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ABSTRACT 

Electrocardiogram (ECG) analysis is an important tool to detect the heart pulse 

rate and rhythm. QRS complex plays a vital role in such analysis. This work presents 

ECG QRS detection based on Pan-Tompkins algorithm using 90nm ASIC design 

architecture. Among plenty of QRS detection algorithm, Pan-Tompkins algorithm is 

chosen to detect QRS complex in ECG signal due to its simplicity and accuracy in 

detecting QRS complex. The algorithm is modified to use together with adaptive 

threshold for R-peak detection. The input of ASIC design is Hardware Description 

Language (HDL) code. Nevertheless, compute intensive algorithm and complexity in 

building Hardware Description Language can degrade timing performance of design 

which can lead to life-threatening impact to patient. Through this project, a hardware 

accelerator of QRS complex detector is designed with Register Transfer Level (RTL) 

optimization technique to improve the timing performance. Before RTL code is 

developed, the algorithm is modelled in MATLAB to confirm its functionality. To 

maximize design space exploration and minimize design time due to HDL complexity 

on building an algorithm, VIVADO HLS tool is introduced in this project. Loop 

unrolling and loop pipelining technique are used to optimize hardware code in 

VIVADO HLS. Analysis on design latency, resource utilization, accuracy and total 

execution time with respect to software baseline is conducted. At the end of the project, 

total double speedup is achieved, and 144455 cycles are reduced after optimization is 

done in hardware code. However, number of FF is increased by 30% from original 

number while the number of LUT is increased by 17% from the original number. On 

ASIC design analysis, total area and power consumption are found to be 1.686mm2 

and 9.78mW respectively.  From Synopsys Prime Time result, the setup time and hold 

time of the design are met. 
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ABSTRAK 

Analisis Elektrokardiogram (ECG) adalah alat yang penting untuk mengesan 

degupan dan irama jantung. Kompleks QRS memainkan peranan penting dalam 

analisis tersebut. Kerja ini mencadangkan pengesanan ECG QRS berdasarkan 

algoritma Pan-Tompkins dengan penggunaan teknologi ASIC 90nm. Di antara banyak 

algoritma pengesanan QRS, algoritma Pan-Tompkins dipilih untuk mengesan 

kompleks QRS dalan isyarat ECG kerana kesederhanaan dan ketepatannya dalam 

pengesanan kompleks QRS. Algoritma ini diubah untuk digunakan bersama dengan 

adaptive threshold untuk pengesanan puncak-R dalam ECG. Input untuk ASIC ini 

adalah Hardware Description Language (HDL). Walau bagaimanapun, pengiraan 

intensif dan kerumitan dalam membina HDL dapat menurunkan prestasi masa yang 

boleh membawa kesan yang mengancam nyawa kepada pesakit. Melalui projek ini, 

pemecut perkakasan pengesan kompleks QRS telah dirancang dengan teknik 

pengoptimuman Register Transfer Level (RTL) untuk meningkatkan prestasi masa. 

Sebelum kod RTl dibinakan, algoritma telah dimodelkan dalam MATLAB untuk 

mengesahkan fungsinya. Untuk memaksimumkan penerokaan ruang reka bentuk dan 

meminimumkan masa reka bentuk kerana kerumitan HDL dalam pembinaan 

algoritma, Alat VIVADO HLS diperkenalkan dalam projek ini. Teknik gelung 

pembongkaran dan pipelining telah diguna untuk mengoptimumkan kod perkakasan 

dalam VIVADO HLS. Analisis mengenai latensi reka bentuk, penggunaan sumber, 

ketepatan dan jumlah masa pelaksanaan berkenaan dengan algoritma garis dasar 

dijalankan. Pada akhir projek ini, jumlah peningkatan berganda dicapai, dan 144455 

kitaran dikurangkan setelah pengoptimuman dilakukan dalam kod perkakasan. Walau 

bagaimanapun, bilangan FF meningkat sebanyak 30% dari nombor asal sementara 

bilangan LUT meningkat sebanyak 17% dari nombor asal. Pada analisis reka bentuk 

ASIC, jumlah kawasan dan penggunaan kuasa masing-masing didapati 1.686mm2 dan 

9.78mW. Dari hasil Synopsys Prime Time, setup time dan hold time reka bentuk 

dipenuhi. 
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CHAPTER 1  

 

 

 

INTRODUCTION 

1.1 Background 

Human heart consists of a four-chambered muscular organ, the upper two 

chambers is called atria and lower two chambers is called ventricles.  Human heart is 

an organ that pumps blood throughout the whole body via the circulatory system.  

When the function or structure of the heart is get affected and not able to work well, 

this condition is called cardiovascular disease (CVD).  Diagnosis of cardiovascular 

disease is highly dependent on the Electrocardiogram (ECG) signal analysis.  ECG is 

a signal of heart muscle that provides information of electrical activity of the heart.  

Most cardiac abnormalities can be determined by using Electrocardiogram (ECG) and 

heart rate analysis. The main task of ECG signal analysis is to detect the heartbeat 

rhythm whether the heart beating is too fast, irregular or steady. However, ECG signal 

is contaminated by artefact such as power-line noise, motion artefact, instrumentation 

noise and EMG noise. All the noise will affect the originality of the ECG signal, 

therefore digital pre-processing techniques is crucial to enhance the ECG signal 

condition. The development of an efficient algorithms is important to analyse ECG 

signal.   

Over the years, cardiovascular disease (CVD) has become a threat to human 

life. The increasing rate of CVD mortality has raised public concern to the diagnosis 

of CVD prediction.  Irregular heartbeat cannot be ignored as it is one of the main 

factors that lead to severe CVD (1).  According to the Star reporting (2), Ischaemic 

heart disease keep leading the main cause of death for the 14th year in Malaysia.  

Ischaemic heart disease is one of the cardiovascular diseases when arteries of the heart 

cannot supply enough oxygen to the heart.  Department of Statistics Malaysia (DOSM) 

revealed that there are on average 50 persons of people died in Malaysia because of 
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Ischaemic heart diseases every day.  Tachycardia-bradycardia syndrome is one the 

heart rhythm disorder in which the heartbeat signal is too fast or too slow.  Tachycardia 

and bradycardia may cause no symptoms, but it can lead to serious complications if it 

is left untreated.  Thus, it is of the utmost important to detect heart problem at the early 

stage by frequently monitoring our heart activity through the usage of portable heart 

monitoring device.     

 

Figure 1.1 Number of deaths due to ischaemic heart diseases in Malaysia [2] 

ECG has been utilized for a long time as a diagnostic tool in hospital.  Gone 

are the days when ECG data is needed to interpret by a team of cardiologists.  

Nowadays, the market continues to evolve with new ECG monitoring device for 

healthcare facilities or for patients own carrying to monitor their heart rhythms every 

day.  There are many ECG monitoring devices have been developed with current 

architecture of microcontroller, but it may not be the best in high speed performance. 

In addition, ECG data acquisition hardware must be robust enough to provide high 

accuracy in detection of irregular heartbeat so that there will no false alarm is being 

generated.  

1.2 Problem Statements 

In ECG processing, all the extensive analysis requires the information of QRS 

position as a basic. There are many approaches to QRS detection have been proposed. 
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Some QRS complex detection algorithm such as wavelet transform (WT), Hilbert 

transform and empirical mode decomposition (EMD) can achieve high accuracy but 

they are complex (3) and time-consuming (4). Another algorithm in detecting R-peak 

is called derivative-based algorithms. Derivative-based algorithm is simple to use and 

often used in real-time analysis but they are sensitive to noise (4–7) Thus, the chosen 

ECG signal processing algorithm must be noise-resistance, accurate and efficient in 

QRS complex detection.  

In addition, there are various platforms available now for ECG signal 

processing such as microprocessor, microcontroller, Personal Computer (PC), mobile 

phone and digital signal processor. However, they have their own drawbacks in ECG 

signal processing. For example, microprocessor-based system is limited in 

performance by clock rate and sequential nature of their internal design. Sequential 

nature is the fetch-decode-execute cycle in microcontroller which is a time-consuming 

process in handling instruction (8).  Other than that, PC is not suitable to be built as 

medical device due to its large sizing, the drawing of high power and its expensive 

price to build as medical device.  In addition, mobile phone is also used as one of the 

platforms to implement ECG signal analysis.  However, according to (9,10), 

electromagnetic interference from mobile phone can influence ECG signal recording.  

Alternatively, QRS detection is targeted to implement into VLSI design (FPGA or 

ASIC platform) in this project due to its low power consumption, smaller area and 

high operating speed of circuit.  

  The design running in VLSI platform is generally created using Hardware 

Description Language (HDL) such as Verilog, System Verilog and VHDL.   The 

design nowadays getting more challenging and complex HDL coding is required to 

build the design.  This will result to a longer design time and less flexibility when a 

sudden change is needed in a design.  In (11) and (12), High Level Synthesis (HLS) is 

used to overcome the long testing time and to create effective RTL architectures by 

applying directives provided by HLS tool. Also, in (13), the authors illustrated both 

traditional way (RTL modelling) and modern way (HLS modelling) to design HDL 

block. At the end of the project, they found that HLS did a better optimization in term 

of performance and efficiency as compare to RTL modelling. Thus, by using High 
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Level Synthesis (HLS) which is compatible with C/C ++ language, designer is able to 

create, synthesize the code and translate the complex algorithms into register-transfer 

level (RTL) logic with less testing and debugging time on HDL code.  

Most Digital Signal Processing (DSP) algorithms behave sequential in nature, 

simply use the algorithm into hardware design will often give disappointing results. 

Algorithms have to be transformed parallelism so that it can be applied effectively 

(14).   To have an efficient design, we should refrain from using a compute intensive 

algorithm which can lead to high execution time.  Algorithm is required to transform 

such that parallelism can be effectively applied.  The performance of an operation can 

be accelerated by replicating hardware resources to perform the steps in parallel.  

Hence, compute intensive of an algorithm must be analysed and identified to exploit 

the inherent parallelism.  The design of accelerators to involve parallelism should be 

enough but not more to avoid increase cost and power unnecessarily. 

1.3 Objectives 

Based on the design problem as mentioned previously, the objectives 

proposed for this study are: 

i. To implement a suitable QRS complex detector by using high level synthesis 

(HLS) tool with its algorithm verified with Matlab. 

ii. To identify and improve the compute intensive part of QRS complex detection 

algorithm in Vivado HLS.   

iii. To analyse the performance of QRS complex detector in Vivado HLS and 

Synopsys for ASIC implementation.  

1.4 Project Scope 

In this study, several scopes have been outlined. Firstly, to detect ECG QRS 

complex, an algorithm must choose wisely.  In this project, Pan and Tompkins 

algorithm is chosen due to its simplicity, efficiency and higher accuracy in detecting 
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R-peak (15,16).  Pan and Tompkins is a most cited and widely used algorithm in many 

researches(17).  The modelling and verification of the chosen algorithm will be done 

in PC by using Matlab software.  Matlab is a powerful tool with the integration of 

computation, visualization, and programming where the problems and solutions are 

expressed in familiar mathematical notation.  The equation provided by the Pan and 

Tompkins algorithm will be verified and output waveform will be plotted to measure 

its accuracy in detecting ECG QRS complex. 

Next, QRS detection algorithm is implemented and run on Vivado HLS using 

C language with different optimization techniques. The result from Vivado HLS will 

then be analysed in terms of latency, total execution time and resource utilization. The 

output result from Vivado HLS is also compared with Matlab result to ensure its 

accuracy.   

For ASIC implementation, a 90nm CMOS library is used to build ASIC  layout.  

Design Compiler is used to translate RTL from Vivado HLS into netlist. IC Compiler 

is utilized to build the design layout. Prime Time is the tool in Synopsys for Static 

Timing Analysis (STA). At the end of the design, delay, area and power usage are 

extracted from Synopsys tool to analyse the result. 

Lastly, the input ECG data is taken from online Physiobank database.  

Physiobank is a collection of physiological databases available on online website, it is 

often used by many researchers for development and evaluation of algorithms.  Among 

more than 50 databases, MIT-BIH Normal Sinus Rhythm Database is chosen to be 

used for analysis and processing.  

1.5 Thesis Outline 

The aim of this project outline is to achieve project completing with planning, 

organizing and controlling with a desired time.  This project is planned systematically 

according to the Gantt Chart in Table 1.1 and Table 1.2.  Table 1.1 is the Gantt chart 

planning for Project I while Table 1.2 is the Gantt chart planning for Project II.  FYP1 
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focus on problem formulation, literature review and algorithm modelling using 

Matlab. FYP2 focus on High Level Synthesis using Vivado HLS, code optimization, 

VLSI implementation using Synopsys and result discussion and analysis.  

Table 1.1 Gantt Chart for Master Project I 
Tasks Sept 2019 Oct 2019 Nov 2019 Dec 2019 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

Problem formulation 

and literature review 

              

Understanding 

algorithm related to 

work 

              

Implementation of 

algorithm on 

MATLAB 

              

FYP 1 presentation                

Report Writing               

 

Table 1.2 Gantt Chart for Master Project II 

 

Tasks March 2020 April 2020 May 2020 June 2020 

W
1

 

W
2

 

W
3

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

VIVADO Tool 

Learning and 

Understanding 

               

Implementation of QRS 

detection algorithm in 

VIVADO HLS 

               

Perform RTL 

optimization technique 

in QRS algorithm code 

in VIVADO HLS 
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Tasks March 2020 April 2020 May 2020 June 2020 
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1
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3

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

W
1

 

W
2

 

W
3

 

W
4

 

Performance Analysis 

of RTL code in 

VIVADO  

               

Synopsys Tool 

Learning and 

Understanding 

               

Transfer RTL code 

from VIVADO into 

Layout design in 

Synopsys Tool 

               

Result Extraction and 

Performance Analysis 

in Synopsys 

               

Thesis Writing                
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