previous example. In a
similar manner, in the case of an ideal RB , the RF is worsened
by the ripple-noise contribution due exclusively to the ESR.
As an example, the computation of RF considering CB = 0 F
and ESR = 10 � yields to equivalent results.

The combined effect of both parasitic components on the
ripple-rejection capability may possibly almost nullify the
margin that the indirect biasing circuit theoretically provides,
compared with the direct biasing circuit. Therefore, a careful
choice of the CC capacitor (with respect to the ESR and leak-
age resistance) and of the RB resistor package, and convenient
design of the PCB layout (with the aim of minimizing the
parasitic capacitance) are key aspects in CMUT bias-coupling
circuit design.

III. PROPOSED CMUT BIASING GENERATOR

ARCHITECTURES

The reduction of the output voltage ripple in HV dc power
supplies has been the subject of several papers presented in
the literature, but not in circuits using CMUTs. More or less
complex solutions have been proposed, among which the more
sophisticated ones allow reducing the residual ripple in the
order of 10−5 times the output voltage.

In this section, we introduce two different power-supply
architectures that are well suited to be used as CMUT biasing
generators. The first circuit proposed uses a quite conven-
tional approach, where the topology was optimized for this
specific use. The second circuit is based on an unconventional
topology, using off-the-shelf components usually employed in
other applications. The different peculiarities of two proposed
circuits in terms of noise performance, power efficiency, and
dimensions make them suitable for different applications.

The circuits are described in Sections III-A and III-B.
Section III-C is dedicated to the analysis of their performance
in actual operating conditions, i.e., in conjunction with a
CMUT probe and an ultrasound scanner, with a focus on the
dynamic behavior and on energetic aspects.

A. High-Voltage Low-Noise Sinusoidal Biasing Circuit

The first circuit we propose uses a low-noise sinusoidal
power oscillator. The system (Fig. 6) consists of an oscillator,
which generates a 200-kHz sinusoidal carrier, and a tuned
amplifier, whose output is fed to the input of a power amplifier.
The output of the power amplifier is in turn connected to a
full-wave rectifier, followed by a chain of notch filters (tuned
at 200 kHz) to attenuate any possible residual high-frequency
contributions generated by the oscillator on the dc output.

Here, we provide a more detailed description of each com-
ponent of this architecture. The oscillator stage is a classical
Hartley sine-wave oscillator, tuned at ∼200 kHz. This type of
oscillator has the following advantages.

Fig. 6. Block diagram of the low-noise HV sinusoidal power supply circuit.

1) It has a good stability.
2) It requires few components, and thus it is simple to

realize.
3) It also produces a good-quality sine wave, since the

amplifier is connected in a common drain configuration
(which guarantees a low output impedance) and has a
local feedback factor equal to 100% (which improves
the linearity of the circuit).

The signal generated by the oscillator is then sent to a buffer
amplifier, before reaching the power section (Fig. 6).

From an energy point of view, the power supplied by the
oscillator is sufficient to drive the power amplifier, which
is built around a pair of MOSFET devices that require an
extremely low power level to be driven. Thus, the power
amplifier can be directly connected to the oscillator stage.
Anyway, the buffer was added in this topology in order to
maintain a high stability of the oscillator frequency, so as
to avoid excessive frequency drift, which would bring the
tuned cells of the output LC filters out of resonance. Actually,
the oscillator resonance frequency is relatively sensitive to
variations of the external load indeed, particularly when the
load is represented by a power amplifier.

The amplifier output is connected to the elevation trans-
former, which has a turns ratio of 60:1, and then to the full-
wave rectifier to convert the sine wave into a dc voltage.

The dc signal at 400 V is then sent to a group of four
LC cells, which make up a notch filter tuned at ∼200 kHz, as
mentioned before. This circuit is designed to have also a low-
pass filter characteristic, so as to attenuate the higher frequency
harmonics introduced by the full-wave rectifier.

Finally, the HV generator is equipped with a feedback
circuit that stabilizes the output signal to the value set by
the reference voltage (Fig. 6). Moreover, a soft-start system
makes the output voltage vary linearly at a rate of 40 V/s,
starting from zero up to the maximum set value. This soft-
start function is used to avoid a too rapid growth of the bias
voltage of the CMUT when the device is turned ON.

The ripple signal resulting from this type of circuit exhibits
a low level at the oscillation frequency (which is far below the
CMUT operation band), and it is substantially free from higher
order harmonics. These characteristics make it suitable to be
conveniently used with the bias coupling circuits previously
analyzed, without the need to minimize the parasitic effects
of the used components.
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Fig. 7. Low-noise HV synchronous power supply circuit, with the external
trigger signal.

B. High-Voltage Synchronous Biasing Circuit

The second circuit we propose (Fig. 7) exploits the CMUT
peculiarity of behaving as a practically ideal capacitor under
dc conditions. Therefore, once charged, a CMUT does not
absorb dc current from the bias voltage generator, except for
a typically negligible dielectric leakage current.

The basic idea of this biasing circuit is to turn OFF the
circuit that generates the HV during the reception cycle of
the CMUT. The device is fed only by the charge stored in
a “buffer capacitor” (CB in Fig. 7), which is recharged in a
specific time interval determined by the ultrasound scanner
connected to the CMUT probe [8], [29]. The noise ripple
related to the charge of the buffer capacitor CB is thus
confined to short intervals, during which the scanner is not
performing signal acquisition. This solution allows obtaining
a bias voltage free from residual superimposed ripple, which
minimizes the overall noise of the system.

The active element in the high-voltage synchronous bias-
ing (HV-SB) circuit is represented by an IC implementing
a photoflash capacitor charger (LT3468, Linear Technology
Corporation, Milpitas, CA, USA), which uses a flyback trans-
former to charge the capacitor up to 300 V by sensing the
characteristics of the flyback pulse.

In order to be able to control the HV bias voltage level
below 300 V, we introduced a feedback circuit that compares
the output voltage with a reference voltage and produces a
feedback logic signal, which is fed to the Charge control input
to conveniently truncate the charging cycle. Such a feedback
circuit uses a low-power comparator and an AND logic port.
These two components are both powered by the Enable logic
signal coming from the ultrasound scanner, which is set “high”
to enable the charging of the buffer capacitance. Therefore, the
feedback circuit is also turned OFF during the time in which
the CMUT device is active, in order to minimize any possible
noise contribution on the dc bias.

More in detail, the feedback circuit implements the follow-
ing logical operation. If the Enable signal is “low,” the Charge
input of the photoflash capacitor charger is disabled, and the

Fig. 8. Power spectrum of the output noise of the (a) HV-LNSB circuit
plotted in the 1–20 MHz frequency range and (b) its magnified view in the
100 kHz–1 MHz range. The effective frequency oscillation of the sinusoidal
generator is 223 kHz. The other peaks shown in (b) are due to the external
power supply used to supply the circuit under test.

circuit absorbs only a quiescent current of 1 μA. If the Enable
signal is “high,” the Charge input is set only when the output
bias voltage, conveniently scaled by a voltage divider, becomes
lower than the reference voltage (VREF).

This simple circuit permits to accurately adjust the voltage
in a range of 0–300 V, with a response time compatible
with typical ultrasound scan timing. The circuit dimension is
about 1.5 cm2, making it suitable to be housed into a medical
imaging probe case.

C. In-System Performance

We now analyze the two circuits in a typical application
context, i.e., in conjunction with an ultrasound scanner.
The purpose of the bias voltage generator is to supply the
CMUT with a bias voltage, while providing enough power
to restore the static charge variation due to two phenomena.
The first phenomenon is the dielectric leakage current of the
capacitors. The second phenomenon is related to the nonideal
shape of the bipolar excitation pulses, often characterized by
unsymmetric positive and negative half-cycles, which may
introduce a dc component, causing a variation of the CMUT
bias voltage. The extent of these two phenomena determines
the current requirement.

Without loss of generality, let us consider the case of a 1-D
CMUT array probe biased through a direct biasing circuit.

In the case of the high-voltage low-noise sinusoidal bias-
ing (HV-LNSB) configuration, the leakage current related only
to a CMUT 1-D array element, which is typically in the
nanoampere range, allows adopting bias resistance values in
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the megaohm range, resulting in a total power request in the
order of tens of microwatts.

In the case of the HV-SB configuration, the total leakage
current is dominated by the one related to the buffer capacitor,
which is in the microampère range, resulting in a total average
power request in the order of hundredths of microwatts.
For this particular circuit configuration, in which the buffer
capacitor charge is restored in defined “dead” time intervals,
the current request influences the dynamic operation of the
ultrasound scanner, i.e., the image frame rate.

In both circuit configurations, the bias voltage level, after
a bipolar pulse is applied by the ultrasound scanner to
excite the CMUT, may be different from the one supplied
by the generator. The voltage difference causes a charge
variation, resulting in a further current requirement that may
be determined as follows.

Let us suppose that the voltage across the CMUT electrodes,
after an excitation pulse, is VC(0) �= VBIAS, at t = 0 s. The
bias voltage generator output current, flowing through the bias
resistor RB to restore the CMUT charge, is given by

i(t) = −
(

	V

RB

)
· e− t

τ (17)

with 	V = VC (0) ± VBIAS, whereas the voltage across the
CMUT is given by

VC(t) = 	V ·e− t
τ + VBIAS. (18)

In (17) and (18), τ = RB · CCMUT and τ = RB ·
((CB · CCMUT)/(CB + CCMUT)) represent the time constant
for the HV-LNSB and the HV-SB topology, respectively. The
energy supplied by the bias voltage generator, after each
excitation pulse, is

Ug(t) = (	V )2 · CCMUT · (1 − e− t
τ ) (19)

with 0 s < t < Tp , being Tp the pulse repetition time.
If τ < Tp, the average power supplied by the bias voltage
generator is

Wg ∼= (	V )2 · CCMUT

Tp
. (20)

Therefore, in order to avoid any drift of the bias voltage due
to an unideal excitation pulse shape, the time constant τ should
be reduced by choosing RB and CB , respectively, small and
large enough, in order to match the maximum pulse repetition
rate required by the application. However, the resistor RB

cannot be too small, as its value influences both the ripple
rejection capability of the bias voltage coupling circuit and
the reception frequency response of the CMUT.

As an example, we compute the time constant and the
average power demand in a linear-scan imaging scenario.
By considering a 1-D CMUT array featuring an element
capacitance of 20 pF, biased through a 1-M� resistance, we
evaluate the equivalent electrical load on the bias voltage
generator when 64-element subapertures are simultaneously
excited and linearly scanned, resulting in a total capacitance
of about CCMUT ∼= 1.3 nF and a biasing resistance of
RB ∼= 15 k�. If each excitation pulse causes a bias voltage
variation of, e.g., 5 V, the time constant is τ = 19.5 μs.

Fig. 9. Power spectrum of the HV-SB circuit when disabled.

Fig. 10. Time-domain measurement of the HV-SB circuit during the
“turn-ON” period. The dashed area in (a) is shown in (b).

Considering a pulse repetition period of about 10 times
the time constant, i.e., 200 μs, the average power is
approximately 0.16 mW.

IV. CHARACTERIZATION

This section is dedicated to the characterization of two bias
generator prototypes based on the proposed architectures pre-
viously described and analyzed. Two different techniques were
used to measure the output residual ripple. B-mode imaging
experiments were also carried out to test the dynamic behavior
of the circuits in a real ultrasound imaging experimental setup.

A. High-Voltage Low-Noise Sinusoidal Biasing Circuit

To characterize the HV-LNSB circuit, we carried out power-
spectrum measurements. These provide the most suitable
approach to analyze and quantify the output ripple level and
frequency spectrum.

The measurement was made using an HP3588A spectrum
analyzer (Hewlett–Packard, Inc., Palo Alto, CA, USA). The
measurement scheme in the frequency domain uses a 50-�
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Fig. 11. B-mode images of a tissue-mimicking phantom obtained with a CMUT probe biased at 220 V using (a) direct biasing circuits and HV-LNSB,
(b) synchronized HV-SB, and (c) not-synchronized HV-SB generators.

coaxial cable across the HV-LNSB output, which goes through
a dc blocking capacitor and ends with a 50-� termination at
the input of the spectrum analyzer. The dc blocking capacitor
prevents any dc current from passing through to the spectrum
analyzer; it also avoids dc loading effects.

The measurement results are shown in Fig. 8. The peak
due to the local sinusoidal oscillator has a frequency of
223 kHz. The second harmonic (446 kHz) level is −3 dB,
while the third harmonic has approximately the same value
of the first, due to the inaccurate centering of the notch-filter
stage. However, the level of the residual ripple is quite low,
i.e., it is less than 5 μV on the 50-� load up to 1 MHz
and lower than 6 μV up to 20 MHz. The measured ripple
levels obtained with the proposed HV-LNSB circuit match the
initially mentioned requirements.

B. High-Voltage Synchronous Biasing Circuit

As stated before, during pulse-echo operation, the ultra-
sound scanner disables the HV-SB circuit that generates the
high biasing voltage. During this time interval, the CMUT
is biased by the voltage held by the “buffer capacitor” CB .
When the bias voltage becomes lower than a specific threshold
voltage (VREF), CB is recharged in a time interval determined
by the ultrasound scanner. In these conditions, we achieve a
bias voltage free from residual ripple, which minimizes the
overall noise of the system.

First, we performed power spectrum measurements using
the same method as in Section IV-A. The output of the
HV-SB circuit was connected to the input of the spectrum
analyzer using a 100-nF decoupling capacitor. The voltage
reference was set to achieve an output voltage of 220 V
dc; the circuit was then enabled and successively disabled.
Fig. 9 reports the power spectrum measured immediately after

disabling the circuit, which shows an overall residual ripple
level lower than 2.8 μV, likely attributable to external sources
of noise.

The same frequency-domain measurement approach was not
applicable to the HV-SB circuit during other operation modal-
ities, due to the difficulties involved in the synchronization of
the circuit itself with the power spectrum analyzer. Therefore,
we carried out time-domain measurements using a TDS5034B
oscilloscope (Tektronix, Beaverton, USA).

The output of the HV-SB circuit was connected to the
input of the oscilloscope using a 100-nF decoupling capacitor.
The circuit was then enabled with a constant signal. Fig. 10
shows the acquired voltage signal after the output voltage
was settled to 220 V. Fig. 10(a) shows that, during the
charging cycle of the buffer capacitance by means of the
high-current (1.4 A) pulses generated by the photoflash IC,
the ac component of the output voltage consists in a limited
duration (100 μs) pulse train. The difference between the final
and initial starting voltage values, which provide a measure of
the sensitivity of the feedback circuit, is about 0.2 V (0.1% of
the output dc voltage). Fig. 10(b) shows the first part of the
pulse train, highlighting both the response time of the circuit,
which is measured as the time interval between the first glitch
(corresponding to the Charge trigger) and the first charging
pulse, and the pulse shape of the charging pulses themselves.
The response time is about 2 μs. Each pulse has a 0.5 V
amplitude and a half-amplitude pulse length of less than 1 μs,
while the pulse period is approximately 3 μs. The spectral
content of such an ac voltage signal definitely falls in the
ultrasound scanner operation band. In fact, if presented at the
ultrasound front-end input during reception, this kind of signal
generates a strong switching noise, visible in the reconstructed
images. Moreover, the same signal acts unavoidably as an
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Fig. 12. Envelope of a scan line of the image corresponding to x = 0.2 mm
obtained using the (a) HV-LNSB, (b) HV-SB, and (c) not-synchronized
HV-SB generators.

excitation signal for the CMUT causing the transmission of
a spurious acoustic pressure pulse.

The synchronization (Enable) signal, i.e., a periodic pulse
wave, must be carefully designed by taking into account the
current absorption of the CMUT probe, which determines the
discharge rate of the buffer capacitor, and consequently
the required charge quantity to be injected in order to restore
the desired bias voltage. These characteristics determine the
duration of the synchronization signal “high” level, which
must be long enough to inject the desired charge, and the
pulse wave period, which should be short enough to maintain
the output voltage within the desired bias voltage accuracy.
Furthermore, the synchronization signal must be conveniently
timed with the ultrasound scanner beamforming sequence.

C. Ultrasound Imaging Experiments

In order to practically test the operation and performance
of the two circuits, we used a dedicated ultrasound imaging
setup, which includes a 192-element linear CMUT active

probe [15], a programmable ultrasound scanner (ULA-OP
system, University of Florence, Florence, Italy [30]), and a
CIRS tissue-mimicking ultrasound phantom (model 040GSE,
CIRS, Inc., Norfolk, VA, USA). The 192 CMUT array ele-
ments were biased using direct biasing circuits located inside
the probe. We scanned a portion of the phantom including
a 5-mm-diameter anechoic cylinder embedded in a uniform
background gel. The scanner software was programmed to
perform linear scan beamforming using 32-element TX aper-
tures, exciting the probe with two-cycle 10-MHz 40 V peak
bursts. The TX focus was set to 18 mm. In RX, 64-element
dynamically focused apertures were used. The RX beam-
formed signals were demodulated at 10 MHz and filtered with
a 66% bandwidth. The pulse repetition frequency was set to
5000 Hz, allowing a depth of acquisition of 30 mm with a
frame rate of 26 frames/s.

B-mode images were obtained using both the HV-LNSB
and the HV-SB circuits to bias the CMUT probe at 220 V.
We acquired a first image using the HV-LSNB. In the case
of HV-SB, an external logic was used to generate the Enable
signal of the bias generator and the pulse repetition signal
of the ultrasound scanner. In this configuration, we acquired
two images. The first image was achieved using an Enable
signal with a 500-μs “high” level, activated 200 μs before each
192-line frame acquisition, which lasts 38.4 μs; the second
image was achieved by holding the Enable signal “high” for
the entire acquisition. Using these settings, we extracted one
image frame for each case considered.

The three images are shown in Fig. 11. For the three images,
we computed the average signal power obtaining equivalent
values, proving that the CMUT was correctly biased with
the expected 220 V voltage. In the case of the synchronized
HV-SB [Fig. 11(b)], we evaluated the frame rate after the
introduction of the charging cycle, resulting in 25.5 frames/s,
i.e., 0.5 frames/s lower than the one achieved in normal
operation scan conditions.

Finally, we show the impact of the HV-SB noise related
to the charging cycle visible in Fig. 11(c). In Fig. 12, we
show the envelope of an image scan line at x = 0.2 mm,
using the HV-LNSB generator [Fig. 12(a)], the HV-SB gener-
ator [Fig. 12(b)], and the not-synchronized HV-SB generator
[Fig. 12(c)]. While the first two lines are comparable, the third
one shows that the noise signal is comparable or even greater
compared with the beamformed echo signals.

V. CONCLUSION

In this paper, we addressed the main set of problems related
to HV biasing of CMUTs in ultrasound imaging applications.
We recalled the two bias coupling circuits typically employed
in CMUT-based imagers. We thoroughly analyzed their per-
formance in terms of ripple rejection, proposing a basic set
of rules for the choice of the single circuit components.
The methods used in the analysis may assist the design of
a CMUT-based imaging system by determining the noise
requirements for the CMUT bias voltage generator. As a
general guideline, the residual ripple level of the bias voltage
generator should be lower than the input-referred root-mean-
square noise level, taking into account the entire system
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bandwidth, considering both the RF of the chosen biasing
circuit and the maximum aperture size in terms of number
of receiving array elements.

We proposed two bias voltage generator architectures, suit-
able to be used the first in classical ultrasound imaging systems
and the second in ultramobile imaging applications. The
latter, in particular, is based on a very small-area circuit that
may be easily integrated inside the probe. This characteristic
matches the actual trend of modern ultrasound imaging system
development. Indeed, the effort of medical diagnostic system
manufacturers is currently directed toward the development
of small and portable devices, which can be interfaced with
compact PCs or even tablets and smartphones, using standard
low-cost cables or wireless connections [31]–[33].

Circuit prototypes, based on both proposed architectures,
were fabricated and characterized in terms of ripple-noise
performance. Finally, B-mode imaging experiments were car-
ried out on an open ultrasound scanner using a previously
developed CMUT linear probe biased with the two generator
prototypes and direct biasing circuits. The dynamic behavior
of the circuits was assessed by analyzing the generated ultra-
sound images, confirming the validity of the approaches and
the related design methods.
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