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Abstract— This paper presents an area- and power-efficient
application-specified integrated circuit (ASIC) for 3-D forward-
looking intravascular ultrasound imaging. The ASIC is intended
to be mounted at the tip of a catheter, and has a circular active
area with a diameter of 1.5 mm on the top of which a 2-D array
of piezoelectric transducer elements is integrated. It requires only
four micro-coaxial cables to interface 64 receive (RX) elements
and 16 transmit (TX) elements with an imaging system. To do
so, it routes high-voltage (HV) pulses generated by the system to
selected TX elements using compact HV switch circuits, digitizes
the resulting echo signal received by a selected RX element
locally, and employs an energy-efficient load-modulation datalink
to return the digitized echo signal to the system in a robust
manner. A multi-functional command line provides the required
sampling clock, configuration data, and supply voltage for the HV
switches. The ASIC has been realized in a 0.18-µm HV CMOS
technology and consumes only 9.1 mW. Electrical measurements
show 28-V HV switching and RX digitization with a 16-MHz
bandwidth and 53-dB dynamic range. Acoustical measurements
demonstrate successful pulse transmission and reception. Finally,
a 3-D ultrasound image of a three-needle phantom is generated
to demonstrate the imaging capability.
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I. INTRODUCTION

CORONARY artery disease is caused by atherosclerosis
of the coronary arteries of the heart [1]. It has become

one of the most common causes of death worldwide [2].
Intravascular ultrasound (IVUS) imaging, using an ultrasound
transducer mounted at the tip of a catheter, is an impor-
tant tool for the visualization, diagnosis and treatment of
atherosclerosis [3].

Conventional IVUS catheters are side-looking (SL) devices
that provide a 2-D cross-sectional image of the vessel wall.
An ultrasound transducer mounted at the tip of the catheter is
excited by high-voltage (HV) pulses to generate an acoustic
pulse, and the resulting echo signals are processed to form the
image. IVUS catheters employ either a mechanically rotating
single-element transducer [4], or 64 elements folded around
the tip of the catheter [5], [6]. Mechanical rotation is complex
to implement, and relatively slow, leading to motion artifacts in
the image [7], while the use of a transducer array comes with
an electrical interconnect challenge due to the limited number
of cables that can be accommodated in a catheter shaft.

A severe case of coronary artery disease is a chronic
total occlusion, a condition in which atherosclerotic plaque
completely blocks the vessel. Successful recanalization of such
occlusions using guidewires is associated with improved left
ventricular function and reduced mortality [8], [9]. For this
type of lesions, forward-looking (FL) imaging is required,
since imaging ahead of the catheter tip can help to distinguish
between plaque and normal vessel wall during the crossing
procedures, hence reducing the risks of dissections and vessel
perforation [3].

Early implementations of FL-IVUS catheters are based
on the scanning motion of an FL single-element trans-
ducer [10], [11] or a rotating single-element oriented at 45°
angle [12]. Both implementations require rotation and multiple
acquisitions to construct a 2-D image, and are sensitive to
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Fig. 1. Conceptual diagram of the FL IVUS catheter.

motion artifacts. In order to achieve real-time FL 3-D imaging
without rotation, a circular transducer array [13], [14] or a 2-D
transducer array [15] can be placed at the tip of the catheter.
However, connecting the resulting relatively large number
of elements (50–100) using micro-coaxial cables within the
catheter diameter of <2 mm is extremely challenging.

Application-specified integrated circuits (ASICs) for
FL-IVUS have been reported that employ pulsers and
multiplexers to reduce the number of cables, but these still
require at least 13 connections [13], [14], [16]. Moreover,
they communicate the received echo signals to the imaging
system in an analog form, which is relatively susceptible
to interference and not amenable to digital multiplexing or
data-reduction approaches. Also, the use of wireless data
transmission has been proposed to reduce the cable count [17],
but the integration of the required antenna on a catheter is
challenging, and successful wireless operation on a catheter
is yet to be demonstrated.

This paper presents a front-end ASIC that requires only four
micro-coaxial cables to interface with a total of 80 piezoelec-
tric transducer elements fabricated on the top of the ASIC:
64 receive (RX) elements and 16 transmit (TX) elements [18].
In contrast with prior work, the ASIC digitizes the received
echo signals locally, allowing their transmission to an external
imaging system in a robust form, and demonstrating the
feasibility of in-probe digitization within the stringent size,
power, and interconnect constraints of an FL-IVUS probe.
The ASIC has been designed for FL-IVUS, but the presented
approaches to in-probe digitization, cable-count reduction,
and HV switching are equally applicable in an SL-IVUS
probe, or in other miniature probes, such as intra-cardiac
echography (ICE) catheters.

Fig. 1 illustrates conceptually how the ASIC will be
mounted at the tip of a catheter. The ASIC will be laser
cut into a donut shape, with an outer diameter of 1.5 mm
and an inner hole of 0.5 mm for the guide wire. The ASIC
enables synthetic aperture imaging, in which acoustic pulses
are transmitted using one or multiple TX elements, and the

resulting received echoes are recorded by one RX element at a
time. Expanding on our earlier publication [18], which reports
preliminary results obtained using a test transducer array that is
connected to the ASIC using wire bonds, this paper presents a
detailed description of the design and new experimental results
obtained with transducer elements integrated on the top of
the ASIC.

This paper is organized as follows. Section II describes the
proposed system architecture. Section III discusses the details
of the circuit implementation. Sections IV and V present the
experimental results and conclusions.

II. SYSTEM ARCHITECTURE

A. Transducer Array

FL-IVUS probes have been reported that apply a ring-
shaped transducer array based on capacitive micromachined
ultrasonic transducers (CMUTs) [13], [14] or a 2-D matrix
array based on piezoelectrical (PZT) transducers [15]. These
designs either have a relatively low signal-to-noise ratio (SNR)
or require a large number of cables to be integrated. To over-
come these limitations, we have developed a PZT-based matrix
transducer with a total of 80 elements only needing four
coaxial cables to be integrated inside a catheter. The transducer
elements for transmit and receive are separated (16 for TX and
64 for RX), as illustrated in Fig. 1. The transducer array built
on the top of the ASIC uses the approach described in [19].

We employ 80 μm × 80 μm transducer elements with
a pitch of 100 μm. The center frequency of these elements
is 13 MHz. This is lower than the frequencies typically
used in SL-IVUS devices, which operate at 20 MHz or
above [5], [6]. The chosen frequency is comparable to earlier
FL-IVUS designs, e.g., [14], [20], and tradesoff resolution
for larger penetration depth as required in FL imaging. The
−3-dB bandwidth of the elements is 44% (10–16 MHz). The
impedance characteristic of the transducer elements has been
simulated using finite-element analysis software (PZFlex LLC,
Cupertino, CA, USA), as shown in Fig. 2. This simulation
includes the whole transducer stack (PZT, matching layer,
ASIC, glue, ground foil). Since the element thickness of
80 μm is close to the wavelength (100 μm), various mode
vibrations occur in different layers, resulting in fluctuations
of the impedance as a function of the frequency. To obtain
a lumped-element model suitable for circuit simulation, we
approximate the electrical impedance around resonance by
a Butterworth-van Dyke lumped-element model (also shown
in Fig. 2), which captures the main resonance mode and
the element’s electrical capacitance. The parameters of this
model are obtained by means of least-squares curve fitting on
the simulated impedance data. The transducer’s impedance at
resonance is approximately 0.7 pF//5 k�. The elements have
a measured transmit efficiency of 0.4 kPa/V at 6 mm from
the transducer. Their measured receive sensitivity is around
4 μV/Pa. To generate sufficient acoustic pressure to be able
to detect the low backscattered signal from blood [21] at an
imaging depth suitable for FL-IVUS, transmit voltages on
the order of 30 V are required. Table I summarizes the key
parameters of the applied transducer.
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Fig. 2. Simulated impedance characteristics obtained using finite-element
modeling, and the fitting results based on the Butterworth-van Dyke model.
(a) Magnitude versus frequency. (b) Phase versus frequency.

TABLE I

KEY PARAMETERS OF THE APPLIED TRANSDUCER ELEMENTS

While a matrix of transducer elements covering the full
ASIC would be best for imaging, we leave out elements
to make space for five bond pads, which provide electrical
connections (one of which is a ground) to four micro-coaxial
cables. In the prototype presented in this paper, the ASIC is
connected using wire bonds on the same side as the transducer
elements, but these can be replaced in the future by through-
silicon vias to realize more convenient connections on the back
side of the ASIC. Elements are also omitted in the center of
the ASIC to make room for the catheter’s guide wire.

The 80 elements are divided into 16 transmit (TX) elements
and 64 receive (RX) elements. The transmit elements are

located around the guide wire hole, while the receive elements
cover a larger aperture and determine the lateral imaging
resolution. This partitioning allows the receive circuitry to
be implemented using compact low-voltage circuitry, while
the number of HV circuits associated with the transmit
elements, which occupy a relatively large die size, is kept
limited.

B. ASIC Architecture
Fig. 3 shows the top-level architecture of the proposed

ASIC. The ASIC consists of three main parts: 1) HV switches;
2) a receive signal chain; and 3) a clock and data recovery
circuit.

The HV switches are responsible for exciting the 16 TX
elements using HV pulses in order to generate enough acoustic
pressure. Several implementations of on-chip HV pulsers have
been reported that can serve this purpose [22], [23]. Pulsers
employing a resistive pull-up to an HV supply [13] are simple
and area efficient, but are relatively power hungry due to
the current flowing through the pull-up resistor. A push–pull
architecture [22] is more power efficient, but requires more
HV transistors to implement a level shifter to control the pull-
up transistor and thus occupies more die area. An alternative
to using on-chip pulsers is to use on-chip switches to route
an externally generated HV signal (HV TX PULSE in Fig. 3)
to selected transducer elements [24]. This approach reduces
the on-chip power dissipation and allows the use of arbitrary
transmit waveforms. We present an area-efficient HV switch
implementation, by means of which one or more of the TX
elements can be connected via a TX cable to the imaging
system. This allows for the implementation of a synthetic-
aperture transmit scheme, in which each of the 16 TX ele-
ments are successively pulsed, or, alternatively, a plane-wave
transmit scheme, in which multiple TX elements are pulsed
simultaneously.

The receive signal chain is responsible for transferring
the received echo signals to the imaging system. In contrast
with prior analog approaches [13], [14], we digitize the echo
signals locally. In order to do so, we connect one of the
64 RX elements via an analog multiplexer and an analog front-
end (AFE) circuit to an ADC. This allows for the implemen-
tation of a synthetic-aperture receive scheme, in which the
echo signals received by the 64 RX elements are digitized in
64 successive pulse-echo sequences. Combined with the
synthetic-aperture transmit scheme, a complete synthetic-
aperture image can be obtained in 1024 (16 × 64) sequences.
The estimated volume frame rate is on the order of 100 fps
for an imaging depth of 8 mm. While this is sufficient for
our application, higher frame rates could be achieved by
using multiple AFEs and ADCs and less multiplexing. This,
however, comes with the challenges of increased die size and
output data rates.

The AFE circuit amplifies the echo signal with a program-
mable gain to match it to the input range of the ADC. To detect
the low backscattered signal from blood, an ultrasound system
requires a dynamic range (DR) of at least 70 dB [21]. The
DR of the receive signal chain can be lower than this, because
the beamforming operation that combines the 16 × 64 receive
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Fig. 3. Block diagram of the IVUS ASIC.

signals to form the image enhances the DR. In the case of
full synthetic phased array imaging, the DR will increase
by

√
(16 · 64), or 30 dB, while other imaging schemes can

provide even more [25]. To reach an overall DR of 80 dB,
we aim for a DR of 50 dB per channel. Considering this
DR requirement and the 13-MHz transducer center frequency,
a 60-MS/s 10-bit SAR ADC is adopted. The ADC’s output
data is transmitted serially to the imaging system using a load-
modulation-based data link (RX DATA).

The clock and data recovery circuit is responsible for
extracting the ADC sampling clock and the pulsewidth
encoded configuration data, including the switch and gain
settings, from a COMMAND signal generated by the imaging
system during the RX phase. This same signal is also used to
distinguish between the TX and the RX phases. During TX,
the line is pulled to 5 V by the system, providing a supply
voltage for the HV transmit circuit, as will be discussed in
Section III-D.

In addition to the three mentioned cables (HV TX PULSE,
RX DATA, and COMMAND), a fourth cable provides the
ASIC with a supply voltage (VDD) of 1.9 V.

III. CIRCUIT IMPLEMENTATION

A. Analog Front End
Fig. 4(a) shows the circuit diagram of the AFE, which

converts the signal current of the selected RX element
to a differential input voltage for the ADC. It consists of
a trans-impedance amplifier (TIA), a buffer stage (BUF),
a programmable-gain amplifier (PGA), and an ADC driver.
Note that the multiplexer at the input has been omitted
in Fig. 4(a) for simplicity.

The TIA is used to amplify the signal current Iin produced
by the small PZT elements. Considering, as shown in Fig. 2,
the relatively high source resistance (∼5 k�) and the small
capacitance (∼0.7 pF), a TIA is a power-efficient circuit
topology. We opt for a single-ended TIA in view of the
inherently single-ended nature of the transducer elements,
due to the common ground electrode shared by all elements.
A fully differential implementation would require more area,
while the benefit of lower harmonic distortion is not critical in
our application, since harmonics are out-of-band and will be

Fig. 4. Circuit diagrams of (a) AFE, (b) OTA used in both the TIA and
the PGA, (c) buffer stage, and (d) OTA of the ADC driver.

filtered out. The TIA senses the signal current Iin and converts
it into an output voltage. A feedback resistor of 115 k� sets
the trans-impedance gain, while a feedback capacitor of 77 fF
ensures stability and sets the −3-dB bandwidth to 18 MHz.

To make the dc biasing of the TIA’s virtual ground inde-
pendent of that of the transducer, a coupling capacitor Cac
of 5.6 pF is used. This allows the transducer to be shorted to
ground during the TX phase and connected to the TIA during
the RX phase, without voltage transients that lead to parasitic
acoustic transmissions. During the TX phase, the TIA’s feed-
back network is shorted, thus keeping the amplifier in unity-
gain feedback and preventing parasitic on-chip coupling of the
HV transmit pulse from affecting the receive path.

A current-reuse operational transconductance amplifier
(OTA) is employed to increase the power efficiency of the
TIA, as shown in Fig. 4(b) [26]. The applied differential
architecture allows the use of a tail-current source that isolates
the signal-path from interfering signals superimposed on the
supply voltage. The OTA is biased at 220 μA to ensure that
the TIA’s bandwidth covers the transducer’s bandwidth and
that the input-referred noise of the receive signal chain is
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dominated by the transducer (whose in-band rms noise is
around 4.4 nA) rather than the TIA. The OTA’s non-inverting
input is biased at a mid-supply reference voltage Vcm, using
a resistive divider (not shown).

The PGA is implemented as an inverting amplifier with a
switchable capacitive feedback network, which provides a gain
of 6, 12, or 18 dB. This programmability allows the amplitude
of the received signal to be adjusted to the input range of
the ADC. The PGA has a constant input capacitance of 616 fF.
The programmable gain is realized by switching the feedback
capacitors, from 308 fF at the lowest gain setting to 77 fF
at the highest gain setting. The architecture of the OTA is
similar to that used in the TIA. It is biased at 220 μA for
gain accuracy and linearity. In order to prevent the PGA’s input
capacitance (616 fF) from loading the TIA, a flipped voltage
follower (BUF) biased at 110 μA [27], shown in Fig. 4(c),
is employed as a buffer stage.

Finally, a fully differential amplifier is implemented to
convert the single-ended voltage to a differential voltage
and drive the ADC’s input sampling capacitors of 2 pF.
To relax the bandwidth requirements on this amplifier, as will
be discussed below, the ADC employs two pairs of time-
interleaved sampling capacitors, so that one sampling clock
period, i.e., roughly 16.6 ns, is available for settling, rather
than only a fraction of the sampling period. This still requires
a bandwidth of 66 MHz, which is realized in a power-efficient
way by adopting a modest gain of 2 and using a fully
differential current-reuse OTA, shown in Fig. 4(d), biased at
400 μA. This OTA provides a differential output voltage to
the ADC with a peak-to-peak range of 1.2 V.

Like the TIA, the PGA, and the ADC driver are both
switched in unity-gain feedback during the TX phase. This
blocks interference from the TX signal and provides a
well-defined dc biasing for the capacitive feedback net-
works. The complete receive path consumes approximately
950 μA and provides an overall trans-impedance gain of
112, 118, or 124 dB� for the three PGA gain settings.

B. ADC
Local digitization of the receive echo signals helps to

provide a robust digital output. Pipelined ADCs and delta-
sigma ADCs have been reported for ultrasound applications
with suitable power consumption levels [28]–[30]. However,
these designs require a die area that exceeds what is available
in our application [28], [29], or are implemented in advanced
technology nodes that do not offer the HV devices required
in our design for the transmit switches [29]. Considering the
stringent requirement of power and area, and the relatively
modest DR requirement, an SAR ADC is a good choice for
our application in 0.18-μm HV CMOS technology. A 60-MS/s
10-bit SAR ADC is employed which can be implemented in a
power-efficient manner and is well matched to the 50-dB DR.
Moreover, it allows asynchronous operation, which eliminates
the need of an external oversampled clock and thus reduces
the system complexity.

In a conventional charge-redistribution SAR ADC, the volt-
age on the capacitive DAC (CDAC) needs to settle to the
required accuracy (errors within +/−0.5 LSB) before the

Fig. 5. Simplified circuit diagram of the ADC.

comparator makes a decision. Less than 1.7 ns would be
available for the CDAC to settle to the reference voltage
and the comparator and SAR logic to finish the decision.
Allocating more time for the CDAC settling would reduce the
power consumption of the reference buffer but more power
hungry and faster digital logic (comparator and SAR logic)
would be required.

A 10-bit charge-sharing SAR ADC, in contrast, can be
implemented using only 67 unit capacitors, and relaxes the
settling requirements of the reference buffer [31]. Therefore,
we employ a charge-sharing SAR ADC in this paper.

Fig. 5 shows a simplified circuit diagram of this SAR ADC.
The differential analog input signal is first sampled on the
sampling capacitors Cs . In the meanwhile, the CDAC is pre-
charged by an on-chip reference buffer to generate nine binary-
scaled reference charges which will be used to quantize the
signal charge. To determine the most significant output bit,
the comparator evaluates the polarity of the voltage on Cs .
Based on this, the largest CDAC capacitor is connected either
in parallel (CP) or anti-parallel (CN) to Cs , causing the
associated reference charge to be added to or subtracted from
the charge on Cs . The comparator then again evaluates the
polarity of the voltage on Cs to determine the next bit. This
successive approximation process continues until all 10 bit
have been determined, and is controlled by the SAR logic,
whose differential outputs CP1–CP9 and CN1–CN9 are used
to control the switching of the CDAC. By using sampling
capacitors Cs of the same size as the total CDAC capacitance
and a reference voltage of 0.3 V, the desired differential input
voltage range of 1.2 V is obtained [31].

The implemented CDAC consists of 67 unit capacitors (not
shown in detail in Fig. 5), 63 of which are pre-charged to
the reference voltage to create the six most-significant binary-
scaled reference charges (32:16:8:4:2:1). Of the remaining four
unit capacitors, one is pre-charged to the reference voltage,
after which successive charge redistribution with the other
3 is used to create the three least-significant reference charges
(0.5:0.25:0.125) [31]. A unit capacitor Cu of 32 fF is used
to meet the 10-bit matching requirement, taking into account
both matching between the unit capacitors and the effect of
parasitic capacitance of the switches controlled by CP and
CN shown in Fig. 5. This leads to total CDAC capacitance of
2 pF. As said, the sampling capacitors Cs are of the same size.
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Fig. 6. Circuit diagram of the reference buffer.

The associated kT/C noise is well below the LSB step of
the ADC.

A self-timed architecture is implemented for the SAR
logic to avoid the need of an oversampled clock. Via the
COMMAND line, an external 60-MHz clock is used to trigger
the start of the conversion. The comparator clock is generated
by asynchronous SAR logic. In order to increase the linearity
of the input sampling switches, the drive signal of these
NMOS switches is boosted to achieve an over-drive voltage
of ∼1.3 V [32]. The power consumption of the ADC is fully
dynamic and amounts to 2.8 mW.

Fig. 6 shows the schematic of the reference buffer. A refer-
ence voltage Vref,in of 0.3 V is derived from the supply voltage
VDD by means of a resistive divider comprised R1 and R2.
While this means that any variation in VDD results in a
variation of Vref,in with an attenuation of only 6× (16 dB), this
is not problematic, since the chip’s supply voltage is directly
provided from the system side via one of the four cables
(see Fig. 3). There, a voltage regulator is used to stabilize
the dc value of the supply voltage. To prevent high-frequency
signals on the supply from coupling into the reference voltage,
an on-chip bypass capacitor C f is included. An OTA and a
source follower form an op-amp which is configured as a
unity-gain stage and forces Vref ′ equal to Vref,in. A scaled
replica stage comprised M2 and R/m charges the CDAC in an
open-loop manner to a reference voltage Vref that tracks Vref ′
and hence Vref,in. The scale factor m = 10 is chosen to ensure
sufficient CDAC settling. Only 39 μA is consumed in the OTA
and 60 μA in the source follower comprised M1 and R. The
600 μA is consumed in the replica stage to ensure low enough
output impedance for sufficient CDAC settling.

In order to reduce the power consumption of the ADC
driver, a two-path time-interleaved sampling scheme is
employed to reduce the bandwidth requirement of the ADC
driver. The associated schematic and timing diagram are shown
in Fig. 7. In every clock cycle, one pair of sampling capacitors
connects to ADC driver, making a full 16.6 ns available for
settling, while the charge stored on the other pair is digitized.

C. Load-Modulation Datalink

To transmit the ADC’s 10-bit output code through a sin-
gle cable, a conventional implementation is to serialize the
10-bit code using an oversampled clock generated on-chip
with a power-hungry phase-lock loop (PLL) or delay-lock
loop (DLL). Instead, to simplify the circuitry and reduce the

Fig. 7. Circuit diagram of two-path time interleaved sampling.

Fig. 8. Circuit diagram and waveforms for the load-modulation datalink.

on-chip power dissipation, the ADC output code is transmitted
asynchronously by means of load modulation. Fig. 8 shows the
principle. The comparator’s asynchronous differential outputs
COMP and COMN represent the output code. Two differently
sized NMOS load-modulation switches are driven by the com-
parator outputs, resulting in three different loads resistances.
Together with a 50-� pull-up resistor on the system side, this
forms a resistive divider on which a three-level waveform can
be observed from which the ADC bits can be recovered. The
supply voltage to which the pull-up resistor is connected is a
tradeoff between signal swing and power consumption. A volt-
age of 0.7 V was chosen experimentally (see Section IV-A),
which leads to an on-chip power consumption associated with
the data transmission of about 2.7 mW, comparable to the
power consumption of the remaining building blocks.

D. High-Voltage Bootstrapped Switch
The HV switches serve to pass a transmit pulse generated by

the imaging system to selected transducer elements during the
TX phase. Earlier implementations of HV switches employ
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Fig. 9. (a) Conceptual diagram of the HV switch circuit. (b) Associated
timing diagram.

either level-shift circuits [22], [23] or bootstrapped capaci-
tors [24] to provide overdrive to turn on an HV MOS transistor.
A level-shift circuit translates a low-voltage switch-control
signal to the voltage level at which the switch operates, and
tends to require an HV supply, which is not available in our
system. A bootstrapped switch is a better match. It employs
a capacitor at the gate of an HV MOS transistor which is
charged up to turn on the switch when the voltage level is low.
The capacitor then maintains the overdrive when the voltage
level increases, thus keeping the switch ON. In [24], a switch
is described that employs back-to-back connected transistors
to provide bi-directional isolation. However, to turn on and
off these transistors, two additional HV MOS transistors and
several HV diodes are needed per switch, which requires
significant die size.

In this paper, we limit ourselves to unipolar pulses, so that
back-to-back isolation is not required, allowing an implemen-
tation using only one HV switch transistor MH1 to connect
the transmit element (Vel) to the off-chip HV pulser (VTX),
as shown in Fig. 9(a). To turn on MH1, a bootstrap capaci-
tor Cgs is charged to 5 V through transistor MH2. This happens
when VTX is still low, at the start of the TX phase. To turn
on MH2, its gate voltage Vg2 is pumped to approximately
10 V, while its source voltage Vs2 is pushed to 5 V, as shown
in Fig. 9(b). The 10 V at the gate is generated by charging

Fig. 10. Circuit diagram of the HV switch and the control signal generator.

a capacitor Cboost to 5 V and then pushing the voltage Vboost
at its bottom plate to 5 V. Because MH2 is now turned on,
Cgs will be charged to Vs2 (5 V). Once Cgs has been charged,
MH2 is switched OFF by dropping Vboost, thus isolating the
charge on Cgs and keeping MH1 switched ON. HV transmit
pulses on the TX line can then be passed to the transducer
element. The bootstrap capacitor Cgs of 1.7 pF is sized such
that MH1 maintains enough overdrive even if some charge is
lost when the TX line goes high due to parasitic capacitance at
node Vg1. A Zener diode D2 protects the gate of MH1. After
the TX phase, MH1 is turned off by dropping Vs2, which
causes Cgs to be discharged through MH2. A diode D1 then
precharges Cboost for the next TX cycle. To prevent the switch
from turning on during the TX phase, Vboost and Vs2 are simply
kept low, as illustrated in the second TX phase in Fig. 9(b).

In order to generate the 5-V control signals Vboost and Vs2
needed for the HV switch, a control signal generator is
required, shown in Fig. 10. The required 5-V level is derived
from the COMMAND line. When the voltage Vcmd on that
line is pulled to 5 V by the system to identify the start of the
TX phase, M4 pulls the V5V line up to 5 V. If Vcmd is between
VSS and VDD, i.e., during the RX phase, this is detected by the
circuit consisting of M1–3, which turns on M5 to pull V5V to
ground, completely turning off the HV switch circuit.

As said, the HV switch MH1 is turned on by pulling Vboost
and Vs2 to 5 V during the TX phase. Whether this happens
is determined by a 1.8-V logic enable signal EN, provided
by the chip’s configuration shift register. With the help of
a 1.8- to 5-V level shifter consisting of M6–9, this enable
signal drives transistor M10 to pulling up Vs2. The shorter
pulse on Vboost is generated by M12–15, R1, and C1, where
the time required to charge C1 through R1 determines the
duration of this pulse, which is set to approximately 20 ns.
When EN is low, Vs2 and Vboost are pulled down by M11
and M12, respectively, preventing the switch from turning on.
Although the V5V is pulled down to 0 V during the RX phase,
the diode D1 prevents Cboost from being discharged.
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Fig. 11. Circuit diagrams of (a) clock and data recovery circuit,
(b) continuous-time comparator, and (c) associated timing diagram.

E. Clock and Data Recovery Circuit

Besides providing a 5-V level during the TX phase,
the COMMAND line also provides a clock for the ADC,
and, in the form of pulsewidth modulation (PWM)-encoded
data, configuration bits that are loaded into a shift register
to control the RX multiplexer, the gain of the AFE, and the
EN signals of the TX switches. In order to recover the clock
and data from the COMMAND line, the 5-V pulses are first
clamped to protect the following low-voltage circuitry, and
then, the extracted PWM signal is demodulated into a clock
and data, as shown in Fig. 11(a). A 5-V NMOS transistor
M0 limits the Vcmd signal to VDD–Vth, where Vth is the
transistor’s threshold voltage, after which a simple continuous-
time comparator, shown in Fig. 11(b), turns the signal into
proper logic levels. The comparator is biased at 190 μA to
make sure that the latency of the comparator will not affect
the duty cycle of recovered PWM signal. The rising edges of
the resulting signal are used to trigger the ADC.

To decode the data bits, the signal level is sampled at half
a clock cycle after the rising edge, as shown in Fig. 11(c).
To do so, a delayed version of the signal is used to clock a
flip-flop. This delayed version is also used as the clock for
the chip’s 30-bit shift register. In order to prevent the current
state of the chip from being affected by the loading of new
data into the shift register, the shift register output is buffered
by a second set of flip-flops, which are clocked by the TX
signal [obtained from the HV switch circuit (see Fig. 10)].
Thus, new configuration data only becomes active at the start
of the succeeding TX phase.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

The ASIC has been realized in a 0.18-μm HV CMOS
process with a total area of 2×2 mm2, as shown in Fig. 12(a).
The circular layout has a 1.5-mm outer diameter and a central
hole with a 0.5-mm diameter, so that it can be laser cut into a

Fig. 12. (a) Chip micrograph. (b) Micrograph of prototype ASIC with
transducer array on the top.

donut shape to fit at the tip of a catheter. Five bond pads pro-
vide electrical connections for the four micro-coaxial cables;
80 bond pads are positioned to connect to transducer elements.
The die area around the donut is used for test circuits, which
are not connected in the acoustical measurements reported
below. These test circuits contain digital buffers that provide
a parallel 10-bit ADC output (Dout in Fig. 5), as well as a test
bondpad through which an electrical test signal can be applied
to the AFE.

Fig. 12(b) shows a fabricated prototype with the transducer
array built on the top of the ASIC using the approach described
in [19]. The bond pads on the ASIC that provide electrical
connections to the transducer elements are equipped with gold
bumps using a wire-bonding tool. After this, an epoxy layer
is applied to ASIC that is grinded down to expose the gold,
thus providing reliable electrical contacts for the transducer
elements. The acoustic stack consisting of a backing layer,
a piezoelectric material (PZT), and a matching layer (with a
total thickness of approximately 160 μm) is glued on the top of
the grinded epoxy layer, which is cut into the desired 100-μm-
pitch array pattern using a diamond saw. Finally, the array is
covered with an aluminum foil that forms the common ground
electrode of the elements.

Fig. 13 shows a block diagram of the experimental setup.
The ASIC is wire-bonded to a daughter board PCB. The
ground foil is connected to the ground of the ASIC and
the PCB. The ASIC’s four cable connections are connected to
four headers on the daughter board which are then connected
through 1.5-m-long micro-coaxial cables (AWG 42) to a
mother board. The serial output of the ADC is captured by
a high-speed oscilloscope with 1-GHz bandwidth (DL9710L,
Yokogawa) and processed in MATLAB on a PC. The test
signals are connected to the mother board through headers.
The HV pulse is provided by an external pulser (AVTech,
AVR40, Avtech Electrosystems Ltd., Ottawa, ON, Canada).
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Fig. 13. Schematic of the acoustical experimental setup.

Fig. 14. Method of applying a test current to the TIA input.

The mixed-voltage multi-functional command line is generated
by a field-programmable gate array (FPGA) and an analog
switch (ADG719, Analog Device) which is used to pull the
line to 5 V. The switch control signal and 60-MHz PWM signal
are generated by the FPGA.

B. Electrical Measurements
In order to characterize the receive signal chain, an external

test voltage was applied to the ASIC’s analog test input, which
is connected on-chip via a 31-k� resistor to the TIA input to
produce a test current, as shown in Fig. 14. This ensures that
the parasitic capacitance (Cp) associated with the PCB trace
and the on-chip bond pad do not affect the test current applied
to the TIA. Fig. 15 shows the measured transfer function of the
receive signal chain for the three gain settings. The measured
trans-impedance gain ranges from 108 to 119 dB� with a gain
step of 5.7 dB�, and is 4–5 dB� lower than the design target
because of the limited open-loop gain of the OTAs in the AFE.

The measured input-referred noise spectrum is shown in
Fig. 16. The slight increase at higher frequencies is due to the
roll-off of the transfer function (see Fig. 15). The total input-
referred in-band (10–16 MHz) rms noise is 4.8 nA in which
the thermal noise of the 31-k� resistor is also included. While
comparable to the 4.4-nA noise level of the transducer, this
noise level is larger than the design target. A possible cause
of this is coupling of the transient supply currents drawn by
the ADC and the logic to the input of the LNA via the ground
connection of the chip, which in this design also serves as the
connection to the transducer’s ground foil. This coupling can
be reduced in the future by connecting the ground foil to the
ground bond pad on the chip, rather than via the PCB.

Fig. 15. Measured transfer function of the ASIC receive signal chain for
different PGA gain settings.

A sinusoidal input signal was applied to evaluate the
SNR and the linearity of the receive signal chain. The mea-
sured spectrum shown in Fig. 17 illustrates a 42-dB in-band
(10–16 MHz) SNR and ∼37-dB HD2. The DR measurement
results are shown in Fig. 18. The measured DR, accounting
for the programmable gain, is around 53 dB, sufficient for the
IVUS application.

The HV switch was designed to transmit 30-V pulses at
a frequency of 13 MHz (pulsewidth of 38 ns) for a PZT
device with a parasitic capacitance of 0.7 pF. Fig. 19 shows
the measured HV pulse input and HV pulse output of one
selected channel in the HV switch array. A 380-ns HV pulse is
applied to show the highest voltage amplitude that the chip can
provide, which is 29.3 V. A 38-ns pulse is also applied. The
lower amplitude of the HV pulse output shown is caused by
incomplete settling due to the large PCB parasitic. However,
the transducer array used in the acoustical measurement is
directly integrated on the top of ASIC so that no additional
parasitic are introduced and the HV pulse should be able to
fully settle.
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Fig. 16. Measured input-referred noise of the receive signal chain.

Fig. 17. Measured output spectrum of the receive signal chain for a 13-MHz
sinusoidal input signal.

Fig. 18. Measured DR of the ASIC receive signal chain for different PGA
gain settings.

Fig. 20 shows the load-modulation output captured using
the high-speed oscilloscope. Compared to the ideal waveform

Fig. 19. Measured HV pulse input and output at one TX transducer pad in
different pulsewidths.

Fig. 20. Measured load-modulation signal.

shown in Fig. 8, the signal has clearly been low-pass filtered,
partially due to the finite bandwidth of the oscilloscope.
Nevertheless, the data bits can still be correctly extracted from
the captured waveform. To do so, the captured waveform is
first synchronized to the 60-MHz input clock and divided into
chucks that corresponds to the 10 data bits of an individual
sample. The data bits are then extracted by detecting the peaks
in the waveform using MATLAB. By comparing the extracted
data with the data captured from the parallel test outputs, a bit
error rate (BER) of approximately 0.2% is found, which hardly
affects the SNR.

Fig. 21 shows the power breakdown of the ASIC. The total
power consumption is 9.1 mW, which is dominated by the
power consumed by the ADC, the analog circuits (including
the receive signal chain, the comparator in clock, and data
recovery circuits, and the reference buffer) and the load-
modulation datalink.

C. Acoustic Measurements
To perform acoustic measurements, a water bag was

mounted on the top of the fabricated prototype, as shown
in Fig. 14. Selected channels of the HV transmit chain were
excited and the pressure was measured using a hydrophone
(SN1302, Precision Acoustics) suspended in the water 5 mm
above the transducer array. The measured TX pressure for
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Fig. 21. Power breakdown of the chip.

Fig. 22. (a) Measured TX pressure versus number of excited elements.
(b) Receive signal measured through two transducer elements.

increasing number of excited elements is shown in Fig. 22(a),
showing, as expected, a peak pressure that increases roughly
proportionally with the number of excited elements.

To test the receive functionality acoustically, a single-
element 5-MHz transmit transducer (PA865, Precision
Acoustics) was placed under an angle in the water above the
transducer array generating short acoustic pulses. Two receive
elements were selected to receive the acoustic signal as shown
in Fig. 22(b). The time delay between the recorded signals is
consistent with the fact that the transmitter was placed at an
angle, leading to different arrival times of the acoustic pulse
on the two elements.

In order to show the 3-D imaging capability of the proto-
type, a three-needle phantom was placed in the water above the

Fig. 23. (a) Three-needle phantom setup. (b) 3-D image showing the position
of the three needles.

transducer array [Fig. 23(a)]. The 16 transmit transducers were
excited simultaneously by 30-V pulses of 30 ns to generate
a TX beam. The echo signals from 64 receive transducers
were then recorded sequentially. A 3-D image showing a DR
of 10 dB [Fig. 23(b)] was reconstructed by means of delay-
and-sum beamforming of the received echo signals. The three
needle heads can be clearly recognized in the image. For the
central needle, sidelobe artifacts are visible close to the main
signal. These artifacts are present for all the needles but since
the central needle reflects most of the signal, only there the
artifact is visible in the 10-dB DR image. Note that better
image quality can be obtained by employing synthetic aperture
also in TX, and by applying more sophisticated reconstruction
techniques. This, however, is beyond the scope of this paper.

A comparison of our ASIC performance and characteris-
tics with the prior art is provided in Table II. The designs
described in [13] and [14] employ ring-shaped CMUT trans-
ducer arrays with separate RX and TX elements. The on-chip
circuitry includes per-element receive amplifiers, multiplexers
and buffers that provide four parallel receive outputs, as well as
pulsers with the associated control logic. The design described
in [6] is for an SL IVUS probe, in which four ASICs are
connected to a 64-element PVDF array. Each ASIC includes
16 receive amplifiers and transmit pulsers, with a single
differential current-mode receive output shared by the four
ASICs. A unique feature of our work is that it not only
includes a receive front end, but also an ADC and a load-
modulation datalink. Rather than employing on-chip pulsers,
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TABLE II

SYSTEM-LEVEL COMPARISON WITH PRIOR WORK

we use on-chip HV switches, which connect selected TX
elements to a pulser on the system side, thus reducing the on-
chip power dissipation. Our ASIC features the lowest cable
count and the lowest power consumption, and is the first to
provide a digitized output signal.

V. CONCLUSION

This paper has presented a front-end ASIC for 3-D IVUS
imaging which interfaces with 16 transmit elements and
64 receive elements using only four 1.5-m micro-coaxial
cables. The chip has 1.5-mm-diameter donut-shaped lay-out
to facilitate placement around the guide-wire of a catheter.
A multi-functional mixed-voltage command line is used to
transmit clock, data, and a power supply for the HV switches
through only one cable. A load-modulation-based data trans-
mission scheme is used to transfer the ADC’s 10-bit output
asynchronously through one cable. A HV switch array with
a compact and power-efficient circuit-level implementation
allows 16 transmit transducers to be excited through one
cable. To overcome the challenges of limited area- and power-
constraints, an inverter-based AFE and a charge-sharing SAR
ADC have been implemented. The effectiveness of these tech-
niques has been successfully demonstrated in a 3-D ultrasound
imaging experiment.

REFERENCES

[1] R. Ross, “Atherosclerosis—An inflammatory disease,” New England
J. Med., vol. 340, pp. 115–126, Jan. 1999.

[2] World Health Organization. (May 2017). Cardiovascular Diseases
(CVDs). [Online]. Available: http://www.who.int/mediacentre/factsheets/
fs317/en/

[3] H. Garcia-Garcia, M. A. Costa, and P. W. Serruys, “Imaging of coronary
atherosclerosis: Intravascular ultrasound,” Eur. Heart J., vol. 31, no. 20,
pp. 2456–2469, Sep. 2010.

[4] P. G. Yock, “Catheter apparatus, system and method for intravas-
cular two-dimensional ultrasonography,” U.S. Patent 4,794,931A,
Jan. 3, 1989.

[5] M. O’Donnell et al., “Catheter arrays: Can intravascular ultrasound make
a difference in managing coronary artery disease,” in Proc. IEEE Int.
Ultrason. Symp., vol. 2. Oct. 1997, pp. 1447–1456.

[6] W. C. Black, Jr., and D. N. Stephens, “CMOS chip for invasive
ultrasound imaging,” IEEE J. Solid-State Circuits, vol. 29, no. 11,
pp. 1381–1387, Nov. 1994.

[7] L. Gatzoulis et al., “Three-dimensional forward-viewing intravascular
ultrasound imaging of human arteries in vitro,” Ultrasound Med. Biol.,
vol. 27, pp. 969–982, Jul. 2001.

[8] S. Aziz and D. R. Ramsdale, “Chronic total occlusions—A stiff chal-
lenge requiring a major breakthrough: Is there light at the end of the
tunnel?” Heart, vol. 91, no. 3, pp. 42–48, 2005.

[9] B. K. Courtney et al., “Innovations in imaging for chronic total occlu-
sions: A glimpse into the future of angiography’s blind-spot,” Eur.
Heart J., vol. 29, no. 5, pp. 583–593, 2008.

[10] J. L. Evans et al., “Arterial imaging with a new forward-viewing
intravascular ultrasound catheter, I. Initial studies,” Circulation, vol. 89,
pp. 712–717, Feb. 1994.

[11] K. H. Ng et al., “Arterial imaging with a new forward-viewing
intravascular ultrasound catheter, II. Three-dimensional reconstruc-
tion and display of data,” Circulation, vol. 89, pp. 718–723,
Feb. 1994.

[12] J. H. Rogers, “Forward-looking IVUS in chronic total occlusions,”
Cardiac Intervent. Today, vol. 21, 2009.

[13] G. Gurun et al., “Single-chip CMUT-on-CMOS front-end system
for real-time volumetric IVUS and ICE imaging,” IEEE Trans.
Ultrason., Ferroelect., Freq. Control, vol. 61, no. 2, pp. 239–250,
Feb. 2014.

[14] C. Tekes et al., “Real-time imaging system using a 12-MHz forward-
looking catheter with single chip CMUT-on-CMOS array,” in Proc. IEEE
Int. Ultrason. Symp., Oct. 2015, pp. 1–4.

[15] E. D. Light and S. W. Smith, “Two dimensional arrays for real time
3D intravascular ultrasound,” Ultrasonic Imag., vol. 26, pp. 115–128,
Apr. 2004.

[16] G. Gurun, P. Hasler, and F. L. Degertekin, “Front-end receiver electron-
ics for high-frequency monolithic CMUT-on-CMOS imaging arrays,”
IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 58, no. 8,
pp. 1658–1668, Aug. 2011.

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



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

TAN et al.: FRONT-END ASIC WITH HV TRANSMIT SWITCHING AND RECEIVE DIGITIZATION 13

[17] J. Lim, C. Tekes, F. L. Degertekin, and M. Ghovanloo, “Towards a
reduced-wire interface for CMUT-based intravascular ultrasound imag-
ing systems,” IEEE Trans. Biomed. Circuits Syst., vol. 11, no. 2,
pp. 400–410, Apr. 2017.

[18] M. Tan et al., “A front-end ASIC with high-voltage transmit switching
and receive digitization for forward-looking intravascular ultrasound,”
in Proc. IEEE Custom Integr. Circuits Conf. (CICC), Apr./May 2017,
pp. 1–4.

[19] C. Chen et al., “A prototype PZT matrix transducer with low-power
integrated receive ASIC for 3-D transesophageal echocardiography,”
IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 63, no. 1,
pp. 47–59, Jan. 2016.

[20] Y. Wang, D. N. Stephens, and M. O’Donnell, “Optimizing the beam pat-
tern of a forward-viewing ring-annular ultrasound array for intravascular
imaging,” IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 49,
no. 12, pp. 1652–1664, Dec. 2002.

[21] T. L. Szabo, Diagnostic Ultrasound Imaging: Inside Out. New York,
NY, USA: Elsevier, 2004, pp. 387–388.

[22] H.-K. Cha, D. Zhao, J. H. Cheong, B. Guo, H. Yu, and M. Je,
“A CMOS high-voltage transmitter IC for ultrasound medical imaging
applications,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 60, no. 6,
pp. 316–320, Jun. 2013.

[23] D. Zhao et al., “High-voltage pulser for ultrasound medical imaging
applications,” in Proc. 13th Int. Symp. Integr. Circuits (ISIC), 2011,
pp. 408–411.

[24] K. Hara, J. Sakano, M. Mori, S. Tamano, R. Sinomura, and K. Yamazaki,
“A new 80 V 32×32ch low loss multiplexer LSI for a 3D ultrasound
imaging system,” in Proc. Int. Symp. Power Semiconductor Devices ICs,
May 2005, pp. 359–362.

[25] J. W. Choe et al., “Volumetric real-time imaging using a CMUT ring
array,” IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 59, no. 6,
pp. 1201–1211, Jun. 2012.

[26] Y. Chae and G. Han, “Low voltage, low power, inverter-based switched-
capacitor delta-sigma modulator,” IEEE J. Solid-State Circuits, vol. 44,
no. 2, pp. 458–472, Feb. 2009.

[27] R. G. Carvajal et al., “The flipped voltage follower: A useful cell for
low-voltage low-power circuit design,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 52, no. 7, pp. 1276–1291, Jul. 2005.

[28] K. Kaviani, O. Oralkan, P. Khuri-Yakub, and B. A. Wooley, “A mul-
tichannel pipeline analog-to-digital converter for an integrated 3-D
ultrasound imaging system,” IEEE J. Solid-State Circuits, vol. 38, no. 7,
pp. 1266–1270, Jul. 2003.

[29] M. K. Chirala, P. Huynh, J. Ryu, and Y.-H. Kim, “A 128-ch �-� ADC
based mixed signal IC for full digital beamforming Wireless handheld
Ultrasound imaging system,” in Proc. 37th Annu. Int. Conf. IEEE Eng.
Med. Biol. Soc. (EMBC), Aug. 2015, pp. 1339–1342.

[30] M.-C. Chen et al., “A pixel pitch-matched ultrasound receiver for
3-D photoacoustic imaging with integrated delta-sigma beamformer in
28-nm UTBB FD-SOI,” IEEE J. Solid-State Circuits, vol. 52, no. 11,
pp. 2843–2856, Nov. 2017.

[31] B. Malki et al., “A 70 dB DR 10 b 0-to-80 MS/s current-integrating
SAR ADC with adaptive dynamic range,” IEEE J. Solid State Circuits,
vol. 49, no. 5, pp. 1173–1183, May 2014.

[32] A. M. Abo and P. R. Gary, “A 1.5-V, 10-bit, 14.3-MS/s CMOS pipeline
analog-to-digital converter,” IEEE J. Solid-State Circuits, vol. 34, no. 5,
pp. 599–606, May 1999.

Mingliang Tan received the B.S. degree in elec-
tronic science and technology from Northeastern
University, Shenyang, China, in 2014, and the M.S.
degree in microelectronics from the Delft University
of Technology, Delft, The Netherlands, in 2016,
where he is currently pursuing the Ph.D. degree in
electrical engineering with the Electronic Instrumen-
tation Laboratory, with a focus on the application-
specified integrated circuit design for medical
ultrasound imaging.

His current research interests include analog and
mixed-signal electronics, especially for biomedical applications.

Chao Chen (S’12–M’17) received the B.Sc. degree
in microelectronics from Tsinghua University, Bei-
jing, China, in 2010, and the M.Sc. (cum laude) and
Ph.D. degrees in microelectronics from the Delft
University of Technology, Delft, The Netherlands,
in 2012 and 2018, respectively.

His Ph.D. research topic was front-end application-
specified integrated circuit (ASIC) design for 3-D
medical ultrasound imaging. Since 2017, he has been
a Senior Analog IC Designer with Butterfly Network
Inc., Guilford, CT, USA, where he designs ASICs

for the next-generation medical ultrasound systems. His current research
interests include integrated circuits for medical ultrasound imaging, low-power
sensor interfaces, and data converters.

Dr. Chen was a recipient of the Huygens Scholarship in 2011, the ISSCC
2013 STGA Award, and the winner of the IEEE IUS 2017 Student Paper
Competition Award. He was a co-recipient of the A-SSCC 2017 Best Student
Paper Award.

Zhao Chen received the B.S. degree in micro-
electronics from Fudan University, Shanghai, China,
in 2011, and the M.S. degree in electrical
and electronic engineering from Imperial College,
London, U.K., in 2012. He is currently pursuing the
Ph.D. degree in electrical engineering with the Delft
University of Technology, Delft, The Netherlands,
with a focus on the ASIC design for 3-D medical
ultrasound imaging.

His current research interests include analog and
mixed-signal electronics, especially for biomedical
application.

Jovana Janjic received the B.Sc. degree in infor-
mation engineering and the M.Sc. degree in bio-
engineering from the University of Padua, Padua,
Italy, in 2011 and 2013, respectively. She is currently
pursuing the Ph.D. degree in biomedical engineering
with Erasmus MC, Rotterdam, The Netherlands. Her
master’s thesis on Sonothrombolysis Using Contrast
Agents.

She was selected within the Erasmus Programme
as an Exchange Student at the Royal Institute
of Technology, Stockholm, Sweden, from 2012
to 2013.

Her current research interests include intravascular ultrasound imaging, and
transducer design and evaluation.

Verya Daeichin was born in Kermanshah, Iran, in
1984. He received the bachelor’s degree in bioelec-
tric engineering from the Biomedical Engineering
Department, Amirkabir University of Technology
(Tehran Polytechnic), Tehran, Iran, in 2008, the
master’s degree in biomedical signal processing and
pattern recognition from the University of Boras,
Boras, Sweden, in 2009, the master’s degree in bio-
medical image processing from the Chalmers Uni-
versity of Technology, Gothenburg, Sweden, and the
Ph.D. degree in micro-ultrasound molecular imaging

from the Biomedical Engineering Department, Erasmus Medical Center,
Rotterdam, The Netherlands, in 2015.

He moved to the Optic Group, Biomedical Engineering Department, Eras-
mus Medical Center, where he completed a post-doctoral position in 2016
and filed a patent on an intravascular photoacoustic catheter. He currently
holds a post-doctoral position with the Department of Imaging Physics, Delft
University of Technology, focusing on matrix transducer development.

Zu-Yao Chang received the M.Sc. degree in elec-
trical engineering from the Delft University of Tech-
nology, Delft, The Netherlands, in 2003.

Since 2003, he has been a Staff Member with the
Electronic Instrumentation Laboratory, Delft Univer-
sity of Technology, focusing on impedance measure-
ment systems and smart sensor systems.

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



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

14 IEEE JOURNAL OF SOLID-STATE CIRCUITS

Emile Noothout received the bachelor’s degree from
the Intermediate Technical School for Mechanics,
Dordrecht, The Netherlands, in 2004.

From 2004 to 2006, he was with Leidse Instru-
mentmaker School, Leiden, The Netherlands, where
he studied for Research Instrument Maker. From
2007 to 2013, he was a Research Instrument Maker
with TNO, Delft, The Netherlands. Since 2013,
he has been with the Delft University of Technol-
ogy, Delft, where he is involved in the develop-
ment of medical ultrasound transducers and research
assistance.

Gijs van Soest (M’09) received the M.Sc. degree in
physics from the University of Groningen, Gronin-
gen, The Netherlands, in 1997, and the Ph.D. degree
from the University of Amsterdam, Amsterdam, The
Netherlands, in 2001, with a focus on the interplay
of light scattering and laser physics.

From 2002 to 2005, he was with the Royal
Netherlands Meteorology Institute, De Bilt, The
Netherlands, and the Space Research Organization,
Utrecht, The Netherlands, where he worked on
remote sensing of atmospheric trace gases and satel-

lite validation. In 2005, he joined the Thoraxcenter, Erasmus University
Medical Center, Rotterdam, The Netherlands, as a Post-Doctoral Researcher,
for a project on optical coherence tomographic elastography. Since then,
his activities have broadened to include catheter development, automatic
image analysis, and high-frequency ultrasonic imaging. In 2010, he joined the
Department of Biomedical Engineering, Erasmus University Medical Center,
as an Assistant Professor and became Staff Member. He is currently working
on optical coherence tomography, specifically on methods for functional
imaging, and on intravascular photoacoustic imaging. These developments
are carried out in close collaboration with clinicians of the Thoraxcenter,
Department of Interventional Cardiology, Erasmus University Medical Center.
His current research interests include use and development of intravascular
imaging methods for detection of coronary atherosclerosis.

Martin D. Verweij (M’10) received the M.Sc. (cum
laude) and Ph.D. degrees in electrical engineering
from the Delft University of Technology, Delft, The
Netherlands, in 1988 and 1992, respectively.

From 1993 to 1997, he was a Research Fellow
with the Royal Netherlands Academy of Arts and
Sciences, Amsterdam, The Netherlands. In 1998,
he became an Associate Professor with the Labora-
tory of Electromagnetic Research, Delft University
of Technology, where he joined the Laboratory of
Acoustical Wavefield Imaging in 2011. His current

research interests include dedicated transducer designs, beamforming algo-
rithms, and the theoretical modeling and numerical simulation of medical
ultrasounds.

Dr. Verweij is an Associate Editor of the Journal of the Acoustical Society
of America.

Nico de Jong (A’97–M’09) received the M.Sc.
degree in physics from the Delft University of
Technology, Delft, The Netherlands, in 1978, and
the Ph.D. degree in acoustic properties of ultra-
sound contrast agents from the Erasmus Medical
Center (Erasmus MC), Rotterdam, The Netherlands,
in 1993.

Since 1980, he has been a Staff Member with the
Thoraxcenter, Erasmus MC. In 2003, he joined the
University of Twente, Enschede, The Netherlands,
as a part-time Professor. Over the last five years,

he has given over 30 invited lectures and has given numerous scientific
presentations for international industries. He teaches on Technical Universities
and the Erasmus MC. He has been the promotor of 21 Ph.D. students and is
currently supervising 11 Ph.D. students. Since 2011, he has been a Professor
in molecular ultrasonic imaging and therapy with the Erasmus MC and the
Technical University of Delft.

Dr. de Jong is an Organizer of the annual European Symposium on
Ultrasound Contrast Imaging, in Rotterdam and attended by approximately
175 scientists from universities and industries all over the world. He is on
the Safety Committee of World Federation of Ultrasound in Medicine and
Biology (UMB), an Associate Editor of UMB, and has been a Guest Editor
of special issues of different journals.

Michiel A. P. Pertijs (S’99–M’06–SM’10) received
the M.Sc. and Ph.D. degrees (both cum laude) in
electrical engineering from the Delft University of
Technology, Delft, The Netherlands, in 2000 and
2005, respectively.

From 2005 to 2008, he was with National Semi-
conductor, Delft, where he designed precision oper-
ational amplifiers and instrumentation amplifiers.
From 2008 to 2009, he was a Senior Researcher with
imec/Holst Centre, Eindhoven, The Netherlands.
In 2009, he joined the Electronic Instrumentation

Laboratory, Delft University of Technology, where he is currently an Associate
Professor. He heads a research group focusing on integrated circuits for
medical ultrasound and energy-efficient smart sensors. He has authored or
co-authored two books, three book chapters, 12 patents, and over 90 technical
papers.

Dr. Pertijs is a member of the Technical Program Committee of the European
Solid-State Circuits Conference, and also served on the program committees
of the International Solid-State Circuits Conference (ISSCC) and the IEEE
Sensors Conference. He received the ISSCC 2005 Jack Kilby Award for
Outstanding Student Paper and the Journal of Solid-State Circuits (JSSC)
2005 Best Paper Award. For his Ph.D. research on high-accuracy CMOS
smart temperature sensors, he received the 2006 Simon Stevin Gezel Award
from the Dutch Technology Foundation STW. He was an Elected Best Teacher
of the EE Program at the Delft University of Technology in 2014. He served
as an Associate Editor for the IEEE JSSC.

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html


