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Abstract — Video capsule endoscopy (VCE) was originally
developed to address the limitation of conventional endoscopy in
accessing the small bowel as a remote part of the gastrointestinal
tract. To further enhance the diagnostic ability of VCE,
microultrasound capsule endoscopy is under development for
identification of disease at an earlier stage and visualisation of sub-
surface tissue features. This paper presents an evaluation of two
approaches to improve signal to noise ratio (SNR) in rapid
prototyped capsule endoscopes. First, noise reduction techniques
are applied to the integrated front-end circuits in the prototype
capsules. Secondly, multiple types of coded excitation transmission
are tested and benchmarked with respect to non-coded
transmission. Results are presented for both bench top phantom
imaging and in vive translational trial imaging.

Keywords — capsule endoscopy, microultrasound, front-end
electronics, coded excitation, pulse compression.

I. INTRODUCTION

Video capsule endoscopy (VCE) has now achieved
technological maturity as an alternative to conventional
endoscopy and colonoscopy but is limited to optical imaging of
the gut wall surface for clinical diagnosis [1]. Research is now
under way to expand this imaging platform with integrated
ultrasound and microultrasound (LUS) imaging devices (USCE)
[2]-[4]. Researchers have particularly sought to address key
concerns about acoustic coupling, image quality and multimodal
system integration through a set of translational trial prototypes
developed for rapid validation and design iteration [4]. Low-cost
approaches with minimal manufacturing time were adopted to
allow multiple rapid prototyping design cycles and integrated
front-end electronics were included to improve signal integrity
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and address issues related to electrical interference. However,
these low-cost approaches led to reduced performance and lower
signal quality in comparison to clinical devices, in the raw echo
data, resulting in images with reduced dynamic range and
penetration depth.

This paper reports work to address the reduction of signal to
noise ratio (SNR) while maintaining the form factor and rapid
prototyping approach of the first devices. To reduce the overall
noise floor of the system, analogue front-end circuitry was
developed with improved isolation and reduced complexity.
These circuits were then implemented in second generation
USCE devices which were evaluated using the methodology
adopted for and proven with the original capsules [4].

Simultaneously, coded excitation signals with suitable
bandwidth and time-domain properties were identified and
evaluated with a bench-top testing system [5] and in vivo testing
to determine their suitability for use given the imaging window
and power limitations of the capsule modality.

II. FRONT-END ELECTRONICS

A. First Generation Electronics

The design of the front-end electronic circuitry in early
prototype capsules was intended to maximise the channel count
while maintaining maximum acceptable outside dimensions (30
mm length, 10 mm diameter) based on existing VCE devices [6].
This was to allow transducers to be placed along the entire
length of the capsule as well as at 180° around the circumference
of the capsule to assess the ability to establish acoustic coupling
at different points along its length. The final design supported



four single-element, physically focused polyvinylidene fluoride
(PVDF) transducers (30 MHz centre frequency, 6 mm focal
depth) with onboard transmit/receive isolation (MDO0101,
Microchip Technology, Chandler, USA) and 12 dB
amplification achieved through commercial operational
amplifiers (ADA4807, Analog Devices, Norwood, USA). These
were mounted on a custom printed circuit board (PCB,
Eurocircuits N.V., Mechelen, Belgium), with the transducer
wires directly attached via through-hole connections. A tether
was used for power supply and data communication, with
connectivity to the circuitry within the USCE device achieved
with individual micro-coaxial cables (42 AWG core, 9442
WHO033, AlphaWire, Elizabeth, USA).

B. Second Generation Electronics

While good transducer to tissue coupling was achieved with
the described design and acceptable M-mode images were
produced using a pull-back approach, the high-density prototype
proved prone to electrical noise and oscillation in the amplifiers.
The transmit/receive (T/R) protection circuits also did not
recover well from avalanche mode transmit signals. As the first
set of in vivo trials proved the imaging capability of the capsule
was relatively independent of transducer position, it was judged
reasonable to reduce the number of transducers from four to two,
allowing a significant reduction in circuit density.

The reduced channel count allowed the transmit and receive
traces to be routed with more direct connections to the circuitry.
This also provided space for the placement of electrical ground
planes between all traces while removing them from under the
sensitive amplifier chip. The micro-coaxial shields were isolated
from the board ground plane and tied together at a single point
at the proximal end of the tether to avoid current loops.
Additionally, the T/R chips were replaced with twin diode and
capacitor  protection circuits [7] (BAV99, Vishay
Intertechnology, Inc., Malvern, USA). These changes resulted
in a much lower circuit density (Fig. 1), simplifying
manufacturing and decreasing cross-talk. The redesign was also
achieved within the same footprint as the original PCB,
minimising the capsule shell redesign.

Original
Top view : Bottom view:
2nd Gen
Top view : Bottom view:

Fig. 1. Comparison of printed circuit board design for the 1st generation (top)
and 2nd generation (bottom) USCE device. All boards measured 18 x 6.3 mm.

III. CODED EXCITATION

Autonomous USCE capsules have to rely on a power supply
with a limited maximum voltage. This voltage can be increased
with charge-pump based power-management but these have
limited conversion efficiency. This in turn suggests that
techniques able to operate with lower maximum voltage will
allow enhanced SNR and penetration depth, compatible with

USCE operating lifetime. One approach explored is the use of
coded excitation signals, which have found applications in
medical ultrasound [8] and non-destructive testing [9] but have
seen only limited use in pUS [10].

A. Background

In contrast to a conventional broadband pulse, coded
excitation waveforms are frequency modulated (chirps), phase-
encoded (Barker code, Golay codes) or time interval encoded
[11]. They are normally subject to decoding on receive to
recover the higher resolution of a shorter pulse. Overall, an SNR
gain of 20 dB is thought to be realistic in soft-tissue imaging
[12]. Optionally, mismatched filtering, e.g. by addition of a
Dolph-Chebychev window, may be applied to smooth the
results at a cost of a few dB SNR [13].

The transducer frequency response and imaging medium
both affect the quality of coded excitation as illustrated in Fig. 2
and should be taken into account when selecting waveforms for
a particular application [14]. This is especially relevant in tissue
as it is inhomogeneous and has significant non-linear properties.

Transducer, Compression
attenuating medium filter

— H(fr) c)

W(t) | x(1) V()

Noise j7([) Echo

Coded excitation waveform Coded excitation waveform

Fig. 2. System model of a coded excitation ultrasound system, after [14], with
H(f,r) the transfer function of the tranducer and the medium with frequency and
depth » dependent attenuation, n(?) additive noise and compression filter C(f).

B. Waveform Selection

Our goal was to identify suitable waveforms for use in
benchtop tests and in-vivo trials. Linear frequency-modulated
(FM) chirps are good candidates as they have smooth second
derivatives which are less prone to distortion through the
transducer. Barker codes and Golay code pairs were also
considered, as they have the minimum sidelobe level of single
transmission codes and no sidelobes, respectively.

To match the physical parameters of the PVDF transducers
in the USCE test devices, the frequency range of the chirps was
defined as 10 - 45 MHz and the binary phase-encoded Barker
and Golay codes were modulated with 30 MHz sinusoidal
signals. The waveforms were further tuned to accommodate the
characteristic output of the bespoke power amplifier in the
experimental setup. Consequently, the chirps were multiplied
with a tapered cosine (Tukey) window instead of a Hanning
window to maximise signal consistency and energy. The
selected Barker and Golay codes had multiple cycles rather than
one cycle per bit and a pause between subsequent bits to
preserve the phase changes post-amplification, Fig. 3.

1. The coded waveforms finally selected for in-vivo testing
were 10 — 45 MHz linear FM chirps with lengths of 353 ns, 919
ns and 1767 ns, tapered with 75% Tukey windows. Furthermore,
a 13 bit Barker code, and 4 bit and 8 bit Golay code pairs were
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Fig. 3. Example of a 7 bit Barker coded waveform, modulated with a 30 MHz
sine. The code w(t) is designed with three harmonic cycles per bit and a pause
between each bit of 2 ns. The thick line (hTx(t)) shows the the signal at the
power amplifier output with amplitude distortion, but preserved phase changes.

chosen, each modulated with three full cycles of a sinusoid per
bit and a pause of 2 ns between consecutive bits.

C. Scanning System Tests

Test images were generated with the selected waveforms
using a static scanning system and a 25 um tungsten wire target.
An arbitrary waveform generator (4162, Rigol Technologies,
Inc, Suzhou, China) was used to generate the codes, which were
input to the bespoke amplifier to drive a 30 MHz PVDF single
element transducer with 6.5 mm spherical focal length.
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Fig. 4 shows an example of the scan results. As expected, the
best resolution in all scans was obtained at the physical focus of
the transducer. The 353 ns chirp image shows visible wire

echoes but the dynamic range is less than the other codes due to
the shorter pulse length and corresponding lower pulse energy.
The 13 bit Barker code and the 8 bit Golay code part A show
their characteristic sidelobes and an increased dynamic range.
The best result with regards to dynamic range and resolution is
achieved with the combined 8 bit Golay code.

IV. TRANSLATION TRIAL VALIDATION

Validation of the new prototype electronics was performed
in the small bowel of a porcine model in vivo. The procedure
was conducted under Home Office (UK) License PPL:70/8812
in accordance with the Animal (Scientific Procedures) Act
1986.

Two female Landrace pigs, aged 4 months, were supplied
by a local breeder/supplier. The pigs were maintained in groups
of no less than two animals in licensed housing (PEL:60/4604),
bedded on straw and fed ‘ABN Pig Rearer Pellets’ ad [ib.
Environmental variables were maintained within the limits
detailed by PEL. Food was withheld for 12 hours before
anesthesia but access to water was maintained until pre-
anesthetic medication which comprised: azaperone (1 mgkg-1;
“Stresnil 40 mg/ml Solution for Injection”, Elanco Animal
Health, Hampshire), ketamine (2 mgkg-1; “Ketamidor 100
mg/ml Solution for Injection”, Chanelle UK, Berkshire),
midazolam (0.5 mgkg-1; “Hypnovel 10mg/2ml Solution for
Injection”, Roche, Hertfordshire) and morphine (0.25 mgkg-1;
“Morphine Sulphate 30mg/ml”, Martindale Pharmaceuticals,
Buckinghamshire) combined in one syringe and injected
intramuscularly. Anesthesia was induced with isoflurane
(“Isoflo” Zoetis, Surrey), vaporized in oxygen and nitrous oxide
administered via a Bain breathing system and facemask. A
cannula was placed in the auricular vein.

Access to the remote small bowel was achieved via an
artificially created stoma under general anesthesia immediately
prior to the experiment. The experiment and subject were
monitored throughout the procedure by an experienced
veterinary anesthetist. When the experiments were complete,
the pigs were euthanized without recovery using pentobarbital.

The USCE devices were introduced ~30 cm into the small
bowel via the stoma and M-mode scans were obtained for static
positions and with manual pull-back of the devices by the
clinician. All pullbacks were performed over 30 s intervals with
an 8 cm pull length. After each pullback, the capsule was
returned to its original position by means of measured marks on
the tether. All scans were reconstructed using standard
envelope detection and logarithmic compression and evaluated
by the clinician for image quality and ability to discern target
anatomy.

V. RESULTS, DISCUSSION AND CONCLUSIONS

The second-generation front-end circuitry performed well in
translational trials, with improved tissue differentiation in
comparison to the first generation, as shown in Fig. 5.
Refinement of the pullback procedure based on experience
gained from preceding trials also led to improved scan
repeatability over multiple pullbacks. Overall, the imaging
clinician believed the results to be satisfactory and confirmed
that they represented an improvement over previous trial
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Fig. 5. Comparison of image quality for in vivo M-mode pullbacks using (a) first generation front-end circuitry and (b) second generation circuitry. Direct comparison
is impossible because the measurements were taken in two separate experiments with different pigs but enhanced tissue imaging and penetration is apparent in (b).

outcomes. In contrast, theresults achieved with the selected
coded waveforms showed limited visibility in the underlying
tissue structures.

The reduced performance with coded excitation in vivo may
be caused by increased sensitivity to tissue motion and non-
linear effects compared to conventional imaging modalities.
Additionally, the bespoke amplifier used with the coded
excitation configuration had lower peak power than the standard
imaging system. However, the experiments successfully
demonstrated that both front-end circuit designs were
compatible with the coded excitation system and the particular
codes selected. Future waveform design will explore ways to
address the non-linearity and motion sensitivity of the
waveforms tested in this study.
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