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Abstract—A formal comparison between fundamental RX am-
plifier configurations for Capacitive Micromachined Ultrasonic
Transducers (CMUT) is proposed in this paper. The impact
on both RX and the pulse-echo frequency response and on
the output SNR are thoroughly analysed and discussed. It is
shown that the resistive-feedback amplifier yields a band-pass RX
frequency response, while both open-loop voltage and capacitive-
feedback amplifiers exhibit a low-pass frequency response. For a
given power dissipation, it is formally proved that a capacitive-
feedback amplifier provides a remarkable SNR improvement
against the commonly adopted resistive feedback stage, achieved
at the expense of a reduced pulse-echo center frequency, making
its use convenient in low and mid-frequency ultrasound imaging
applications. The advantage mostly comes from a much lower
noise contributed by the active devices, especially with low-Q,
broadband transducers. The results of the analysis are applied
to the design of a CMUT front-end in BCD-SOI technology
operating at 10MHz center frequency. It comprises a low-power
RX amplifier, a high voltage T/R switch and a 100V TX driver.
Extensive electrical characterization, pulse-echo measurements
and imaging results are shown. Compared to previously reported
CMUT front-ends, this transceiver demonstrates the highest
dynamic range and state-of-the-art noise performance with RX
amplifier power dissipation of 1 mW.

Index Terms—Ultrasonic transceiver, low-noise amplifier, ca-
pacitive sensor, sensor interface, capacitive micromachined ultra-
sonic transducer (CMUT), high-voltage (HV) driver, T/R switch,
ultrasound, BCD-SOI.

I. INTRODUCTION

LTRASOUND imaging is a well-established medical di-
U agnostic technique. Compared with other imaging modal-
ities, such as for example X-ray, ultrasound is harmless to the
patient and less expensive while providing real-time imaging
capability with adequate resolution for most applications.
Piezoelectric materials have dominated the ultrasound trans-
ducers technology for a long time but, thanks to the intense
research activity in recent years, capacitive micromachined
ultrasonic transducers (CMUT) are emerging as a competitive
alternative for next generation imaging systems. They offer
wide bandwidth, improving resolution, and a wider operating
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temperature range [1], [2]. Moreover, the MEMS fabrication
process allows for high design flexibility, reproducibility,
compact size and low cost. These features, paired with an
easier integration with the electronic front-end, make CMUT
attractive for new imaging systems such as 3D real-time
scanners leveraging dense matrices of transducers [3], [4] and
portable ultrasound imagers, an emerging class of devices
which is rapidly expanding and is expected to have a broad
market potential [S]-[7].

The development of optimized transducers as well as highly
integrated front-end electronic interfaces is an active area of
research [8]-[11]. Compact size, i.e. high integration, low
power and high dynamic range are key design targets to enable
a widespread deployment of future CMUT-based imaging
systems [12].

The main issue in IC design for ultrasound transducers
is the co-existence of high-voltage drivers in the transmit
path along with low-voltage and low-noise circuits in the
receiver. Device stacking in low-voltage technologies has been
investigated to deliver up to 10-20V TX pulses [13], [14].
However CMUTSs must be driven at 100 V or more to achieve
acoustic pressure comparable with piezoelectric transducers
[1], mandating the use of high-voltage technologies [15]-[17].
Moreover, CMUTs show high equivalent source impedance
leading to high sensitivity of the output SNR to the loading
capacitance [18]. Co-design of the TX and RX circuits and
possibly integration on the same die are key to minimize
the overall parasitic capacitance and achieve performance
competitive with piezoelectric transducers. In this framework,
the BCD-SOI technology is particularly attractive, providing
high-voltage and high-speed devices simultaneously [19], [20].

We have recently proposed a CMUT front-end comprising
a TX driver, T/R switch and RX amplifier [21], [22]. Realized
in BCD8-SOI technology from STMicroelectronics, the TX
delivers up to 100V pulses, while the RX shows 70dB dynamic
range with very low noise at ImW only power dissipation.
This paper extends our prior work by providing additional
design insights. A thorough comparison between RX amplifier
alternatives, aimed at identifying the best solution to optimize
the front-end performance is proposed. In addition, more dis-
cussions on the measurement results and imaging experiments
are presented.

Minimizing the RX current consumption is fundamental to
improve the overall power efficiency because the transducer is
used to receive the backscattered echoes for most of the time,
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pushing investigation of the optimal RX amplifier. Several
alternatives have been proposed so far. The most common
approach is a trans-resistance amplifier [9], [10], [18], [23]
but capacitive-feedback amplifiers [8], [24], [25] and high
input impedance stages [26], [27] (i.e. voltage amplifiers) have
been proposed as well. Nevertheless, a rigorous comparison
between the three alternatives, aimed at identifying differences
and the most convenient approach is missing.

After introducing the micromachined transducer and its
equivalent electroacoustic model, Section II of the manuscript
compares the most popular RX amplifier configurations with
respect to pulse-echo frequency response, noise and power
dissipation. It is formally concluded that a charge sensitive
amplifier is the most convenient approach for the adopted
transducer. Section III presents the main features offered by the
BCD-SOI technology and describes in detail circuit design of
the front-end building-blocks. Techniques aimed at minimizing
silicon area occupation and the loading of the large parasitic
capacitances introduced by the high-voltage devices in the
TX and T/R switch are discussed. Extensive measurement
results and ultrasound imaging experiments are shown in
Section IV. Compared to previously reported CMUT front-
ends, the proposed realization achieves the best dynamic range
and noise-power performance. These features, paired with the
ability to drive the transducer with high voltage pulses, enable
performance competitive with piezoelectric transducers.

II. CMUT RX AMPLIFIERS COMPARISON

The CMUT is an electro-acoustic transducer consisting of
an array of capacitors, each one realized with a thin flexible
plate suspended above a substrate. To transmit acoustic power,
the plate can be made to vibrate by applying a time-varying
voltage between the two capacitor electrodes. Conversely,
when the transducer is used to detect the acoustic pressure,
the incident wave causes vibrations of the plate and variation
of the equivalent capacitance.

The CMUT RX interface circuit has to detect the capaci-
tance variations generated by the impinging acoustic waves. In
view of integration of large arrays, the power budget for each
receiver may be very small. At the same time, high SNR and
dynamic range are critical not to compromise image quality.
Different RX amplifier configurations have been proposed for
CMUTs. The amplifier configuration has a significant impact
on the overall performance but a comparative discussion
among different alternatives has not been reported in literature.
The transfer function and input impedance (determining the
transducer loading) affect the pulse-echo frequency response.
Moreover, for a given power budget, the amplifier configura-
tion has a remarkably different impact on the output SNR.

After introducing the electro-acoustic characteristics of the
transducer, this section compares the most popular CMUT
RX amplifier configurations. The influence on the pulse-echo
frequency response is analysed and the noise performance is
compared in order to identify the most convenient solution to
achieve best SNR for a given power budget.
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Figure 1: Microphotograph of the CMUT transducer and equivalent
electro-mechanical circuit model.

Table I: COMPONENTS VALUE OF THE CMUT EQUIVALENT CIR-
CUIT MODEL

Rm 500 mQ2
Cm 27.5 nF
L 3.5 nH
Co 9.2 pF
n 0.01

A. CMUT description

The front-end presented in this work is designed for a
CMUT array comprising 192 transducers elements, provided
with their own individual electrodes, and sharing one common
electrode. A microphotograph of a small part of a transducer
element, realized with 637 circular cells of 29.6um diameter
in parallel is shown in Fig. 1(a). Width and length of the
single element are 200 pm and 3 mm respectively. The detailed
geometry of the single CMUT cell, i.e the diameter and
thickness of the plate, the gap height, as well as the microfab-
rication process, packaging technology and probe assembly
are described in [1] and [2]. The transducer was designed
for pulse-echo operation using receive voltage readout, with
a 12MHz center frequency and a -6dB fractional bandwidth
greater than 100% when biased at 220 V.

The equivalent circuit in Fig. 1(b) is commonly adopted
to model the electro-mechanical operation of the transducer,
linearized around a bias point [28]. The circuit is a two-port
network composed of two sides coupled by a transformer,
which mimics the electro-acoustic energy conversion of the
transducer. Cyy and n are proportional to the CMUT area, while
Cwm» L, Ry, are inversely proportional [29]. The effect of the
electrostatic nonlinearity on the small signal behavior, i.e. the
spring-softening effect [30], is lumped in C,,
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Figure 2: Block diagram adopted to simulate the pulse-echo response with different RX amplifier configurations.

A common figure of merit is the electromechanical con-
version factor, normalizing the mechamcal energy to the total

energy: k% = mi:_fgelec = QC +c (being E,,ecn and
FE.jec the mechanical and electrical energy respectively) [31].

The transducer shows best performance, i.e. maximum
transmit efficiency and receive sensitivity, when the plate
is inflected with high DC bias voltage applied between the
CMUT electrodes [31]. The component values of the equiva-
lent circuit model, estimated through finite element simulations
and measurements of the CMUT biased at 270 V are reported

in Table I. The electromechanical conversion factor is 0.23.

B. RX amplifiers and pulse-echo frequency response.

To analyse the impact of the RX amplifier on the pulse-
echo frequency response we consider the equivalent circuit
depicted in Fig. 2 [29]. Two CMUTs are considered to model
the roundtrip path. A transmitter drives the electrical side of
the TX CMUT. The TX voltage, V;,, is converted into a
force delivered to the RX CMUT'. An ideal unity gain buffer
separates the two transducers emulating the propagation in
a lossless linear medium, provided with a perfect acoustic
reflector, without taking into account for diffraction. The RX
CMUT converts the incident force, F, to an electrical signal
sensed by the RX amplifier. The three alternatives shown in
Fig. 2 are evaluated: an open-loop voltage amplifier (VA), a
resistive-feedback amplifier (RFA) featuring a trans-resistance
gain Ry and a capacitive-feedback amplifier (CFA) with a
trans-impedance gain (wC f)fl. A broadband transconductor,
the simplest low-power active stage in CMOS technology, is
assumed as active stage for the three amplifiers. C, in Fig.
2 represents the parasitic capacitance loading the transducer,

'"When excited by large TX voltage signals, as in typical US imaging
driving conditions, the CMUT has a non-linear voltage-to-pressure response.
Nonetheless, the adoption of a small-signal model is justified by the fact
that the TX voltage-to-pressure response is band-pass and the purpose of
the analysis is to compare the pulse-echo frequency response with different
RX configurations, for a fixed TX pressure. Moreover, the small-signal
modeling approach allows deriving closed form expressions in the analytical
comparative analysis here proposed.
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Figure 3: Simulated pulse-echo responses with different RX amplifier
configurations.

due for example to the interconnection between the cells to
the amplifier and the input impedance of the transconductor.

Fig. 3 compares the normalized pulse-echo responses (i.e.
the transfer functions from the driving voltage to the output
of the RX amplifiers) assuming the components listed in
Table I for the CMUT equivalent circuits and C,=10 pF.
The VA and CFA feature the same shape of the pulse-
echo frequency response with only a negligible difference
in the center frequency and bandwidth. On the contrary, the
RFA displays a remarkably different frequency response. To
gain further insights, closed form equations for the transfer
functions are derived. By inspection of the circuit in Fig. 2,
the incident acoustic force on the RX CMUT is:

with
W2
H(s,wn, Q) = ——— )
§2 45— 0 +w?

where w, and @ are determined only by the mechanical
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Figure 4: Simulated RX sensitivities.

properties of the CMUT:

1 1 L,
n = —F/———, = — —_— 3
=T Y=gr-\a. )

The receive sensitivity, Sg_y,, defined as the gain from F' to
V5, i.e. the voltage at the output of the RX amplifiers, depends
from the amplifier configuration (the pressure to V,, sensitivity
can be calculated by multiplying Sp_y, by the area of the
transducer). Assuming sufficiently high transconductance (g,,)
of the active stage, the RFA and CFA load the RX CMUT with
low impedance®. As a result, the electrical capacitors Cy and
C) are shorted and do not affect the receive sensitivities, given
by:

Sr—v,| prpa = —sRnCr H(s,wy, Q) (@))

1
SF—VOICFA = _?fncmH(SawnaQ) )

The VA displays high input impedance and provides an output
voltage proportional to the voltage drop across the Cy and Cj,:

1 C,n?

n Cpn? + (Co + Cp)
where A, = gnR; and H(s,w),Q’) is given by (2) by
replacing the following expressions for the natural frequency
and quality factor:

SF—VO|VA :A’U H(Saw;uQ/) (6)

1 .1 L,
w, = ——, - = 7
" Ol T R\ G @

Ch (Co + Cy)
Cn? + (Co + Cp)

Fig. 4 plots the RX transfer functions, (4)-(6), normalized
to the peak gain. The VA and CFA amplifiers display similar
low-pass responses. The gain with the VA configuration is
impaired by the parallel combination of Cy and C,,. In fact,
at low frequency the latter form a voltage divider with the
equivalent mechanical capacitance reported to the electrical
side of the transformer, n2C,,. The larger is (Co + Cp), the
lower is Sp_v,, confirmed by (6). The natural frequency and

with Ceq =

2The amplifiers active stage considered in the analysis is a transconductor.
At first order, the input impedance of the RFA and CFA is 1/gy,, and is
independent from the value of Ry or Cy.
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quality factor of the VA transfer function, given by (7), are
dependent on (Cy + C,,) through C.,. Nonetheless the impact
is mild because n2C,,, is typically quite smaller than Cj alone
(~3.3 times for the transducer considered in this work) leading
to w!, ~ wy and Q' ~ Q.

Differently from the CFA and VA, the RFA yields a band-
pass transfer function showing a sensitivity peak at the CMUT
natural frequency and the same center frequency of the pulse-
echo response. The reason can be physically explained as
in [23]. The output voltage of the RFA is proportional to
the current flowing through the right-side winding of the
transformer in the CMUT equivalent circuit, and the latter is
proportional to the current in the mechanical branch. If the
CMUT is connected to the CFA or VA, its output current is
integrated by the feedback capacitor C'y or by the capacitance
(Co + C}) respectively. At frequencies close to the CMUT
resonance, given by eq. (3), the mechanical impedance of
the CMUT is dominated by the mechanical loss and the
radiation resistance. Therefore, the L,,-C,,-R,, series in the
equivalent circuit of Fig.1 can be approximated with R,,, only,
and the current, representing the velocity of the membrane, is
proportional to the incident force (or pressure). At frequencies
lower than the CMUT resonance, the mechanical impedance
of the CMUT is dominated by the plate compliance C,,, and
the current is proportional to the derivative of the incident
force (or pressure).

As a result, if the transducer is operated around the natural
frequency w,,, the RFA provides an output voltage V,, propor-
tional to the incident acoustic force (or pressure). On the other
hand, if the transducer is operated below the natural frequency
(w < wy), the CFA and VA provide an output voltage V,
approximately proportional to the incident acoustic force (or
pressure), while the output voltage of the RFA is proportional
to its derivative, evinced from the zero at the origin in eq. (4).

In any case, the RFA provides a bandpass RX transfer
function with a sensitivity peak at the natural frequency and
a shape similar to the TX transfer function, while the CFA
and VA low-pass frequency shape RX transfer functions are
responsible for the low-frequency shift of the corresponding
pulse-echo transfer functions in Fig. 3.

Multiplying (1) by (4)-(6), the center frequency of the pulse-
echo frequency responses are derived with straightforward
calculations:

wTL w’fL

= ~ =—k 8
folrFa o folcra = folva o it 8

\/ (20— 1+ /16Q —4Q% +1) /6@ in-
creases with Q until saturation to ~1 for Q > 2. For the
CMUT considered in this work Q=0.713, yielding %;=0.76.
The pulse-echo center frequency with the RFA is 16.2 MHz
while with the CFA or VA it is 12.3 MHz. Despite different
center frequencies, the -6dB bandwidths are comparable. The
bandwidth with the RFA is 22.5MHz (8.3MHz-30.8MHz)
while with the CFA or VA it is 18MHz (4.6MHz-22.6MHz).

where ky =

C. Noise Analysis

To compare the noise performance of the three amplifiers,
the noise sources are shown in Fig. 2. i2 = 4kT~g,, is
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the noise of the transconductors (being £ the Boltzmann’s
constant, T' the absolute temperature and ~ a proportionality
constant) while vfl = 4kTR, ¢ is the noise of R; or Ry
in the VA and RFA respectively. To simplify calculations,
the transducer equivalent circuit can be approximated as a
resistor R,,/n’ (i.e. the mechanical resistance scaled down
by the transformer turn ratio) in parallel with Cy [18], [32].
The approximation, valid at w,,, holds over a relatively wide
frequency range with broadband transducers because of the
low Q. Moreover, since the reactance of Cy + C), at w,, is
typically much lower than R,,/n? (~0.5 k2 vs 5 k) in our
case), for noise calculations the source impedance of the RX
amplifiers is further approximated with only Cy and Cj, in
parallel. In this condition the input noise PSDs, derived from
circuit analysis, are:

F2 5 1 4]{:T’Y
THCEA T 0202 | H (s, wp, Q))F 9m

n

(Co+Cp)? (9)

F?, ~ : '
n,in|y A nzc% |H(5,w%,Q/)|2
4kT~ 9 4kT 2
Co+Cp)" + 5 (Co+C
o (Co+Cy) +g72an( 0+ Cp)
£ noise Rnoise
(10)
, ~ 1
WIREA T 0202 | H (s, w,, Q)]
4kT~ 2 KT
o c M 11
Gm (Co+Cp) +7r2szf v
. H’_/
gmnoise Re¢noise

the three conditions g,/ (Co + Cp) > wy, Ry (Co + Cp) >
1/wy, Cr < (Co + C)) are assumed to simplify (9) and (1 1)3.
The condition (Cy + Cy) > n?C,,, as previously explained,
is assumed to simplify (10). Notably, the contribution of g,
noise is the same for the three amplifiers and the CFA enjoys
the lack of additional noisy components. On the other hand, the
three amplifiers provide gain over different frequency intervals
(see Fig. 3) and a fair noise comparison requires integration of
the equivalent input-noise PSD over the bandwidth of the cor-
responding responses. Unfortunately, this entails calculation
of integrals not yielding a simple closed-form expression. To
circumvent the issue, noise performance of the three amplifiers
are evaluated by comparing the output noise with components
sized for the same peak receive sensitivity (gain). The output

3The conditions are commonly satisfied if the CFA and RFA are designed to
achieve sufficient gain and a bandwidth larger than the transducer bandwidth.
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noise power spectral densities, derived from circuit analysis,
are:

AKT~ [ Co+ C,p\°
2 ~ P
Vn,out’CFA ~ Gm ( Cf ) (12)
V22 utly 4 = 4kTygm R} + 4kTR) (13)
16m2kTy
V2 ot ppa ® ——f2R} (Co + Cp)* + 4kT Ry (14)

Eq. (12) and (13) reveal a flat PSD for the CFA and VA while
the first term in (14), representing the noise PSD contributed
by the transconductor in the RFA, is frequency dependent. For
noise comparison, we consider an equivalent PSD, calculated
by averaging (14) over [fmin — fmaz), the -3dB bandwidth of
the RFA frequency response (-6dB bandwidth of the pulse-
echo response):

frnam
2
Vn,out’RFA
2 fm77‘l
Vn%out‘RFA = ﬁ
AkT 3Q2+1
= TVRfc (Co+ Cp)° w? (%QQ> +4kTR; (15)

If, making use of (4)-(6), C'y, R; and Ry are selected to have
the amplifiers with the same receive sensitivity, Sp_v,, at the
center frequency of the corresponding pulse-echo response (w;,
for the RFA and kw, for the VA and CFA), (12) - (14) can
be rewritten:

V2 ~ Ty (Co + Cp)2 St v, (16)
moutlopa ¥ T Co.n |H(s = jkpwn)|?
2 ~ 2
Vn,out|VA ~ Vn,Out|CFA
gmnoise
4kT Co +C, 1
J T GG (17
Rinoise
- Sp-v,
~ 2 d
‘/nz,out RFA ‘/7L,0’Ut|CFA D(Q) + 4kTm (18)
gmnoise W
H(s=j
with G(Q) = W

- (\/QQk;% —2Q2k2 + Q2 + kj%)fl
3Q% + 1)

1
32 ) ((1.50@ “023)7 1) '

Noise generated by the transducer has not been considered
in the analysis. It can be represented by a voltage source
in series with R, in the RX CMUT of Fig. 2 [33]. Since
it experiences the same transfer function of the impinging
force, if the amplifiers are designed to have the same receive

i D(Q) = 6(Q)?
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Figure 5: Simulated and calculated RX amplifiers output noise power
spectral density.

sensitivity the contribution to the output noise is the same in
the three cases.

Useful insights on the noise performance of the three am-
plifiers can be derived by looking at eq. (16)-(18). First, notice
that even if the three amplifiers have comparable bandwidth,
by focusing on PSDs, rather than integrated values, the noise
performances are decoupled from the actual bandwidth. From
(16)-(18), minimizing C), i.e. the parasitic capacitance loading
the CMUT, is crucial to limit noise in all the configurations.
Moreover, for a given g,,, (16)-(18) demonstrate that the
CFA configuration yields the best noise performance. g,
contributes almost to the same noise in the CFA and VA
but the latter suffers from small additional noise introduced
by the load resistor. The RFA, which is the most widely
adopted CMUT amplifier, has the worst noise performance.
The relative contribution of the feedback resistor noise in
the RFA depends significantly from the design target, i.e.
low power or low noise. The transconductance of the active
stage sets the power dissipation of the amplifier. Looking at
eq.(15), the noise of Ry is independent from g,,, and hence
power dissipation, while the contribution of the active stage is
inversely proportional to g, (for all the three configurations).
Therefore, in a design targeting low noise, power can be rised
to achieve high transconductance gain and R; becomes the
major noise contributor. In this scenario the CFA enjoys better
noise performance, not requiring the noisy resistance. In a
design targeting low power consumption, g,, becomes the
most important noise contribution. In this case, the CFA still
enjoys better noise performance due to a remarkably lower
gm nNoise contribution. As an intuitive explanation, the input
noise PSD due to g,, noise is the same for the two amplifiers
(see eq. (9), (11)), but it rises with frequency. The CFA has
a pulse-echo response centered at lower frequency, where the
gm €quivalent input noise PSD is (on average) lower than for
the RFA. From (18), g,, noise in the RFA is the same of the
CFA multiplied by D(Q). The latter is a monotonic decreasing
function of Q ranging from 5.25 for Q=0.5 to ~1 for Q>2.
Hence, g,, noise contribution in the RFA is larger than in
the CFA and VA, especially for low-Q broadband transducers.
With the CMUT adopted in this work, featuring Q=0.713,
D(Q)=2.46.
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Figure 6: Block diagram of the CMUT transceiver front-end.

To gain further insights and prove the validity of the
analysis, the simulated output noise for the three amplifiers
at different g,,, is shown in Fig. 5 and compared against (16)-
(18). The amplifiers have been designed to achieve a peak
sensitivity Sp_y, =200 V/N, requiring R; = 12.15 k) and
Cy = 1 pF in the RFA and CFA respectively. The RX
transfer functions, normalized to the peak gain, are reported in
Fig. 4. The g,, noise proportionality constant is y=1. Despite
the approximations introduced in the analysis, simulations
and calculations are in good agreement. At g,,=10 mS the
simulated output noise voltage PSD of the RFA is 1.5x1071°
V2/Hz, ~2.2 times larger than with the CFA, mostly due to
higher contribution from the transconductor noise (noise of Iy
is only 0.2x1071° V2/Hz, i.e. 13% of the total). The noise PSD
of the three amplifiers benefits from a larger transconductance.
If g, is rised to 30 mS, the noise PSD of the RFA is reduced
to 0.68x1071'5 V2/Hz, but it is 2.83 times larger than with
the CFA. As expected, the higher relative contribution of Ry
noise (still 0.2x107® V2/Hz, i.e. 29% of the total) rises the
advantage of the CFA in designs based on higher g,,.The CFA
and VA have very similar performance, being the impact of R,
noise in the VA negligible. However, it is worth to remember,
by comparing (5) and (6), that the VA gain is sensitive
to C, while the CFA is not. C}, absorbs also the parasitic
coupling capacitance between adjacent transducers and the
VA is expected to provide low immunity to crosstalk between
nearby transducers, responsible for image quality degradation.
The CFA is therefore preferable in view of integration of dense
CMUT arrays. Moreover, the feedback architecture of the CFA
suppresses the distortion introduced by the transconductor
leading to higher dynamic range.

It is also worth remembering that the RFA provides a
bandpass RX transfer function and, consequently, a pulse-echo
frequency response centered at the CMUT natural frequency,
yielding increased sensitivity at higher frequencies as com-
pared to VA and CFA. Therefore, as far as high-frequency
applications are foreseen, RFA is likely to be preferred.

III. INTEGRATED FRONT-END CIRCUITS DESIGN

Fig. 6 shows the block diagram of the CMUT transceiver
front-end. The design leverages the BCDS8-SOI technology
from STMicroelectronics, an evolution of the BCD technology
with junction isolations replaced by SiO, dielectric. It offers
three thin and one thick metal layers, high-voltage devices,
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and low-voltage, high-speed 0.18um and 0.35um CMOS tran-
sistors withstanding 1.8V and 3.3V maximum voltage swing
respectively. High voltage devices, adopted in the design, are
DMOS (either N- and P-channel) with lum minimum gate
length supporting maximum Vgg and Vpg of 3.3 V and 100
V respectively. The SOI isolation limits parasitic capacitances
improving speed and power dissipation. Moreover, in view of
integration of many transceivers on the same chip, the better
isolation performance of SOI, compared to PN junctions,
enables a much more compact layout and significant area
saving.

The transceiver front-end comprises a high-voltage TX
driver, a T/R switch and a low-noise RX amplifier, followed by
buffer for measurement purposes. The transceiver is connected
to the individual electrode of the CMUT array element, while
an R-C network is used to apply the bias voltage to the
common electrode of the CMUT array. If a positive biasing
DC voltage is applied to the common electrode, the resulting
voltage across the CMUT during TX is less or equal to the
absolute value of the bias voltage, thus preventing the CMUT
itself from collapsing. Such approach makes it possible to
maximize the CMUT receive sensitivity by applying a bias
voltage close to the collapse voltage. Detailed descriptions of
the design and optimization of the building blocks are provided
in the following subsections.

A. RX amplifier

The RX amplifier in Fig. 6 is realized with a transconductor
and the feedback capacitor C'y. From eq. (5), the gain from the
impinging force to the output voltage is set solely by trans-
ducer parameters and Cy. Given the transducer capacitance
and the parasitic capacitance C), the transconductance of the
active stage, g,,, sets the bandwidth and noise performance
and its selection determines the power consumption. The
estimated value of C), is ~10 pF. The relatively large value
is because the CMUT is interfaced to the front-end through
a PCB connector. By leveraging advanced packaging or 3D
integration to place the CMUT in closer proximity to the
front-end, C), is expected to reduce drastically, leading to a
substantial performance improvement.

Approximating the source impedance of the amplifier with
a capacitor of value Cy + C)p, and assuming negligible capac-
itance loading the amplifier output node, the -3dB amplifier
bandwidth is given by:

Im
Co + Op

As a rule of thumb, a minimum constrain for the g,, can be
found imposing the amplifier bandwidth to be at least twice the
resonance frequency of the transducer, g,, > 2w, (Cy + Cp)
= 3.9 mS.

According to eq. (16) in Section II and the plot shown in
Fig. 5, the higher g,, and the lower is the amplifier noise. We
target a noise contribution from the amplifier comparable to the
noise of the transducer and the estimated g,, is 10 mS, larger
than what required to satisfy the -3dB bandwidth constraint.
The feedback capacitance is set to 1 pF, providing a receive
sensitivity of 232 V/N.

BW =~ (19)
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Figure 7: Schematic of the RX amplifier.

The schematic of the amplifier is shown in Fig. 7. Power
dissipation is set to 1 mW, corresponding to 550 pA from the
1.8 V supply. Transistor M, sized for g,,,=10 mS, determines
the transconductance of the stage. M5 sets the bias current to
M, by mirroring I,..y. The level shifter M3 and resistor R,
are used for biasing the gate of M;. Compared to a simple
resistor, the use of a level shifter sets the output quiescent
voltage to Vys1 + Vgsz (=550 mV+400 mV), close to Vy4/2,
maximizing 1dB compression point and hence the amplifier
dynamic range. The level shifter is biased at low current
density by the nMOS current mirror. R; introduces a zero
at DC and a pole at frequency 1/2nCyRp) in the transfer
function and a large value has been selected to push the pole
at sufficiently low frequency (=530 kHz). The size of M; has
been selected to achieve the desired transconductance with a
non-minimum channel length to limit the in-band 1/f noise
contribution.

B. TX Driver

The high-voltage TX driver is shown in Fig. 8(a). Tran-
sistors M4-Ms5 provide unipolar pulses of 100 V across the
CMUT electrodes during transmission. Device aspect ratios
are 1600um/1um and 4100um/I1pum. Large size is selected to
achieve rise and fall time of ~ 15 ns, suited for an excitation
frequency of 10 MHz. The reverse biased drain-to-bulk junc-
tions, represented by the diodes in the DMOS symbols, load
node-A with a large parasitic capacitance, Cj4 + Cj5 = 5 pF.
Diodes D1-D5 are used to disconnect the CMUT from node-
A during reception, when M, and M5 are off. In this case the
CMUT is loaded approximately by the parasitic capacitance
of Dy - Dy of 90 fF only, much lower than Cj4 4 Cjs5, thus
preventing a significant SNR penalty.

The TX driver is controlled by 1.8V input pulse trains. To
prevent simultaneous conduction of the output stage devices
(M4-Ms5), complementary signals are first provided with a
conventional non-overlapping clock generation circuit, imple-
mented with thin-oxide 0.18um gates. High-voltage transistors
occupy large area and, in order to minimize their size (set
by the required on-state resistance) they must be driven with
the maximum allowed overdrive voltage. Therefore, the O-
1.8V pulse trains at the output of the non-overlapping clock
generator are translated to 0-to-3.3V control signals (S,
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Figure 8: Schematic of the TX driver (a) and low-voltage level shifter (b).

Sy,) with the latch-based level shifter shown in Fig. 8(b).
It consists of a cross-coupled pair (M71-M;s) driven by the
input transistors (M7-Mg), allowing fast commutation with
zero static power dissipation. My-Mj, are 0.35um transistors,
able to sustain the 3.3V output swing while M,-Mg are thin-
oxide devices protected from the large output voltage by My-
M.

Sp has to be further translated to a voltage ranging from
96.7 V to 100 V. Different techniques have been reported
in literature to realize high voltage shifters. A latch-based
architecture, similar to the topology in Fig. 8(b) is proposed in
[15]. The drawback is the need for six high-voltage transistors,
occupying large area. A more compact solution is adopted in
[34] where the level shifter is realized with a simple common-
source stage loaded with a diode-connected device. The main
issue of this approach is the slowness in the turn-off transition,
due to the limited discharging current capability of a diode-
connected transistor. Moreover, the active load requires large
overdrive to achieve high-voltage swing, mandating selection
of high current (and hence power dissipation) or small tran-
sistor size, penalizing speed.

In this design, the high-voltage level shifter is realized by
Mg and R; in Fig. 8(a). The approach is similar to [34]
but the diode-connected load is replaced by [R;, mitigating
the above issues and requiring less silicon. The maximum
voltage drop on R; is limited to 3.3 V by a battery of diodes,
ensuring robustness against components spread due to process
variations. The high-voltage shifter draws current when Mg
is on. To limit power dissipation, the gate of the high-voltage
pMOS M5 is driven by a tapered buffer chain, scaling the
load capacitance of the high-voltage MOS down to 18 fF
from 6 pF. An identical buffer chain drives M, to match the
delays experienced by .S}, and \S,,. Size of Mg is 6um/1um and
R1=6.4 k). The simulated contribution to power dissipation
of the level shifters and driving circuits is less than 10% of
the high-voltage output stage.

C. T/R Switch

The schematic of the T/R switch is shown in Fig. 9.
DMOS M3 withstands the high-voltage TX pulses. It must
provide high off-state isolation to protect the sensitive RX
amplifier and at the same time low on-resistance to limit SNR

X RX

[1 b,
[ s
L] P4

\ 4

Figure 9: Schematic of the T/R switch (top) and timing of the control
signals (bottom).

and bandwidth degradation. To gain insight, considering its
channel resistor r,,, in series to the CFA input, the following
expressions for bandwidth and output noise can be derived:

BW ~ 1 : (20)
ERTSTAREY
Im
2
N2, ~ 4kT <1"(m i 7) (COCTJCCP> 1)

Thus, not to compromise too much the amplifier performance,
Ton, Must be comparable or lower than 1/g,,. On the other
hand, low r,, trades with transistor size, leading to large
device parasitic capacitances and area occupation. We selected
Wi, = 100 pm, leading to r,, =~ 100 Q and Cpq, ~ 1 pF.
Diodes D3 — Dy, connected to the 3.3 V supply by M7, are
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Figure 10: Chip photograph.

introduced to decrease the equivalent parasitic capacitance in
RX mode to approximately 120 fF. M9 keeps the gate of
M3 well-biased to ground in off-state while Mg avoids the
diodes voltage drop by bootstrapping the gate control signal
when M3 is switched on.

A further drawback of choosing a too large width for
M3 is the penalty in the off-state isolation due to signal
leakage through the large parasitic junction capacitance of the
drain to bulk diode, Cj13 in Fig. 9. Most of the previously
reported T/R switches [10], [14], [15], [18] are realized with
a single high-voltage device in series to the RX amplifier
input. The off-state isolation, i.e. the voltage attenuation from
the input to the output of the T/R switch, is only 20 dB in
our case. Being 100 V the maximum pulser output voltage,
the attenuation provided by a single device is not enough
to ensure protection of the RX amplifier. To solve this issue
transistor M4 shunts node-B to ground when M3 is off while
M5, driven by @3, disconnects the input of the RX amplifier
in order to not perturb the DC biasing point. Finally Mg,
driven by ®,, is introduced to speed-up the time required to
switch from TX to RX mode by pre-charging the top plate
of the CMUT to Viias,rx = Vas,a, (being Vs ar, the
gate-to-source voltage of M; in Fig. 7). With this solution,
the simulated settling time to switch between transmission to
reception is reduced to 4 ps. Without Mg the top plate of
the CMUT would have to be charged by the RX amplifier
with an excessively long time constant. Vyqs rx 1S a low
impedance biasing voltage, generated with a replica of the core
transistors in the RX transconductor, that can be shared among
several transducers. My4, M15, Mg are low-voltage, high-
speed transistors introducing negligible parasitic capacitances
due to the small dimensions.

IV. EXPERIMENTAL RESULTS

A microphotograph of the realized integrated circuit is
shown in Fig. 10. The active die area, excluding the output
buffer introduced for measurement purposes, is approximately
0.18 mm?2. Prototypes of the transceiver are bonded directly
on a custom designed PCB, which mounts also the connector
for the CMUT probe head. Fig. 11 shows a photograph of
the test board with the transducer immersed in a water tank.
The high voltage required to bias the common electrode of

Figure 11: Test board with the CMUT probe head immersed in a
water tank.
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Figure 12: Measured TX pulses at 100V supply.

CMUT array (see the block diagram in Fig. 6) is generated
with discrete components.

Measured pulses at 10MHz frequency, delivered by the TX
driver with 100V supply are shown in Fig. 12. The rise and
fall time from 10% to 90% of the peak-to-peak voltage are 14
ns and 13 ns respectively.

Fig. 13 compares the measured and simulated voltage gain
of the RX path. In this case, a 10pF capacitor in series with
a voltage source replaces the transducer. Measurements and
simulations are in good agreement. The peak gain is 14.2 dB,
with -3dB bandwidth extending from 500 kHz to 40 MHz. The
output voltage at 1dB gain compression, determined through
large signal measurements with a sinusoidal excitation, is of
564 mVO,pk.

The measured and simulated output noise spectral density
is shown in Fig. 14. The 1/f noise corner is ~4MHz. The
Noise Figure, calculated by normalizing the total noise to the
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Figure 14: Measured and simulated RX output noise.

estimated contribution of the transducer, is 8.9 dB.

An extensive electro-acoustic characterization has been car-
ried out. For pulse-echo measurements, the probe head was
immersed in a water tank, facing a stainless steel planar
reflector placed at the elevation focal distance of 1.5 cm. The
TX drives the CMUT with pulse trains and the reflected echoes
are recorded after switching to RX mode. Fig. 15(a) shows the
received signals with a CMUT bias voltage ranging from 150
V to 270 V. The normalized pulse-echo frequency responses,
corresponding to the FFT of the received time-domain signals
when the transmitter delivers very short isolated pulses of ~20
ns (in order to excite the entire CMUT frequency band) are
reported in Fig. 15(b). As expected, bandwidth and center
frequency are slightly affected by the CMUT bias voltage due
to the spring softening effect [30]. At the maximum value of
270 V, center frequency is 10 MHz and the -6dB bandwidth
is ~100%, extending from 4.4 MHz to 15.4 MHz.

The receive sensitivity has been estimated by processing
two different measurement sets. The plot in Fig. 16(a) shows
the transmitted pressure frequency response, measured with
a needle type MHA9-150 hydrophone (Force Technology,
Brgndby, Denmark) placed at twice the elevation focal distance
of the probe. In this circumstance, it can be assumed that
the incident pressure on the hydrophone is the same received
by CMUT during the pulse-echo measurements. The receive
sensitivity frequency response is then computed by dividing
the spectra of the pulse-echo by the transmit sensitivity. The
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Figure 15: Received echoes (a) and pulse-echo frequency response
(b) for different values of the bias voltage, from 150 V to 270 V.
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Figure 16: Transmit pressure(a) and receive sensitivity (b) for
different values of the bias voltage, from 150 V to 270 V.

resulting curves, reported in Fig. 16(b) display a low-pass
shape, as expected from the use of a capacitive-feedback
amplifier. However, a quantitative discrepancy between the
slope of the experimentally estimated and the simulated fre-
quency responses is observable. This discrepancy is likely
due to the fact that the equivalent circuit model used in this
paper does not take into account the frequency-dependant
acoustic attenuation of the silicone rubber constituting acoustic
lens of the CMUT probe. Moreover, the equivalent circuit
models the radiation impedance as purely resistive, while the
experiments were performed using a limited sized transducer
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Figure 17: Acoustic pressure measured at 2 mm from the CMUT
biased at 270 V and excited with a 100V, 10-cycle burst at 10 MHz.

array element, characterized by a lateral dimension of the order
of a wavelength, whose radiation impedance is characterized
by a not negligible reactive part, mainly inductive, representing
the mass loading of the propagation medium.

With 270V CMUT bias voltage, the receive sensitivity at
the center frequency of the pulse-echo response, 10 MHz, is
72 mV/kPa.

The output noise, integrated over the pulse-echo bandwidth,
is 133 puV,ms, corresponding to an equivalent noise spectral
density superimposed to the incident pressure of Nj, = 0.55
mPa/v/Hz. The estimated input pressure at 1dB gain compres-
sion is 7.83 kPa and the dynamic range of the receiver, defined
by the ratio of the maximum signal at 1dB compression to the
minimum signal at SNR=0 dB, is 70 dB.

Furthermore, the transmit pressure generated with the max-
imum TX pulse amplitude was measured by placing the
hydrophone at 2 mm from the transducer surface. The CMUT
biased at 270 V was driven with a 100V, 10-cycle burst at
10 MHz. The peak-to-peak amplitude of the pressure signal
recorded, shown in Fig. 17, is approximately 500 kPa. The
difference in the positive and negative peak amplitudes ob-
servable is due to the CMUT nonlinear large-signal response.

Measured electro-acoustic results demonstrate performance
comparable to a commercial probe based on piezoelectric
transducers operating in the same frequency range [1].

Finally, an ultrasound image of a 40um-diameter copper
wire immersed in water was obtained by mechanically scan-
ning the CMUT and by acquiring the pulse-echo signal at
each position. The CMUT was driven in the same conditions
of the TX pressure measurements, using a 2-cycle burst at 10
MHz. The 256 1f signals resulting from a 25.6cm scan using
a 100um step were filtered, using a tapered cosine window
with -3dB cut-off frequencies of 4.4 MHz and 15.6 MHz,
and beamformed with a single-element Synthetic Aperture
Focusing (SAF) algorithm using 128-element apertures to
form each scan line. The obtained image, normalized to the
maximum signal amplitude and log-compressed, is represented
in Fig. 18 using a very high dynamic range of 80 dB, in
order to make visible both point spread function sidelobes
and background noise. The SNR was computed, using the
uncompressed rf beamformed data, as the ratio between the
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Figure 18: SAF image of a copper wire immersed in water obtained
by mechanically scanning the CMUT with a 100um step. Each scan
line is obtained by beamforming 128 signals. The dynamic range of
the image is 80 dB.

rms amplitude of the point target signal S,.,,,s and of the noise
Nyms estimated in a dark portion of the image, resulting in a

value of SNR,, = 20log1g gS”’”) = 66.7 dB. In order to

Nems ) =

assess the measured SNR performance, the expected SNR for
a 128-element SAF aperture, assuming uncorrelated additive
noise for the receiver and neglecting the signal loss due to
the array element directivity, was computed from the receiver
dynamic range (70 dB), compensated for the ratio between
the maximum output voltage of the receiver (564 mV) and
the maximum signal amplitude of the acquired rf data (167
mV), resulting in the value of SNR, = 10log1o(128) +

70 — 20log1o (;;7;‘ — 80.5 dB. The 14dB discrepancy
between the measured and predicted SNR is partially attributed
to the simplifying analytical assumption that the peak signal
amplitude is constant for all the scan lines (while acquisitions
with the transducer far from the center experience up to
8dB loss) and correlated noise on the supply voltages, not
sufficiently filtered out in the experimental setup. Nevertheless,
the high excitation voltage of the TX driver, paired with
the low noise and high linearity of the RX amplifier, enable
excellent image SNR and dynamic range.

The performance of the front-end are summarized and
compared against previously reported CMUT front-ends in
Table-II. Sufficient information to estimate the transducer
electromechanical conversion factor are provided only in [9],
yielding k2.=0.25, similar to our case. Compared to previous
works, the proposed transceiver shows the highest TX pulse
amplitude and RX dynamic range. The equivalent input noise
is the lowest, similar to [18] but with more than 10x power
saving. This has been achieved by identifying the optimal
amplifier configuration and through careful circuit design to
minimize the amplifier noise generation.

V. CONCLUSIONS

A comparison between the fundamental amplifier config-
urations for CMUT amplifiers has been proposed. Equivalent
circuit-based modeling was used to derive closed-form expres-
sions, allowing a clear assessment of the impact of different
amplifier configurations on the pulse-echo frequency response
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Table II: MEASUREMENT SUMMARY AND COMPARISON

This Work ~ [18] [23] [9] [10] [14] [8]
CMUT capacitance [pF] 9.2 40 015 03 157 023 0.09
k2, 0.23 - - 025 - - -
Center Frequency [MHz] 10 3 15 22 5.1 2.6 20
Bandwidth [MHz] 11 5.2 10 5 6.4 2.6 8.6
Pulse Amplitude [V] 100 30 - 25 25 15 25
RX Sensitivity [mV/kPa] 72 162 130 414 70 - -
Input Noise [mPa/\/Hz] 0.55 0.56 3 0.9 1.8 - -
Noise Figure [dB] 8.9 103 1.8 - - - -
Dynamic Range [dB] 70 60 42 - - - 50
RX Amp. Power [mW] 1 143 6.6 2.4 4 0.328 0.8
and SNR. The study allowed to formally conclude that a  [5] G.-d. Kim, C. Yoon, S.-B. Kye, Y. Lee, J. Kang, Y. Yoo, and T.-K. Song,
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