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This paper reports an ultra-low power real time bowel sound detector with integrated feature extractor for
physiologic measure of meal instances in artificial pancreas devices. The system can aid in improving long
term diabetic patient care and consists of a front end detector and signal processing unit. The front end detector
transduces the initial bowel sound recorded froma piezoelectric sensor into a voltage signal. The signal processor
uses a feature extractor to determine whether a bowel sound is detected. The feature extractor consists of a low
noise, low power signal front-end, peak and trough locator, signal slope and width detector, digitizer, and bowel
pulse locator. The system was fabricated in a standard 0.18 μm CMOS process, and the bowel sound detection
system was characterized and verified with experimentally recorded bowel sounds. The integrated instrument
consumes 53 μW of power from a 1 V supply in a 0.96 mm2 area, and is suitable for integration with
portable devices.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Continuous glucose monitoring (CGM) technology has seen signifi-
cant progress in the last 10 years. Recent CGMs use multiple sensor sys-
tems and feed sensor data to predictive algorithms for insulin control.
Clinical trials demonstrate the usefulness of such continuous glucose
monitoring systems, where blood glucose levels are well regulated
when a CGM is used [1,2]. Complete diabeticmanagement systems con-
sist of a continuous glucose monitor (CGM), process control algorithms
and continuous subcutaneous insulin infusion (CSII) unit. The goal of
these systems is to function as an artificial pancreas (AP) system, possi-
bly the ultimate preventive solution of diabetes disease. The first part of
an artificial pancreas system, themeasurement unit, continuouslymon-
itors blood glucose levels. The second, the control unit, compares glu-
cose levels with standardized values to regulate the timing and
quantity of an insulin bolus. Studies indicate that AP systems still
lack information on the variations in blood glucose concentrations
associated with dynamic physiological measures such as meals, stress
levels, exercise, and sleep patterns [3,4,5]. Glucose level variations
with dynamic measures cannot not be tracked using current-state-of-
the-art systems due to the absence of real time physiological data.
Adding activity sensors and predictive algorithms in the control unit
incorporating these physiological measures could thus provide a more
accurate picture of a patient's glucose level fluctuations, mimicking
the biological pancreas.
).
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With the advent of complex algorithms and multiple sensor
platforms, the true challenge now lies in the implementation of the AP
in a real life scenario. Non-linear feedback presents challenges to
current AP algorithm implementation [5,6]. Likewise, physiological var-
iables such as exercise, meal intake, food type, and sleep pattern induce
perturbations in blood glucose levels that need to be addressed. Most
current commercially available CGMs demand manual intervention of
patients to incorporate this physiological data, and can at best trigger
alarms or, stop insulin infusion in case any adverse event is detected.
No robust solution has been demonstrated that can provide fully auto-
mated physiological feedback with high confidence. Activity monitors,
such as accelerometers can provide a dynamic measure of some physi-
ological activity through locomotion data. Abdominal vibration or
bowel sound on the other hand could be a usefulmetric tomeasure eat-
ing instance or gastro-intestinalmotility. Clinical studies show that rela-
tionships may exist between bowel sound rates with abdominal
motility, type of food, and blood glucose levels [7].

Bowel monitoring is a useful clinical measure determining abdomi-
nalmotility, irritable bowel syndrome, detection of sepsis, small volume
ascites, intestinal transit time and assessment of abdominal surface
vibration. Bowel monitors for long time digestive motility monitoring
has been reported [8]. Methods for bowel sound enhancement, detec-
tion and segmentation using wavelet, neural network and estimation
algorithm have been also widely studied and reported in literature
[9–12]. Change in bowel rates with food consumption and identify-
ing the fasting state have also been demonstrated [13]. Bowel rates
show a strong relationship with individual meal intake, and has
been proposed to be a useful measure for correlating individual eat-
ing instances [14–17]. However, the systems reported so far require
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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bulky front end interfaces and are costly in terms of signal computation.
This reduces the inclusion of such monitoring systems in portable
devices.

In this work, we demonstrate an ultra-low power and compact
bowel sound measuring instrument which is suitable for integration
into portable systems. The ultimate goal is inclusion of an automated
meal intake notification feature in the insulin pump of an artificial
pancreas system which can better mimic pancreas activity.

The paper is organized as follows, the materials and methods are
discussed in Section 2, the results and discussion are presented in
Section 3, and the conclusion is summarized in Section 4.

2. Materials and methods

2.1. Detection system

Bowel sound rates can be detected by manual auscultation using
stethoscopes, sound cards, and signal processing algorithms [8–10]. Ex-
traction of features in the analog domain could provide precise
measurement at low power as opposed to using power intensive digital
signal processors for digitization andmeasurement [18–21]. In addition,
piezoelectric sensors could be a low cost alternative to currently used
microphone and stethoscopes for manual auscultation.

Bowel sounds have certain unique features. Bowel spectrum shows
large peaks and troughs, and exist for short time periods. The frequency
of bowel iswell below 500Hz. These features allow a detector system to
identify bowels from surrounding noise and interferences. The system
requirements are as follows, first, the detector system should be capable
of measuring abdominal vibrationwith high accuracy in the presence of
environmental noise. Microphones and stethoscopes have been utilized
in prior research, which offer high sensitivity [14,15,22]. However, the
sensitivity comes with implementation difficulty in a portable system.
Hence, considering our portable application and low cost requirement,
we choose flexible piezoelectric sensors. Piezoelectric sensors offer a
low cost implementation option and also are available in flexible form.
The sensitivity can be tailored by using a variable gain charge amplifier
as needed. Second, abdominal vibration contains spread spectrumnoise
signals dominated by the heartbeat, noise from talking and walking,
Fig. 1. The bowel sound detector system consists of a charge am
sliding noise, and other interferences. As our desired signal lies well
below 500 Hz, a low pass filter after the charge amplifier can restrict
most of the interfering noise sources. However, certain noise sources
such as talking, walking and sliding have a similar frequency spectrum
to bowel signals and mostly predominate above 200 Hz [16]. Third, it
was demonstrated that bowel sounds peaks and troughs are of short
duration and can appear randomly with spread spectrum from 1 Hz to
500 Hz. Hence, a low noise feature extraction module is needed to
help identify bowels from this noise source. Regularly sustained bowel
signals have signal frequency around 500 Hz. As we are focused on
detecting the change in bowel rate over time, regularly sustained
bowel sounds can be filtered out without much loss of information. By
adding a 10 Hz low pass filter, the envelope of the bowel signals can
be recorded, and feature extractor can extract the peak, trough and
signal width information from the envelope. Fourth, traditional feature
extractors are implementedwithdigital processorswhich demand cost-
ly modules in terms of power and computation. This is not desirable in
portable applications. Also bowel sounds need to be processed in real
time, demanding data processors that can handle large amount of data
and placing extra constraints on implementing feature extractor in
portable system. We have adopted an analog feature extractor to relax
the requirements and optimized the module for low power operation.
The proposed system thus consists of a tunable charge amplifier, analog
feature extractor and an algorithmic logic implementation unit [23].
In our proposed system, bowel sounds are transduced into electrical
signals via a commercially available piezoelectric sensor coupled to
charge amplifier (Fig. 1). The charge amplifier amplifies the input signal
and forwards the signal to an analog feature extraction block. The
feature extractor extracts key bowel features, such as peak, trough,
pulse width, signal slope rates, sign bits. The extracted features are
then fed into a control logicmodule. The control logic unit is responsible
for generating empirical thresholds based on recorded bowel signals
and synchronizes the bowel events. The peak, trough and pulse width
threshold levels were determined using a LabVIEW program with
previously recorded bowel sounds. The bowel detection unit detects
the bowel pulses utilizing an algorithm implemented in digital logic.
Utilizing the extracted features of the bowel sounds, digitized signals
are generated which correlate to positive bowel events. The system
plifier, feature extractor, and algorithm and control unit.
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was optimized for ultra-low power operation and compact space which
enable bowel rate detection in a 0.96 mm2 chip space.

2.2. Sensor front end and feature extractor

A variable gain charge amplifier topology was designed for the
sensor front end and for interfacing with the piezoelectric sensor. The
charge amplifier integrates charges from piezoelectric sensor and pro-
duce proportional voltage signals. A current integrator with feedback
MOS resistor and switched capacitor banks are used in the charge am-
plifier (Fig. 2(a)). A NMOS transistor biased in triode region works as
the feedback resistance and defines the DC bias. The charge gain of the
amplifier is inversely proportional to the feedback capacitance when a
high open loop gain is maintained. A 45 dB folded cascode amplifier
was chosen as the core amplifier. The folded cascode stage was opti-
mized for low power using the inversion co-efficient method [24]. The
current sources were biased in strong inversion and the cascode stages
were biased in moderate inversion. The transistor sizes to achieve this
were: M6,M7 = 10 μm/5 μm; M1,M3 = 5 μm/5 μm; M2,M4 =
1.92 μm/1 μm; M5 = 3.84 μm/1 μm; M8 = 10 μm/1.5 μm; M4,M16 =
20 μm/1.5 μm; M9 = 6.88 μm/0.75 μm; M15,M17 = 16 μm/0.75 μm;
M11,M13 = 3 μm/2 μm; and M10,M12 = 1 μm/1 μm. Tunability
of the amplifier is achieved by varying the feedback capacitors, and
the charge gain can be varied from 0.003–100 V/pC. Measurement
Specialties piezoelectric film sensors were used, which gives approxi-
mately 10–15 pC/microstrain. The charge amplifier is followed by a
Fig. 2. (a) Variable gain charge amplifier for piezoelectric sensor, charge amplifier generates p
signal, (c) bowel trough detector detects trough value of bowel signal, (d) ramp generator pro
low pass filter (LPF) with 10 Hz cutoff. This filter suppresses any poten-
tial high frequency sliding noise and interferences from sensor assem-
bly. The low pass filter tracks the envelope of the bowel sounds and
filters out high frequency components. The third order low pass filter
was implemented with a combination of passive and active filters
with an external capacitor.

The feature extractor unit consists of a peak detector, trough
detector, pulse width detector, digitizer and bowel pulse locator block.
The peak detector is realized using a 7 transistor 2 stage operational
trans-conductance amplifier (OTA) and a charging stage for the
capacitor (Fig. 2(b)). The transistor sizes are M0,M1 = 2.82 μm/30 μm;
M2,M3,M5,M6 = 2 μm/50 μm; M4 = 1.28 μm/50 μm; M7,M8 =
30 μm/1 μm;M9=50 μm/1 μm; andM10=4 μm/1 μm. The transistors
operate in weak inversion region. Similarly, a trough detection block
consists of a 5 transistor OTA and a discharging stage for the capacitor
(Fig. 2(c)). The OTA transistor sizes are: M1 = 2 μm/5 μm; M2,M3 =
0.25 μm/1 μm; M4 = 0.5 μm/1 μm; M5,M6 = 2 μm/50 μm; M5,M6 =
0.64 μm/50 μm; M7,M8 = 5 μm/15 μm; M9 = 4 μm/50 μm; and
M10 = 4 μm/1 μm. The designed OTA has an open loop gain of 51 dB
and bandwidth of 55 kHz. Differentiators are implemented in the fea-
ture extractor unit to extract the signal slope and the change in slope
for local peak and trough detection and generate sign bits. The
experimental threshold levels for the extractor were determined
by feeding previously recorded bowel sounds into the system and
extracting the DC levels for positive bowel events peaks and troughs.
To determine bowel pulse width, filtered bowel signals were fed into
roportional voltage to input charge, (b) bowel peak detector detects peak value of bowel
duces ramp proportional to the bowel signal width.
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a Schmitt trigger which generates proportional square pulses. The
square pulse drives the ramp generator and produces a ramp propor-
tional to the pulse width (Fig. 2(d)). The thresholding levels enable
the start and stop point of the signal and a pulse bit is generated when-
ever the signal crosses the thresholds. The thresholdswere set by bowel
sounds which were recorded using a digital stethoscope and a sound
card. It was previously demonstrated that bowel sounds can be located
in abdominal signals by identifying signal peaks, troughs, and pulse
widths and comparing with experimentally determined thresholds
[8]. Transistors in the peak and trough detector unit, charge amplifier,
ramp generator, and Schmitt triggers were optimized for low power
utilizing the inversion co-efficient techniques [24].
2.3. Control logic and bowel algorithm unit

The control signals are generated using standard logic gates. The
algorithm continuously monitors the signal peak, trough and pulse
width and compares with the experimental thresholds. After successful
detection of a bowel peak, the peak value is recorded and a correspond-
ing digital bit is generated. The algorithm then forwards the control unit
to the trough detection module. If a successful trough detection has oc-
curred, the analog trough level is recorded in a similar manner, and a
trough bit is generated while forwarding the algorithm for bowel
width measurement. The bowel width measurement also enables a
reset to the peak and trough detection modules. The pulse width is re-
corded by the following method: a finite hysteresis Schmitt trigger dig-
itizes the output signal which is fed into a ramp generator, the ramp
signal output is then comparedwith an empirical analog threshold gen-
erated from the control unit, the control unit generates thresholds pro-
portional to the signal pulse width. The thresholding block consists of
Fig. 3. Experimental bowel system characterization using sinusoidal excitation source. (a)
and (g) trough bit.
high performance 3 stage comparators which are comprised of cross
couple stages, 5 transistor OTA and buffers. Bowel logic is true when
the peak, trough, sign bit and signal width fall within the thresholds
limit. A successful bowel sound measurement sends a forced reset to
all the sub modules. Delay modules consisting of inverter chains and
on-chip capacitors were utilized to record and store data during the
bowel logic determination period. An on-chip 8 bit counter has also
been implemented in the detection unit to count the number of bowel
sounds over a period of time. This can be used to determine the bowel
pulse rate. Pseudo-NMOS logic gates were utilized in the counter unit
to reduce chip area by not using the large PMOS pullup stages of
CMOS logic gates.
3. Results and discussion

Thedetector systemwas fabricated in a 0.18 μmstandard CMOS pro-
cess. The system response of the detector system to an excitation signal
is shown in Fig. 3. Fig. 3(a) shows the excitation signal, and Fig. 3(b) and
(c) shows the detected peak and trough of the signal respectively.
Fig. 3(d) shows the measured sign bit. The sign bit was either positive
or negative based on the signal slope. Using thresholding blocks the
peak and trough bitswere generated (Fig. 3(f), (g)). The experimentally
measured abdominal sounds from a real subject are shown in Fig. 4. The
abdominal sounds were previously recorded usingmanual auscultation
with a digital stethoscope, sound card and a LabVIEW data acquisition
program. The raw abdominal signal is shown in Fig. 4(a). The recorded
abdominal sounds were fed into the feature extractor module using
LabVIEW program and a data acquisition card. The features were ex-
tracted and compared with empirical thresholds in the extractor
block. Logic bits correlating positive bowel events were compared
Excitation signal, (b) peak, (c) trough, (d) sign bit, (e) excitation signal, (f) peak bit,
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with empirical thresholds and positive event bits were generated
whenever peak trough and pulse width fell within the threshold limits.
The presence of high frequency interferences can cause corruption of
the bowel signal, and contributes to false positive or false negative re-
sponses. Bowel logic is true when peak and trough are detected and
the pulse width is within the experimental threshold range. In the re-
mainder of cases, one or more of the logic bits fails to comply with the
threshold level, and were considered as negative bowel events. It is ev-
ident from the signal response plot that when bowel pulses fall below
the pulse width threshold limit, they are rejected during decision
phase. In Fig. 4(b–d), positive bowel events were identified in the pres-
ence of noise interferences. The accuracy of the detector response was
verified by comparing the detected bowel sounds with observed
bowel sounds in an 8 second duration of physiological data. True
bowel sounds were determined using visual and audio observation
from a 5 minute raw bowel data. The detection probability of bowel
Fig. 5. (a) Bowel sound detector system, (b) system response to r
sounds is approximately 85%, where the probability is calculated as (de-
tected sound − actual sound) / (actual sound) × 100%.

The integrated experimental test setup for the measurement is
shown in Fig. 5(a). The feature extractor was implemented in a single
chip, while the charge amplifier and the thresholding blocks were
implemented in separate chips and with discrete components. The
total power consumption of the integrated chipswas 53 μW. The feature
extractor and front end sensor module consume 13 μWof power, while
the counter consumed 40 μW of power. The charge amplifier was
integrated in a PCB with a flexible piezoelectric sensor (Measurement
Specialties LDT series), feature extraction and thresholding modules.
Although implemented in separate chips for prototype testing pur-
poses, the combined integrated system only occupies 0.96 mm2

chip space. Fig. 5(b) demonstrates comparison of the number of de-
tected bowel sounds over an 8 s period with the visually observed
bowel sounds demonstrating positive bowel events.
aw bowel sound showing detection of positive bowel events.
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4. Conclusion

Online bowel sound monitoring in an artificial pancreas can enable
real time physiological monitoring of meal instance, gastrointestinal
motility and monitoring of patient information and compliance.
Implementation of such a bowel soundmonitoring system in a portable
insulin pumpwill require system integration in a limited chip space and
demands low power operation. We have demonstrated an integrated
ultra-low power bowel monitoring system which consumes 53 μW of
power and can be implemented in a 0.96 mm2 chip space which is a
compact implemented system compared to current state of the art
bowel monitoring systems. The monitoring system extracts bowel fea-
tures in real time and can be seamlessly integrated in a portable system.
The system provides a non-invasive way to detect and correlate physi-
ological measures in real time with motility or meal instances. The pro-
totype instrument shows 85% accuracywith low false positives, which is
sufficient for determiningwhether a patient has eatenwhenmonitored
continuously. The instrument can be used to analyze bowel patterns
and is suitable as a low power front end solution of a complex bowel
signal processing system.
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