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A 2000-volumes/s 3-D Ultrasound Probe With
Monolithically-Integrated 23 x 23-mm?
4096-Element CMUT Array

Nuriel N. M. Rozsa™', Member, IEEE, Zhao Chen, Member, IEEE, Tachoon Kim™, Member, IEEE,
Peng Guo™, Member, IEEE, Yannick M. Hopf, Member, IEEE, Jason Voorneveld™, Member, IEEE,
Djalma Simoes dos Santos™, Member, IEEE, Emile Noothout, Zu-Yao Chang, Chao Chen, Member, IEEE,
Vincent A. Henneken, Nico de Jong, Member, IEEE, Hendrik J. Vos, Member, IEEE,

Johan G. Bosch™, Member, IEEE, Martin D. Verweij~, Member, IEEE,
and Michiel A. P. Pertijs™, Senior Member, IEEE

Abstract—This article presents a 4096-element ultrasound
probe for high volume-rate (HVR) cardiovascular imaging.
The probe consists of two application-specific integrated cir-
cuits (ASICs), each of which interfaces with a 2048-element
monolithically-integrated capacitive micro-machined ultrasound
transducer (CMUT) array. The probe can image a 60° x 60° x
10-cm volume at 2000 volumes/s, the highest volume-rate with
in-probe channel-count reduction reported to date. It uses 2 x
2 delay-and-sum micro-beamforming (#BF) and 2 x time-division
multiplexing (TDM) to achieve an 8x receive (RX) channel-
count reduction. Equalization, trained using a pseudorandom
bit-sequence generated on the chip, reduces TDM-induced
crosstalk by 10 dB, enabling power-efficient scaling of the cable
drivers. The ASICs also implement a novel transmit (TX) beam-
former (BF) that operates as a programmable digital pipeline,
which enables steering of arbitrary pulse-density modulated
(PDM) waveforms. The TX BF drives element-level 65 V unipolar
pulsers, which in turn drive the CMUT array. Both the TX BF
and RX uBF are programmed with shift-registers (SRs) that can
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either be programmed in a row-column fashion for fast upload
times, or daisy-chain fashion for a higher flexibility. The layout
of the ASICs is matched to the 365-um-pitch monolithically-
integrated CMUT array. While operating, the RX and logic
power consumption per element is 0.85 and (.10 mW, respectively.
TX power consumption is highly waveform dependent, but is
nominally 0.34 mW. Compared to the prior art, the probe has
the highest volume rate, and features among the largest imaging
arrays (both in terms of element-count and aperture) with a high
flexibility in defining the TX waveform. These properties make
it a suitable option for applications requiring HVR imaging of a
large region of interest.

Index Terms—3-D, abdominal aortic aneurysms (AAAs),
application-specific integrated circuit (ASIC), B-mode, beam-
former (BF), beamforming, capacitive micro-machined ultra-
sound transducer (CMUT), cardiovascular, equalization, high
volume-rate (HVR), pseudorandom bit sequence (PRBS), time-
division multiplexing (TDM), ultrasound imaging.

I. INTRODUCTION

BDOMINAL aortic aneurysm (AAA) ruptures are a

common cause of sudden death [1]. Patients at risk of
AAA rupture have an abdominal aorta (AA) with a diameter
exceeding 5.5 cm for men or 5.0 cm for women, and/or a
yearly increase of more than 1.0 cm [2]. In clinical practice,
the risk of AAA rupture is assessed using geometrical data,
acquired from multiple 2-D cross-sectional images using a 1-D
ultrasound transducer array [3]. This method of diagnosis is
commonly used, as it is safe and noninvasive [3], [4]. Its work-
ing principle involves transmit (TX) ultrasound beams and
receive (RX) their reflections. Images are then reconstructed
from the time-of-flight and magnitude of the RX signals, the
former mapping object locations and the latter determining
contrast.

However, accurate AAA diagnosis requires more data than
the AA diameter, such as elasticity and blood flow. This data
is ideally gathered in 3-D, rather than with one or multiple
cross-sectional scans [3], [4], [5], [6], [7], [8]. Accordingly,
modern imaging techniques such as 3-D flow and 3-D elastog-
raphy are investigated. These techniques require 3-D imaging
probes with 2-D transducer arrays, consisting of thousands
of elements, capable of reconstructing volumes at kilohertz
rates [4], [5], [9].
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Commercial probes that use direct-element connections are
constrained to arrays of roughly 1000 elements [7], [9] due
to interconnect limitations [4]. Using such probes implies
sharp compromises in image contrast [10], resolution [4],
and/or penetration depth, limiting their applicability. Probes
with large imaging arrays that use row-column addressing have
a limited field-of-view (FoV) [11], making them unsuitable
for this application. Probes with large array sizes and with a
sufficiently large FoV require channel-count reduction tech-
niques [4], for which in-probe application-specific integrated
circuits (ASICs) are well suited.

Broadly, channel-count reduction techniques can be divided
into two categories: techniques that reduce channel count at the
cost of a reduction in volume rate, and techniques that exploit
RX signal characteristics to reduce channel count without
reducing volume rate. The first category includes techniques
such as micro-beamforming (uBF) [12], [13], [14], [15],
[16], [17], element summation [18], and/or synthetic aperture
imaging [17], [18], [19], [20]. As each of these techniques
requires multiple TX/RX acquisitions to reconstruct a volume,
they can only be applied for high volume-rate (HVR) imaging
to a limited extent. With uBF [12], [13], [14], [15], [16],
[17], the transducer array is divided into multiple sub-arrays,
in which the RX signals per element are combined into a single
channel by a delay-and-sum operation. This operation yields a
preprogrammed directivity of the sub-array, i.e., only a smaller
sub-volume is scanned with one single T/R acquisition. There-
fore, scanning the full FoV requires multiple T/R acquisitions,
which are combined to reconstruct the full volume. Element
summation, i.e., summing without delaying [18], can be seen
as a simplification of uBF, where the sub-arrays can only be
“forward” looking. As a result, the volume that can be imaged
compared to uBF is reduced. Synthetic aperture imaging [17],
[18], [19], [20] is a multiplexing (MUX) technique, in which
only a subset of elements is selected during TX and/or RX
per acquisition, and all signals are combined in the later
volume reconstruction step. However, multiple acquisitions
are required to obtain a full volumetric dataset, reducing the
volume rate. Moreover, since the recorded sub-volumes are
captured sequentially, any motion in between the capturing
leads to reconstruction artifacts [21], [22].

Techniques in the second category, which reduce chan-
nel count without sacrificing volume rate, include analog
time-division MUX (TDM) [15], [23], [24], [25], frequency-
division MUX (FDM) [26], or digital TDM (D-TDM) [14],
[18]. These techniques exploit the limited bandwidth of
element-level RX signals by modulating multiple signals onto
a higher-bandwidth output channel. However, this introduces
crosstalk (for TDM and FDM) or bit-errors (for D-TDM),
leading to imaging artifacts. Moreover, these techniques are
limited by the bandwidth of the cable that connects the
probe to an imaging system, or by that of the system RX
channel [27], [28]. As a result, practical ultrasound systems
can only make limited use of these techniques.

Currently reported probes with ASICs also have constrained
TX waveform programmability, resulting from limitations in
their counter-based TX beamformer (TX BF) architecture [14],
[17], [29], [30], on-chip pulsers [18], [31] and/or signal
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distribution network [31]. The extent of this limitation varies
per design. For instance, some designs can TX an arbitrary
pulse train, with a semi-fixed duty cycle [14], [29]. The
design in [31] provides more pulse shape programmability,
but the waveform length and BF delays are restricted. These
restrictions have been reduced with a BF that propagates a
more freely programmable TX waveform across its array [18].
Nevertheless, no design has made both the pulse shape and
length arbitrary to the same extent as probes with direct-
element connections, trading off flexibility in TX waveform
generation with system complexity, often precluding applica-
tions requiring more complex waveforms than simple pulses
or pulse trains [32], [33].

This article presents a novel 3-D probe design, targeting
cardiovascular imaging applications requiring HVR and LVI,
such as AAA functional imaging. This application requires
imaging of a 60° x 60° x 10-cm volume at 2000 volumes/s,
which is sufficient to image the flow and wall motion of
the AA, and is the highest volume-rate for designs with in-
probe channel-count reduction reported to date. The full probe
consists of two tiled ASICs, each monolithically integrated
with a 32 x 64-element array of capacitive micromachined
ultrasound transducers (CMUTSs) with a 2.6-MHz center fre-
quency. Each ASIC provides 8x channel-count reduction by
means of 2 x 2 delay-and-sum pBFs and 2x TDM, thus
exploiting the benefits of both techniques without reducing
the frame rate below the acceptable limit (2000 volumes/s) or
straining the requirements for the back-end RX system—thus,
the probe can interface with two commonly-used Verasonics
Vantage-256 (VSX) imaging systems [4], [7], [27]. The uBF
architecture in the ASIC is based on the design in [30],
but provides an 80% larger delay range to image the spec-
ified FoV. TDM-induced crosstalk from channel-bandwidth
limitations is mitigated with equalizers (EQs), consisting of
finite-impulse-response (FIR) filters that the system trains
with a pseudorandom bit sequence (PRBS) generated on chip.
By calibrating the frequency response of each channel, the
on-chip cable driver bandwidth can be reduced, in turn making
the system more power efficient.

The probe also contains a novel TX BF that provides a
high degree of flexibility in TX waveform definition, while
having a relatively low system complexity. It steers arbitrary
pulse-density modulated (PDM) waveforms to two-level 65-V
unipolar pulsers, driving each element. Similar to the TX
BF presented in [18], waves are propagated across the array
by means of programmable delay cells, integrated per ele-
ment. However, the presented probe does so in a row-column
fashion, rather than with a delay mesh. This simplifies the
per-element TX BF logic, while maintaining the ability to
define arbitrary BF delays.

This article is structured as follows. Section II covers
the design requirements for the intended application and the
associated system architecture. Section III covers the circuit
design of the ASICs and Section IV covers their integration
with CMUTs and packaging. Section V presents the charac-
terization and imaging results of fabricated prototypes. The
article ends with Section VI, which contains a comparison to
prior designs and a conclusion.
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(c) Simplified cross section of the CMUT design.

II. SYSTEM DESIGN

A. Application and System Overview

Fig. 1(a) shows an overview of the developed system and
its application. It consists of the imaging probe with ASICs
plus CMUTs, the aperture of which is divisible in two halves
(tiles) that can independently interface with a system back-
end. This consists of two duplicate motherboards and imaging
systems. Each motherboard buffers the RX channels from one
tile, regulates its various supplies, and contains an FPGA to
configure the probe. The imaging systems digitize the RX
signals and do image reconstruction.

Although the main targeted application is imaging of the
AA, the features of the probe are equally applicable in other
parts of the cardiovascular system, such as the heart [34].
The probe’s packaging was designed to be compatible with
various research setups by having a flat waterproof front-side
and various mounting points at the back of the casing. This
packaging is covered in more detail in Section IV.

Fig. 1(b) shows an overview of one tile. It consists of two
independent 32 x 32-element halves that are subdivided into
4 x 2-element subgroups reducing the echo signals received
by the eight subgroup elements to one output RX channel.
These are routed to the periphery of the chip, where they are
buffered and connected to the off-chip system back-end.

Fig. 1(c) shows the simplified monolithically-integrated
CMUT layer stack. The CMUTs are Philips 365-um-pitch
CM5 devices [35], [36] and have been fabricated on an
ASIC that is made with a TSMC 0.18-um BCD process.
This process provides both high-voltage (HV) double-diffused
metal-oxide-semiconductor (DMOS) and low-voltage (LV)
complementary metal-oxide semiconductor (CMOS) devices,
the former being required for the on-chip TX circuits and the
latter for the RX circuits and logic. Each CMUT connects to
a TX and RX front end, which are separated by a T/R switch.
Although the probe presented in this work contains CMUTs,
both the RX and TX front-ends have been designed to also

(a) Overview of the developed system and its application. (b) Overview of an ASIC 4+ CMUTSs and a breakdown of the replicated modules.

be compatible with bulk-piezo transducers (PZT), similar to
those used in [17] and [30], but at a lower frequency.

B. Architecture

Fig. 2 shows the system architecture implemented in the pre-
sented design. Because each tile is subdivided in independent
ASIC halves, the full probe consists of independently operable
quarters. Each ASIC half contains periphery circuitry and a
core that consists of an array of subgroups. The system clock
(CLKgyst) operates at a frequency (fsyst) of 31.25 MHz,
which defines a time resolution (Tsyst) for both the TX BF
and uBF of 32 ns.

The probe targets a 10-cm imaging depth. Given the
speed of sound in human tissue, the resulting maximum
pulse-repetition frequency (PRF) is 7.7 kHz. To achieve the
targeted volume-rate of ~2000 volumes/s, the full volume
of 60° x 60° x 10 cm needs to be reconstructed from at
most four T/R acquisitions. As a result, to accommodate
the wuBF restrictions (covered later in this section) and to
maximize the probe’s round-trip dynamic range (DR), the four
targeted TX beams diverge 30° in both azimuth and elevation
directions. However, in order to freely configure the probe for
other imaging modes, narrower angles in both azimuth and/or
elevation may be desired. Therefore, the probe is capable of
freely configuring its delay profile for each T/R cycle.

Fig. 3(a) shows the TX BF architecture. It contains a column
and row section, each consisting of an array of delay cells.
The column section is located at the ASIC periphery. By
means of an input-selection multiplexer, each cell can either
take the external PDM-modulated input TXy (indicated with
“E” on the multiplexer), or take its input from a neighbor-
ing cell (indicated with vertical arrows on the multiplexer).
This allows the signal to propagate vertically and be passed
to the row sections. Similarly, the cells in each row take
either the output of the corresponding column cell or of a
neighbor, as indicated with the “R” and the horizontal arrows,
respectively, in the row-cell input-selection mux, propagating

Authorized licensed use limited to: TU Delft Library. Downloaded on April 15,2025 at 10:34:23 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2. Overview of the developed system architecture.

the signal horizontally. Both row and column cells implement
a delay range of 0-7 clock periods (delays are indicated
with the §-blocks). This provides a cumulative delay range of
7 x (644-64) x Tsyst =~ 28.7 us across the array, as needed
to implement the maximum delay difference between elements
in the array. Because the TX BF only delays TXiy, the
waveform can have an arbitrary shape and length.

The TX BF is programmed with a shift-register (SR) that
is controlled by an external data and a clock signal. As shown
in Fig. 3(b), the TX BF can be programmed in a row-column
fashion for optimal speed, or in a daisy-chain fashion for
optimal flexibility. Fig. 3(c) provides a few example delay
profiles and their corresponding programmed settings with this
TX BF. As indicated, the arbitrary sum of delays in both
columns and rows provides a wide range of waveforms that
can be generated. Implementation details of the TX BF are
discussed in Section III-A.

In TX, CMUTSs are driven element-level with a two-level
unipolar pulser. Although the pulser is capable of producing
pulses with amplitudes between 5 and 65 V, the TX voltage
is limited to 40 V. This ensures that the CMUTSs remain in
collapse mode and operate reliably when biased at +120 V at
their ac ground [36]. The HV regulator at the ASIC periphery
provides an additional supply for the pulser, which will be
covered in Section III-B.

For RX, each CMUT connects to a low-noise variable-gain
amplifier (VGA). As ultrasound waves exponentially attenuate
with distance in human tissue, the round-trip DR per T/R
cycle can be in the order of 100 dB [14], [29]. However,
signal-to-noise ratio (SNR) requirements are typically only
40 dB. Therefore, the RX front-end implements time-gain-
compensation (TGC) to decouple the system’s SNR from
its DR, resulting in an improved average power dissipation.
The VGA has a continuous-gain range of 36 dB, which is
controlled by an external analog signal (VC).

Each 4 x 2-element subgroup is divided into two
2 x 2-element subarrays, the echo signals of which are com-
bined using a uBF with a programmable delay between O and
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8 clock periods. As a result of the summing operation involved
with uBF, the FoV of each CMUT subarray reduces to 30°,
thus requiring two viewing angles to cover a 60° FoV and
four for a 60° x 60° FoV. As mentioned, the required 60° x
60° x 10 cm imaging volume is reconstructed from 4 T/R
acquisitions using TX waveforms that cover a 30° x 30° FoV,
one for each quadrant. Therefore, the directivity of the wBFs
can be configured such that the FoV in RX matches TX. Both
the VGA and uBF are based on the design in [30], but the
#BF in this design has an 80% larger delay range to enable
proper matching of the TX and RX FoV.

TDM is realized by having one of two uBFs periodically
provide its output to a cable driver at the ASIC periphery.
To minimize the load of the cable drivers, each RX channel is
buffered at the system back-end before entering a VSX system.
The VSX systems digitize and equalize all RX channels
to compensate bandwidth limitations of the cable drivers.
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This reduces their bandwidth requirements, allowing for more
power-efficient scaling. The EQs are trained with an on-chip
generated PRBS, covered in more detail in Section V. Similar
to the TX BF, the RX circuits can also be programmed in
a row-column or daisy-chain fashion with a separate external
data and clock signal.

III. CIRCUIT DESIGN
A. TX Beamformer

As indicated in Fig. 3, the TX BF consists of element-level
delay cells that provide a delay difference between elements
before transmitting TXN. Fig. 4 shows their implementation.
As TXin is a PDM waveform that is sampled by CLKgysr,
it can be represented by a clocked binary sequence. Therefore,
its delays can be implemented by a cascade of D-flip-flops
(DFFs). To configure the per-element delays, the output of one
of the cascaded DFFs is selected to be passed-on to the low-
side level-shifters (LS LSs) of the HV pulser, and neighboring
delay cells (TXour). The DFFs that are not used per delay cell
are disabled to reduce switching losses.

The following 6 bits are used to configure each delay cell:
a 3-bit delay code (DEL) for selecting the output of the
delay DFF, a 2-bit select code (DIR) for selecting the input
propagation direction, and a 1-bit enable for the element HV
pulser. To allow for fast switching between delay profiles,
each cell contains 9 x 6 configuration DFFs, providing
space for nine preloaded profiles. Their upload settings are
configured with three external control signals. The CONFIG
signal controls the data upload fashion [see Fig. 3(b)]. The
MODE(1:0) signal controls whether 1 or 9 profiles should be
uploaded and whether the register should RX external data
or loop previously uploaded local TX BF profile data per
rising-edge of its input clock.

Each ASIC half contains one external data and a clock
signal for the TX BF registers (see Fig. 2), but they are split
into two signals at the periphery. This allows them to be
routed together for both upload modes, guaranteeing them to
be in-phase for each delay cell, preventing possible bit errors.

B. TX Pulser

Fig. 5 shows the element-level pulser design. The unipolar
pulser driver stage, consisting of Mp;, MNi, Mn2, and Mys,
is the same as the design in [29] and [37], but with an
improved guard-ring design for prevention of latch-up. The
DMOS transistors Mp; and My; switch the output voltage
level, whereas My, and My3; implement the T/R switch,
connecting the CMUT to the VGA through My; and M,
during RX, while isolating it from HV pulsing during TX. Mp,
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ASIC periphery.

was scaled for driving strength, My; was scaled for driving
strength and noise, My, was scaled for noise, and My3 was
scaled to minimize voltage ripple at the source of M.

Two LS LS [38] stages convert the digital supply domain
(DVDD-DGND) input signals to the 5-V domain (VDD5V-
HVGND) and drive the T/R switch, high-side level-shifter (HS
LS) and My;. Due to the large trace inductances from the long
supply routing across the array, the high-side (PVDD-HVSS),
power (PVDD-HVGND), and 5-V domains can experience
significant ripple when in TX mode. Therefore, the diode-
connected My, and Myj3 are added to limit the voltage
swing over Myj; and Mps. The LS LS output is a latch
that implements a break-before-make function to ensure that
Mp/My, and My,/Mys are not on at the same time. The HS
LS propagation delay is compensated with a dummy delay
before the driver of My;.

The HS LS is based on the design in [39]. Its output is
defined by an HS latch that operates in hold mode when
both set and reset are “1” or “0,” providing a high robustness
against supply ripple. The latch is set or reset by means of
pulsed inputs, generated through the IR drop across resistors
R and R, and the current drawn by an LS current-mirror,
which is steered through DMOS transistors Myg and Myy7.
The pulsewidth is derived from a delay cell with a delay larger
than the propagation delay of the TX signal through the HS
LS and the HV pulser to ensure that the state of the HS latch
does not change while the supply is most active.

The HS LS is powered by the pulser supplies PVDD and
HVGND. PVDD can be varied between 5 and 65 V. The HVSS
voltage, generated by an HV regulator at the ASIC periphery,
is PVDD—5 V. The regulator is the same as in [29] and
[37], while clamping diodes D;_4 are added per HS LS. These
diodes ensure that the HS latch set and reset node voltages are
kept between PVDD and HVSS =+ diode voltage Vp. They
also ensure that HVSS does not increase by more than Vp
while the set or reset nodes are pulled down. This ensures
reliable operation of the HS LS while transmitting longer pulse
sequences, as the local supply capacitor C; can be recharged
without transient currents from the regulator at the periphery,
thus avoiding excessive voltage ripple at HVSS.

C. Variable-Gain Amplifier

The VGA is based on the design in [30] and [40].
As shown in Fig. 6, it consists of a cascaded low-
noise capacitive-feedback trans-impedance amplifier (TIA),
capacitively-coupled to a current amplifier (CA). The TIA
provides a low-impedance input for interfacing with a CMUT
transducer, while the CA has a high-impedance output for driv-
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Fig. 6.
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Fig. 7. Circuit diagram of the Iprps current source generating training data
for the EQ in the system back-end and the signal path that is equalized.

ing the boxcar-integration-based wBF. Both stages implement
half the total variable continuous gain range of 36 dB, which is
controlled by a VC that is supplied per ASIC half. The VGA
is scaled for an input-referred noise-density of 0.6 pA/+/Hz
within a 1.4-3.8-MHz bandwidth at its maximum gain (VC =
1.2 V).

D. RX Channel-Count Reduction and Transmission

Fig. 6 shows the uBF and TDM circuit diagram. Like
in [30], the boxcar-integration-based wBF consists of four
time-interleaved integrator stages, followed by two ping-
ponged sample-and-hold (S/H) stages. The current outputs
of the four preceding CAs are steered to one of the four
integrators in a cyclic fashion by means of input switches W;_g
(1:4). The phases for the clocks driving W;_g (1:4) are pro-
grammable, while the integrator output charge is transferred to
the S/H stages at a fixed cyclic timing via clock signals Nj_4
and Q;_,. The S/H stage that is not in charge-transfer mode is
connected to the output, following clock signals S;_4. As the
timing for the integrators and charge-transfer is fixed, but the
timing of the input currents can be shifted, the relative delay
between input integration and output S/H is programmable
for each input channel. Thus, a sum-and-delay operation is
realized.

Since switched S/H stages define the RX channel output,
TDM is easily realized by having four S/H stages drive the
input of the following cable driver instead of 2. Conceptu-
ally, more than 2x TDM could be realized by interleaving
more stages, but the channel-bandwidth of the targeted VSX
back-end limits this design freedom. The cable driver is a super
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Implementation of the RX front-end and the timing diagram of its delay-and-sum puBF and S/H 4+ TDM stages.

source follower with a class-AB driver [41]. Like the LNA and
uBF OTAs, the class-AB driver has a sampled-and-held bias
that is reset every T/R cycle by the RXcrgry signal. Mpp, Mnp,
and Ry are scaled to achieve a 50 Q output impedance.

E. Channel Equalization and Calibration

To reduce TDM channel crosstalk, after digitizing the RX
channels in the VSX, equalization is applied to flatten the
frequency response. This technique is based on what was
demonstrated in [25]. The EQs are implemented as adap-
tive linear EQs (ALEs) from the MATLAB communications
library [42]. This is a FIR filter that uses the least-mean-square
algorithm to scale its coefficients.

The training data for each RX channel EQ is generated
on-chip with a programmable two-level current source Iprps
at each uBF input. The implementation of the current sources
is shown in Fig. 7. They output an off-chip supplied PRBS,
which propagates through the on-chip #BF and cable driver,
and the off-chip cable and buffer before being digitized by the
VSX in the system back-end.

In addition to calibrating bandwidth-limitations, the system
also calibrates static ripple signals at each RX channel output,
resulting from switching artifacts introduced by the wBF. This
is done by first collecting averaged RX channel data without
an input signal, which only contains the ripple. This ripple
is then subtracted from both the RX signals collected during
imaging and the training data for the EQ.

IV. SYSTEM INTEGRATION
A. CMUT Integration

As mentioned in Section II, the CMUTs are biased at a
voltage Vg of +120 V to reliably operate in collapse mode.
The CMUT top electrodes [see Fig. 1(c)] are routed to the
ASIC periphery to be bonded to the PCB that provides Vg.
Fig. 8(a) shows the applied biasing scheme. The CMUTS in
every two columns of an ASIC half share one biasing pad. This
allows only a section of the array to be disconnected if one or
multiple CMUTs are faulty. Bias capacitor Cg provides an ac
ground for the CMUTS, whereas the HV supply only operates
as a dc bias source by means of resistor Rg. As both the
sensitivity and center frequency of the CMUTs depend on Vg
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Fig. 8. (a) Overview of the CMUT biasing per two columns of the imaging
array. (b) Overview of the system packaging.

connectors

[36], independent biasing of CMUT columns along the x-axis
of the array enables apodization. However, this is not done in
the presented system, where Vg = +120 V for simplicity.

To accommodate the CMUT devices on the standard TSMC
BCD process wafers, a few layout restrictions were introduced.
The microfabrication of the CMUTSs requires a wafer surface
topography that is as flat as possible. While the CMUT fabri-
cation contains a planarization step, the top-metal thickness of
the ASICs was also restricted as a precaution to improve the
initial surface flatness, which added additional constraints to
its power distribution design. In addition, sufficient spacing
is required all-around any in-ASIC CMUT bias trace to
prevent dielectric breakdown, as the TSMC 180-nm BCD
process is not designed for trace-to-trace potential differences
beyond 70 V.

B. Acoustic Packaging

To avoid excessive energy loss in both TX and RX, acoustic
impedance matching of the array to the medium of interest is
necessary. This requires a package with a similar impedance
to water, while providing a water-tight seal for the underlying
electronics. In addition, the surface of the imaging aperture
must be flat to ensure a good contact with the medium of
interest. Fig. 8(b) shows the designed package to meet these
requirements.

The tiles are glued on an interposer plate that both ensures
a flat imaging aperture and provides good thermal coupling
to a PCB. After bonding the tiles to the PCB, a viscous
glue is applied to the imaging array. This glue has a similar
acoustic impedance to water while being electrically isolating.
A polymethylpentene (TPX) window is then mounted on the
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b
Fig. 9. (a) Picture of one of the ASICs without CMUTs connected to a
probe card. (b) Diagram of the measurement setup for one input channel.

array, pushing the glue outwards, and coupling the array
to the window while sealing the bonding wires. To ensure
water-tightness around the window, the PCB is mounted in
an anodized-aluminum casing, where an O-ring provides the
water-tight seal. Pressure is applied to the O-ring via a
backside clamp that also functions as a heatsink for the ASICs.

V. EXPERIMENTAL RESULTS AND DISCUSSION
A. General Measurement Setup

As shown in Figs. 8(b) and 9(a), each tile in the probe is
bonded to a daughterboard PCB. In the measurements pre-
sented, the digital inputs and RX output channels of 1 tile are
connected via 1.65-m Samtec micro-coax cables with HQCD
connectors [43] to the system back-end. The FPGA module
that programs the tile is a DE10-Nano evaluation board [44]
and the RX channel buffers on the motherboard in the system
back-end are high-speed op-amps [45] configured as voltage
followers with 50-€2 input termination. In addition to voltage
regulation on the motherboard by means of linear-dropout
regulators (LDOs), the analog supply is also regulated on the
daughterboard to avoid TGC-related IR drop in the cables
affecting the ASIC performance.

B. Electrical Characterization

ASICs without the monolithically-integrated CMUTSs were
used to validate both the electrical performance of the TX
pulser and the RX front-ends. Selected transducer pads were
bonded to a custom probe card. An overview of this mea-
surement setup is shown in Fig. 9(b). C;, C, and the input
capacitance of the 200-MHz passive probe approximate the
load of a CMUT, while also attenuating the voltage from
the HV TX pulsers on the ASIC by 13.4x. This attenuation
was calibrated and corrected for in TX measurements. The
oscilloscope is connected for both TX and RX measurements,
but the AWG is only connected for RX.

Fig. 10(a) shows the probed pulser output when transmitting
various PDM waveforms at the maximum TX voltage of 65 V.
The two-period pulse is used for most standard imaging appli-
cations, but chirps or pseudorandom sequences can be used
instead to increase the contrast from low-reflective objects,
as these waveforms contain more energy. Fig. 10(b) shows
the corresponding acoustic outputs, which are covered in more
detail in Section V-C. Fig. 11 shows the pulser output when
transmitting the same chirp as shown in Fig. 10(a) after being
delayed between 0 and 87gyst by the TX BF. Combining the
results from Figs. 10 and 11 demonstrates the ability to BF
arbitrary PDM waveforms.

Fig. 12(a) shows the subarray gain versus frequency for
multiple TGC VC settings. Fig. 12(b) shows the gain at
the 2.6-MHz center frequency and —3-dB BW versus VC.
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Fig. 10. (a) Transducer pad output for various PDM signals at the maximum

ASIC TX amplitude. (b) Normalized transmitted acoustic signal corresponding
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Fig. 11. Pulser outputting a chirp sequence, shifted between 0 and 87syst
by the TX BF.

The gain range is 36 dB and the BW varies from 3.0 to
3.8 MHz across VC. Given a 1.4-3.8-MHz BW of interest
and 2.6-MHz center frequency defined by the CMUTs, the
fractional bandwidth of the amplifier varies from ~60% to
~90%, which is more than the required 50% across the gain
range. These results also approximate the same attenuation
that will occur for the CMUT-to-LNA input current, as the
impedance of C; is similar to that of the CMUT.

To validate the subgroup crosstalk, test signals are applied
to an RX channel [see Fig. 9(a)]. The EQs applied for the
crosstalk measurements and imaging results (see Section V-D)
have 18 taps. They equalize the VSX 14-bit ADC output data,
which is sampled at 3x the TDM frequency at 62.5 MHz.
As such, the EQs are configured fractionally spaced, using
three samples per symbol. They are trained with a 2500-times-
repeated 16 382-bit PRBS.

Fig. 13(a) and (b) shows the crosstalk from subarray
1 to subarray 2 and vice-versa with and without back-end
equalization in the time domain. The test signals are
2.6-MHz-center-frequency two-period pulses. With equaliza-
tion applied, the peak-peak crosstalk from subarray 1 to
subarray 2 improves from —11.4 to —20.9 dB and from
subarray 2 to subarray 1 from —10.9 to —21.4 dB.

Fig. 13(c) and (d) shows the power spectral density (PSD)
of the RX channel output when a 2.5-MHz tone is applied to
the subarray inputs. The reduction in a uBF-induced ripple
tone at 2.6 MHz is also shown after calibration. Fig. 13(e)
and (f) shows the crosstalk improvement when the frequency
of the input tone is swept across the 1.4-3.8-MHz bandwidth
of interest. The effectiveness of the equalization varies over
frequency, but the average crosstalk from subarray 1 to subar-
ray 2 improves to —22.4 dB, and the average crosstalk from
subarray 2 to subarray 1 to —25.7 dB.

As the power dissipation of the pulser is directly related to
the pulse transmission density, Fig. 14(a) shows the dissipation
versus the number of transmitted pulse periods when an ASIC
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Fig. 12. (a) Measured RX channel gain versus frequency for various VC
settings. (b) Gain at 2.6 MHz and —3-dB BW versus the VC control voltage.

Input applied to subarray 1 Input applied to subarray 2

[--Subarray 2, wio EQ|
|---Subarray 2, w/ EQ

—Subarray 1, wio EQ|
—Subarray 1, w/ EQ

-~-Subarray 1, wio EQ|
---Subarray 1, w/ EQ

o
o =

Amplitude
o

(a)

Subarray 1, Raw
—Subarray 2, Raw
---Subarray 1, w/o EQ|

Subarray 2, Raw
—Subarray 1, Raw

---Subarray 1, w/ EQ
\ [—Subarray 2, wio EQ

Magnitude [dB]

Y [ Subarray 2, w/EQ
24 25 26 27 28 24 25 26 27 28
Frequency [MHz] Frequency [MHz]
(c) d
10 —Subarray 1, wio EQ| [—Subarray 2, wio EQ|
—Subarray 1, w/ EQ |—Subarray 2, w/ EQ

Crosstalk [dB]

-20
-25 \J\/\M\‘/\/\/\/\ﬂ
-30

15 2 25 3 35 15 2 25 3 35
Frequency [MHz] Frequency [MHz]
(e) f

Fig. 13. (a) Crosstalk from a pulse into subarray 1 to subarray 2. (b) Crosstalk
from a pulse into subarray 2 to subarray 1. (c) Crosstalk from a 2.5-MHz tone
into subarray 1 to subarray 2. (d) Crosstalk from a 2.5-MHz tone into subarray
2 to subarray 1. (e) Crosstalk from tones within the bandwidth of interest into
subarray 1 to subarray 2. (f) Crosstalk from tones within the bandwidth of
interest into subarray 2 to subarray 1.

half is transmitting with no TX BF delays. This is shown
for a prototype with and without CMUTs. As most imaging
modes using this probe TX a two-period pulse per T/R cycle,
the typical number of pulse periods/second is 16000 when
imaging at 2000 volumes/s with four diverging waves per
volume. The associated power/element drawn from the HV
supply is 186 uW, which is much lower than the RX power
dissipation.

A breakdown of the power dissipation of the probe is shown
in Fig. 14(b). All power dissipation was measured during
active operation using a prototype with CMUTs. The PRF
is 8 kHz, as needed for 2000 volumes/s imaging. However,
to measure different parts of the RX circuitry independently,
parts of the ASIC were disabled. The RX front-end dissipates
0.79 mW/ElL. When applying a ramp function to VC during
each T/R cycle.

A breakdown of the ASIC area is shown in Fig. 14(c).
Although active circuits use most areas, because of the
pad-limited nature of the design, a substantial 44% of the total
area consists of bond pads, pad protection circuitry, decoupling
capacitors, and interconnect. Of the active design, the RX
front-end dominates with 36% of the total area, while the
combined TX circuit only uses 15% of the total area.

C. Acoustic Characterization

Fig. 15 shows the measurement setup for the acoustic
measurements. A 3-D-printed water tank is placed on top of
the ultrasound probe. The interface between the two consists of
acoustic gel and a plastic bag with a thickness much lower than
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Fig. 15. Acoustic measurement setup.

the 600-m nominal wavelength of the ultrasound waves, thus
not significantly attenuating signals. From the top of the water
tank, an xyz stage with a holder positions imaging objects or
instrumentation, depending on the measurement.

Fig. 10(b) shows the measured normalized pressure of the
transmitted waveforms using the driving signals shown in
Fig. 10(a). All elements on 1 tile were transmitting with no
time delays. The waveforms were transmitted at the nominal
maximum of the probe, where TX is limited to 40 V. As is
shown, the probe is capable of producing a wide range of
acoustic waveforms by means of the arbitrary PDM driving
signal for the CMUTs.

Fig. 16 demonstrates the TX BF functionality by comparing
four scanned C-planes of TX beams with their ideal Field II
[46] simulation result. These diverging beams are the same as
used in the TX scheme for 60° x 60° x 10 cm 2000 volumes/s
imaging. As the results are presented for 1 tile, the imaging
scheme only uses the central 32 x 32 elements, as a symmet-
rical TX aperture is needed to create the desired symmetrical
diverging waves.

The ASIC was configured to cycle through nine
pre-uploaded TX profiles, as it also does for HVR imaging.
The C-plane has a 3.5 cm distance from the array. The
peak-peak pressures were measured using a 200-um diameter
hydrophone and an xyz stage, scanning a grid of 4.6 x 4.6 cm
with 1-mm steps. The PRF of the ASIC during this measure-
ment is 18 kHz. As shown, the measured diverging waves are
in good agreement with the simulations. The elevated clutter
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Fig. 16. (a) Simulated C-planes at 3.5 cm from the probe for the diverging
waves used in the TX scheme for imaging of 60° x 60° x 10 cm at
2000 volumes/s. (b) Measured C-planes of the same TX waves at 3.5 cm
from the probe.

0 [~Output signal
= |—Noise
DR=73dB -10 |—Aliased 3rd harmonic
- | Aliased 5th harmonic
PSD in (b) -20 + [—Aliased 7th harmonic
| Aliased 9th harmonic
30 Aliased 11th harmonic|
|-pBF switching artefact
& 40
o
3. -50
a
2 60
70 -
]
-80 }
90
o 1 3 , 100
10 10 102 10 10 15 2 25 3 3.5

Input Peak Pressure [Pa] Frequency [MHz]

(a) (b)

Fig. 17. (a) Subarray SNR versus input peak pressure for varying VC control
voltages. (b) Example PSD of the output signal at high signal levels.

is from reflections in the water tank, originating from prior
scan point transmissions.

Fig. 17(a) shows the output SNR versus the peak input
pressure of a subarray for varying VC control voltages. The
lowest signal level is at an SNR of 0 dB in the highest gain
setting. The highest signal level is at the point where the SNR
diverges 1 dB from the dB-linear SNR-to-pressure curve at
the lowest gain setting. In total, the measurable peak pressure
range is between 0.99 and 4559 Pa, which gives a 73-dB DR.
The peak SNR is 52 dB and was measured at the highest gain
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Fig. 18. (a) 3-D B-mode image of 3-D-printed “TUD” logo without
equalization. (b) 3-D B-mode image of the same 3-D-printed “TUD” logo
with equalization.
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Fig. 19. (a) 3-D B-mode image of cross-shaped needle phantom. (b) M-mode
image of needle 3, which is moving along the Z-axis at a 20-Hz frequency.
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Fig. 20. (a) B-mode image of tissue mimicking (CIRS 040GSE) phantom.
Region 1 shows a hyperechoic cylinder, region 2 shows nylon strings, region
3 shows nylon strings with a smaller size, and region 4 shows the background
speckle of the phantom. (b) Reference image of the phantom [47].

setting. Distortion of the RX signals does not significantly
affect the image quality, as received pulse amplitudes, widths
and times-of-arrival define the reconstructed image. Therefore,
SNR is used as a metric for DR instead of the signal-to-
noise + distortion ratio (SNDR).

Given that the SNR is 0 dB for a peak input pressure
of 0.99 Pa, the input pressure noise is calculated to be
0.452 mPayms/+/Hz in the 1.4-3.8-MHz bandwidth of inter-
est. The simulated conversion efficiency of the CMUTs is
between 2.5 and 4.0 nA/Pa. When combining this conversion
efficiency with the estimated measurement uncertainties of the
acoustic measurement setup, the input-referred current noise
density is estimated at 1.4 pApms/~/Hz with an uncertainty
of £0.7 pAms/+~/Hz, which is in line with expectations.
Fig. 17(b) shows the output PSD used for deriving one data
point in Fig. 17(a). The signal tone is at 2.5 MHz. At high
amplitudes, odd-harmonics that alias back into the bandwidth
of interest dominate distortion.
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D. Imaging Results

To demonstrate the imaging capabilities of the probe,
images were made of a tissue-mimicking phantom (CIRS
040GSE) [47] and multiple objects in a water tank. The 3-D
images shown in Figs. 18 and 19 were made with 1 tile,
using the same TX scheme as is shown in Fig. 16 in the
same water tank, using a 5-V TX amplitude. Fig. 18 shows a
60° x 60° x 10-cm-volume 3-D B-mode image of 3-D-printed
“TUD” logo with and without channel equalization. As the
images demonstrate, the artifacts in the image are reduced
with decreased TDM-induced crosstalk.

Fig. 19(a) shows a similarly obtained 3-D B-mode image of
a set of needle heads, connected to a shaker, which oscillated
the needles along the Z-axis at 20 Hz. Given that the probe is
imaging at 2000 volumes/s, it is oversampling the needle head
positions by 50x, as is demonstrated in Fig. 19(b) where the
position of center needle 3 is shown versus time.

Fig. 20 shows a B-mode image of the tissue-
mimicking phantom, which attenuates ultrasound waves
by 0.5 dB/cm/MHz. To reconstruct the image, three beams
were used that are diverging along the Y-axis and plane waves
along the out-of-plane X-axis, rather than the transmission
scheme shown in Fig. 16. Just like that scheme, only the
center square is used in TX for the same reason. The opening
angle of the TX beams is also the same along the Y-axis.
The image was recorded at 8000/3 ~ 2.7 kHz at a 5-V
TX. This lower TX voltage was chosen as a precaution to
prevent damaging the limited number of imaging prototypes
available. Despite this, the probe has enough round-trip DR
to obtain a penetration depth of >8.8 cm with a sufficiently
high contrast. This gives ample margin for features that have
lower contrast when imaging with 40-V TX. Note that the
imaging depth is limited by the depth that the VSX can
process at an 8-kHz PRF, which is roughly 7 mm less than
the theoretically achievable depth at a 1540 m/s speed of
sound in human tissue.

VI. CONCLUSION

To address the emerging need for large-volume HVR imag-
ing, this article has presented a 4096-element 3-D ultrasound
probe. The probe is based on 365-pum-pitch CMUTs with a
2.6-MHz center-frequency, which are monolithically integrated
on 2 tiled ASICs that were fabricated in a 180-nm BCD pro-
cess. For TX, these contain a novel arbitrary-PDM-wave TX
BF, implemented as a programmable digital pipeline. It inter-
faces with element-level two-level 65-V unipolar pulsers that
drive the CMUT array. In RX, the ASICs pre-amplify signals
with element-level low-noise VGAs with a 36-dB gain range
and provide 8x channel-count reduction by applying 2 x 2
uBF and 2x TDM. Together, the proposed system architecture
enables imaging a 60° x 60° x 10-cm volume at 2000 vol-
umes/s, the highest volume rate for designs with in-probe
channel-count reduction reported to date, while providing
sufficient RX-channel reduction for the probe to interface
with existing imaging systems. Moreover, PRBS-trained EQ
reduces RX-channel crosstalk, which allows power-efficient
scaling of the in-probe cable drivers. A set of prototypes has
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TABLE 1
PERFORMANCE SUMMARY AND COMPARISON WITH THE PRIOR ART
This work [18] [31] [14] [15] [17]
Technology 180 nm BCD + MEMS | 180 nm BCD + MEMS | 180 nm BCD | 180 nm BCD | 180 nm BCD | 180 nm BCD
Transducer 2D CMUT 2D CMUT 2D PZT 2D PZT CMUT 2D PZT
TX/RX Channels 4096 / 4096 8960 / 8960 128 /3072 288 / 288 40/ 40 256 / 256
Centre Frequency 2.6 MHz 5.5 MHz 2 MHz 6 MHz 5 MHz 9 MHz
Element Pitch 365 pm 208 pum 300 pm 160 pm N/A 125 pm
Arbitrary-Wave TX v v x X X X
TX BF v v v v v v
Crosstalk Calibration v X X X X X
Volume Rate [vol/s] 2000 N/A N/A 1000 N/A N/A
Channel Reduction 8x 64x 24x 18x 40x 128x
Channel Redu*c]tion 4x uBF 8x Summing / M_UX*2 24 UBF 3x uBF 5x uBF erl\:]lgjli(
Method(s) 2x TDM 8x RX Pre-processing 6x D-TDM 8x TDM 4x D-TDM
RX Output Type Analog Digital Analog Digital Analog Digital
Max TX Voltage [V] 6573 50 138 30 70 20
Active Area / EL. [mm?] 0.12™ 0.043 0.09 0.03 0.15 0.016
RX Power / EL. [mW] 0.85™ 0.66° 0.74 1.12 4.65 1.83
Peak SNR [dB] 52 54570 N/A 52.2 N/A 54
Input DR [dB] 73 N/A 85 91 76 83

*1 : micro-beamformer (uUBF), analog time-division multiplexing (TDM), multiplexing (MUX), digital time-division multiplexing (D-TDM)

*2
*3
*4
*5:
drivers divided by the number of elements.
*6 : From the results presented in [48].

This excludes the Remainder’ category from Fig. 14.

been developed for both electrical and acoustic performance
evaluation. With the acoustic prototypes, the targeted imaging
performance was demonstrated with both water tank measure-
ments and tissue-mimicking phantom images.

Table I shows a summary of the achieved results and a
comparison with the prior art. While previous works have
also reported combinations of uBF and signal modulation
techniques to reduce channel count [14], [15], [17], this work
demonstrates its scalability to imaging arrays with thousands
of elements, while retaining a high volume rate. In addition,
the system has a high flexibility in TX waveform definition
at a reduced complexity compared to arbitrary-wave TX BFs
in the prior art. Together with competitive power consumption
and DR, it is a promising solution for use in medical R&D tar-
geting improved diagnosis and treatment of AAAs, as well as
other applications requiring HVR imaging of a large volume.
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