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Abstract—The paper presents a low complexity algorithm for
extracting features of an electrocardiogram (QRS complex, P
wave and T wave). A low power and resource optimal archi-
tecture is designed to implement this algorithm efficiently. The
algorithm’s parameters are chosen appropriately to avoid any
floating-point compute-intensive arithmetic operation enabling
us to implement it using comparators, shifters and adders
only, which leads to efficient hardware resource utilization. The
proposed architecture employs techniques such as clock gating to
optimize power consumption. The modules delineating different
peaks and boundaries of the ECG signal can be turned off when
they are not operational or as per the medical requirements. The
algorithm and architecture proposed in this paper are validated
using MIT-BIH and QT database from Physionet. The proposed
algorithm is implemented using the Virtex — 7 FPGA platform
with average resource utilization of 0.42%, which is the least
compared to other methods. The implementation is synthesized
using 180 nm CMOS technology. The proposed design utilizes
7.38 uW and 7.38 pJ of power and energy respectively, at
an operating frequency of 1 AMHz at 1.98 V. The energy
consumption of the proposed architecture is reduced by factor
of 1.28 compared to other known methods due to minimal
utilization of Flip-Flops and LUTSs. Therefore, our architecture
can be efficiently deployed in low power and resource-constrained
wearable healthcare applications.

Index Terms—ECG signal, QRS, P wave, T wave, Wearable
devices.

I. INTRODUCTION

The modern unfit lifestyle habits and inadequate medical
facilities have led to an exponential increase in mortality
rate. Amidst all the diseases, cardiovascular diseases (CVD)
have scourged the world with millions of deaths each year
[1]. An Electrocardiogram (ECG) signal is widely used by
professionals worldwide to analyze different heart abnormali-
ties. Continuous monitoring of ECG signals aids in evaluating
the condition of the heart for any underlying disecases, and
therefore avoiding fatalities. There is a great necessity to
develop wearable devices capable of processing ECG signals
in low power and small areas. The wearable devices lead to
early detection of CVD, giving time to patient and doctor for
life saving [2]. Recent research signifies that the use of such
Internet of things (IoT) healthcare wearable devices effectively
lowers the risk of casualties and the rate of hospitalization
[3]. Due to their portable nature, these devices must restricted
power and area resources. Therefore, ECG processing systems
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should be developed with stringent power and area needs. Con-
sidering these constraints, we propose a simple and efficient
ECG signal analysis algorithm to extract fiducial points. Their
area and power-optimized VLSI architecture is suitable for
incorporating into wearable devices for monitoring ECG.

A. State of the Art in ECG Feature Extraction

Accurate analysis and delineation of ECG signals play a
crucial role in diagnosing CVD. Therefore, ample research
has been done to develop efficient algorithms and hardware
for ECG feature extraction. Pan and Tompkins developed a
QRS detection algorithm that has remarkable accuracy but is
expensive in terms of hardware [4]. Authors in [5] developed
an energy-efficient ECG signal processor to detect cardio-
vascular diseases such as arrhythmia, myocardial infarction
and more. The work is implemented on 130 nm technology
utilizing 96p.J of energy. The cited work does not address
the delineation of boundaries of the P wave and the onset
of the T wave. Vemishetty et el. [6] proposed an algorithm
based on wavelet transform and implemented it on 180 nm
technology that consumed 9.64 p.J energy. Ultra-low-power
hardware is proposed by Temesghen et el.; in [7] for IoT
healthcare devices. It utilized a curve-length transform to mark
only the R peaks while the rest of the feature extraction is
not addressed. Bote et el. [8] developed a modular design
in which the quality of delineation is adjusted in runtime as
per medical requirements. The algorithm is processed using
the T'T M S P430 series microcontroller. These general-purpose
microcontrollers could be a central processing unit for wear-
able healthcare devices. However, the active power dissipation
of these microcontrollers is much higher than the custom
ASIC processors [7]. Also, the paper utilizes morphological
operations to detect the onset and offset of ECG peaks that
add up to hardware resource utilization. This paper proposes
an efficient and simple algorithm to extract all characteristic
features of ECG waves. An area and power-optimized VLSI
architecture is then designed for the proposed algorithm. The
architecture is designed so that it utilizes no floating-point
operations. If the complete delineation is not needed, some
modules such as P and 7" wave block can be disabled to
reduce computational load and power. These modules can
be turned on if any anomaly is detected in the ECG. This












TABLE III
FPGA IMPLEMENTATION OF COMPLETE ECG FEATURE EXTRACTION
ARCHITECTURE (XILINX VIRTEX-7 FPGA )

Resource | Available | Utilization | Percentage Utilization(%)
LUT 303600 2409 0.79
FF 607200 1230 0.20
DSP 2800 11 0.39
10’s 700 233 38.83
BRAM 1030 1.50 0.15
TABLE IV
COMPARISON OF FPGA IMPLEMENTATION OF COMPLETE ECG FEATURE
EXTRACTION
Architecture — Percentage e p Percentage
Available | Utilized Utilization(%) Available | Utilized Utilization(%)
22] 40960 29389 71 20480 15459 75
23] 343680 | 119256 347 687360 | 130598 19
[24] 239616 | 131072 55 18752 3532 19
211 69120 24784 35 69120 14670 21
Proposed 303600 2409 079 607200 1230 0.20
TABLE V

POWER COMPARISON OF SYNTHESIS RESULTS

Parameter [25] [26] [27] [28] Proposed Work
Technology 180nm 180nm 180nm 180nm 180nm
Operating Frequency 1 MHz 1 MHz NA 0.12 KHz 1 MHz
Supply Voltage 1.8V 12v 1.0v 12V 1.98V
ECG Features P-QRS-T | P-QRS-T QRS QRS P-QRS-T
Power 9.47uW 32uW 0410puW | 5.97uW 7.38uW
Energy 9.47p] 32pl NA 49.75n] 7.38p]

The proposed algorithm consumes a mere 7.38 pW of
power when operated at 1 A Hz at an operating voltage of
1.98 V, which is less when compared to the literature in
[25], [26]. However, the architectures in [27], and [28] utilized
0.410 pW and 5.97 W of power, respectively, which is less
when compared to the proposed design. However, it should
be noted that the architecture of [27] and [28] reports only
QRS detection and thus has fewer architectural requirements
than our proposed architecture which is designed to perform
complete P — QRS — T feature extraction. Also, they are
operated at lower frequency and voltage, leading to less power
consumption. Moreover, the proposed architecture is compared
in terms of energy with the mentioned state-of-the-art works
for a better comparison. It can be concluded from table V
that the proposed design has the least energy requirements
(7.38 pJ) compared to other architectures. Therefore, based
on the hardware implementation results, it is summarised that
the proposed design consumes low power and hardware re-
sources, making it suitable for low power wearable healthcare
applications.

IV. CONCLUSION

This paper presents a low complexity algorithm and its
area and power efficient VLSI architecture for ECG feature
(P — QRS — T) extraction. An average sensitivity of 99%
is achieved on the QT dataset by the proposed algorithm,
comparable or better than previous literature. The algorithm
utilized simple difference and comparison operations, avoiding

all floating-point calculations to delineate the features, making
it computationally inexpensive. The proposed design incorpo-
rates the technique of clock gating to control the operability of
the different modules optimizing the power requirements. The
proposed algorithm is implemented in Verilog using the Xilinx
FPGA development platform. Since the QRS complex is the
most prominent feature of an ECG wave, most heart anomalies
can be observed by reckoning the variation in the position and
the value of R peaks. Therefore, the architecture was first de-
veloped to extract the R peak, which only utilized an average
0.1% hardware resources. Then the architecture is designed to
delineate a complete ECG feature set, and it uses an average of
0.42% of hardware resources which is the least among similar
state-of-the-art architectures. The presented architecture is
then synthesized using 180 nm CMOS process technology
to evaluate its power requirements. The architecture utilizes
7.38 pJ of energy, which is the least compared to other
reported architectures in the literature. Therefore, the proposed
architecture could be considered viable for employment in
low power and resource-constrained application of wearable
devices.
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