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Abstract—High-frequency ultrasound (HFUS) has been
gaining traction to achieve high-resolution subsurface images of
human tissue. Such capability could be used to locate lesions in
the gastrointestinal tract (GIT), leading to early diagnosis of
GIT disorders, which is directly correlated with a positive
outcome of treatment. Hence, it is important to develop system
components that aid HFUS development. Accordingly, this
paper presents the setup, results and analysis of a pulse-echo test
carried out with a custom, highly integrated, low-power pulser
and a cross-coupled charge pump (CP). The system was tested
with a 28 MHz linear ultrasonic (US) array using a bespoke low-
power imaging protocol and the results were compared with a
commercial research US system (Vantage™ 128, Verasonics®,
WA, USA). The results verify the use of an integrated CP as a
high-voltage source, as well as the capability of the pulser to
generate 20 MHz signals — performance at 28 MHz could not be
validated due to excessive ringing during tests. Strong parasitic
effects were observed and their importance on efficient
transmission is discussed.
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1. INTRODUCTION

Video capsule endoscopy (VCE) is a medical procedure
that allows visual inspection of the entire gastrointestinal tract
(GIT) with reduced patient discomfort and a lower risk of
complications compared to the traditional tethered endoscopy
approach [1]. VCE technology was invented by Iddan
et al. [2] and approved for human use by the FDA in 2001 [3].
It is particularly valuable for inspecting the small bowel
epithelia as conventional endoscopes cannot reach that part of
the GIT, and other visualization approaches, such as
intraoperative enteroscopy, are complex and pose significant
risks [4].

One of the main issues associated with VCE is that it can
scan only the surface of the GIT, while subsurface inspection
of lesions is often important in a clinical context for the correct
diagnosis e.g. of Crohn’s disease. Autofluorescence [5] and
narrowband imaging [6] improve the mucosa’s visibility and
underlying vasculature of the scanned tissue, but the
penetration depth is limited because of light absorbance. The
incorporation of a microultrasound (pUS) transducer
(operating frequency > 20 MHz) in a capsule endoscope (CE)
would allow the device to scan deeper inside the tissue, while
the high frequency of the probe allows for a more detailed
image of the target [5]. Used in conjunction with the camera
in a VCE device, the pUS system could potentially provide
enhanced information of the scanned lesions due to the
additional subsurface information and thus lead to better
diagnosis.

Despite the potential advantages of the method, relatively
little research has been published so far in pUS-enabled CE.
Such devices either comprise a mechanically rotating single-
element transducer [7], [8] or several single-element
transducers [9]. These prototypes were successfully able to
image the subsurface structures of GIT tissues in-vitro and in-

vivo, but the devices were all tethered. Hence, the natural
approach for the future development of an autonomous,
ingestible CE is the miniaturization and incorporation of the
driving and reception electronics into the capsule itself. This
will, however, require significant electronic development.

In this paper, therefore, we report on the testing of
integrated custom driving electronics comprising a high-
voltage, single output pulser and a cross-coupled charge pump
(CCCP) for high-voltage generation with a pUS 28 MHz
transducer array with a fractional bandwidth of 60%. The tests
were aimed to evaluate the driving capabilities of the
electronics whilst comparing their performance with a
commercial research ultrasound system (RUS) (Vantage™
128, Verasonics®, WA, USA) employing the same driving
parameters. A pulse-echo test with 3, 5 and 7-element Tx
groups of the array elements was chosen as the means of
comparison and the data obtained was analyzed in the time
and frequency domains.

Instead of single-element transducers reported in prior CE
prototypes, the array implementation will potentially lead to
improved scan quality due to electronic steering and focusing
of the US beam. It will also allow for further miniaturization
of the capsule components due to the removal of the motor.
However, an array-based design must meet restrictions of
limited onboard power, high element count and parasitic
effects. The work reported here represents a step towards the
development of a wireless pUSCE system.

II. MATERIALS AND METHODS

A. Integrated Pulser and High-voltage Generator

The integrated circuits (ICs) used in this work consisted of
a high-voltage (HV) unipolar pulser to drive the pUS array
and a CCCP to generate a regulated 20 V supply. Both circuits
were developed on the same chip and were manufactured with
the TSMC 130 nm Bipolar-CMOS-DMOS process.

The pulser was initially tested with 1.5 MHz and 3.0 MHz
arrays and was presented previously [10]. It used a
bootstrapped double-nMOS architecture which eliminated the
current draw from the HV supply while its footprint was
reduced compared to a complementary CMOS switch
required for the same output current sourcing capability. The
output stage was designed and verified with measurements to
allow square wave generation with < 3 ns rise/fall times for
output capacitive loads of < 550 pF whilst compensating for
parasitic inductances between the IC and a transducer. The
average power consumption of the pulser was 484 uW at a
100 kHz pulse repetition frequency (PRF) and peak currents
of 13 A, allowing for low-power operation with a wide range
of US transducers.

The integrated HV generator was based on a CCCP
powered by a 3.1 V supply representing voltage achievable
from two serially-connected silver-oxide coin cell batteries of
the type conventionally used in CE devices [11]. The CCCP
comprised 5 stages: the first stage was used to double the input
to 6.2 V, followed by another four stages resulting in a total
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ideal voltage gain of 10 and output voltage Vour = 31 V.
Measurements of the circuit showed a maximum output
voltage of 28 V at 10 pA load and exhibited peak efficiency
of 58% at 350 pA load. The CCCP included a mode for a
regulated output and could generate 20 V up to an average
current of 500 pA.

B. Low Power Imaging Protocol

In order to be compatible with the limited power supply
available inside the capsule, both average and instantaneous
power consumption had to be decreased by reducing the
number of transmitting (Tx) array elements from the entire
aperture (128 elements) to a group of 3, 5 or 7 elements per
acquisition event. The receiving (Rx) aperture was set to one
element per acquisition to minimize the number of ADCs to
be used in the CE. The data obtained per acquisition event
was, therefore, an A-scan produced by the active Rx element
of the array. A full frame (B scan) was then obtained by
sweeping the 5 Tx/ 1Rx active elements across the array’s
entire aperture and merging the recorded A-scans (Figure 1).
A detailed description and evaluation of this approach will be
reported in a future publication.

Element sweep direction N
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Figure 1. Custom imaging protocol using a group of 5 Tx elements
and 1 Rx element for reduced power consumption.

C. Experimental Setup

The integrated pulser was tested in a pulse-echo setup, as
shown in Figure 2. The pulse was generated by the integrated
pulser or the RUS, both set to generate unipolar 20 V square
pulses. The pulser was driven by an Agilent 33250A, which
produced a 17 ns input pulse with a 5 ns edge time, while the
RUS pulse was set by the centre frequency setting
fc =28 MHz. The 20 V supply to the pulser was generated by
a precision source measurement unit (SMU) (B2901B,
Keysight, CA, USA). For comparison purposes, a single RUS
channel was used for TX. In both cases, an average of 32
pulse-echo measurements were employed; this is consistent
with the relatively slow motion of a CE through the GIT and
the very short acquisition time needed for its shallow tissue
depth (< Smm) [12].

A 28 MHz array was placed at 6 mm in front of a quartz
reflector mounted on an acoustic absorber and submerged in
degassed water. The array used in this experiment (128
element, 28 MHz, Vermon, Tours, France) was housed on a
flex-rigid PCB with two board-to-board connectors on each
side. Two custom connector PCBs were used as the interface
between the array and mini-coaxial cables. The signal path
between the pulse source and the array elements encompassed
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Figure 2. Diagram of the experimental setup with 5 TX elements. The
colors of the elements indicate the PCB connecting them.

a 70 cm coaxial cable split in two 10 cm cables connecting to
the PCBs, followed by a minimum-length, multi-thread
copper wire shorting the elements on the PCBs.

A digital oscilloscope (DSOX2014A, Keysight, CA,
USA) was used to record the TX waveform at the connector
PCBs and the first echo signal at the RX element. The
experiment was repeated with 3, 5 and 7 Tx elements shorted
together. As the integrated pulser did not incorporate an on-
chip TX/RX switch, an additional RX element was included
in the centre-most location between the TX elements. While
this arrangement resulted in asymmetrical TX patterns (e.g.,
5-element setup: 3x TX + 1 RX + 2x TX), it did not hinder the
relative comparison between the pulser and the RUS, although
it had the potential to degrade performance compared with a
symmetrical setup.

III. RESULTS

The results of a (5 TX + 1 RX) setup are discussed,
followed by a breakdown of critical parameters between
different element tests. The time plot of the 5 TX pulse
measured at the connector PCBs is shown in Figure 3(a). The
signal from the RUS reached 17.6 V and the pulser peaked at
27 V with a benchtop supply and at 25 V using the integrated
CCCP. While the initial pulse from 0 V to 20 V in both RUS
and pulser setups was triangular in nature, the RUS pulse was
significantly more damped, producing a single 21 V pulse
with an undershoot on the falling edge of -7.3 V and settling
time of 143 ns. In contrast, the first peak from the pulser was
27.3 V, and a strong reverberation was observed, settling at
10% of the 20 V value within 330 ns. The CCCP-powered
pulser setup resulted in the same output, but with an overall
lower amplitude. The frequency spectrum of the TX pulse is
shown in Figure 3 (b). The plot shows a wide bandwidth
signal generated by the RUS with a peak at 8.6 MHz,
significantly below fc =28 MHz. The pulser setup behaviour
was narrowband, centred at 20.7 — 20.8 MHz.

The echo signal measured in a 5 TX setup is shown in
Figure 4 (a). The signal reaches over 50 mV peak-to-peak with
the SMU supply and 40 mV with the CCCP compared to
14 mV in the RUS setup. The ringing observed in the pulser
TX is also present in the echo waveform. The frequency
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Figure 3. Measurement results of a 5 TX setup: a) waveform measured
at PCBs 1 and 3; b) relative power distribution in frequency of the TX.
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Figure 4. Echo measured with a 5 TX setup: a) waveform b) relative
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response in Figure 4 (b) identifies a broader bandwidth of the
echo resulting from the RUS pulse, spanning 9 - 36 MHz
(-60 dB range) and with peak power at 18 MHz and a second
local peak at 32.2 MHz. A local minimum is present at around
28 MHz. In contrast, the echo from the two pulser setups is
equivalent to the TX distribution: most of the signal power is
in the range 19 — 24 MHz (-60 dB range), with the centre at
21.45 MHz and 22 MHz for the SMU and CCCP powered
setups respectively.

The experiment was repeated for 3 and 7-element setups
and resulted in waveforms with the same characteristics: a
narrow band with a centre around 21.5 — 22 MHz in pulses
generated with the integrated pulser and wideband signals in
the RUS setups. The results from all 3, 5 and 7 element tests
are summarised in Table 1. The results with an SMU-powered
pulser led to higher peak-to-peak values but did not change
other waveform parameters compared to CP-powered setups;
thus only results of the latter are given in conjunction with the
VRUS measurements.

Table 1. Summary of the measurements with 3, 5 and 7 Tx elements.

Number of elements 3 5 7
First peak amplitude Pulser 34 27 27
Tx
V) VRUS | 23.7 | 21 17.5
Pulser 36 50 44.29
Peak-to peak (mV) Rx VRUS 167 14 341
- Pulser 26.2 | 20.9 20.5
X
Frequency of maximum VRUS [ 115 | 8.6 8.6
power (MHz) Ry | Pulser | 276 | 213 | 215
VRUS 17.6 18 18.3
. . Pulser 249 330 346
Signal duration (ns) Tx VRUS 126 3 176

IV. DISCUSSION

Based on the results, the RUS transmission pulse was
lower in magnitude, strongly damped and centred around
lower frequencies compared to the integrated pulser setup. It
also exhibited power distribution over a broader frequency
range. In the integrated pulser setup, most of the power was
centred around the frequency at which the circuit was ringing,
and so, with other frequency components present at much
lower levels, below — 60 dB, it signifies low power efficiency
concerning the desired 28 MHz. This fact is reinforced by the
frequency response of the echo signal, which encompassed
higher frequency components in RUS tests but was almost
identical to the TX waveform in the integrated pulser tests.

The oscillation observed in the integrated pulser signals
was linked to high parasitic effects. The connector PCBs and
mini-coaxial interconnects were a constant between the RUS
and integrate pulser setups but, in the latter case, additional
parasitic components were present due to wire-bonding and
the PCB housing the IC. The effects of these components were
exacerbated by the high current sourcing capability of the
pulser, leading to higher TX/RX amplitudes and oscillation of
the parasitic circuit at the input of the array, hindering efficient
driving. Preliminary tests with higher capacitance, lower
inductance and resistance parasitic components - observed
during the development of the test setup and not shown here -
resulted in improved ringing but lower echo amplitudes,
signifying strong dependence of the performance of the pulser
on its interface with the array.
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V. CONCLUSIONS AND FUTURE WORK

This work aimed to investigate the capabilities of an
integrated pulser, powered by an on-chip cross-coupled
charge pump, and to compare the response with a commercial
RUS. The measurements indicated narrowband behaviour of
the custom electronic setup which was highly influenced by
the parasitic effects. Nonetheless, the echo signals in the
pulser setup were higher in magnitude, and further tests,
including the CCCP, showed only a fractional drop in the
amplitude across signals compared to an ideal source. This
validates low power and highly integrated high-voltage
generation on-chip capability for pUS pulse generation.

The final goal of a pUS capsule endoscope entails very
close integration between the integrated electronics and the
ultrasound array. For these reasons, a new, more compact test
setup is needed to minimize parasitic influences and improve
comparison quality. This will be reported in due course.
Furthermore, the results provided here used a single output
pulser as the driving device, and a multi-output pulser with
better optimization is under development for future

prototypes.
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