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Abstract—Due to the rising number of heart patients and the apparent need
for more robust electrocardiogram (ECG) monitoring of these patients, hospi-
tals are increasingly investing in typical cloud technology or centralized hospi-
tal server based remote ECG monitoring systems. However, the deployment
these systems in rural communities is limited due to the high cost factor. To
counter this challenge, in this paper, we focus on the design and implementation
of a low cost real time wireless ambulatory ECG monitoring system. The de-
tected ECG signals are first filtered and amplified and then digitally converted
by a microcontroller. The digitized ECG signals are then sent over a ZigBee
wireless link to a gateway personal computer (PC) at patient’s premises. The
received ECG data from the ZigBee connection is displayed in real time via the
National Instruments (NI) Laboratory Virtual Instrument Engineering Work-
bench (LabVIEW) user interface on the PC for instant personalized evaluation
of the ECG data. The ECG data can be saved on the PC and sent via email to a
remote cardiologist or a clinician. Additionally, the gateway PC at patient’s end
acts as web server for sharing patient’s data over the Internet. The remote off-
site physician (medical staff in a hospital) can use a web browser on a PC,
laptop or a mobile phone with Internet connection to access patient’s real time
ECG trace for monitoring, expert review and diagnosis. It is shown that the sys-
tem prototype allows users to acquire reliable ECG signals effectively and
simply. The proposed ambulatory ECG system offers an alternative low cost
deployment strategy and is especially suited for remote cardiac monitoring of
patients in rural communities.
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1 Introduction

Cardiovascular diseases (CVDs) are a leading cause of mortality globally. A great-
er number of individuals perish every year from CVDs than from any other cause.
According to the World Health Organization (WHO), an estimated 17.9 million peo-
ple died from CVDs in 2016, representing 31% of all global deaths [1]. If the patients
with heart abnormalities can be identified, sudden cardiac attacks can be prevented. It
is therefore, improving affordability and accessibility of ECG monitoring systems is
an important step towards the CVD prevention. Consequently, there has been growing
demand for low cost, low power and reduced size ECG systems. Accordingly, many
researchers have contributed in the design and development of ECG monitoring sys-
tems [2]-[13].

Today, ambulatory ECG monitoring systems play a prominent role in healthcare
products. Ambulatory ECG systems generally exploit two to three electrodes to
measure and record the ECG signals [14]-[22]. These systems not only facilitate re-
mote monitoring of cardiac activity outside the clinical setting and establish a user
cardiologist interface, but also allow continuous monitoring of cardiovascular health,
for early detection of fatal risks [5]. In order to make ambulatory ECG systems that
are easy to setup, wearable, and tolerant of artifacts, endeavors have been made to
develop portable ECG systems. Due to the recent advances in wireless and electronics
technologies, these systems replace the conventional wired ECG monitoring system
with a wearable ECG device capable of capturing and transmitting ECG data wire-
lessly to a smartphone [6]-[9], [14], [15], [20]-[22]. The data can be visualized and
saved on a smart phone, and then uploaded to a local PC through Bluetooth [10]-[13],
or directed to a cloud [23, 24] or a centralized hospital subsystem/server [25]-[28].

Cardiovascular diseases in rural communities take a large toll of human lives due
to inadequate cardiac facilities and delayed diagnosis. The challenge is to make real
time ambulatory ECG monitoring and diagnosis services affordable for deployment in
rural communities which are more in need of a qualified remote medical assistance
than patients in urban areas. Though the cloud and centralized hospital server based
ambulatory ECG monitoring systems have long been recognized as relevant and have
been the target of investments by hospitals. However, unfortunately, cloud facilities
tend to be commercially driven and thus attract high monthly subscription premiums.
Also, hospital based centralized servers (centralized data management system for data
storage, analysis and access) involve high costs associated with the infrastructure,
software, operation and maintenance, and users’ training. This puts significant cost
impact on patients as they need to pay increased cost per diagnosis. High cost factor is
thus a major hurdle in widespread deployment of cloud and centralized server based
remote ECG monitoring systems in rural communities.

Wireless technology ensures patient’s freedom of movement while the patient is
being monitored. Growing presence of wireless networks also justifies the realization
of wearable ECG devices that forward the ECG trace to a nearby communication
device. Bluetooth and ZigBee [29-31] are the two main low power wireless transmis-
sion technologies used in ECG wireless monitoring systems. ZigBee is an open glob-
al standard protocol designed for use with wireless personal area networks (WPANS).
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It is an IEEE 802.15.4 based specification used to create wireless networks that re-
quire a low data transfer rate, increased energy efficiency and secure networking [32].
The performance of both the ZigBee and Bluetooth is somewhat similar; however,
ZigBee is more commonly used in relaying data for environmental monitoring [33],
home automation, industrial automation, security systems and smart lighting applica-
tions. ZigBee is also used in elderly people monitoring, which suffer from heart dis-
eases and/or diabetes [34].

Web based access provides simultaneous site access to different clients. Accord-
ingly, several works on web based ECG monitoring systems have been reported in the
literature [35]-[37]. In [35], Onder et al. developed a web based wireless ECG meas-
uring and recording system. A system allowing remote ECG monitoring via ARM9
web server technology is presented in [36]. Also, a cloud based web page in [37]
allows the patient's physician to analyze real time ECG signals.

Motivated by above developments, and towards our objective of low cost ambula-
tory ECG monitoring system for patients in rural communities, this paper focuses on
the prototype design and implementation of a low cost single channel wireless ECG
monitoring system for ambulatory environments. The system allows transmission of
captured ECG data through email and sharing of real time data through a web inter-
face to an off-site cardiologist or medical staff in a hospital.

Since the cloud facilities and centralized data servers are still a considerable burden
on the diagnosis cost, we consider the use of communication device (mobile phone or
a PC) at the patient’s end as an alternative solution without incurring any additional
cost. However, since it is impractical to implement the server on patients’ smart
phone due to limited power, data storage, processing and analysing capabilities; com-
puter-based ECG monitoring is becoming an efficient approach for acquisition and
analysis of ECG signals. It is for this reason, we use a PC at patient’s end to serve as
a web server as well as act as a wireless gateway to collect, store and process data
from the patient wirelessly. A popular single board computer like the Raspberry Pi
[38] can be used for this purpose. However, since PCs are already diffused as Internet
gateways (or access points (APs)) in our homes, so possibility of using a Raspberry Pi
is discarded to save on prototype development costs.

To increase the battery life, it is decided to use low cost and low power ZigBee
wireless technology for to transmit ECG signals from the data acquisition module to
the patient’s PC. Other factors that also supported ZigBee’s usage include secure
transmission, good transmission range, flexible network structure, ease of implemen-
tation with the commercial off the shelf (COTS) modules for rapid prototype devel-
opment and potential for mass market deployment advantage in emerging medical
wireless sensor networks (WSNs).

LabVIEW [39] is used to establish the ZigBee based gateway PC interface for data
visualization at patient’s end. Also, LabVIEW is used to establish a web based inter-
face for to share real time ECG information with an off-site cardiologist or medical
staff from a hospital.

In Section 2, we provide an overview of the proposed ECG monitoring system. We
then follow detailed system design in Section 3, which is then followed by hardware
implementation testing in Section 4. NI LabVIEW application program design and
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web interface are presented in Section 5 and 6, respectively. Discussion is presented
in Section 7. Finally, the paper is concluded in Section 8 by suggesting some key
application of the proposed design and future research directions.
2 System Description

Figure 1 shows system architecture of the proposed ECG prototype monitoring
system. The system comprises of a data acquisition and transmitting unit, a receiving

unit (also called communication device for sharing ECG data over the Internet) at
patient’s end and a remote web interface.

Transmitting unit Receiving unit

V2N
‘ l | mcu l MODULE I ‘
Power management
RL " Rx Module
PC
¢ LabVIEW
Web Publishing Tools
Storage
} hd Display '@

Filter
Power management circuits I Web application interface

Fig. 1. Proposed ambulatory ECG system architecture.

RA

The transmitter unit's main function is data acquisition and simultaneous wireless
data transfer to the receiver unit. The transmitter unit consists of electrodes followed
by an analogue frontend (AFE), a microcontroller and a ZigBee transmitter module.
The electrical signals are acquired from the patient using three electrodes. Electrodes
(RA) and (RL) sense a differential signal through the instrumentation amplifier (INA)
(at the first stage of the AFE) and are placed on the patient’s upper body. The third
electrode is a right leg drive (RLD) connection circuit for to suppress 50/60 Hz sur-
rounding power line noise by driving the body to cancel the interference. The signal is
then filtered through a bandpass (BP) filter. A non-inverting amplifier is then used to
amplify the signal so that it can occupy the microcontroller’s analogue-to-digital con-
verter (ADC) input range. At the final stage of the AFE a notch filter is added to the
amplifier signal output to further reject the power line noise. The signal is then fed
into the microcontroller via the ADC input. The digitally converted signal is then
given to the ZigBee transmitter for onward wireless transmission to the receiver unit.

The receiver unit consists of a ZigBee receiver, a ZigBee explorer dongle [40] and
a PC with Internet access. The ZigBee explorer captures the received digital signal
from the ZigBee receiver and channels the captured signal to the connected PC for
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display, analysis, and recording through a LabVIEW based user interface for personal
evaluation by the user.

To target the remote patient monitoring, the third part of the system is the remote
web interface. At patient’s end LabVIEW on the PC serves as the web server. This
backend server acts as the communication hub. Off site cardiologist and/or medical
staff at a remote hospital can access real time data of their patient via this interface.
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Fig. 2. Proposed AFE circuit.
.
3 System Design
3.1 Electrodes

In our prototype design, it was decided to use disposable wet silver/silver chloride
(Ag/AgCl) electrodes, due to their low skin-electrode impedance, low noise and low
motion artifact, to capture ECG bio-potentials in microvolts (uV) range. In these
electrodes, a high viscosity electrolytic gel is used to reduce skin-electrode interface
impedance and assist the electrochemical reactions. The electrodes were connected to
the AFE using ECG lead cables.
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3.2 AFE

The AFE effectively removes the noise picked up by the ECG electrodes and am-
plifies the preserved ECG signal. Figure 2 shows details of the AFE signal chain. The
Texas Instruments TI-OPA333 op-amp [41] possesses excellent common mode rejec-
tion ratio (CMRR) (up to 130 dB), very low offset voltage, low quiescent current,
high-impedance inputs, and allows single or dual supplies as low as 1.8V (+0.9V) and
up to 5.5V (#2.75V). We thus decided to base our AFE design on the OPA333. De-
sign of each AFE block is described next.

Table 1. INA specifications

Model Name INA333 [40] INA128 [41] INA118 [42]
Supply Voltage +18t055V 45036V +27t036V
CMRR 100 dB 120 dB 107 dB
Input Offset 25 uv 50 pv 50 uv
Input Bias Current 5SnA SnA 0.2 nA
Noise 50nVv/ VHz 8nV/ VHz 10 nV/ VHz
Quiescent Current 0.05 mA 0.7 mA 0.35 mA
Gain 1 to 1000 1 to 10000 1 to 10000
Price (~) $4.32 $6.32 $10.20
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Fig. 3. INA333 basic connections [43].

INA: INAs are usually connected to electrodes with ECG lead wires. These leads
are susceptible to noise and can easily pick up 50/60 Hz noise from the nearby power
lines as well as much higher frequencies from the surrounding environment. It is
therefore important for INAs to possess a high CMRR. Also, an INA must have low
power consumption and low input offset voltage. The offset drift of the INA input
stage becomes the dominant source of offset error as the gain increases [39]. For our
system, we thus aimed at an INA with a CMRR of at least 90 dB, with low power
consumption and low offset voltage. Taking these points into consideration, three TI
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INAs: INA333 [43], TI-INA128 [44] and TI-INA118 [45], were shortlisted out of
tens of other INAs. Table I contrasts the differences between the three INA character-
istics. Since INA333 has the lowest power consumption, input offset voltage, and
cost, INA333 was thus selected for the AFE design.

Figure 3 shows INA333’s basic connections. The gain of INA33 can be configured
by a single external gain resistor R; connected between pins 1 and 8:
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Fig. 4. Second order unity gain Sallen-Key HP filter simulation result.
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Fig. 5. Second order unity gain Sallen-Key LP filter simulation result.

1

The INA gain was set to 74.52 using R; = 1360 Q. At this setting, the typical
ECG signal amplitude of 5 mV is amplified to 0.3726 V.
BP filter: The INA output is connected to the BP filter. Different scientific socie-

ties recommend the ECG signal bandwidth of 0.05-150 Hz [46]. In our work, we have
taken reference to these guidelines to set cut off points of the BP filter. The second
order Sallen-Key high pass and low pass filter configurations only need a single op-
amp. These configurations are therefore easier to implement and generally cheaper. It
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is for this reason; the BP filter was built through a cascade of a second order Sallen-
Key HP filter and a second order Sallen-Key LP filter.

The second order unity gain Sallen-Key HP filter topology (Rg, Rg,Cy €5 and Us;)
is shown in Figure 2. The filter frequency response is given by

N (P
H(©) = GomTmorag @

JRaRaC1Cs

1
where the cut off frequency w,, = ——=== and the Q factor Q == .
ere q Y @n /RgRgC1Co Q Q (€1+C3)Rq
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Fig. 6. Twin T-notch filter simulation result.

For this topology, a cut off frequency 0.05 Hz was targeted. We chose
Rg = Rg=390kQand C; = C; = 8.2 uF to set the cut off frequency at 0.049 Hz
and the O = 0.5. The HP filter simulation result in Figure 4 shows a target frequency
of 0.05 Hz attenuated at -5.98 dB. In contrast, the estimated (calculated from R and C
component values) cut-off frequency of 0.049 Hz is attenuated at -6.16 dB.

Figure 2 shows the second order unity gain Sallen-Key LP filter topolo-
gy (R19,R11,Cy, C3, and U,). The filter frequency response is given by

. Wn
H(jw) = ey A3)
JR10R11 C3 Cy
(R10+R11) C3
For this configuration, a cut off frequency of 150 Hz was targeted. We chose
Riyp= Ry; =4.7kQand C3 = C, = 0.22 pF to achieve an estimated frequency of
154 Hz and Q = 0.5. Corresponding simulation results in Figure 5 shows the target
frequency of 150 Hz attenuated at -5.98 dB, whereas, the estimated frequency of 154
Hz is attenuated at -6.03 dB.
Non-inverting op-amp: Between the LP filter and the notch filter in Figure 2, a
non-inverting amplifier (R, Rq4,and U,) was employed to adjust the signal for the

where the cut off frequency w,, = and the Q factor Q =

JR10R11 C3 Cy
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microcontroller’s ADC input range. The closed loop gain of the resulting amplifier
A, =1+ (R;/Ry4) was set to provide a gain of 11. This makes total AFE gain of
around 819.72, amplifying typical 5 mV ECG signal to 4.09 V.

Notch filter: A Twin-T notch filter (R4, Rs, Rg, Cs, Cg,and C;) shown in Figure 2
was used to suppress 50 Hz noise. The filter is composed of two T-networks:

e The RCR network is formed by two resistors Ry = R; = R and one capacitor
C; = 2C.

e The CRC network is formed by two capacitors C; = C; = C and one resistor
Rs=R/2.
The filter’s frequency response is given by

Jw)*+wf

L W0
(]oo)‘-+—nQ—+ou$I

H(jw) = 4

where the cut off frequency w, = 1/RC and Q = 0.25. Using the closest resistor
and capacitor values (R = 6.8 k() and € = 470 nF) the notch filter simulation results
are shown in Figure 6. Notice that the T-notch filter has a soft cut-off and desired
notch frequency is attenuated at -71 dB.

Voltage follower: Following the notch filter, a voltage follower is constructed us-
ing a non-inverting op-amp. The voltage follower provides very high input impedance
to the source circuit and very low output impedance to the load circuit. It thus behaves
like a perfect voltage source for the microcontroller without any overloading effects
to the AFE circuit.

Right leg driver (RLD) circuit: The RLD circuit has been used in many ECG ac-
quisition systems [44, 45]. The main purpose of the RLD is to invert and amplify the
common mode signal (in the powerline interference), and then feeding the signal back
into the patient’s right leg. The circuit thus cancels the 50/60 Hz noise and creates a
cleaner ECG output signal. In the Figure 2 RLD circuit, two op-amps Ug and U; are
used. The first acts as a buffer with unity gain and infinite passband range, and the
second acts as an inverting amplifier.

For the RLD circuit in Figure 2, the common mode voltage

Rry . Rz .
Ve = — 1l = - 1 5
€M T 14Re/R; @ T 1+Ryp/Ryz @ ®)

where iz is the body's displacement current due to the op-amp output. It can be
easily observed from (5) that by increasing the gain of the amplifier (large R and
small R;), v, can be decreased.

A larger gain improves the CMRR, giving better signal, but it is limited by the oft-
set of the electrode, amplifier and supply rail. Also, stability problems are encoun-
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tered with the cable impedance. To balance this, the bandwidth of the op-amp is de-
creased, as we increase the gain.
Rz _ 1MQ

The inverting amplifier has a voltage gain of A = %ﬁ iy kQ =80 and a
i 13 .
1

: = ‘ = 159.15 Hz for
2mMR17Cg 2mx10kQx0.1uF

stability. Also, a resistance Rgz; = 499 kQ at the RLD output is used to limit the cur-
rent driven to the patient’s body.

low-pass cut-off frequency of fagp =

3.3  ATmega328P microcontroller

ATmega328P [49] is a 16 MHz, high performance, low power 8-bit microcontrol-
ler based on the reduced instruction set computer (RISC) architecture. It features 32
KB of flash memory, 14 digital input output (I/O) pins, 6 analogue 1/O pins, and op-
erates between 1.8-5.5 volts. The ATmega328P was used to convert AFE output sig-
nal to the digital domain using its ADC. The ATmega328P ADC has a 10-bit resolu-
tion, which translates input voltages from 0 to 5V into integer values from 0 to 1023,
yielding a resolution of 4.9 mV per unit.

Figure 7 shows the corresponding oscillator circuit for the 16 MHz clock and the
AFE output signal connection to the ATmega328P ADC pin A0. For 10-bit accuracy,
the ATmega328P ADC clock needs to be between 50 kHz and 200 kHz. AT-
mega328P uses a 16 MHz clock, 128 pre-scaler factor setting was therefore used to
get the ADC clock rate of 125 kHz.
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Fig. 7. AFE input to the ATmega328P ADC input, 16 MHz oscillator circuit, and connection
to the XBee transmitter.

According to the Nyquist—-Shannon sampling theorem, when digitizing an analogue
signal, the sampling rate must be at least two times higher than its maximum frequen-
cy to avoid aliasing problem. Theoretically, sampling rate of 300 Hz was enough for
ECQG to satisfy this requirement (as we were interested in frequencies of upto 150 Hz).
However, to track the input signal more accurately, the ADC sampling rate was set at
1 kHz.
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3.4  ZigBee wireless communication

XBee radio family consists of various XBee radio frequency (RF) modules with
different specifications [50]. XBee modules support ZigBee protocol and generally,
operate within the industrial, scientific and medical (ISM) 2.4 GHz (Unlicensed)
frequency band. To be more specific, XBee Series I transceivers [51] were selected
due to their low power consumption, low cost, small size and modularity advantages.
An XBee adapter board [52] was utilized to connect XBee with the microcontroller at
the transmitting end. The microcontroller uses a universal asynchronous receiv-
er/transmitter (UART) port for communication with the XBee module. Figure 7
shows the corresponding microcontroller connections to the XBee transmitter. At the
receiver end, receiving XBee was interfaced with a PC using the XBee explorer don-
gle.

Using XCTU software [53], one XBee was configured in the transparent mode
(AT) as a transmitter while the other XBee attached to the PC was configured as a
receiver in AT mode. Also, channel, personal area network identifier (PAN ID), des-
tination address high (DAH), destination address low (DAL) and 16-bit source ad-
dress were configured for secure point to point communication.
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Fig. 8. Power supply management circuits for the ECG transmitting unit.

3.5 Power management

Figure 8 shows the power supply management circuits for transmitting unit. The
AFE operates with a dual power supply of +9V. Voltage regulator LM317 [54]
(LM337 [55]) is used to supply the +2.5V (-2.5V). Also, LM805 [56] voltage regula-
tor is used to provide 5V supply to the microcontroller. Moreover, 3.3V supply is
provided to the XBee transmitter through a voltage divider circuit.
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The system transmitting unit uses 6XOPA333 and 1XINA333, 1xXXBee transceiv-
er, and 1XATmega328P. Total current for operating mode is about 53mA. If the
whole circuit is run with a 5V single supply 3000mAh Lithium polymer (Li-po) bat-
tery with 70% power efficiency.

A 5V battery can last around 39.62 hours for continuous ECG monitoring. In cer-
tain cases, transmitting unit is not required to continuously monitor data. Battery
power can therefore be saved by taking hourly short duration measurements while
turning ON cyclic sleep modes. Also, reducing the ADC clock speed can further save
on transmitting unit power consumption.

4 Hardware Implementation and Testing

Figure 9 shows the fully implemented transmitting unit using Breadboards I and II.
The Breadboard I shows implementation of the AFE signal chain consisting of INA,
HP filter, LP filter, non-inverting amplifier, notch filter, and voltage buffer circuits.
Implementation of power management, oscillator, microcontroller, power manage-
ment, and XBee circuits is shown on the Breadboard II.

A simple 16 MHz oscillator circuit (replacing ATmega328P’s internal 8 MHz RC
oscillator) is built to run the microcontroller. Voltage regulators, LM317 and LM337,
are used to provide the dual power supply. A 5V Voltage regulator LM805 is used to
supply the microcontroller and the XBee transmitter.

The XBee transmitter is mounted on an adapter board that has 3.3V voltage regula-
tor. Also, the voltage divider circuit is used to shift the negative AFE voltage signal to
positive and then pass through the microcontroller’s ADC as the input.

LM317 and LM337
XBee S1 Transmitter + Adapter board ~ MCU + Oscillator Circuit Level shifter supply circuits

Breadboard Il

LM7805

supply
circuit

RLD
circuit

RLD
output

INA RA and LA inputs HPF LPF Non-inverting amp Notch filter

Fig. 9. Transmitting unit prototype implementation: a) Breadboard I: AFE, b) Breadboard II:
microcontroller, oscillator, XBee and power management circuits.
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Experimental testing was performed in the laboratory with SKX-200 ECG simula-
tor [57] and human generated ECG signals. A normal resting heart rate for adults
range from 60 to 100 beats per minute [58]. Typically, the ECG amplitude value is in
the 0.5 mV to 1 mV range for heart rate between 60 beats per minute and 100 beats
per minute [59]. The ECG simulator was thus setup to produce a low amplitude ECG
signal of 1mV amplitude that served as AFE input and INA was setup to have a gain
of 74.52. The resulting INA output without the RLD circuit is shown in Figure 10(a).
The INA output in Figure 10(a) shows a signal of 68 mV which is lesser than the
calculated value of ImVx74.52 = 74.52 mV. In particular, the QRS complex can be
seen and the INA output is shown with the DC offset introduced by the electrodes. In
Figure 10(b), BP filter output is shown. The HP filter has done a good job in eliminat-
ing the DC offset. However, signal amplitude has decreased, only QR shape is notice-
able in the filter output, and the signal is still noisy. The RLD circuit is then connect-
ed with the INA. The resulting INA and BPF signals are shown Fig 10(c) and 10(d),
respectively. Notice that in contrast to Figure 10(a) and 10(b), relatively clean signals
can be seen in Figure 10(c) and 10(d), respectively, due to the noise attenuation by the
RLD circuit. There is a hint of PR and ST intervals in Figure 10 (c) and 10(d). Due to
noise attenuation by the RLD circuit, a drop in the signal amplitude at INA and BPF
filter outputs can be noticed as well.
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Fig. 10. a) INA output with no RLD, b) BP filter output with no RLD, c¢) INA output with
RLD, b) BP filter output with RLD.
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Fig. 11. a) non-inverting amplifier output b) notch filter output

Following the BP filter, a non-inverting amplifier with a gain of 101 (earlier com-
puted gain of 11 was not adequate) is used to amplify the signal to the desired signal
in the 0-5V ADC input range. The amplified output is shown in Figure 11(a). The
signal is still noisy but the QRS shape, PR and ST intervals are clearly visible.

For the final stage, a 50 Hz notch filter is used. The notch filter output is depicted
in Figure 11(b). In contrast to the amplifier output signal in Figure 11(a), the notch
filtered output signal has a very clear ECG shape.

The PR interval, QRS complex as well as ST interval can be clearly seen. Notice
that the response of the notch circuit gradually falls away and affects frequencies on
either side of the notch frequency. The negative offset and reduction in signal ampli-
tude are thus observed in the notch filter output.

The circuit was next tested with human generated ECG signals (with RA and LA
electrodes positioned on wrists and ground lead placed on the right leg). The associat-
ed results were in good match with the simulated results and overall, in both the cases
prototype tests resulted in good clean ECG signals.

5 LabVIEW Application Program
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Fig. 12.Initial LabVIEW design: application program.
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LabVIEW offers a unique graphical programming-based software development
environment. Graphical programs called virtual instruments (VIs) can be created by
connecting terminals, constants, functions, and structures using wires on a block dia-
gram.

A LabVIEW based application program running on the PC gateway was designed
and interfaced with the XBee receiver. The key point of using LabVIEW as a soft-
ware development tool for the proposed system is the ease of using NI Virtual In-
strument Software Architecture (NI-VISA) [60] as a high-level API for reading data
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Fig. 13. Initial LabVIEW design: (a) Front panel user-interface (b) Excel recorded data.
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From PC’s USB port, availability of signal processing related toolkits (Biomedical
Toolkit, Advanced signal processing Toolkit, the Digital Filter Design Toolkit) and
many signal processing VIs. In general, these features make it convenient for PC
users to create applications, extract ECG features, and analyze ECG signals for heart
rate variability analysis, cardiac arrhythmia and so on.

Figure 12 shows the NI-VISA based developed VI. The application opens a session
to a give resources, does necessary configuration to the resource, performs reads to
USB, closes the session to the resource and handles any errors that may have oc-
curred. The program can run on any operating system that supports LabVIEW and
NI-VISA and display the ECG signal read by XBee receiver through a waveform
chart. The communication between the PC and XBee radio is through the serial port
established by the PC operating system. The user thus needs to choose the COM
PORT being used for the XBee receiver. User can monitor real time ECG signal
through this user interface and store ECG data in Excel on the computer hard disk.

We tested ECG wireless transmission in an indoor lab environment, and it worked
perfectly up to 100 ft (30 meters). Figure 13(a) shows the captured sample result of
the real time ECG data and data recorded in the Excel file is shown Figure 13(b).
Note that, for the proposed system, ECG pre-processing is not required in LabVIEW
as necessary preprocessing is carried out by the AFE. All relevant ECG features are
clearly visible, and no 50 Hz noise is viewed in the signal.

6 LabVIEW Remote Web Interface

The web publishing tool in LabVIEW was used to develop remote interfacing for
real time data monitoring, recording and control the execution of the system. The
LabVIEW built-in web server was used to publish the application front panel [61].
After activating the web server, LabVIEW generated front panel that can be accessed
in real time from any web browser. The browser allows connection to the same gate-
way PC as the server. When a remote client opens the front panel, the web server
sends the front panel as front end to the client, however, the block diagram and all the
VI remain on the backend gateway server PC. The system furthermore allows remote
users to control the execution of system through the VI embedded in the web browser.
The data acquisition still occurs on the gateway PC, nevertheless, the remote user is in
full control of the application. At any point in time, the gateway PC can take control
of the application from any of the remote distributed users/clients who are in control
of the application.

Figure 14 (a) shows the LabVIEW web interface with patient’s real time data. To
view and run the published VIs remotely, the users only need to install the LabVIEW
run-time engine (compatible with the version of LabVIEW on the PC gateway) for the
web browser on their computers. The run-time engine includes a browser plugin
package for installation in the browser plug-in directory. The LabVIEW run-time
engine and relevant installer can be downloaded free of charge from the NI website.

A fully functional ECG monitoring system costing ~$110 is shown in Figure 14

(b).
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Fig. 14. (a) A VI running in LabVIEW (b) Complete ECG system prototype.

7 Discussion

The proposed system can wirelessly monitor a patient’s ECG signals within an in-
door environment (in private homes/building/hospitals) using a PC at patient’s end
and share the real time data through the web interface with a remote cardiologist pos-
sibly over his phone/PC/laptop. An emergency ambulance can use this system as well
to share patient’s ECG trace with the hospital medical staff and off-site cardiologist
with the simple web access.

Presently, most of the monitoring systems use PCs to send patient’s ECG data to
the centralized hospital servers or public clouds from patient’s home. The proposed
system implements a web server on his/her PC to eliminate the need of a centralized
hospital server or a cloud thereby allowing a major cost reduction. The prototype
system uses proprietary hardware and software to speed up the development of the
proposed ambulatory system and system results are easily reproduceable.

The hardware used to realize the development-oriented prototype costed around
$110. This low entry cost may also attract the interest of small enterprises for
production-oriented design for large scale deployment. A production-oriented design
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using surface mount technology (SMT) components can significantly cut this cost to
$70-$80, making remote ECG monitoring affordable, sustainable and effective for
rural communities.

The prototype is developed using LabVIEW which involve licensing costs. How-
ever, the system can be implemented with a client-server program written in Python.
The server can be implemented with the Raspberry Pi web server and the web based
application /interface for the framework can be developed by using tools such as;
Python, PHP web programming language, HTML, jQuery Java script framework, and
MySQL database. With the pocket size, low cost and power efficient Raspberry Pi
zero W [38] without display monitor (with display) replacing the PC gateway, the
overall cost is expected be under $120 ($246).

In the current form, the proposed prototype system can be gainfully employed in
biomedical electronics/instrumentation and embedded programming courses in Bio-
medical and Electrical/Electronic engineering undergraduate degree programs to
demonstrate signal conditioning, embedded programming, wireless transmission and
LabVIEW fundamentals and applications. Moreover, the proposed system can be
used as a reference prototype system to build portable wireless bio and non-bio acqui-
sition systems.

In future, the proposed transmitting unit will be miniaturized using SMT compo-
nents for integration into a single printed circuit board (PCB) unit with an improved
power management circuit to achieve a fully low-voltage and low-power rechargeable
ECG acquisition system for wearable applications. The system will also be extended
to multiple patients with a wide coverage area in a hospital setting by implementing a
ZigBee wireless mesh network. The receiving unit acquired data will be further pro-
cessed by employing LabVIEW based signal processing algorithms to extract ECG
features, analyze cardiovascular conditions and help improve automatic diagnosis of
heart diseases. Improvements in the VI design can also include, development of user
data base, user selection, etc. The ECG sensors can be embedded into some wearable
textiles for to minimize impact on the patient’s daily activities. With the help of these
improvements, long-term ECG can be monitored with ease and in a cost-effective
manner.

8 Conclusion

A low cost prototype ambulatory wireless ECG monitoring system is designed,
implemented and tested. The system deploys a low cost transmission unit at patient’s
end and low power Zigbee wireless communication technology between the transmit-
ting unit and gateway PC at patient’s end. A web server on the gateway PC is imple-
mented. A client (an off-site cardiologist, clinician or medical staff in a hospital) can
use the proposed system for remote monitoring of patients via a simple web access on
a PC or a mobile phone.

Further software and hardware development work on the ECG transmitting unit is
needed for to further reduce the cost, size and power requirements. Implementation of
signal processing tools/algorithms (database) at patient’s PC is also needed for im-
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proved diagnosis (for storage and retrieval of ECG traces and patient’s information
record). Also, transmitting unit with electrodes can be embedded in a user-friendly
wearable harness or a patch for long-term ECG monitoring. It is believed that the
proposed ECG monitoring system can greatly help mitigate costs associated with the
deployment of remote ambulatory ECG monitoring systems for patients in rural
communities.
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