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Abstract—Starting from an overview of historical aspects of biomedical ultrasound development and its application areas,
as well as the brief description of state-of-the art microfabrication technologies, used for capacitive and piezoelectrical microm-
achined ultrasonic transducers manufacturing, also outlining their modelling approaches, the reader will be further presented
with an overview of existing methods for achieving broadband operation both at unit transducer and transducers array levels.
Moreover, a generalized signal processing system is discussed, including description of known approaches for building blocks
implementation in analog, digital and mixed-signal domains (such as drivers, amplifiers, ADCs, etc.).
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l. INTRODUCTION

Usage of ultrasound (US) in medical industry has
been intensively developed over last eight decades,
starting from the late 1940s, when the First International
Congress of Ultrasound in Medicine took place [1].

From a medical perspective, the variety of health care
applications includes wide range of diseases that can be
treated by ultrasound means. In particular, they encom-
pass physical diagnostic imaging [2], orbital hemodynam-
ics in ophthalmology [3], intravascular imaging in cardi-
ology [4], hearing assessment [5], oncology [6], obstet-
rics and gynecology [7], [8], endoscopic gastroenterology
[9], anesthesiology [10], neonatology [11] and others.

Technologies, that are used in medical ultrasound,
were moving forward from simple one-dimensional
A-mode scanners [12] to more informative imaging sys-
tems incorporating B- (2D), C- (3D), M- (motional) scan
modes [13]-[15], as well as ultrafast, superresolution
[16] and Doppler [17] imaging. Moreover, device minia-
turization becomes possible due to the elaboration of
high-end technologies [18], which results in develop-
ment of flexible wearable [19] and implantable medical
ultrasound sensors [20].

Different piezoelectric materials [21] became a stand-
ard in medical ultrasound since the first reported usage
of piezoelectric effect in quartz crystal transducer acting
as a head scanner [22]. The number of peculiarities is
inherent in this technology, including impedance match-
ing [23] and the constant pursuit for a wide operating fre-
quency range [24], [25]. The former results in power

losses during acoustic energy transfer, because signifi-
cant amounts of energy are reflecting into transducer,
whereas the latter is crucial for axial or lateral resolution
and, as a result, in more detailed structural description
of lesions or anatomical peculiarities of human organs
[26]. Another aspect is the compatibility with biological
tissues, which results in tremendous number of invented
synthetic piezoceramic materials [27]. Also, it should be
noted that despite of abovementioned, piezoceramic
devices are usually bulky and fabrication of tiny medical
transducers becomes complex [28], [29].

In parallel with the expansion of piezoelectric materi-
als, the capabilities of microelectronic fabrication were
also enhanced, which caused a breakthrough in ultra-
sound transducers development by inventing so called
micromachined ultrasonic transducers (MUTs), which in
turn was the further evolution of already known micro-
electromechanical systems (MEMS) [30]. MUTs are
the promising technology which can help to achieve
a number of advantages comparing to conventional pie-
zoceramic devices, such as compatibility with application
specific integrated circuit (ASIC) platforms [31], [32], and
as aresult a high reliability of the system, which becomes
crucial in fabrication of medical equipment in terms of
high-yield perspective and minimization of biological
safety related issues [33]. They also provide the possibil-
ity to decrease power consumption of the system by
using sophisticated power-efficient processing circuitry
[34], and improve impedance matching, because MUTs
inherently act as a membranes, comparing to usual bulk
piezoceramic transducers. Another advantage of MUTs,
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is that they have better matching between the elements
of ultrasound array just because of precise fabrication
technologies.

In general, biomedical ultrasound electro-acoustical
system, which firstly produces excitation acoustic signal
and then handles the reflected signal, consists of trans-
ducers array, analog front-end (AFE) and digital back-end
(DBE) stages [35]. The former serves for power pumping
in transmitter (Tx) mode and signal preconditioning in
receiver mode (Rx), while the latter is used to control AFE
and implements digital signal processing algorithm. Dif-
ferent parts of overall system can be IC-based or FPGA-
based, depending on application needs [36]. The appli-
cation of machine learning processing algorithms for
overcoming a transmitter-receiver alignment issue is also
developing [37].

This paper aims to examine the principles of microm-
achined ultrasonic transducers’ development and fabri-
cation in the first section, following by a review of ASIC
signal processing systems in the second section, focusing
on the broadband operation for biomedical purposes.

1. MICROMACHINED ULTRASONIC
TRANSDUCERS AND ARRAYS

A. MUT types

Nowadays, the two main types of MUTs exist —
capacitive (CMUT) and piezoelectrical (PMUT) microm-
achined transducers. The operational principle of CMUT
is based on modulation of Coulomb attraction force [38],
[39], while the operation of PMUT depends solely on
piezoelectrical effect. The core idea utilized in fabrication
of both transducer types is to use the planar-based tech-
nology to create a vibrating membrane (usually a multi-
layer stack, especially for PMUTs), placed on insulated
silicon substrate, with underlying cavity and different
types of deposited metal electrodes (Fig. 1).

Typically, PMUT is a multilayer structure with match-
ing and backing layers [40], while CMUT reminds a simple
capacitor, which gives the latter an advantage in wider
bandwidth [41], but with inherent nonlinearity of voltage
to pressure transfer function [39], [42].

cavity

Fig. 1 Schematic cross-sections of basic PMUT (a) and CMUT (b) structures

To describe the transmission or directivity behavior of
PMUT and CMUT through the electrical, mechanical and
acoustical domains, conventional equivalent circuits
approach is used [43], [44], which is also supplemented
by broadly adopted finite element method (FEM) verifi-
cation (COMSOL, ANSYS) or optimized computational
algorithms [45], as well as comprehensive analytical
models [46] were derived. All of these models are com-
pletely depending on membrane geometry (square, rec-
tangular, circular [47] — the latter is most often used in
practice), presence of additional mechanical structures
(cavities [43], Helmholtz resonators [48]) or various elec-
trode types [46].

The main acoustical characteristics of both CMUTs
and PMUTs are fractional bandwidth (FBW), measured at
-3dB or -6dB level, displacement (m/V), transmitting
(Pa/V) and receiving (V/Pa) sensitivities, which are typi-
cally defined in basic medias like air and water or special
electric insulation fluids (Fluorinert FC-40 [43], FC-70 [49]
or FC-84 [50] etc.). For PMUT, as for inherently piezoelec-
tric material, critical parameters are electromechanical
coupling coefficient, resonant and anti-resonant fre-
quencies.

From the electrical side both PMUT or CMUT can be
similarly modeled as electrical impedance, formed from
a capacitance in parallel with a parasitic resistance, rep-
resenting a dielectric loss caused by leakage currents
[40], [51]. However, more precise electrical equivalent
models exist, which include an additional inductance and
capacitance [52]. PMUTs typically possess lower imped-
ance, then usual bulk piezoelectric transducers, that
stems from higher capacitance (tens of pF [53] compar-
ing to hundreds of fF for CMUT [54]), which also gives
less vulnerability to parasitic coupled capacitance [55].
Another difference between PMUTs and CMUTs is also in
the value of DC biasing (polarization) voltage, which
should be applied to create constant electric field in
CMUTs (this voltage falls in range from tens to hundreds
of volts [42], [44]), while PMUTs aren’t required to be
biased at all [56]. However, there is recent research in
development of low-voltage CMUTs [57] with 12V of DC
bias. Obviously, for both types of transducers, mechani-
cal oscillations are caused only by AC excitation of their
electrical inputs.
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Central frequency of CMUTs and PMUTs for medical
applications falls in a range from a few to tens of mega-
hertz [39], [58], [59]. However, the difference between
the fractional bandwidths catches the eye: CMUTs are
reported to operate with FBW of about 76% [57], and
~100% [60], while PMUTs are usually relatively narrow-
band — 47.5% [43] and ~57% [61] FBWs.

Different techniques are implemented to increase
PMUTs fractional bandwidth, which includes introduc-
tion of resonant cavities to the transducer structure [43],
different electrode structures [43], usage of matching
electrical network [50] or excitation on different vibra-
tion modes [41].

Another interesting approach is to implement reso-
nant frequency tuning/switching, which gives more flex-
ibility in designing the imaging system. This feature can
be achieved by changing the biasing voltage [62] for
CMUTs or activating different electrode sets [63] for
PMUTs.

In conclusion, when comparing capacitive and piezo-
electric transducers in terms of wideband biomedical
applications, PMUTs have the advantage of low-voltage
devices, which gives inherent safety and CMOS integra-
tion, while CMUTs, despite of their wideband behavior,
either complicated to manufacture with extremely tiny
gap between electrodes [57] or required to use high
biasing voltage, and as a result — insulation from
human'’s tissue require thorough fabrication techniques.
Hence, the obvious trade-off between high-bandwidth
and low-voltage appears.

B. MUT fabrication

Surface and bulk micromachining [64] allows to cre-
ate layered mechanical structures (essentially MUTs)
with base size of about tens to hundreds of microns on
top of a silicon substrate. Fabrication methods are based
on the photolithography process with appropriate mask
design and also involves different techniques of material
synthesis and processing [53], such as oxidation (dry or
wet, proceeded at high temperature), wet (in potassium
hydroxide (KOH) or hydrofluoric (HF) acid) or dry etching,
physical vapor deposition (reactive, DC or RF sputtering),
chemical vapor deposition, spin-on deposition (sol-gel
method), polishing [51], followed by final steps of die
separation and packaging.

Most common material for PMUT membrane is lead
zirconate titanate PZT [53], [65]-[67], since it has high
transmitting sensitivity [68], but on the other hand
includes high temperature film deposition step, which
can impact integration with CMOS technology [47]. How-
ever, materials with improved properties or optimized
manufacturing processes were found, such as aluminum
nitride (AIN) with high receiving sensitivity [68]), zinc
oxide (ZNO) [69] for high frequency devices, potassium
sodium niobate (KNN) [70] or even polyvinylidene

fluoride (PVDF) for flexible applications [71]. Some of
these materials are intended to be lead-free to imply
biological compatibility, though their characteristics are
inferior compared to PZT. At the same time, CMUT mem-
branes are made simply from silicon nitride or polymer
[72], [73].

In general, fabrication steps of MUT structure crea-
tion involve silicon wafer (substrate) preparation, for-
mation of underlying cavity, membrane film (or stack of
films) deposition, formation of top and bottom elec-
trodes, and the subsequent passivation (isolation) of
the finalized structure to ensure, for example, immersive
abilities of device. Several kinds of both CMUT and PMUT
fabrication processes were developed, such as sacrificial
layer release [74], different kinds of wafer bonding [75],
front-side or back-side etching [76].

The main idea of sacrificial layer release process is to
create a cavity on a single wafer by etching of previously
deposited layers (silicon oxide, photoresist, or alumi-
num) [77], which is buried under membrane and
the etching is processed via the small openings. On
the other hand, wafer bonding intends to bond two sep-
arate wafers (the base one and the Silicon-On-Insulator
(SOl) wafer — structure formed as a stack of thin top
silicon layer, underlying buried oxide that placed on thick
bottom silicon layer) with initially etched cavities. Wafer
bonding process allows to define plate thickness and
cavity height better than it is done with sacrificial layer
release, but requires precise alignment and cleanliness
of the wafers [75], [76].

Creation of PMUT structures can be achieved by
another two techniques — front-side and back-side etch-
ing. The former implies the cavity formation from the top
side of the wafer via the special etching hole, while
the latter is typically proceeded at SOI wafer by etching
the cavity in the bottom silicon layer [59], which is called
deep reactive-ion etching (DRIE) process.

C. MUT arrays

Ultrasound imaging systems typically incorporate not
just a single MUT but an entire array of them, integrated
into an acoustic antenna, in order to convert electrical
energy into mechanical energy, and then obtaining
acoustic field with desired spatial directivity characteris-
tic [78]. Described mode is a transmitting mode, while
the reverse algorithm for converting energy from an
acoustic field into electrical signals is called a reception
mode. Most often a linear antenna is used, which is
adapted to work as part of one-dimensional (1-D) [54] or
two-dimensional (2-D) [51], [72], scanning (in lateral and
axial directions) system. In such systems beamforming
algorithms is accomplished via introduction of delay into
transmitting or receiving electrical signals for each trans-
ducer in the array. MUT arrays also can be different in size
(NxM), can have various transducer membrane dimen-
sions, which are usually placed at a distance that creates
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optimal element pitch (usually A/2 [68]), aiming to mini-
mize grating lobes of directivity characteristic. Further
operation improvement can be achieved by introducing
of complex multi-element channels (with several trans-
ducers in each) into overall array [67], [70]. Also,
the arrays of specific annular shapes with high fill-factor
were developed [55] for intravascular imaging. The com-
parison between different arrays characteristics is pre-
sented in Table 1.

Usage of transducer arrays instead of a single one can
also give an advantage in obtaining a wider bandwidth.
As reported, bandwidth expansion in MUT arrays can be
attained in various ways, for example frequency com-
pounding technique, which stems from the frequency
spectrum overlapping of multiple transducers with dif-
ferent dome (PMUT membrane shape) dimensions [79].
Another approach is to form a channel from PMUTs with
adjacent resonant frequencies (higher and lower), simul-
taneously incorporating the different polarization direc-
tions for each transducer type [80]. Also, bandwidth ex-
tension can be obtained by reducing membrane thick-
ness [55] or by introducing more membrane damping
with additional polyimide layer deposited onto PMUT
membranes [58], as well as the similar approach was
developed by adding the polydimethylsiloxane (PDMS)
backing structure [66]. Optimization of layer stack fabri-

active area to its total area) on the array wideband per-
formance [54].

In addition, an important issue that requires atten-
tion while designing the MUT arrays is the cross-talk
between array elements, which is caused by boundary
Stoneley and elastic Lamb waves [38].

1. SIGNAL PROCESSING SYSTEMS

A. Basic AFE structure

Modern ultrasound imaging systems are usually
implemented by using digital computational algorithms
at the final processing step of received information. How-
ever, since ultrasound transducer generates analog sig-
nal and also have to be excited by analog signal, then
analog circuits should be used as a first stage of interface
between transducer and digital algorithm. Such func-
tions are ensured by analog front-end (AFE) schematics,
followed by analog-to-digital conversion (ADC), and fi-
nally processed by digital back-end (DBE) sub-system.
Common structure of ultrasound data acquisition system
is depicted in Fig. 2 [34], [49]. It consists of transducers
array, transmit/receive (Tx/Rx) switch, transmit and re-
ceive channels’ analog circuitries, analog-to-digital con-
verter, and digital subsystem with Rx processing, Tx gen-
eration (can be digital-to-analog conversion (DAC) [81])

cation to achieve broad FBW of 95.7% for PMUT super ~ @nd b.eamform cF)ntroI algorithm,  followed by
pixel array was also developed [70]. Moreover, simula- human interface device(s).
tions show severe impact of the fill-factor (ratio of MUT
TABLE 1 COMPARISON OF MUT ARRAYS
Reference
number [54] [53] [79] [55] [65] [66] [72] [67] [70]
Year 2004 2009 2012 2015 2019 2021 2022 2022 2024
tTyr;:Sducer CMUT | PMUT PMUT PMUT PMUT PMUT CMUT | PMUT PMUT
Membrane SiN, PZT PNZT AIN PZT PZT Si PZT KNN
material
Membrane
thickness* 0.4 pm 2 pm 0.75 pm 1.9 pm 1 pm 2 um 1 pm 0.9 um
Media ‘Water - Water FC-70 Water ‘Water ‘Water ‘Water FC-3283
gg::fcayl fre- | 3o Mz | 1.88MHz | 5 MHz 18.6 MHz | ~6.75 MHz 156 MHz | 3.8MHz | 1.5 MHz 4.7 MHz
Transmitting B _ 55% 4.9 MHz _ 92% B 184% 95.7%
Bandwidth —3dB —3dB —6dB —6dB —6dB
Receiving 80% _ _ _ Q00 _ o _ _
Bandwidth | —6dB 89% 110%
Transmitting | _ - 85kPa/V | 9 kPa/V - - - 430 Pa/V 3.8 kPa/V
sensitivity
Receiving - - - - ~048mV/kPa | — —213dB | 190 mV/MPa | —
sensitivity
Array size 1x64 6x6 57 - 1 x65 16 x 8 4 x16 1x128 1x32
Number  of | 744 36 - 1261 3900 128 2240 6270 1152
transducers
Element size dia Sq dia dia dia dia dia dia dia
12 pm 100 pm 74-90 pm | 25 pm 60 pm 32 ym 100 pm 160 pm 80 um
Pitch 36 um 150 um - - 75 pm 75 um - 214 um 270 um

* Only active material of membrane w/o additional layers
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The number of signal paths in Tx/Rx channel can be
larger than one and depends on the processing algorithm
and number of array elements. AFE can be implemented
as ASIC or set-up on PCB basis, while digital sub-system
is usually either FPGA [34] or PC based [82] due to com-
plicated algorithms. Examples of communication sys-
tems between the AFE and the DBE can include SPI, JESD
(as a serial interface between data converters and
FPGAs/ASICs), or LVDS [83]. Description of other most
significant parts of the system is presented in the follow-
ing sub-sections.

B. Excitation signal in Tx mode

In echo-based systems everything starts from
the radiation of excitation wave, thus, the desirable high-
efficient transfer of electrical power from the supply
source to the ultrasonic transducer must occur. Such an
excitation can be either achieved by tonal or square-
wave electrical signals, depending on the application
requirements, type and bandwidth of the transducer. For
these purposes, driver circuit is used, which can be
implemented as A- or AB-class power stages (pre-driven
by a linear amplifiers) for tonal excitation [81], while
level-shifter [84] circuits, also known as pulsers, imple-
ment square-wave excitation. Moreover, multi-level
square-wave excitation can be used to improve power
dissipation [85], [86], (so-called stepwise charging [87]),
which is crucial for portable medical devices. Although
pulsers are usually high-voltage (HV) circuits with high-
side and low-side DMOS transistors controlled by gate
drivers [88], the concept of using stacked low-voltage
transistors was also presented [89], which helps to fabri-
cate ASICs in standard CMOS technologies. From
the wideband operation perspective, the bandwidths of
transducer and driver have to be matched for obtaining
optimal broadband transmitting and receiving character-
istics, and also the pulser circuit should have low har-
monic distortion, i.e., asymmetric square wave must be
avoided. Therefore, the compensation of second-order
harmonic (HD2) such as pulse inversion-cancellation
method [90] should be used.

C. High-voltage isolation switch

The next crucial HV part of the system is a Tx/Rx
switch, which enables isolation of sensitive and low-volt-
age receiving channel from high-voltage excitation signal
coming out from the pulser. It must have low on-
resistance (to maximize the input-output transfer ratio
and to have better noise performance), low input para-
sitic capacitance (to reduce signal attenuation), and
the ability to maintain bi-polar (positive and negative)
isolation by using back-to-back connection. Hence,
a variety of schematic implementations were developed,
either simply utilizing of high-voltage MOSFETs [91] with
impedance matching network, or using stacked low-volt-
age transistors [89], or bootstrapped [92] and gate float-
ing [93] switches.

D. Signal preconditioning in Rx mode

After the acoustical power was transmitted into
the body tissue, reflection occurs, and weak signals
returned to the transducer array have to be amplified.
However, since the amplitude of received signal depends
on the distance traveled by the acoustic beam from
the antenna to the reflecting surface and back (i.e. dou-
bled distance), two requirements must be fulfilled:
a) pre-amplification must be low-noisy and b) a compen-
sation mechanism of differences in the near field (low-
amplitude) and far field (high-amplitude) signals ampli-
tude must be implemented (technically for different pen-
etration depths), also known as the time-gain compensa-
tion/control (TGC) technique. The first requirement is
satisfied in order to discriminate weak signals from
the noisy background (i.e. the amplifier must have a sat-
isfactory SNR), while the second condition is satisfied to
adjust the signal in the input range of subsequent signal
processing stage, typically ADC buffer — in other words,
to protect ADC from overloading. So that, the former is
done via low-noise amplifiers (LNA), while the latter is
implemented via high dynamic range type of attenuation
circuits like variable gain amplifiers (VGAs) or program-
mable gain amplifiers (PGAs) [94]. The difference
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between these two architectures is that the gain changes
either continuously (VGA) or in a discrete number of
steps (PGA), and the choice between them is dictated by
application requirements for a particular system, so dif-
ferent trade-offs have to be considered. Also, should be
noted that LNA and VGA can be combined in order to
realize a coarse/fine gain tuning [95], [96].

LNA are typically implemented as a transimpedance
amplifier (TIA) [89], which serves as a first stage of cur-
rent-to-voltage conversion. TIA needs to be impedance
matched to the unit transducer with high output imped-
ance [68], meaning that LNA requires to have low input
impedance [97], and also needs to exhibit an excellent
noise [98] and linearity performance [52]. One of
the possible implementations of TIA was reported in [97]
and consists of a single-ended common-source amplifier
(further improved by cascode transistor in [98]) with
a feedback resistor followed by a source follower, while
TIA in [92] is using differential operational transconduct-
ance amplifier (OTA). TIA can be further followed by
a second gain stage [68] or buffering circuits [52], [92],
depending on the application needs.

Considering that the attenuation of ultrasound waves
has an exponential dependence, the transfer function of
the attenuation circuit (VGA or PGA) should be linear in
the decibel scale. One example of this is reported in [95],
where Padé approximation was used to obtain switched-
capacitor VGA with signal continuity during gain transi-
tions. Other implementations represent single-to-differ-
ential PGA with process-insensitive TGC gain, achieved
by setting this gain by the load-to-differential pair trans-
conductance ratio [98], or popular architecture of PGA
with the feedback capacitors and OTA [92] or flipped volt-
age follower based push-pull amplifier [94]. Further-
more, the TGC algorithm requires an additional control-
ling circuit, which generates discrete or continuous con-
trol signal, and wide bandwidth of gain control loop is
required to settle the attenuation path quickly, as well as
high-impedance input and low noise requirements for
such circuits should be satisfied [TGC]. Despite an algo-
rithm of automatic adjustment of the TGC (ATGC) was
proposed [99], in practice TGC control is usually done
manually by operator, who chooses an appropriate TGC
curve via sliders at interface board [100], since ATGC
does not allow the full control over image quality due to
differences of acoustic attenuation of different tissues
and structures [101].

E. Analog-to-Digital Conversion

Robust digital processing is available only after
the A/D conversion, therefore, ADC sub-module, with
comes after the anti-aliasing filter (AAF) in the signal path
(see Fig. 2), becomes crucial part of the data acquisition
system. Among the main characteristics of ADCs, such as
resolution (typically ~10-12 bit), conversion rate
(typically ~20 MSps), signal-to-noise-and-distortion ratio
(typically 50-70 dB) and sampling frequency (typically

~20 MHz), in the context of ultrasonic applications,
another extremely important characteristic is the ability
to process a huge number of channels, i.e. to allow mul-
tiplexing of a single ADC input between these channels,
which helps to save the chip area. One example of such
converter is a multichannel pipeline ADC with two paral-
lel time-interleaved pipeline paths multiplexed into
a single pipeline in order to decrease implementation
efforts [102]. On the other hand, excellent accuracy can
be achieved by using delta-sigma ADCs, but at
the expense of area and increasing complexity of the sys-
tem, for example, consisting from 128 processing chan-
nels [34] or implement digital integrator feedback (DIF)
to reduce feedback DAC jitter impact [35]. These kinds of
ADCs utilize complex topologies of high-order continu-
ous-time A-XZ modulators, followed by the Cascaded Inte-
grated Comb (CIC) and Finite Impulse Response (FIR) fil-
ters. A successive approximation register (SAR) ADCs
[103] is another good choice for ultrasound integrated
system because of their moderate area consumption and
possibility of implementation in standard HV technology
[92]. Alternative approach of A/D conversion, reported in
[96], is to combine two types of ADCs — already men-
tioned SAR ADC as a first stage, followed by single-slope
(SS) ADC as a second stage.

F. Beamforming algorithms and circuitry

As already was briefly mentioned, the arrays, called
acoustic antennas, consist of transducers, which in turn
create the resulting acoustic field based on the interfer-
ence interaction between each of the transducers. For
this, it is necessary to excite (in Tx mode) each transducer
with an electrical signal with a certain amplitude and
phase relative to other transducers in the array; in con-
trast, in the Rx mode it is necessary to process
the received signals by varying their phases and ampli-
tudes. Therefore, different types of beamforming tech-
niques were developed [104], such as multi-line acquisi-
tion (MLA), multi-line transmission (MLT), plane and
diverging wave imaging, and synthetic aperture, as well
as the approaches called null subtraction imaging (NSI)
and coherence beamforming. Almost all of these tech-
niques are based on the delay-and-sum beamforming
method, which needs to have a delay cell in each path
from the transducer (or a subarray, i.e. a group of trans-
ducers), and the electrical adder for RX channel, while
the summation in Tx mode is taking place in the media
itself. Also, different amplitude distributions over
the array, obtained by introduction of weighting coeffi-
cients in each Rx/Tx path, helps to suppress “sidelobes”
on either side of the main beam [105], which referred as
apodization technique. In addition, the deep neural net-
works-based algorithms adaptation into ultrasound
image processing was reported in [104], allowing
the suppression of off-axis scattering.

To ensure the practical implementation of the above-
mentioned delay-and-sum beamforming algorithms,
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various circuits with electrical combination of signals,
namely analog and digital beamformers (ABF and DBF),
are developed [106], [107]. The main difference between
these two approaches is where the introduction of
delay/weighting occurs — before (analog beamformer)
or after (digital beamformer) the ADC/DAC. The former
gives the speed of computation, but requires precise
matching between delay cells [108], while with the latter
the high-accuracy computations can be achieved. ABF
usually consists of the cascaded-delay-cell type or
the analog-memory type delay cells and typically
requires high-frequency clock signal to achieve appropri-
ate time delay resolution [109]. As example, the analog
delay line for ABF from [110] uses a bunch of unit delay
cells, each consisting of two sampling capacitors, two
source-follower buffers and programmable switches, fol-
lowed by the load capacitor, thus implementing the pipe-
lined sample-and-hold architecture. It also uses a cur-
rent-splitting method (CSM) to reduce power consump-
tion, which is crucial characteristic in all BFs, since
the amount of data to be processed is huge. A proposed
in [111] FPGA-based digital beamformer employs a syn-
thetic aperture beamforming (SAB) technique, imple-
menting sequential processing using a single channel,
which helps to decrease the device size, power and cost.
Another configurable DBF [112] intends to decrease
power consumption by computing the delays on-chip to
exclude the external memories for delay storage. As
a further search for area improvements, a hybrid beam-
former (HBF) was also developed [113], which helps to
decrease area consumption by reducing the number of
ADCs. It consists from the first ABF stage, with sample-
and-hold-type analog memory array and a summing
amplifier, followed by the second DBF stage with eight
ADCs and a FIFO-based delay-and-sum block. Another
interesting approach, intended to reduce the area, is an
in-pixel delta-sigma modulation (DSM) beamforming,
reported in [95].

G. Miscellaneous circuitry

Complete signal processing system is not imaginable
without different miscellaneous circuitries, such as
power supply regulators, which include high-voltage
driver supply for CMUT pulsers, low-voltage supply regu-
lators for AFE and DBE, reference temperature-

independent circuits for ADC or TGC, etc. In case of ASIC-
based ultrasound systems, a protection against electro-
static discharges (ESD) must be achieved via special high-
voltage on-chip structures, as well as design-for-testabil-
ity (DFT) features is crucial for safe and high-quality prod-
uct.

CONCLUSIONS

In this paper a summary of medical ultrasound sys-
tems was presented, paying attention to the bandwidth
of the transducers and their miniaturization, also taking
into account the features of signal processing and gener-
ation sub-systems. The application of such systems is
extremely wide and covers almost all areas of medical
treatment, and also allows the creation of small portable
devices for everyday carry. They have evolved over
the past eight decades, starting with the use of primitive
electroacoustic transducers made from natural piezo
materials, later expanding to the use of synthetic pie-
zoceramic materials with improved performance, and
finally using MEMS technology to create miniaturized
transducers — micromachined ultrasound transducers.
They include capacitive (CMUT) and piezoelectrical
(PMUT) types of devices, the use of which in medical sys-
tems is dictated by trade-offs between bandwidth,
the ability to provide HV electric biasing, and biocompat-
ibility of the materials used for their production. The pro-
duction of PMUT and CMUT is similar in many respects,
the main and most difficult task of which is to create
a membrane with specified characteristics and an under-
lying cavity on a very small scale. Broadband operation
of the signal paths, which is crucial for obtaining high-
quality ultrasound images, is achieved both by methods
of improving the characteristics of an individual trans-
ducer and the use of arrays of transducers, as well as
careful design for low harmonic distortion in driving and
receiving electrical circuits, including both analog and
digital types. The use of beamforming algorithms and
sub-systems in ultrasound arrays allows to achieve scan-
ning in several dimensions, including beam focusing. In
general, miniaturized US systems are promising devices
that require high-end technologies and help to obtain
excellent results in improving of humans’ life.
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AHoTauia—BuKopucTaHHA ynbTpassyKy (Y3) B meauuHiii npomMMUCNOBOCTi iIHTEHCUBHO PO3BMBANOCA MPOTArOM OCTaHHIX
BOCbMU AECATUANITD, | HApa3i Pi3HOMAHITHICTb MeAUUYHUX 3aCTOCYBaHb BKHOYAE LUMPOKUIA CNEKTP AiarHOCTUYHUX MOXKIUBOCTEMN,
AIKi 3a40BOJIbHAIOTb BUMOram 3arasibHoi PisM4HOI AiarHOCTUKK, opTanbmMoNorii, KapAionorii, 0TONAPUHIONOrii, OHKONOTIi, aKy-
WepCcTBa Ta riHeKoNOorii, FacTpoeHTeposorii, aHecTesioNorii ToLwo.

TexHonorii, AKi BUKOPUCTOBYIOTbCA B MeAUYHOMY Y/IbTPAa3BYKOBOMY AOC/iIAMKEHHI, pyxanauca snepeg Big, NpocTux ogHOBU-
MipPHUX CKaHepiB A0 CKNAAHUX CUCTEM Bi3yanidauii, a TAKOXK MiHiaTIOPU30BaHMX HOCMMMX a60 iIMNNIAHTOBAHUX YIbTPA3BYKOBUX
baTyMKiB.

M’e30eneKTpUYHi maTepianu CTanm CTaHZAPTOM Y MeAUYHOMY YNbTPa3BYKOBOMY AiarHOCTyBaHHi. Ll TexHosorii npuTamaH-
HUI pag ocobamnsocTeit, a came HeObXigHICTb Y3roAKeHHA imneAaHciB Ta BUMOTU A0 PO3LLUMpPEHHA pobouyoro AianasoHy YactoTt
cuctemu. Meplie NpuM3BoAUTL A0 BTPAT NOTYXKHOCTI Nig, Yac nepeaadi aKkyCTUUHOI eHeprii, Toai AK Apyre mae BupillanbHe 3Ha-
YeHHA AN 3a6e3neyeHHA AKICHOT PO3AiNbHOT 38aTHOCTI i, AK HACNi[OK, BNIMBAE HA AeTani3alilo onucy ypaxkeHb abo aHaTomi-
YHUX 0cO6MBOCTEN OpraHiB NIOAUHU. IHLLMM acNeKTOM € CYMICHICTb 3 6ioN0riYHMMU TKAHUHAMM, WO NPU3BENo A0 pi3HOMa-
HITTA CUHTE30BaHMX N’€30KepPaMiyHUX maTepianis.

OAHOYACHO i3 PO3BUTKOM N’€30€/MEKTPUUYHUX MaTepianis, Bigbynocb po3WMPEHHA MOK/IMBOCTEN MIKPOENEeKTPOHHOro
BUPOGHULTBA, L0 CNPUYUHUIIO NPOPUB Y PO3po6Li yNIbTPa3BYKOBUX NepeTBOPIOBaYiB 3aBAAKM BUHAXOAY TaK 3BAaHUX MiKPO06-
pobneHunx ynbTpasBykoBux nepetsoptoBadiB (MYI). Taki neperBoptoBadi € 6aratoobiLAOUY0I0 TEXHONOTIEID, AKA MOXKe A0MNo-
MOITH AOCATTU PAAY NepeBar NOPiBHAHO 3i 3BUYATHUMM N’€30KEPAMIYHUMU NPUCTPOAMMU, TAKUX AIK CYMICHICTb 3 nnatpopmamm
cneuianisoBaHMX iHTErpPasIbHUX MiKpOCXeM, BHaCNiA0K YOro NigBULLYETLCA 3ara/ibHa HaANHICTb e/1IeKTPOHHOT CUCTEMM, @ TAKOXK
MiHimi3auii npo6bnem, nos’A3aHux 3 6e3neKoto NauieHTiB. BOHU TaKoXK 3a6e3neuyoTb MOXKAUBICTb 3MEHLUMTU €HEeProcroXKu-
BaHHA CUCTEMMU 3a A0MNOMOrol CKNAALHOI eHeproedeKTUBHOT cxemu 06pO6KM | NOKPaLLUTKM Y3rogKeHHA imnegaHcis. LLle ogHa
nepesara MYI nonsrae B Tomy, L0 BOHM MalOTb KpaLly BiANOBIAHICTb MiX eleMeHTaMM yNbTPa3ByKOBOrO MacuBy came 3a-
BAAKMN NOBTOPIOBAHOCTi TEXHONOTiA BUTOTOB/IEHHSA.

YnbTpa3ByKOBi cMcTeMM Bi3yanisauii 3a3Bnuaii BKAOYAIOTb He /IMLLEe OAUH NepeTBOPIOBaYy, a Wi iX macuBs, iIHTErpoBaHUii
B aKYCTUYHY aHTeHy. Y TaKMX CMCTEMAX anroputmu GpoOpmMyBaHHA Y3 NpoOMeHA BMKOHYIOTbCA LUAAXOM BBEAEHHA 3aTPUMOK
B TPaKTU nepeaadi abo npuiiomy enekKTpMUHUX CUrHANIB ANA KOXKHOro nepetsoptoBaya (abo ix rpynu) B macusi. Taki niaxoan
MOXKYTb AaTU NepeBary B OTPUMAHHI LUMPLLOT CMYTU NPONYCKaHHA MeTOAaMU NEePEeKPUTTA YAaCTOTHOFO CMEKTPY KiZlbKOX nepet-
BOPIOBaYiB 3 pisHUMK popmamu membpaHu abo popmyBaHHAM OAHOrO KaHaNY, AKUIA BK/IKOYAE NepPeTBOPIOBaYi i3 CyMidKHUMMU
Pe30HAHCHMMM YaCTOTaMMU.

EneKkTpuyYHa YacTUHa YNbTPA3BYKOBOI CUCTEMM 3a3BMUAM CKNA[AETLCA TPAKTIB NonepeaHboi aHanoroeoi 06pobku i KiHLeBoi
undpoBoi 06po6KM curHanis. MepLunii TPAKT CYrye A9 HAKAYYBaHHSA MOTYXKHOCTI B PeXXKMMi BUNPOMIHIOBaHHA i nonepeaHboro
niacUNeHHA BiABUTOro cMrHany B pexxumi npuitomy, Tomy BKAIOYAE B cebe cxemu apaiiBepiB, HU3bKOLIYMHUX NigcualOBaYiB,
aHanorosux ¢inbTpiB Ta aHanoroso-uudpposux nepersopioBayis (ALLM). Opyruii TPaKT BUKOPUCTOBYETbLCA ANA KepyBaHHA
pexkumamu po6otu ALM i peanisye 3aranbHuit anroputm undposoi 06pobku curHany. 3acobu popmysaHHA HanpaBAEHOCTI
Y pexumax npuMiiomy Ta BUNPOMiHIOBAHHA MOXKYTb 6yTU peanizoBaHi AK uMdpPoOBUMM, TaK | aHAIOTOBUMU METOAAMM.

OTKe, y CTATTi JOCAIAKEHO NPUHLMNMU PO3POOKM Ta BUrOTOBNEHHA MiKPOO6po6aeHMX yNbTPa3BYKOBMX NepeTBOpioBaYiB,
a TAaKOXX BU3HAYE€HO OCHOBHi NPUHLMNK NO6yAOBM aHaNOroBo-UMPPOBUX cucTeM 06PO6KM CUrHaniB, aKLEHTYIOUM yBary Ha
3a6e3neyeHHi LUMPOKOCMYroBOCTi NPUCTPOIB TPAKTIB NpUMOMY Ta Nnepeaaui.

Knrwuoei cnoea — 6iomeduyHe Y3/]; wupoKocmyz08i nepemeoprosayi; MiKpOMAWUHHI yabmpa3eyKoei nepemeoprosavi
(MUTs); CMUT; PMUT; ASIC; CMOS.
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