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Abstract— This article presents an application-specific inte-
grated circuit (ASIC) for catheter-based 3-D ultrasound imaging
probes. The pitch-matched design implements a comprehensive
architecture with high-voltage (HV) transmitters, analog front
ends, hybrid beamforming analog-to-digital converters (ADCs),
and data transmission to the imaging system. To reduce the
number of cables in the catheter while maintaining a small
footprint per element, transmission (TX) beamforming is realized
on the chip with a combination of a shift register (SR) and a
row/column (R/C) approach. To explore an additional cable-count
reduction in the receiver part of the design, a channel with
a combination of time-division multiplexing (TDM), subarray
beamforming, and multi-level pulse amplitude modulation (PAM)
data transmission is also included. This achieves an 18-fold cable-
count reduction and minimizes the power consumption in the
catheter by a load modulation (LM) cable driver. It is further
explored how common-mode interference can limit beamforming
gain and a strategy to reduce its impact with local regulators is
discussed. The chip was fabricated in TSMC 0.18-µm HV BCD
technology and a 2-D PZT transducer matrix of 16 × 18 elements
with a pitch of 160 µm and a center frequency of 6 MHz was
manufactured on the chip. The system can generate all required
TX patterns at up to 30 V, provides quick settling after the
TX phase, and has an reception (RX) power consumption of
only 1.12 mW/element. The functionality and operation of up to
1000 volumes/s have been demonstrated in electrical and acoustic
imaging experiments.

Index Terms— 3-D ultrasound, analog front end (AFE),
common-mode interference suppression, high frame rate,
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intracardiac echocardiography (ICE), load-modulation datalink,
PAM-4, transmit beamformer, transmit/receive (T/R) switching,
ultrasound application-specific integrated circuit (ASIC).

I. INTRODUCTION

ULTRASOUND imaging is a popular tool in medical treat-
ments due to its relatively safe nature, cost-effectiveness,

and compatibility with minimally invasive interventions [1],
[2]. A special class of imaging devices used for the latter are
catheter-based probes. These enable high-resolution images
taken directly next to the area of interest in the body. The
probes are disposable and purpose-built for their application
in procedures such as intravascular ultrasound (IVUS) [3] or
intracardiac echocardiography (ICE) [4], [5]. While IVUS is
commonly used in procedures such as plaque detection in the
vascular system and can typically work with a smaller imaging
array [6], [7], [8], ICE is applied in a variety of cardiovascu-
lar interventions with more demanding requirements on the
imaging depth and resolution [9], [10].

Particularly in upcoming 3-D probes with 2-D transducer
arrays, these requirements lead to significant challenges in
the design of ICE catheters. While 2-D imagers with 1-D
transducer arrays commonly apply passive probes with direct
element connection to the imaging system [11], [12], the
higher cable count, crosstalk, and attenuation across thinner
cables for 2-D transducer matrices lead to the application of
application-specific integrated circuits (ASICs) in ultrasound
imaging catheters [9], [13]. The basic functionality of the
electronics includes ultrasound transmission (TX) and recep-
tion (RX) on each array element to maximize the imaging
aperture in the limited space of the catheter, amplification
of the received echoes for robust signal transmission, and
communication with an imaging system outside the body [14],
[15]. For 3-D imaging, the transducer pitch in the azimuthal
and elevation direction has to be designed for low impact
on image quality [10]. As a result, there is little space for
circuitry that is matched to the pitch of the transducer. A pitch-
matched design is a requirement for scalability to the about
1000 elements of a full 3-D ICE design [9], [10] but leads to
a high requirement on the integration density of the circuits.
Prior 3-D ICE designs have thus been limited to a subset of
the desirable functionality as they could not integrate transmit
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beamforming [15], only low-voltage (LV) transmission [16],
no transmit functionality at all [17], [18], or had to strongly
limit the achievable volume acquisition rate [9].

High-frame-rate imaging is required in order to accom-
modate imaging modes such as blood flow Doppler or
electromechanical wave imaging [19]. However, with the pulse
repetition frequency (PRF) being limited by the imaging depth,
a high frame rate implies fewer acquisitions per reconstructed
volume and additional requirements on the circuit design [10].

One of the main challenges in the transition to high-frame-
rate 3-D probes is posed by the communication with the
imaging system. Catheters with a diameter of around 3 mm
have to accommodate all TX and RX signals next to common
connections such as power and additional controls [9]. To
reduce the number of TX cables, pulses are often generated on
the ASIC. The configuration data can be provided via a serial
link into local registers [20], [21], [22] or an efficient shift
register (SR) [14], [23] before the next TX phase and delays
for TX beamforming (TX BF) can be generated with local
counters. However, this leads to large registers and counter
cells for a dense array with a large number of delay steps. An
alternative is to implement TX control in a row/column (R/C)
approach [24], [25], [26], [27]. This minimizes the amount
of associated circuitry underneath the element but, in turn,
limits the amount of possible TX patterns for application in a
3-D ICE probe. A similar challenge is faced when externally
generated pulses are only passed or blocked on the chip instead
of local pulse generation [8], [26], [28].

Reduction of RX cables in the catheter has previously been
achieved by multiplexing of transducer signals on fewer con-
nections over multiple transmit/receive (T/R) cycles [28], [29].
To avoid the associated loss in frame rate, other designs have
made use of the wider bandwidth of the channel compared
to the imaging frequency. In these, several RX signals are
multiplexed on a single connection within one T/R cycle [30],
[31], [32]. When applied for sensitive analog signals, crosstalk
can become an issue [33]. Digital signaling, on the other hand,
has been shown to be possible with a low impact on signal
integrity [15]. Nevertheless, the achievable channel count
reduction by both analog and digital multiplexing methods is
limited by the small bandwidth across the thin cables in the
catheter.

Another approach is to apply subarray beamforming, also
known as micro-beamforming (µBF) [34]. This shifts part
of the RX beamforming into the catheter by delaying and
summing the received signals of a subarray of elements.
However, it comes at the cost of less raw data being available
in the final image reconstruction and reduced frame rate as
multiple acquisitions are required per reconstructed volume
[35]. Both disadvantages can be mitigated while achieving
significant cable-count reduction by a combination of subarray
beamforming and digital time-division multiplexing (TDM).
This has been shown with element-level digitization with
subsequent digital beamforming [36], [37], digitization of the
output of analog beamformers [15], [18], [38], and mixed
schemes [39]. However, even more can be gained from the
digital transmission as ultrasound imaging can tolerate higher

bit error rates (BERs) than most communication links [40].
While current digital probe designs commonly rely on con-
ventional LV differential signaling (LVDS) [15], [17], [18],
[41] with relatively low BER, BER could potentially be traded
to reduce the circuit area and power consumption. Moreover,
it could allow for a lower cable count by dividing the total
output data bandwidth across fewer channels with a higher
transmission rate.

An additional aspect to consider in the design of ASICs
for arrays with a large number of elements, particularly for
high-frame-rate designs with little opportunity for averaging,
is the common-mode interference across the channels. With
decreasing size, the noise level of the transducer increases
[42], [43]. The noise of each front-end amplifier can thus
generally be higher before limiting the global performance.
The uncorrelated noise can then still reveal weaker signals
after beamforming in the imaging system with an SNR gain
of

√
N for N combined signals [44]. As more elements are

summed for a smaller pitch, the final signal-to-noise ratio is,
to first order, equal for different element sizes in a transducer
array of a given size [45]. However, correlated noise between
channels effectively reduces the maximum gain achievable
through beamforming, meaning that it should remain well
below the noise floor despite the larger number of channels.

In this article, a pitch-matched ASIC with a co-integrated
transducer array with a pitch of 160 × 160 µm is presented.
This article builds on our previous work [15], extending it
with an integrated TX beamformer and a novel low-power
load-modulation datalink, implemented in a prototype with a
4× larger transducer array, scalable to a full 3-D ICE probe.
On-chip TX control is implemented by a compact combination
of an R/C and an SR approach that offers all required beam
patterns. Additional area savings are achieved by encoding
the delay of the TX beamformer as the difference from its
neighbor, similar to [22], and re-using the shift-register cells
as counters for delay generation. Local biasing schemes for the
transducer and analog front-end (AFE) amplifiers enable quick
settling of the input after the TX phase and a lower impact
of correlated noise on the final image. In addition, a multi-
level pulse amplitude modulation (PAM) channel combined
with TDM and µBF achieves an RX cable-count reduction of
18 while still enabling a high frame rate of 1000 volumes/s.
To reduce the heating of tissue in the patient, the driver is
implemented as a load modulation (LM) architecture.

This article is organized as follows. The architecture and
system design considerations are described in Section II.
Section III provides circuit implementation details on the TX
beamformer, AFE, and LM data transmission. The fabricated
prototype, measurement setup, and results are discussed in
Section IV. This article concludes with a comparison to the
prior art and a conclusion.

II. SYSTEM DESIGN

A. Overview

Fig. 1(b) shows an overview of the developed system.
A matrix of 16 × 18 transducer elements is designed for
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Fig. 1. (a) Conceptual drawing of transducer stack. (b) Overview of chip assembly with details on the matrix organization.

directly interfacing the presented ASIC, as shown in Fig. 1(a).
The 160-µm-pitch transducer stack is a revised version of the
concept shown in [46]. The circuitry interfaces with the PZT
elements through individual connections made with a gold
contact on the bottom side and a common aluminum ground
foil on the top.

On the side of the chip, implementation in a 0.18-µm BCD
technology offers a tradeoff between the ability to integrate
high-voltage (HV) TX-related structures and LV logic as
well as RX-related structures. Each element is connected to
individual TX and RX paths to efficiently use the space inside
the catheter. An isolating T/R switch between the two paths
protects the receiver from HV breakdown during transmission.
The receiver also implements time gain compensation (TGC)
to manage the dynamic range (DR) requirement of ICE. While
imaging is often done with a range of only 40 dB, ultrasound
attenuation inside the human body can lead to a total DR in
the order of 100 dB within one T/R cycle [15]. However,
as the attenuation is time-dependent, TGC can still reduce
the DR to the following components by complementing it
with a time-varying gain [13]. The matrix is further grouped
into subarrays of three elements each and subgroups of two
subarrays each. To enable a front-end layout matched to
the pitch of the transducer element, all backend circuitries,
such as the datalinks and data output drivers, are pushed to
the periphery. This enables the design of subgroups as unit
cells that can be replicated to create a larger aperture. The
periphery-level circuitry is designed in units as well and only
occupies two sides, the top serving the upper and the bottom
serving the lower half of the matrix, to allow scaling along
one direction.

This design serves as a prototype to evaluate the architecture
and shows techniques for application in a full ICE probe.
While all of the functionality required for the realization
of the 64 × 18-element imaging scheme presented in [10]
is included, only one-fourth of the aperture in the azimuth
direction is accommodated in this step. To characterize the
performance of the 1-D subarray beamformer in the eleva-
tion direction and the imaging approach, the full aperture
is implemented along that axis. The beamformer of just
three elements enables a high frame rate as only a few
acquisitions are required per volume. The full probe targets
a 10-cm imaging depth and thus operates at a PRF of 7.7 kHz

considering the speed of sound in human tissue. Being able
to image with just seven fan-shaped beams per frame, this
results in a total frame rate of up to 1000 volumes/s. The
seven steps employ a TX beam with 10.7◦ divergence in
the elevation and 70◦ divergence in the azimuth direction
and steer the subarray beamformer in a ±30◦ window in
the elevation direction accordingly to achieve a field of view
of 70◦

× 70◦
× 10 cm [10].

B. Architecture

Fig. 2 shows the architecture implemented in the presented
design. The topology is building on what has been discussed
in [15] and the TX part is based on the unipolar pulser
with embedded T/R switch introduced in [47]. Compared to
[47], the TX voltage was reduced from 65 to 30 V to allow
for additional guard rings in the layout. Higher TX voltages
could be achieved with the same architecture by adopting
a silicon-on-insulator technology with deep-trench isolation.
In this design, the control of the TX BF is realized with
per-element digital delay cells that are configured in a mixed
scheme. While global steering information is provided on the
level of rows or columns of elements to save area, individual
control is supplied by an SR spanning the whole matrix. To
minimize the number of connections inside the catheter, the
SR is also used to load the row and column data as well as all
global configuration settings. The entire SR content of about
1.5 kb can be loaded in around 15 µs at a clock frequency of
100 MHz. The SR is updated during the RX period and thus
forms an upper limit to the PRF at about 66 kHz, irrespective
of the imaging depth.

On the receiver side, each element is individually connected
to a low-noise amplifier (LNA), followed by a second-stage
programmable gain amplifier (PGA) that also acts as a single-
ended-to-differential converter. The LNA can be discretely
switched in steps of 18 dB from −12 to 24 dB and the second
stage can be configured in steps of 6 dB from 6 to 24 dB. The
global step size of 6 dB enables TGC with a range of 54 dB in
ten steps from −6 to 48 dB with a compact implementation.
The LNA architecture is a modified version of the design in
[48] and was employed in [15] to enable operation with HV
transmitters and seamless gain switching during echo reception
in a single T/R cycle. As the received signal is most sensitive at
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Fig. 2. Architecture overview showing how element-level circuitry, subarray beamformers, and a shared ADC structure per subgroup are combined. The
arrangement of the SR and R/C approach is sketched and a global view of the data management and clocking is provided.

this point, a local regulator for the LNA supplies is installed on
the subgroup level here as well to reduce the effect of common
interference across the whole array. The PGA is based on
[18] and [49], was employed in [15], and is again adapted to
get full TGC range within one T/R cycle and thus full frame
rate.

The digitization from [15] is adopted with the same param-
eters in this design since both implementations target the same
application. Three elements are combined in the elevation
direction for analog subarray beamforming in the charge
domain. Two neighboring subarrays are combined for layout
with a shared hybrid beamforming analog-to-digital converter
(ADC) in a subgroup. The ADC combines a successive
approximation register (SAR) first stage and single-slope (SS)
second stage and operates at 24 MS/s per channel with a
resolution of 10 bits. To allocate all hardware in the core,
the SAR and SS outputs are individually transferred to the
periphery.

On the periphery, two datalink configurations have been
included. The regular one features recombination of the SAR
and SS output to 10-bit words, 8b10b encoding [50], and
serialization to conventional LVDS drivers. In the process,
fourfold TDM is applied, leading to a rate of 1.2 Gb/s per
channel and, together with threefold subarray beamforming
and considering the differential nature of the signals, a total
cable-count reduction factor of 6. The second setup only
serves one channel and provides a parallel path from the
recombination to a multi-level encoder and an LM driver.
This enables conventional access via field-programmable gate
arrays (FPGAs) [51] to the whole array for convenient imaging
while providing an evaluation platform for the novel datalinks
discussed in Section III-D. The periphery and core are timed
by shared dividers and delay-locked loops (DLLs) working on
a 240-MHz clock provided by the FPGA.

Fig. 3. Examples of TX beamformer delay patterns with arrows indicating the
delay propagation for a 6 × 6 array. (a) Centered diverging wave. (b) Diagonal
plane wave. (c) Focused wave. (d) Decision table for the delay propagation
based on SR and R/C input.

III. CIRCUIT IMPLEMENTATION

A. TX Beamformer

To achieve a compact TX BF implementation, the system
operates by passing a single trigger signal through the entire
array based on relative delays between neighboring elements.
This reduces the required delay depth per element and asso-
ciated counting steps. For further area savings while still
enabling the creation of all required beam patterns, the control
of the propagation direction is done from the R/C level but
also with one local bit from the SR, CTRLloc. Fig. 3 shows
the examples of TX patterns that can be generated with the
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Fig. 4. Circuit details of a TX beamformer cell with additional local pulse
disabling in dashed lines.

presented method. The targeted imaging scheme [10] relies
on diverging waves that are generated by propagating a delay
from the center outwards as shown in Fig. 3(a). However, it is
also possible to create other common patterns, such as the
angled plane waves in Fig. 3(b) or focused waves in Fig. 3(c).
The graphs also demonstrate how these patterns are created by
indicating the starting position and R/C control with arrows
along the side of the matrix. Arrows in the matrix are pointing
from the element that the trigger signal was received from and
Fig. 3(d) presents the complete element-level logic table.

The circuit of an SR BF cell is shown in Fig. 4. The local
relative delay value is loaded into three flip-flops (FFs) as
part of the SR with the SR input, INSR, and clock, CLKSR.
As the delay information is only required during the TX
phase, loading of the delay cells in the SR is done during
RX without additional hold cells. Moreover, an area-efficient
implementation is reached by repurposing the unused SR cells
to counters during TX based on the T/R control signal, ENRX.
The reconfiguration is achieved by switching the FF data
inputs to an inverting feedback loop around the cell and using
the data output of lower order bits as the clock input of
higher order bits, leading to only a few switches as overhead
instead of more FFs. The number of delay steps equals 2N ,
N being the number of counter cells, and the actual delay
is determined by the frequency of CLKSR during TX as it
remains connected to the least-significant bit (LSB), b0. In
this design, the 100-MHz SR clock is maintained during TX
and there are three counter cells per element, leading to a total
of eight steps from 0 to 70 ns.

The counter rotation is converted to an enable signal for
a latch, ENL, by detecting its highest value with a negative-
AND (NAND) gate. All counters are continuously active during
TX, but only when the dedicated neighbor has previously
received the external trigger, it is copied further with the
relative delay. Including an inverted version of CLKSR can
block any glitches in the asynchronous counter and clearing
the latch during RX with ENRX prevents any TX triggers in
the wrong phase. Selection of the latch input is made with
a multiplexer (MUX) controlled by the R/C signals and the
output of the last element-level SR cell that serves as CTRLloc
but also as the output to the SR of the next element, OUTSR.
Five different input triggers can be selected, LEFT to BOT
indicating the output triggers, OUTTRIG, of all neighboring

Fig. 5. (a) Example of the status of three neighboring cells at the start of the
TX period. (b) Timing diagram showing the SR loading of the TX beamformer
cell, subsequent pulsing based on the delay from the START trigger, and
further propagation to neighboring cells. Edit: added (a) and reworked the
timing diagram.

Fig. 6. Drawing showing the difference D in excitation of two elements
with a certain pitch in order to create a steered diverging wave.

elements and START being the initial external trigger. Fig. 5
shows, as an example, the operation of three neighboring
elements in a row. In Fig. 5(a), the state at the beginning
of the TX cycle is shown. The middle element is configured
as a starting point. The left and right elements are configured
to receive their trigger from the middle element (i.e., their
right and left neighbors, respectively). The timing diagram of
the whole procedure from the end of the SR operation in RX
to the actual output triggers is shown in Fig. 5(b). The output
triggers are directly used to control the pulsers and a diverging
wave, steered to the left, is created.

The dashed circuitry in Fig. 4 is optional and has been
included to support additional debugging by excluding single
elements from the entire imaging operation. The implemen-
tation adds 1 bit in the local SR to receive a disable signal,
DIS, and latches it such that it is also available during the RX
phase. By not directly using OUTTRIG to control the pulser
but manipulating it with a negative-OR (NOR) gate to OUTTX,
elements can be permanently connected to the HV supply. At
the same time, the rest of the array can function as usual as
the trigger is still being passed.

Next to a compact design, TX BF by shifting an LV
trigger signal through the system also has the benefit of being
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Fig. 7. (a) Simplified schematic of an inverter-based amplifier with split
capacitor feedback and dynamic biasing. (b) Illustration of how the initial
transducer state and forward biasing diodes due to large inputs can lead to
offset issues with dynamic biasing.

able to dynamically change the number of pulses and even
pulse frequency if required. One potential drawback for some
applications is that only delays smaller than the pulsewidth can
be generated as ENL needs to latch during the active interval.
However, this is commonly no issue for ultrasound imaging as
is analyzed in the following. Typical ultrasound imager arrays
remain at a pitch of half of the center transmit wavelength,
λ, as that moves grating lobes out of the picture [52]. As
the relative difference in distance, D, from a virtual source
(VS) between neighboring elements can at most be equal to
the element pitch, it can be shown that the maximum possible
delay for these devices is half of the pulse period and thus in
the coverable range

td =
D
c

=

λ
2

λ · f
=

T
2

(1)

where td is the required delay between elements, c is the speed
of sound, f is the center frequency, and T is the pulse period.
A way to determine the delay between neighbors for any pitch
is shown using the diagram in Fig. 6. The relative distance
from the VS can be calculated with

D =
sin(α)

cos(β)
· pitch (2)

where α is a known angle determining beam steering and β

is a known angle determining beam divergence. The equation
is found by applying the law of sines on the lower triangle
based on angles δ and ε, found with trigonometric equations,
and can be used to derive the required delay by DEL = D/c.
Although the pitch is slightly above half of λ, this results in
maximum delays in the order of 70% of the 80-ns pulsewidth
for the shown design with the intended 10◦ divergence and
maximum steering angle of 30◦ [10].

B. Low-Noise Amplifier

The LNA architecture is based on the design presented in
[35] but has been extended to enable co-integration with TX
and high-frame-rate operation. Fig. 7(a) shows a simplified
schematic of the prior design with a direct connection of the
input node, V IN, to the transducer element and input biasing to
V ref through a high-impedance path, RIN. A compact imple-
mentation is reached by a split capacitor feedback network
[53], an efficient inverter-based amplifier core, and dynamic

biasing to potentials V biasx. Discrete TGC is achieved by
reconfiguration of the capacitor network comprised of C IN and
CFB between receive cycles.

While the shown techniques have led to a receiver with
state-of-the-art power and area efficiency, there are several
concerns in the transition to a high-frame-rate imaging system
with TX and RX on each element. To illustrate this, Fig. 7(b)
shows two common problems that can be experienced in a
transducer front end with incoming pressure waves, P, and
dynamic biasing. To achieve quick settling following TX,
the dynamic biasing is synchronized to the T/R cycle and
active until shortly after TX is completed. The first issue
is that, since echoes start returning immediately after the
ultrasound transmission, the switching can never be guaranteed
to take place at a moment in which no signal is present. As
pulsing and dynamic biasing in a short-time window require
a reference with a relatively low impedance, the final direct
current (dc) operating point will be signal-dependent and can
lead to a large offset. The second issue is that strong incoming
signals, which often occur shortly after TX due to low initial
attenuation in the medium, can lead to clipping due to the
electrostatic discharge (ESD) protection diodes or the internal
rails. This would change the dc operating point even during
active RX, with no possibility to recover in a pure dynamic
biasing implementation.

Irrespective of these external effects, the limitation to bias-
ing in a short-time interval before reception also leads to issues
if one would switch through all gain levels of the discrete
TGC scheme due to non-ideal switching procedures. Finally,
the transducer needs to be biased to a reference, V ref, being,
e.g., just the dc level of a bipolar pulser [14] or a mid-rail
reference if the pulsing goes all the way to the negative
rail [54]. Since this would need to happen in a short-time
interval after TX, it cannot be covered by the high-impedance
connection with RIN for a design with TX and RX on the
same element.

Fig. 8 shows the implemented design with the proposed
changes. The LNA is still applying dynamic biasing to quickly
settle all critical nodes in a short-time window after the possi-
bly high disturbance of HV TX. To target the issues discussed
above, this is assisted by the connection of the transducer
to a mid-rail potential, V CM, via resistors. The switches are
controlled with RSTLNA and RSTLNA-DEL to always close at the
beginning of an RX period. R1 is used to raise the transducer
top plate from its initial state of 0 V after pulsing to V CM. The
resistance is in the order of 50 k� to allow settling in 100 s of
ns, not losing too much RX time but also not causing a second
transmission. R2 is around 1 M� and connected longer, in the
order of microseconds, to settle any offset due to large inputs
received shortly after TX but then also disconnected as it is a
potential source of noise and interference from other channels.

Next to the added resistive components, the biasing has
also been modified compared to [35] by adjusting the way
in which the inverter transistors are operated. During initial
dynamic biasing, the upper transistor is still directly connected
to a biasing voltage, V biasp, and the lower transistor is still
driven by an amplifier in a feedback loop to force the LNA
output voltage, V OUT, to a local mid-rail potential, V MID.
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Fig. 8. Conceptual schematic of the inverter-based LNA showing gain
switching, transducer biasing, and supply regulators.

However, this amplifier is not switched out and shorted after
that but instead connected to two capacitors in parallel with
the feedback capacitors of the LNA. This gives the structure a
low-frequency path to correct for effects such as disturbances
from gain switching or residual issues in the transducer
biasing. Due to the low bandwidth of the additional amplifier
and the capacitive attenuation toward the output, its noise
contribution in the signal bandwidth as well as the power and
area are negligible compared to the entire LNA.

The capacitor ratios and unit cells, C , of 45 fF are the same
as in [35]. The input capacitors are held at the same potential
the transducer is biased to, V CM, before being switched in to
minimize introduced disturbance in the RX period. Similarly,
the feedback capacitors are connected to the same potential
V out that is driven to via the low-bandwidth loop after being
switched out. After these capacitors are settled, there is also
the option of removing them from V MID in order to remove
the noise from that source.

To mitigate the low power supply rejection ratio (PSRR)
of the inverter-based topology [55], the LNA employs the
local regulators [56] as in [35] and [48]. In this design, they
are shared on the subgroup level and it can be chosen to
switch to the analog ground, VSSA, instead of the negative
low-dropout regulator (LDO) to investigate differences. In
addition, the dynamically set references of both LDOs are
capacitively coupled to the ground foil node of the transducer,
V GF. This enables the architecture to also reject variations
of the ground foil node that would otherwise be amplified
with the signal. Combined with the improved PSRR, this aims
to reduce the common-mode interference across channels and
thus maximize the possible gain from RX beamforming.

C. Programmable Gain Amplifier

The circuit implementation of the PGA is based on the
compact architecture shown in [18] but modified as the original

Fig. 9. Impact of switching the gain of an amplifier in a dynamically biased
capacitive feedback in active operation from (a) back and (b) front.

Fig. 10. (a) Sketch of the PGA displaying gain switching and the implemen-
tation of a low-bandwidth feedback amplifier. (b) Logic table to determine the
gain.

structure cannot support high-frame-rate operation and has a
limited output swing. The main issue with volume acquisition
at a high rate is presented in Fig. 9. The prior design is
similar to Fig. 9(a) and achieves gain switching by adding a
capacitor to the virtual ground of an amplifier in a capacitive
feedback configuration. While the constant load presented to
the driving stage of this setup is beneficial, this switching
alters the operating point of the setup and leads to an offset
if done during active operation. As the system is dynamically
biased with V bias, it cannot recover over time and even with
a low-bandwidth correction path, and the possibly large step
could lead to a significant loss of image information.

With the approach shown in Fig. 9(b), on the other hand,
this can be avoided since the virtual ground node is not
affected when the capacitor is switched from the input. The
input experiences a short settling depending on the driver but
then continues operation without an offset. In the proposed
design, the configuration of Fig. 9(b) is adopted to enable
gain switching during echo reception. This enables full TGC
in one T/R cycle, rather than having to combine repeated T/R
cycles with different gain settings, thus facilitating high-frame-
rate operation. Fig. 10(a) shows the schematic implementation
with compact T-type feedback [49] and Fig. 10(b) presents
the associated logic table to determine the gain depending
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on the switch settings. During one RX phase, the PGA will
cycle through the settings three times to complement the
three LNA gain switches to the full TGC range. To minimize
the disturbance from gain switching, the input capacitors are
connected to the output dc level of the LNA and the feedback
capacitors are connected to a mid-rail potential, V CM, when
not in the loop. The LNA has sufficient phase margin and
bandwidth to operate with the switching capacitance at its
output and achieve quick settling.

Similar to [18], the structure is held in reset during TX to
enable quick settling of the operating point after HV pulsing,
but in addition to that, a low-bandwidth feedback path has
been introduced. This enables the correction of any remaining
disturbance caused by switching during one T/R cycle while
adding little area and power consumption compared to that
of the entire PGA. As they are not part of determining the
signal gain, the capacitors of the low-bandwidth path can
be adjusted in a tradeoff between attenuation of additional
noise and achievable correction range. In this design, the unit
capacitance, C , is 33 fF and the additional capacitors, C lFB,
are 9 fF. Combined with the low bandwidth of the feedback
amplifier, the noise contribution to the signal path is negligible.
Similarly, the mismatch between C and C lFB will have a low
impact on the overall noise performance of the PGA.

The configuration as a single-ended-to-differential converter
from the prior design is kept to enable differential operation
of the ADC and dummy switches are placed in the bottom
branch of the feedback network as well to balance the design.
However, instead of connecting to a mid-rail supply, the
bottom branch is driven relative to the reference of the single-
ended input. This ensures that no interferers are unintentionally
amplified with the received signal and is realized by mirroring
the negative rail connection of the LNA. The telescopic
amplifier has moreover been replaced by a two-stage miller-
compensated differential amplifier with an auxiliary amplifier
to provide common-mode feedback [57]. The division in a first
gain stage and a high-swing output stage can show bandwidth
and power consumption similar to [18] while providing a
larger output swing for the ADC and not leading to gain
deviation.

D. Datalink

To explore possibilities to reduce the RX-related cables
in the catheter, this design leverages the relatively relaxed
BER requirement of ultrasound imaging [40]. By applying
a multi-level PAM driver, several bits are transmitted in one
symbol, allowing for a higher throughput without increasing
the symbol rate that would cause limitations due to the
low bandwidth of the thin cables [58] and applied process
node. To reduce the power consumption associated with data
transmission at the tip of the catheter, where heating must
be limited to ensure safe operation in the human body [59],
the driver has moreover been implemented based on LM [28].
Instead of direct driving, this only switches a variable load
impedance, Zvar, on the chip with a driver on the other end of
the cable, as shown in Fig. 11(a). This enables measurements
at an evaluation point outside the body with part of the power

Fig. 11. (a) Block diagram summarizing the idea of LM. (b) Example
of a single-ended LM implementation. (c) Example of a differential LM
implementation.

consumption shifted to the system side where heating is not
an issue.

In this design, single-ended and differential multi-level
LM implementations are investigated. Fig. 11(b) gives an
overview of the single-ended setup with the variable load
being implemented by 2N

− 1 transistors with scaled widths
M X , where N is the number of bits per symbol. The array is
controlled with a thermometer code in SEX and forms a divider
with the termination resistance to a power supply, V LM, on the
system side. The differential configuration in Fig. 11(c) relies
on the same mechanism but introduces a second, inverted path
with the same scaling via a second cable. For 2 bits/symbol,
the switches are designed from about 15 to 130 �, and for
4 bits/symbol, they are designed from about 10 to 850 �.
While a differential channel takes an additional cable, more
power consumption, and circuit area, the gained rejection of
common interference compared to the single-ended structure
can be beneficial in a narrow catheter with multiple parallel
connections. In addition, the shared return current in the ASIC
will be constant to the first order, reducing possible crosstalk
between channels, and the differential signal swing is twice
as high for the same supply. This potentially enables a higher
bandwidth per channel at the same BER as the single-ended
setup and makes differential signaling an interesting part of
this study.

Fig. 12(a) gives an overview of the realized test setups in
this design and their control. The 60 recombined data bits
from six ADC pairs operating at 48 MHz are multiplexed into
12-bit words at 240 MHz. Based on this input, three different
configurations are being analyzed in parallel: a differential
driver with 2 bits/symbol at 1.44 GS/s (D-2b), a differential
driver with 4 bits/symbol at 0.72 GS/s (D-4b), and two
single-ended drivers with 2 bits/symbol at 0.72 GS/s that share
the total data input (SE-2b). All of these achieve the targeted
RX data cable reduction of 18 to ultimately arrive at a total
of 64 data connections for the full probe [10] and enable
the direct comparison of all schemes. The timing is provided
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Fig. 12. (a) Overview of the data and control configuration for the multi-level
signaling. (b) Details of a single-ended implementation with 2 bits/symbol.

by a DLL that creates six phases out of the input clock to
accommodate the highest transmit frequency.

The internal structure of the control blocks is shown by the
example of a single-ended cell in Fig. 12(b). After synchro-
nization of the recombined and multiplexed ADC outputs to
the input clock, an array of buffers is used to drive two outputs,
b1 and b2. The buffers can be disabled to have a high output
impedance and effectively multiplex onto one output based
on the overlap of phases from the DLL. Local generation of
the overlap avoids the need for distributing a high-frequency
clock and is done with one layer of logic gates. For the single-
ended setup, only every second DLL output phase is required
to realize the 0.72-GS/s output stream. In the last stage, the
binary signal is converted to a thermometer representation for
the LM driver based on logic gates.

The system also provides a second path with a pseudoran-
dom bit sequence (PRBS) generator to be able to investigate
the BER. It is implemented as a linear-feedback SR (LFSR)
of 20 cells with 12-bit parallel output [60].

IV. EXPERIMENTAL RESULTS

An overview of the manufactured device is given in
Fig. 13(a). The ASIC has been fabricated in a 180-nm HV
BCD technology and a transducer stack with a 160-µm
pitch, 6-MHz center frequency, and 50% bandwidth has been
manufactured on its surface. The 16 × 18 element matrix is
complemented by two rows of dummy transducer elements
to reduce edge effects and the ASIC measures a total of
7 × 7 mm in order to ease manufacturing of the prototype
transducer. In the inset, the global floorplan shows a separation
in two halves with datalinks on the top and bottom, enabling
further scaling of the unit-cell-based structure along the hor-
izontal axis. On the TX side, the circuit operates on a 30-V
supply for the pulsers, a 5-V supply for driving the pulsers, and

Fig. 13. (a) Micrograph of a chip with transducer stack on its surface and
an inset showing the global floorplan below. (b) Power and active area per
element divided among major contributors.

a 1.8-V supply for digital operations. The receiver is powered
from a separate analog 1.8-V supply with an additional 1.2-V
supply for the DLL delay cells and a 2.3-V supply for parts
of the ADC [15].

Fig. 13(b) presents the system-wide power and active area
distribution per element. All displayed power consumption
is based on measured supplies during active operation and
labeled with the most dominant contributor of the relevant
segment. The total power consumption of 1.2 mW per element
is dominated by the RX path with 27% being primarily asso-
ciated with the AFE including LDOs, 32% to the ADC, and
29% to the digital periphery blocks realizing recombination
and conversion for LM signaling. The DLLs just account for
about 4% of the total power as they are heavily shared across
the array and the LM driver can achieve a share of only
approximately 1% per element. The TX power consumption
is highly dependent on the imaging mode but is generally a
minor contributor due to the duty-cycled nature of ultrasound
imaging. The displayed values are obtained with a three-pulse
excitation of all elements at the maximum transmit voltage
and 10-cm imaging depth, such as used for the creation of
the b-mode images shown in this article. In the total active
area of 0.03 mm2 per element, the TX-related structures take
a larger share of 27% due to area-intense HV isolation in
the BCD technology. On the RX side, the AFE is the main
contributor with 37%, while the remainder is shared between
about 22% for ADC-related structures, 10% for the digital
periphery blocks, 3% for the DLLs, and 1% for the LM driver.

To evaluate the effectiveness of the implemented techniques,
electrical and acoustic experiments have been conducted. The
two configurations are each assembled with an individual
daughter board to facilitate their specific requirements. Elec-
trical test boards offer direct wire bonding to element-level
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Fig. 14. Measurement of the transmit delay between two neighboring
elements with configurations from the minimum to the maximum setting.

Fig. 15. Measured ADC output relative to the amplitude of an interfering
signal applied to the ground foil node in the case of LNA connection to the
shared analog ground or local negative supply regulator.

bondpads, while acoustic samples are assembled with a pro-
totype transducer matrix. A custom mother board is designed
to be compatible with both and interfaces with a computer for
data processing through commercial FPGAs [51].

A. Electrical Measurements

Fig. 14 shows the electrical characterization of the transmit
beamformer. Two neighboring elements are each connected
with a capacitor to mimic the capacitive load of a single trans-
ducer element of about 2 pF. The delay between them is swept
through all the configurations from zero to seven unit time
periods, T . The interval is determined by the clock frequency
of the time reference and is in this case approximately 10 ns.
The waveforms exhibit the targeted slewing and extend to the
maximum transmit amplitude of 30 V.

To investigate the implemented scheme for common-mode
interference rejection around the first-stage amplifier, an exper-
iment with an intentionally injected interferer is carried out.
Fig. 15 shows the root-mean-square (rms) ADC output caused
by an amplitude sweep of a 6-MHz sinusoidal signal driven
onto the ground foil node with the LNA input being connected
to it in the highest gain setting. To study the effects, the
two configurations of the negative supply connection of the
LNA, either to the shared analog ground node or the local
negative supply regulator, are compared. The larger ground
foil interference required to elevate the output code from the

Fig. 16. (a) Initial converter output settling for an exponentially decaying
sinusoidal input with three different phases and indicated amplifier biasing
times. (b) Converter output showing settling during a full T/R cycle with
TGC and an exponentially decaying sinusoidal input.

noise floor in the case of LNA connection to the local regulator
shows the effectiveness of the suppression.

The settling of biasing points in the presence of input signals
is studied with a 2-pF capacitor, modeling the capacitive com-
ponent of the transducer element, in series with an arbitrary
waveform generator (AWG). Fig. 16(a) shows the ADC output
at the beginning of a receive phase with three different phases
of an exponentially decaying 1-MHz sinusoidal input in the
lowest gain setting. The signal is active before the dynamic
biasing is completed and shows the response to different
initial states of the high-impedance input node when actual
reception is started. Typically, RSTPGA would be asserted
longer than RSTLNA to optimize settling, but it is in this case
disabled earlier as it would otherwise mask the output signals
needed to study the behavior. In this example, RSTPGA is
active 500 ns after the start of input signaling with RSTLNA
and RSTLNA-DEL being asserted 500 ns and 5 µs longer,
respectively. The recorded outputs show a signal-dependent
offset introduced after the completion of dynamic biasing and
subsequent recovery provided by the resistive input biasing
and the low-bandwidth amplifier feedback paths. Fig. 16(b)
additionally shows the ADC output during a full T/R cycle
with an exponentially decaying 6-MHz input from an AWG.
TGC is used from the lowest to the highest gain setting
to maintain the output code level and it can be observed
how non-ideal steps in the gain are compensated by the
implemented biasing techniques.

To evaluate potential power savings from the implementa-
tion of a multi-level LM driver, Fig. 17 shows a measurement
of the obtained BER for a sweep of the LM supply volt-
age, V LM, for all investigated configurations. All results are
obtained using the PRBS generated on the chip and with
an assembly of 42-AWG micro-coaxial cables with a 50-�
characteristic impedance and a length of 1 m. The transmitted
sequence is directly obtained by an oscilloscope and compared
to the expected pattern after a decision feedback equalization
step to determine the error rate. Due to the maximum memory
depth of the oscilloscope, there is a minimum measurable
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Fig. 17. BER measured for all implemented multi-level datalinks in a sweep
of the LM supply voltage.

BER at about 3e−7 for the SE-2b and D-4b configuration as
well as half of that for the D-2b configuration. The acquired
results show that even for an LM supply of about 0.27 V, all
datalinks with 2 bits/symbol can achieve the targeted BER of
1e−6 to have negligible degradation of ultrasound images [40].
The significantly worse performance of the PAM-16 approach
is attributed to the higher sensitivity to non-idealities in the
transmitter circuit design, receiver, and equalizer when the
spacing between signal levels reduces.

Out of all implemented setups, the differential transmitter
with 2 bits/symbol is considered the most attractive option out
of this experiment. It has a competitive performance compared
to its single-ended counterparts with the same number of
cables while offering more resistance to common interference.
Further improvements are expected when replacing the two
micro-coaxial cables for differential signaling with a differen-
tial cable. The total power spent in the D-2b setup for V LM
of 0.27 V is 1.2 mW, of which about 52% is spent on the
chip and the rest in the 50-� termination and 9 � of the
cable. Given the resulting 17-µW on-chip power consumption
per element of the multi-level LM approach compared to the
260 µW per element for the implemented LVDS scheme, the
designed topology shows great potential to trade surplus BER
for lower power and cable count.

B. Acoustic Measurements

The characterization of the TX BF functionality is shown
in Fig. 18, following the example patterns shown in Fig. 3.
The measurements are obtained with the chip assembly being
submerged in water and facing a commercial hydrophone [61].
By translation of the hydrophone with an xyz-stage during
repeated transmission from the prototype, C-planes in parallel
to the transducer surface are captured. These evaluate the
maximum peak pressure at each position and are compared to
simulations [62] based on the same set of delays. Fig. 18(a)
shows the simulated pressure profile at a 5-cm distance from
the array for the transmission of a diverging wave on the
left and the corresponding hydrophone measurement on the
right. Fig. 18(b) similarly shows the results for a plane wave
angled at 10◦ to the northeast at a distance of 5 cm from the
array and Fig. 18(c) shows a plane 2 cm from the array with
the TX BF focusing at its center. Good agreement between

Fig. 18. Comparison of simulated C-planes on the left and corresponding
measured C-planes on the right for (a) diverging beam at 5 cm from the array,
(b) plane wave steered to the northeast at 5 cm from the array, and (c) focused
beam at 2 cm from the array.

Fig. 19. Investigation of the noise output of the array as a function of the
number of combined channels with the LNAs being connected to the shared
analog ground or local negative supply regulators.

the measured and simulated profiles in all cases verifies the
capability of creating the most common transmit-beamforming
patterns applied in ultrasound imaging.

An experiment investigating the noise behavior of the array
is presented in Fig. 19. In this experiment, a varying number
of output channels of the chip were averaged to mimic the
averaging operation associated with beamforming and the
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TABLE I
COMPARISON WITH THE PRIOR ART IN CATHETER-BASED ULTRASOUND IMAGERS

associated expected noise reduction. The measurements were
done on a sample with transducer elements loaded with water
and were recorded in the highest gain setting without an input
signal. To study the effect on the noise floor, the experiment is
conducted with the negative rail of the LNA being connected
to the shared analog ground or local supply regulators. Fig. 19
shows the rms value of the averaged outputs, as a function of
the number of channels being combined. For both connections
of the negative rail, there first is an exponential reduction in the
amplitude before the two curves flatten off at different effective
array sizes. The initial decline is close to the anticipated

√
N

improvement of uncorrelated noise for N combined signals
[44] but gets limited by the presence of correlated interference
between channels. The reduction in common interference and,
thus, improvement of potential beamforming gain for the
LNA connection to the local regulator compared to the direct
analog ground connection can be explained with an enhanced
PSRR. Noise on the shared power rails appears common
to all elements and can, even in this reduced-size prototype
and without active input, pose a limit to the beamforming
gain.

To verify imaging functionality, a commercial 3-D wire
test phantom [63] has been studied with the setup shown in
Fig. 20(a). The ASIC is mounted on a custom daughterboard
that faces the surface of the phantom. The daughterboard
provides local decoupling and connects to a motherboard with
active components for supply regulation and signal condi-
tioning via 1-m cables. The acquired receive data from the
24 LVDS channels is captured and stored by commercially
available FPGA boards [51] in real time. Each FPGA board
offers eight high-speed transceivers and three boards are

thus used in parallel, while one of them additionally acts
as a control host for the ASIC configuration per T/R cycle.
The acquired data are downloaded to a computer that initiates
measurement routines and performs image processing.

Fig. 20(b) shows a reconstructed image with the wires
aligned in the azimuthal direction of the array so that they
show up as point scatterers in the elevation plane. The upper
seven gain settings of the TGC have been applied in each
T/R cycle to maintain a suitable DR in the signal path across
the attenuating phantom. A switching artifact can be observed
when the LNA transitions to its highest gain setting while the
PGA gain steps are barely noticeable. The artifact is caused
by non-ideal switching resulting in a step in the RX signal
and appears at a 0◦ azimuth and elevation angle after RX
beamforming as the entire array is switching simultaneously.
Given its deterministic nature, the artifact does not inherently
harm the imaging and can potentially be compensated for
during data processing.

As off-axis reflections do not propagate back to the trans-
ducer, the wire targets appear almost as points rather than lines
in the 3-D plot. The behavior along the other dimension is
thus evaluated by rotating the chip to align with the azimuth
direction, as shown in Fig. 20(c). The lower opening angle
in the azimuth render is caused by the application of the
imaging scheme described in [10]. This scans a volume of
70◦

× 70◦
× 10 cm at 1000 volumes/s with seven fan-shaped

beams with little divergence in the elevation direction and large
divergence in the azimuth direction. As this prototype imple-
ments the full intended aperture in the elevation direction, the
functionality of the 1-D subarray beamformer and TX BF can
be fully verified. By choosing to realize a beamwidth in the
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Fig. 20. (a) Measurement setup used for imaging verification with details
of the 3-D wire phantom. (b) Reconstructed image plane in the elevation
direction with 3-D render. (c) Reconstructed image plane in the azimuth
direction with 3-D render.

elevation direction that is the same as in the intended imaging
scheme while having an aperture that is 4× smaller than
the intended final size in the azimuth direction, the resulting
azimuthal opening angle is approximately equal to the 20◦

opening angle in the elevation direction, for this approximately
square array.

Table I summarizes the system and gives a comparison to
the prior art in catheter-based ultrasound imagers. The system
complements our earlier design described in [15] with an
integrated TX beamformer and a novel multi-level LM while
still providing the highest reported frame rate. This completes
the architecture and shows a similar peak SNR in a 4× larger
array.

V. CONCLUSION

A transceiver ASIC implementing a comprehensive archi-
tecture for catheter-based high-frame-rate 3-D ultrasound
imaging probes has been presented. A compact on-chip trans-
mit beamformer design that can provide all required beam
patterns is achieved by the combination of an area-efficient
R/C architecture and a flexible SR approach. The impact
of common interference and settling in the AFE have been

investigated, and mitigation methods have been presented.
The application of TDM, subarray beamforming, and an
LM, multi-level data transmission channel, has led to a high
cable-count reduction while reducing the power consumed on
the chip and still offering a high frame rate. A prototype chip
has been manufactured and successfully applied in a high-
frame-rate, 3-D imaging experiment to verify the functionality.
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