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A low cost Heart Beat Monitoring device (HBMD) for detecting heart beat in beats per 

minute is presented in this thesis. An optical technique called “Photoplethysmography” 

is utilized by attaching to the base of the finger for monitoring beat to beat pulsation. 

Two major design issues addressed in this research is to achieve a strong and accurate 

PPG signal and simultaneously minimizing physiological artefacts and interference. In 

order to achieve the aim and objectives of the research, this thesis thoroughly explores 

two new signal conditioning hardware designs. Firstly is the design and fabrication of a 

low cost reflectance mode PPG heart monitor using parallel port interfacing and 

secondly are the design and development of a portable transmission mode PPG heart 

monitor using microcontroller PIC16F84A and PIC16F87. Both PPG heart monitor 

design is divided into three phases. First is the detection of weak pulses through the 

fingertip. The PPG signal is then amplified, filtered and digitized by the signal 
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processing unit. Finally the heart rate is calculated, analyzed and displayed on the 

computer using parallel port interface and on the liquid crystal display using 

microcontroller PIC16F87. A comprehensive circuit design and analysis work was 

implemented verified by Proteus VSM circuit simulations and laboratory experiments. 

Data is presented from the method comparison study in which heart rates measured with 

the reflectance mode PPG and portable transmission mode PPG heart monitor were 

compared with those measured with standard techniques on 13 human subjects. 

Benchmarking tests with approved pulse oximeter and blood pressure monitor Omron 

M6 reveals that the PPG heart monitor is comparable to those devices in displaying the 

heart rate. It is also verified through experiments that both PPG heart monitor design 

fulfill the objectives, including achieving strong and accurate PPG signal, reduction in 

physiological artefacts and interference and financially low in cost. As the conclusion, 

the current version of the reflectance mode PPG and portable transmission mode PPG 

heart monitor successfully measure heart rates fast and reliably in most subjects in 

different body position. The PPG heart monitor proposed avoid the need to apply 

electrodes or other sensors in the correct position which directly minimizes the 

preparation time drastically. This makes the PPG heart monitor more attractive for heart 

monitoring purpose and its advantage should be explored further. 
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away from the heart to the cells, tissues and organs of the body 

Arterioles - the smallest of the arteries, that which feeds the capillaries 

Atrium - upper chamber of the heart, which stores blood from the veins and empties 

intothe lower chamber. Plural is atria. 

AV node (atrioventricular node) - A small mass of specialized cardiac muscle fibers 

located in the wall of the right atrium of the heart that receives heart beat 

impulses from the sinoatrial node and directs them to the walls of the ventricles. 

Brachial artery - the main artery of the upper arm, superficial at the elbow 

Bundle of His - a bundle of modified heart muscle that transmits the cardiac impulse 

from the atrioventricular node to the ventricles causing them to 

contract  

Capillary - a microscopic blood vessel where fluid exchange between the blood and the 

tissue occurs 

Carotid artery - either of two major arteries of the neck and head; branches from the 

aorta; superficial at the neck 

Creatinine – break down product of creatine phosphate in muscle. Creatine phosphate 

is an organic compound that provides a quick source of energy for 

muscle fibers to contract when they need an initial burst of energy 

Depolarization- loss of the difference in charge between the inside and outside of the 

plasma membrane of a muscle or nerve cell due to a change in 

permeability and migration of sodium ions to the interior  

Dicrotic notch - small downward deflection  in arterial pressure contour immediately 

following closure of the aortic valve and preceding the dicrotic wave; 

in the aorta it is sharper and is known as the incisura 

Dorsalis pedis artery - the main artery of the foot superficial at the top of the foot 

http://en.wikipedia.org/wiki/Creatine_phosphate
http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Creatine_phosphate
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Diastole - dilatation of the heart chambers, especially the ventricles, during which they 

fill with blood 

Femoral artery - the main artery of the thigh, supplying blood to the groin and lower 

extremity; superficial at the upper inner thigh 

Haemostasis - the body's normal physiological response for the prevention and 

stopping of bleeding 

Heart - chambered muscular organ that pumps  blood received from the veins into the 

arteries, so that blood flows through the entire circulatory system  

Impulse cardiogram - mechanical measurement of the chest wall motion due to heart 

activity relative to the laboratory frame of reference 

Inferior vena cava - largest vein in the human body, returns blood to the right atrium 

of the heart from bodily parts below the diaphragm  

Isolvolumetric contraction - contraction of the heart while AV valves are closed, 

increasing the pressure on a constant blood volume in the 

heart 

Left atrium - the left upper chamber of the heart that receives blood from the 

pulmonary veins  

Left ventricle - the chamber on the left side of the heart that receives arterial blood 

from the left atrium and pumps it into the aorta 

Mitral valve - heart valve between left atrium and left ventricle 

Myocardium - muscular tissue of the heart 

Non hemolyzed - the intact red blood cells opposed to hemolyzed which is dissolved 

blood 

Pacemaker cells - cells that control the heart rate by making electric impulses 

Pericardium - the membranous sac filled with serous fluid that encloses the heart and 

the roots of the aorta and other large blood vessels 

Perturbation - an alteration of the function of a biological system, induced by external 

or internal mechanism 

Polycythemia - a disease state in which the proportion of blood volume that is occupied 

by red blood cells increases 

Popliteal artery - continuation of the femoral artery that branches to supply the legs 

and feet; superficial at the back of the knee 

Posterior tibial artery - artery of the lower leg, superficial at the inner ankle 

Pulmonary - relating to or affecting the lungs 
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Pulmonary artery - artery that carries venous blood from the right ventricle of the 

heart to the lungs 

Pulmonary vein - vein that carries oxygenated blood from the lungs to the left atrium 

of the heart. 

Pulmonic valve - heart valve between the right ventricle and the pulmonary artery 

Purkinje fibers - part of the impulse conducting network of the heart; they rapidly 

transmit impulses from the atrio ventricular node to the ventricles 

Radial artery - branch of the brachial artery beginning below the elbow and extending 

down the forearm around the wrist and into the palm; superficial at 

the wrist 

Repolarization - restoration of a polarized state across a membrane, as in a muscle 

fiber following contraction.     

Right atrium - the right upper chamber of the heart that receives blood from the vena 

cava 

Right ventricle - chamber on the right side of the heart that receives venous blood from 

the right atrium and forces it into the pulmonary artery 

R-R Intervals – Peak to peak signal of Photoplethysmography signal 

Sinoatrial node (SA node) - small mass of specialized cardiac muscle fibers located in 

the posterior wall of the right atrium of the heart that acts as a pacemaker by 

generating at regular intervals the electric impulses of the heart beat 

Superior vena cava - the second largest vein in the human body, returns blood to the 

right atrium of the heart from the upper half of the body  

Systole - contraction of the heart, especially of the ventricles, by which blood is driven 

through the aorta and pulmonary artery after each dilation or diastole 

Thermoregulation - the ability of an organism to keep its body temperature within 

certain boundaries 

THM- the rhythmical variations in blood pressure related to variations in vasomotor 

tone 

Tricuspid valve - heart valve between the right atrium and right ventricle 

Vasoconstriction - the narrowing of the blood vessels resulting from contracting of the 

muscular wall of the vessels 

 

Vasodilatation - the widening of blood vessels resulting from relaxation of the 

muscular wall of the vessels 
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Veins - any of the membranous tubes that form a branching system and carry blood to  

the heart 

Vena cava - either of two large veins by which the blood is returned to the right atrium 

of the heart: superior vena cava and inferior vena cava 

Ventricle - the lower chamber of the heart which ejects blood into an artery 

Ventricular ejection - when the aortic valve opens and blood from the left ventricle 

flows into the aorta 
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List of Abbreviation  

A  Area 

AC  Alternating current 

Av, A and G Amplifier gain 

BMI  Body mass index 

CAD  Coronary artery disease 

DC  Direct current 

ECG  Electrocardiography  

EMG  Electromyographic interference 

F  Frequency 

GND  Ground 

HBMD Heart beat monitoring device 

HRV  Heart rate variability 

I  Current 

IC  Integrated circuit 

IR LED Infrared light emitting diode 

LCD  Liquid Crystal Display 

L  Length 

LED  Light emitting diode 

LDR  Light dependant resistor 

LPF  Low pass filter 

LPT  Line print terminal 

MRI  Magnetic resonance imaging 

NT  New technology 

OP  Operational amplifier 

P  Pressure 

PCB  Printed circuit board 

PPG  Photoplethysmography  

Q  Flow rate 

r  radius 

R  Resistance 

SB-LED Super bright light emitting diode 

V  Voltage 
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CHAPTER 1 

Heart Beat Monitoring Device using 

Photoplethysmography Technique 

The use of heart beat monitoring device (HBMD) has evolved since its first invention. 

Monitoring of heart rate (HR) has become a common tool in the clinical domain 

because it appears sensitive to both physiological and psychological disorders. Initial 

use of HBMD was for clinical applications as a tool in diagnosis, prognosis and 

management of patients with health problem (Boehmer, 2003, Robles de Medina et al., 

2000).  

Over the last 20 years, HBMD has become a widely used training aid for a 

variety of sports. HBMD are mainly used to determine the exercise intensity of a 

training session or race. Measuring the heart rate is also useful as an indication of an 

exercise zone for different purposes (Casillas, 2009). Compared with other indications 

of exercise intensity, heart rate is easy to monitor. It is relatively cheap and suitable in 

most situations. Development of heart beat monitoring device has also contributed 

towards discovery of Heart Rate variability (HRV). Increased HRV has been associated 

with lower mortality rate and is affected by both age and sex (Achten and Jeukendrup, 

2003).  

 Peper et al described the use of HBMD not merely as a convenient measure of 

HRV but it also contributes towards the implementation of HRV training device. 

Through HRV, the shape of the heart beat waveform is found to reflect arterial changes 

correlated with hypertension. The use of HRV through HBMD promises treatment of 

migraine, reduces asthma severity (Lehrer et al., 2006) followed by improvement in 
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cases of diabetic ulcer and frostbites. Furthermore, HBMD is used in monitoring of 

human sexual arousal which contribute remarkably towards the analysis and treatment 

of sexual dysfunctions (Peper et al., 2007).  

1.1 Heart Beat Monitoring Techniques 

Heart beat can be monitored either non invasively or invasively. The non invasive 

technique of heart beat monitoring consists of simple non specific and simple specific. 

The simple non specific techniques is conducted using manual pulse detection through 

feeling for peripheral pulses (Refer section 2.5.5), auscultation of the heartbeat with a 

stethoscope depicted in Figure 1.1, electronically measured using blood pressure 

monitor and a pulse oximetry. These methods cannot usually diagnose specific 

arrhythmias, but may give a general indication of the heart rate and whether it is regular 

or irregular. 

 

Figure 1.1 Manual Stethoscope 

http://en.wikipedia.org/wiki/Auscultation
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On the other hand, the simple specific technique in heart beat monitoring are 

implemented using Electrocardiograph (ECG) shown in Figure 1.2 which assess the 

heart rhythm and Holter monitor which is an ECG recorded over a 24 hour period 

depicted in Figure 1.3, to detect arrhythmias that may happen briefly and unpredictably 

throughout the day. A more advanced study of the heart's electrical activity can be 

performed to assess the source of the aberrant heart beats. This can be accomplished in 

an Electrophysiology study. A minimally invasive procedure that uses a catheter to 

"listen" to the electrical activity within the heart, additionally if the source of the 

arrhythmias is found, often the abnormal cells can be ablated and the arrhythmia can be 

permanently corrected. Electrophysiology study is considered as an invasive diagnostic 

approach. 

 For several centuries, heart beat monitoring (HBM) consisted of feeling of 

peripheral pulses and placing an ear on the patients’ chest. 200 years ago the 

stethoscope was invented by Rene Laennec which made it possible to listen more 

accurately to the heart beat (HB). However, it was still not possible to create an accurate 

picture of the changes that occur within the heart or to monitor heart rate (HR).  

At the start of the 20th century, the Dutch physiologist Willem Einthoven 

developed the first electrocardiograph (ECG). With an ECG it is possible to make a 

graphic recording of the electric activity, which present in the heart. The ECG is 

composed of three sections, a P wave,  QRS wave and  T wave. These waves represent 

the depolarization of the atria, depolarization of the ventricles and repolarization of the 

ventricles, respectively. Common problems with the ECG method is the fluctuations in 

the ECG signal baseline, drift, power line noise, motion artefacts due to electrode 

movement and electromyographic interference (EMG) due to muscular activity. In 

some cases, electrode-skin impedance instabilities and skin irritations caused by the 

http://en.wikipedia.org/wiki/Electrophysiology_study
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electrode paste are seen as problems making the ECG in some cases less suitable for 

monitoring purposes. 

 

Figure 1.2 Electrocardiography machine (Walker et al., 2009) 

Soon after the invention of the ECG, the Holter monitor was developed. The Holter 

monitor is a portable ECG capable of making a continuous tape recording of an 

individual’s ECG for 24 hours. However, the relatively large control box and the wires 

necessary to record the changes in the electric field created by the heart, make the 

Holter monitor unsuitable for recording HR during exercise in all conditions (Achten 

and Jeukendrup, 2003).  
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Figure 1.3 Holter Monitor 

The non invasive blood pressure monitor shown in Figure 1.4 measures the arterial 

pressure exerted by circulating blood upon the walls of blood vessels and it is also 

considered as one of the principal vital signs. Not only it displays the variation of blood 

pressure between a maximum (systolic) and a minimum (diastolic) pressure, most blood 

pressure monitor also display the heart rate. 

 

Figure 1.4 Non Invasive Blood Pressure Monitor 

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Blood
http://en.wikipedia.org/wiki/Blood_vessel
http://en.wikipedia.org/wiki/Vital_signs
http://en.wikipedia.org/wiki/Systole_(medicine)
http://en.wikipedia.org/wiki/Diastolic
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Other than the ECG, plethysmography (PG) method has become an interest in recent 

years, driven by the demand for low cost, simple and portable technology (Ugnell and 

Öberg, 1995). Plethysmography (PG) is used to determine and register the variations in 

blood volume or blood flow in the body. These transient changes occur with each heart 

beat. The common types include air (Nicolaides, 2000), impedance (Ermi and Marks, 

2000, Santic and Saban, 1992, Schwan, 1955), photoelectric (Santic and Saban, 1992, 

Lygouras and Tsalides, 2002, Bhattacharya et al., 2001, Murthy et al., 2001, Kraitl et 

al., 2008, Allen, 2007, Reisner et al., 2008, Peck Y S and Smith, 2003, Ugnell and 

Öberg, 1995, Nakajima et al., 1996, Hyun Jae et al., 2009), and strain gauge (Whitney, 

1953). Each type of PG measures the changes in blood volume in a different manner 

and is used in different types of applications  which  is depicted in Table 1.1 (Peck Y S 

and Smith, 2003).  

Pulse oximetry shown in Figure 1.5 represents one of the most significant 

technological advances in clinical patient monitoring over the last few decades. It 

utilizes PPG measurements to obtain information about the arterial blood oxygen 

saturation (SpO2) as well as heart rate (Aoyagi and Miyasaka,2002 and Allen,2007). 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Non Invasive Pulse Oximeter
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Table 1.1 Types of Plethysmography and the Main Application (Peck Y S and Smith, 2003) 

                                                                        

Types Methodology Major Applications 

Air 

-Use an air-filled cuff 

-Measure the rate of change of 

forearm volume which correlates 

with the change in blood volume 

-Used in the clinical 

diagnosis and quantitative 

assessment of chronic 

venous insufficiency 

Impedance 

-Use low frequency alternating 

current applied through electrodes 

-Measure the changes in electrical 

impedance, which corresponds to 

changes in blood volume 

-Used in the detection of 

blood flow disorders such as 

arterial occlusive diseases 

and deep venous thromboses 

Photoelectric 

-Use photo detectors 

-Measure the intensity of 

transmitted or reflected light which 

demonstrates the volume change in 

blood perfusion 

-Used in the monitoring of 

oxygen saturation, and in 

measuring the ankle-brachial 

pressure index (ABPI) to 

detect peripheral vascular 

disease (PVD) 

Strain Gauge 

-Use a fine rubber tube filled with 

mercury 

-Measure changes in limb 

circumference which relate to the 

changes in blood volume 

-Used in the evaluation of 

acute and chronic venous 

insufficiency, evaluation of 

PVD and to measure deep 

venous thromboses 
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1.2 Photoplethysmography Sensor and Signal Processing Unit 

The research implemented considers the use of photoelectric type also known as 

Photoplethysmography (PPG). It is a non invasive method of cardiovascular pulse wave 

detection that propagates through the body using a light source and a detector. 

Compared to other types of plethysmography mentioned, PPG is a non-invasive 

technique easy to set up, simple to use and low in cost (Allen, 2007, Reisner et al., 

2008, Peck Y S and Smith, 2003, Krishnan et al., Nakajima et al., 1996). Furthermore, 

the location of the PPG attachment is not part of any electric circuit because the emitter 

and detector communicate through light rather than current flow in ECG circuits. In 

addition, PPG consist of only one lead which is very desirable compared to ECG which 

uses minimum 3 leads (Bolanos et al., 2006). 

 Basic Photoplethysmography measurement systems consist of the PPG sensor 

connected to low noise electronic circuitry that includes a trans-impedance amplifier 

and filtering circuitry. There are two main PPG operational modes: transmission mode 

and Reflectance mode PPG. Filtering is used followed by suitable amplifier for signal 

processing. Most results are displayed on the personal computer or via liquid crystal 

display (LCD) for further analysis. Literature review on basic principle of operation and 

interaction of light with tissue, early and recent history of PPG and its instrumentation 

and electronic components selection are discussed in details in Chapter 3. 
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1.3 The benefit of Finger Photoplethysmography method 

Measurement of arterial blood oxygen saturation may be determined with PPG by 

shining red and then near infrared light through the vascular tissue with rapid switching 

between the wavelengths (Webster, 1997, Budidha and Kyriacou, 2013). The AC 

component of the PPG signal is found to be synchronous with the beating heart. 

Therefore heart rate information can also be extracted from the PPG signal. 

Furthermore measurement of arterial blood pressure has been explored by several 

researchers using the non invasive PPG based blood pressure device. Not to mentioned, 

the physiological monitoring of respiration which is important in many clinical settings, 

including critical and neonatal care, sleep study assessment and anesthetics. Respiration 

causes variation in the peripheral circulation, making it possible to monitor breathing 

using a PPG sensor attached to the skin. PPG signals have also been widely used in 

vascular assessment, studies related to arterial compliance, age and endothelial 

dysfunction (Jayasree et al., 2006, Jayasree, 2009, Wu et al., 2009, Avolio et al., 2010, 

Qawqzeh et al., 2012). 

1.4 Motivation for Heart Beat Monitoring Device using Finger PPG 

To date, the development of PPG systems is directed towards measurement of the AC 

signal component which is caused by the pulse pressure wave driven by the heartbeat. It 

is considered the most popular non invasive method for assessing peripheral vascular 

hemodynamic. PPG signal provides a range of clinically relevant parameters like heart 

rate, respiratory rate, respiratory induced intensity variations (RIIV), autonomic 

dysfunction and a rich source of information related to the cardio pulmonary system. 

Vital sign such as heart rate are recorded regularly in both emergency and 

clinical situations. The heart rate (HR) observed directly from the pulse was the first 
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parameter to be identified as describing the condition of the heart. Monitoring of the 

heart signal using finger PPG offers many advantages over other in vivo optical 

methods. It uses inexpensive optical sensors and requires minimal maintenance. Only 

two components are required, thereby greatly simplifying the optical sensor and 

miniaturization of the sensor system (Yunjoo lee, 2008).  

Due to its simplicity, it is low in cost and easy to maintain. Since it consumes 

very less power and can be powered by a battery pack, it is an ideal ambulatory device. 

With minor adjustment it can be used in all types of environments. For example, PPG 

sensor head can be modified by using an optical fiber to transmit and receive the light. 

With this modification, simultaneous measurements of PPG signal with MRI, ECG, 

EEG probes can be carried out without any electromagnetic interference problems. 

PPG method also minimizes the preparation time drastically unlike ECG and 

blood pressure monitor which takes time to set up. Furthermore, it eliminates the need 

to undress in the case of ECG since reading is taken from finger. This makes the sensors 

more attractive for heart monitoring purpose. PPG can be used without any technical 

knowledge, since the sensor is placed at the finger within seconds and is automatically 

processed by the signal processing unit of the PPG device. The heart rate is then 

displayed on the screen of the computer or on the liquid crystal display (LCD). 

Additionally, there are no surface loading effects that might reduce the accuracy 

of the measurement and they do not cause discomfort or skin irritation with electrodes, 

as has been shown to occur with ECG since location of the PPG attachment is not part 

of any electric circuit because the emitter and detector communicate through light rather 

than current flow.  
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1.5 Problem statement 

Despite extensive research implemented regarding the use of finger 

Photoplethysmography method (PPG) in detection of heart beat, many practical 

difficulties are still encountered in terms of achieving reliable accurate PPG signal and 

its required signal acquisition, processing and analysis (Allen, 2007). 

The first difficulty which causes a problem is the accessibility of the variables to 

measure which in this case is the PPG signal. PPG signal is generated at milivolt levels 

at their source; therefore recording the PPG signal requires very sensitive transducer 

and instrumentation with low noise level. Furthermore, the placement of transducers on 

and connecting a system to the instrument could cause alteration in the behaviour of the 

system which results in spurious variations in the parameters being investigated. 

The second problem is to determine the design of electronic schematic solutions 

to achieve precise signal acquisition and noise reduction. Suitable applications of 

hardware and software filtration techniques need to be emphasized on in order to 

obtained accurate and reliable heart monitor. Furthermore, accuracy of the automatic 

heartbeat detection programming is of great importance for the precise analysis of the 

heart rate obtained from the PPG heart monitor.  

The final problem to address is the physiological artefacts and interference 

where numerous sources of noise are encountered in highly amplified recordings. 

Ambient light can also cause artefacts by coupling to the PPG detector, either directly 

or by transmission through tissue. Whilst it is theoretically straightforward to remove 

ambient artefacts, practical limitations mean that sufficiently bright or high frequency 

artificial light sources can still cause artefacts.  
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1.6 Aim and objectives 

The aim of this research is to produce electronic heartbeat monitoring device that 

employs finger PPG method as the mean of extracting the heartbeat signals. As a result, 

heartbeat will be displayed on the computer screen via parallel port interfacing 

technique for long monitoring and via PIC16F84A to the liquid crystal display for short 

monitoring. The rationale for doing this project is to change the present detection 

method to a more efficient technique so that heart rate readings are more accurate, 

reliable and faster than the current devices such as the OMRON. The potential 

applications of this project will be in the medical and healthcare centers such as 

hospitals and clinics where bed side monitors are used along with various diagnostic 

devices. As a summary, the objectives of this research are as follows: 

 To study and understand the physiology of the heart which will contribute 

towards the production of the heartbeat monitoring device. 

 To conduct a research on general concept and principle of reliable designing and 

fabrication of an electronic medical device. In addition, achieving practical 

knowledge and skills in designing and modeling of the heartbeat monitoring 

device using Proteus software. 

 To produce a reliable hardware of the heartbeat monitoring device and the finger 

PPG transducer using electronic components and various laboratory equipments.  

 To detect human heartbeat using finger probe method, thus gaining knowledge 

in amplification of small bio signals. 

 To provide fast and accurate digital and graphical display of heartbeat signal via 

parallel port interfacing using Borland C programming and Microcontroller PIC 

using Flowcode programming. 
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1.7 Contribution 

The main original contributions presented in this thesis can be summarised as follows: 

 Two new signal conditioning circuit for the heart beat monitoring device 

have been designed to filter, amplify and condition the raw PPG signal 

obtained from finger reflectance and transmission mode PPG sensor.  

 Interfacing technique via Parallel port to the computer using Heart rate 

analysis algorithm based on beat to beat were implemented for the first 

time within the context of Heart beat monitoring.  

 Heart Rate analysis algorithms were implemented for the first time within 

the context of Flowcode V3 programming. The algorithm proposed in this 

work is divided into 2 which are based on (1) beat to beat and (2) time 

intervals of the digitized PPG signal. 

 Issue concerning physiological artefact and effects of ambient light is 

discussed. Through well circuit design, effect of ambient light is reduced 

using isolation method. Motion artefact induced by finger movement, 

false triggering of schmitt trigger due to misinterpretation of venous 

pulsation as heart beat, missing or extra heart beat which will result in 

inaccurate heart rate reading is also minimized. 

 For validation purpose of the device’s performance, experiments 

conducted have shown that both circuit design and heart rate analysis 

algorithm achieved the aim and objective of the research. Furthermore, 

results obtained have demonstrated the possibility of monitoring the heart 

beat in different postural position with minimal noise and error.  
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1.8 Thesis Outline 

This thesis is divided into 7 chapters and is as follows: 

Chapter 1 provide brief and concise introduction to the materials covered in each of the 

following chapters. 

Chapter 2 provides relevant background regarding the heart physiological motion and 

measurement. The anatomy of the heart, electrical and mechanical event of the heart are 

part of the topic discussed in the human heart motion section followed by introduction 

to the circulatory system. The chapter also covers blood physiology and physiology of 

human heart. Chapter 2 ends with application of heart rate covered in this research. 

Chapter 3 gives an insight into the principle of Photoplethysmography covering the 

basic theory of Photoplethysmography operation, history of Photoplethysmography, 

PPG sensor and instrumentation. A brief discussion on the current and potential 

applications of PPG in physiological measurements is covered with electronic 

components selection of proposed PPG system concluding the chapter. 

Chapter 4 elaborates on the research methodology of the proposed Reflectance mode 

PPG heart monitor by covering hardware design, circuit simulation and also PCB 

design for the heart monitor that employs reflectance mode PPG. Systematic theoretical 

and practical works are presented in this section followed by interwiring of the whole 

device and final packaging. Interfacing of the heart monitor to a computer via parallel 

port interface is discussed.  

Chapter 5 elaborates on the development and design of a portable heart monitor with 

Transmission mode PPG for short term heart rate monitoring. The design aspects of the 

transmission PPG sensor and the material selection are presented in this chapter. 

Systematic theoretical and practical works are presented in this section followed by 
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interwiring of the whole device and final packaging. Interfacing of the heart monitor to 

a liquid crystal display using microcontroller PIC16F84A and PIC16F87 is discussed. 

Chapter 6 begins with verification and validation of both Reflectance and 

Transmission mode PPG heart monitor. Material and method used in this research are 

presented followed by the experimental procedure. Result obtained from a group of 

volunteers, 5 males and 8 females is presented focusing on observation made 

specifically on subject’s heart rate. The chapter continues with the data analysis of the 

results and discussion which covers the comparison of obtained signal from reflectance 

and transmission technique to standard control measurement device, blood pressure 

Omron M6 and pulse oximeter. Various factors affecting the proposed PPG mode heart 

monitor design and heart rate obtained particularly subject’s body and finger sizes as 

well as postural change are discussed. Cost analysis of heart monitor are presented 

followed by the most important part of this research, the contribution. The limitation of 

the device concludes the chapter.  

Chapter 7 presents the overall conclusion. The chapter ends with a list of improvement 

that could be carried out in the future to enhance the performance and the efficiency of 

the heart beat monitoring device.  
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CHAPTER 2 

Heart Physiological Motion and Measurement 

A thorough research is carried out to provide a strong understanding and background of 

the human heart. This chapter is divided into 6 sub sections: Anatomy of the heart, 

function of circulatory system, cardiovascular system, blood physiology, physiology of 

human heart and application of heart rate in this research. 

2.1 Anatomy of the Heart 

The heart is basically a midline, muscular pump which is shape of a cone and is the size 

of a fist. Adult’s heart weighs approximately 300 g and is located nearly in the centre of 

the chest. The heart is hold and protected by pericardium which provides enough space 

for both filling and emptying of the chambers (Whitaker, 2006). It is the hardest 

functioning muscle in the human body. A basic structure of the heart interior is shown 

in Figure 2.1. 

 

Figure 2.1 Interior view of the Heart (Whitaker, 2006) 
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2.1.1 The Heart 

The heart is a compact and muscular organ which solely acts as a pump. It is built up of 

two flow circuits that are made up of two chambers each. The two pumps operate 

simultaneously acting like a double action pump. The chambers making up the heart 

consist of mainly the left atrium, a small amount of right atrium and both left and right 

ventricles. The walls of the atrium are thinner compared to ventricle because its sole 

purpose is to pump blood to the lower chamber. Both ventricles are thicker than atrium; 

however the left ventricle is thicker because it needs to pump blood to the whole body 

(Navaratnam, 1975, Katz, 2011, Palsson, 2013).  

 

Figure 2.2 Circulation of Blood through the Heart (Katz, 2011) 

Oxygen-poor blood (shown in blue) flows from the body to the right atrium and into the 

right ventricle. The right ventricle then pumps the blood to the lungs, where the blood 

releases waste gases and picks up oxygen. The newly oxygen rich blood (shown in red) 

returns to the heart and enters the left atrium. The blood flows through the left atrium 
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into the left ventricle. The left ventricle pumps the oxygen rich blood to all parts of the 

body (Refer to Figure 2.2). 

To prevent back flow of blood, four main valves control various entrance and 

exits. Firstly, the tricuspid valve situated between the right atrium and right ventricle 

consist of 3 cusps positioned ensuring one way flow from atria to the ventricle. The 

mitral valve consist of two cusps is situated on the left side of the heart performs similar 

function, making sure that blood flows one way from the left atrium to the left ventricle  

Pulmonary valve allows the blood to pass from the right ventricle and into the 

pulmonary artery. This too is made up of three cup shaped membranes and is situated at 

the junction of the pulmonary artery and the right ventricle. During contraction of lower 

chamber, the valve opens forcing the blood into the artery leading to the lungs. The 

valve then closes when the chamber is in relaxing state (Wood, 1982, Bhise and Yadav, 

2008).  

2.1.2 The Heart wall 

The heart wall is built up of three layers: endocardium, epicardium and myocardium. 

The epicardium is the outer layer, is thin and gives the surface of the heart a smooth, 

slippery texture. The most inner layer is the endocardium (Refer Figure 2.3).  

It is a smooth lining of the heart and is continuous with the large blood vessels 

to which the heart connects. The myocardium makes up the bulk of the heart and is 

responsible for its pumping action. The myocardium is made up of strong cardiac 

muscle fibres which are connected by electrical synapses (gap junctions) which allow 

muscle action potentials to spread from fibre to fibre (Snell, 2007). 
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Figure 2.3 The Heart wall (Snell, 2007) 

2.2 Function of circulatory system 

The main features of human circulatory system consist of a transport medium, basically 

blood to transport nutrients, waste, oxygen, carbon dioxide and hormones. The system 

also consist of two muscular pumps, right and left ventricle in order to pump both 

deoxygenated blood to the lungs and oxygenated blood to organs and tissues of the 

body. The system of blood vessels is to distribute blood throughout the body and is 

specialized organs responsible for exchange of materials between blood and external 

environment (Open University SK277 course team., 2006, Hill and Iaizzo, 2009). 

The human circulatory system functions shown in Figure 2.4 refer to the blood 

flow measurement in the human body. The left atrium receives oxygenated blood from 

the lung via the pulmonary vein. The blood passes through the mitral valve, into the left 

ventricle where the muscle pumps the blood to the aorta and thus the whole body. The 

deoxygenated blood then enters both superior and inferior vena cava, into the right 

atrium where the blood passes through the tricuspid valve. The right ventricle receives 

the deoxygenated blood from the right atrium and pump the blood out via pulmonary 

artery and back to the lung for another cycle (Hill and Iaizzo, 2009) ). 
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The circulatory system provides transportation, regulation and protection to the human 

body. Briefly, first and foremost is the rapid transport of oxygen, glucose, amino acids, 

fatty acids, vitamins, drugs and water to the tissues, and rapid excretion of waste 

products like carbon dioxide, urea and creatinine. Circulatory system is also part of the 

control system, design to support regulation of both body temperature and distribution 

of hormones to the tissues and in some case secretes some hormones itself (e.g. atrial 

natriuretic peptide) (Levick, 2000). Finally as protection, this is discussed in the 

following sub sections.  

 

Figure 2.4 Blood circulatory system (Hill and Iaizzo, 2009) 
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2.2.1 Transportation 

All of the substances essential for cellular metabolism are transported by the circulatory 

system. These substances are divided into the following categories. 

Respiratory: Erythrocytes, also known as red blood cells transport oxygen to the cells. 

In human lungs, oxygen from inhaled air attaches to hemoglobin molecules of the 

erythrocytes and reaches cells for aerobic respiration. The blood then carries carbon 

dioxide produced by cell respiration to the lungs for elimination in the exhaled air. 

Nutritive: Mechanical and chemical breakdown of food is taken care by the human 

digestive system. The sole responsibility is to ensure that food consume can be absorbed 

through the intestinal wall and into the blood vessel of the circulatory system. The 

blood then carries the absorbed products of digestion through the lung and to the cell of 

the human body. 

Excretory: Excretion of metabolic waste such as urea, excess water and ions, and other 

molecules discarded by the body are carried by the blood to the kidney and excreted in 

the urine. 

2.2.2 Regulation 

The circulatory system contributes to both hormonal and temperature regulation of the 

human body. Hormonal regulation takes place when blood carries hormones from its 

origin to distant target tissues, where variety of regulatory function occurs. In some 

cases even secretes some hormones itself (Levick, 2000). Temperature regulation is also 

a vital role of the system, where heat is delivered from the core of the body to the skin. 

It is aided by the diversion of blood from deeper to more superficial cutaneous or vice 

versa. Diversion of blood from deep to superficial vessels cools the body when ambient 

temperature is high and when the ambient temperature is low, diversion blood from 

superficial to deeper vessel warms the body (Slonim and Hamilton, 1981). 
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2.2.3 Protection 

The circulatory system also contributes protection to the human body. The system 

protects against loss of blood from injuries and fight against pathogens or toxins 

introduced into the body. This is promoted by the clotting mechanism which protects 

against blood loss when vessels are damaged. Protection against disease causing agents 

is due to immune function of the blood performed by the leukocytes, also known as 

white blood cells (Parham, 2004). There are two types of immune responses that are 

involved; they are antibody mediated or humoral response and cell mediated response. 

Humoral response mostly neutralizes bacteria invasion in body and cell mediated 

response mostly neutralizes viral and fungal invasion and transplanted tissue (Zapata 

and Cooper, 1990, D' Elios et al., 2011, Delves et al., 2011). 

2.3 Cardiovascular System 

The human circulatory system is divided into two; cardiovascular system and lymphatic 

system. The cardiovascular system components are the heart and blood vessel, and the 

lymphatic system consists of lymphatic vessels and lymphoid tissues within the spleen, 

thymus, tonsils and lymph nodes. Cardiovascular system is responsible for the 

continuous transportation of fluid, namely blood and lymph through designated 

pathways.  

Pulmonary system: Pulmonary system refers to circulation occurring to right side of the 

heart. During pulmonary circulation, venous blood (de-oxygenated blood) enters the 

right atrium from superior and inferior vena cava, flowing through tricuspid valve and 

into the right ventricle. The ventricle receives the blood during diastole; this is when the 

muscle is in relaxing state. Contraction then follows, known as systole which expels 

some of the blood at low pressure into the pulmonary artery (Levick, 2000). It is then 
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transported into veins and to the lungs. Oxygen is picked up and carbon dioxide is 

eliminated. The oxygenated blood returns to the heart to be transferred over to the 

systemic circulatory system (Levitzky, 2007). Refer to Figure 2.5. 

Systemic system: Systemic circulation takes place at the left side of the heart. The 

oxygenated blood enters the pulmonary veins into the left atrium. The blood flows 

through the mitral valve towards the left ventricle and contracts at a higher pressure. 

The oxygenated blood then flows through the aorta and branches off into the arteries 

and veins, reaching microscopic thin walled tubes known as capillaries. Nutrients and 

oxygen is transferred to cells and the de-oxygenated blood travels back to the heart for 

another cycle (Levitzky, 2007, Levick, 2000). 

 

Figure 2.5 Representation of the Circulation (Levitsky, 2007) 
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2.4 Blood Physiology 

The blood is one of the largest organs of the body. An average 70 kg man has total 

blood volume of approximately 5 liters and weighs around 5.5kg (Babior and Stossel, 

1994). Almost 5 to 7 percent of human body weight is build up of the circulating blood. 

Circulation of blood throughout the body supports the function of all body tissues by 

providing nutrients, oxygen, cleansing of waste and defense of body tissue against 

foreign microbes (Simmons, 1997). 

2.4.1 Composition of the blood 

Blood is slightly denser and approximately 3-4 times more viscous than water (Linman, 

1975). Blood leaving the heart is referred to as arterial blood. Arterial blood, with the 

exception of travelling to the lungs, is bright red due to high concentration of 

oxyhemoglobin in the erythrocyte. Venous blood is blood entering the heart. Excluding 

the venous blood from the lungs, it is darker red because it contains less oxygen (Babior 

and Stossel, 1994). 

Normal composition of blood consists of three types of cells which are 

suspended in a pale yellow fluid called plasma. These cells are erythrocyte (red cells), 

leukocyte (white cell) and platelets. Erythrocyte and leukocyte is two types of blood 

cells found in the formed elements of blood (Simmons, 1997). The formed elements 

comprise approximately 45 percent of the total blood volume and the plasma make up 

the remaining 55 percent (Figure 2.6). 
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Figure 2.6 Blood Composition (Simmons, 1997) 

 

2.4.2 Physical law of Blood flow 

Blood flow is referred to as the flow of blood in the cardiovascular system. Generally, 

flow of blood through vascular system is similar to flow of fluid through a tube; it 

depends on the pressure differences at each end of the tube. Rate of flow (Q) is defined 

as the capacity of fluid flowing per second through a section of a tube shown in Figure 

2.7. The basic mathematical representation of flow rate is shown in equation 2-1.  

                              Q = V x A             (2-1) 

Where  

Q = rate of flow (m
3 

/s or litres/min) 

A = cross sectional area of the artery (m
2
) 

V = blood velocity (m/s) 

 

The blood flow is also described by Darcy’s law and approximately by Poiseuille’s law.  

The volume of blood that flows through any tissue in a given period of time (normally 

expressed as litres/min) is called the local blood flow. The velocity (speed) of blood 

flow (expressed as m/s) can generally be considered to be inversely related to the 

vascular cross-sectional area, such that velocity is slowest where the total cross-
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sectional area is largest. The followings are equation which contributes towards the 

final formulae of blood flow rate and also known as Hagen-Poiseuille’s equation 

(Davidson, 1999) : 

Q = V x (πr
2 
)      (2-2) 

Given   

                                  Q = ( P1 – P2 ) r
2
    (2-3) 

         8ηL 

Therefore     

                  Q = ( P1 – P2 ) πr
4       

(2-4) 

     8ηL 

Where  

                        (P1 – P2) = Pressure drop (Pa) 

                         r = capillary radius (m)  

η = viscosity of the blood (Pa.s or Poise) 

L = length of capillary (m)  

 

Figure 2.7 Poiseuille's flow (Davidson, 1999) 



27 

 

All bloods vessels have certain lengths (L) through which blood flows when there is a 

pressure difference (ΔP) between the vessel ends, which supplies the driving force for 

flow. Because friction develops between moving blood and the stationary vessels walls, 

the blood has a given resistance (vascular), which is the measure of how difficult it is to 

move blood through a vessel. The equation (2-4) may be applied not only to a single 

vessel, but can also be used to describe flow through a network of vessels from  

vascular bed of an organ to the entire systemic circulatory system. It is known that the 

resistance to flow through a cylindrical tube or vessel depends on several factors which 

are radius,  length,  viscosity of the blood and inherent resistance to flow. 

 

2.4.3 Blood vessels 

Blood performs a numbers of crucial physiological functions. It is responsible for 

transportation of oxygen and carbon dioxide, transportation of nutrients and waste 

product, for thermo-regulation and haemostasis purpose and lastly plays an important 

role in immunity.  

In order to move around the body, the blood travels along blood vessels known 

as arteries, veins and capillaries. Blood vessels from the tubular network allow the 

blood to flow from the heart to the whole body and back again. Arteries carry blood 

away from the heart whereas veins carry blood to the heart. They are continuous with 

each other through smaller blood vessels. The smallest of all the arteries is known as 

arterioles. The role of arterioles is to regulate blood flow into tissue capillaries. After 

blood flows through the capillaries, it enters the smallest vein call venule. From there, it 

flows into gradually larger veins until it reaches the heart. Arteries and veins are 

connected by the smallest and numerous of blood vessel called capillaries. Capillaries 
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purpose is in the exchange of materials between blood and tissue cells (Hampton, 

1992). 

 

Figure 2.8 Blood Vessels (Hampton, 1992) 

 

2.5 Physiology of Human Heart 

Normal functioning hearts not only provide sufficient oxygenated blood to fulfill the 

body’s need but it will also accomplish the essential characteristics; its contractility and 

rhythmicity. Therefore, a normal heart should demonstrate regular atrial and ventricular 

rhythms, with heartbeat ranging from 60 to 100 beats per minute. However, that is not 

always the case. Cases such as heart murmur may not show up on the ECG. In this case, 

echocardiogram may be more appropriate (Watanabe and Dreifus, 1977, Lilly et al., 

2012). 

 

 



29 

 

2.5.1 Conduction system of the Heart 

The heart is basically a pump made up of muscle tissue and it requires a source of 

energy in order to work. The heart’s pumping force comes from built-in electrical 

conduction system. The conduction system of the heart begins at a small mass of 

specialized tissue called the sinoatrial node or the SA node (located in the right atrium 

between opening of the superior vena cava and the auricle). This SA node generates the 

electrical stimulus around 60-100 times per minutes. The generated electrical stimulus 

travels down the conduction pathways causing heart chambers to contract and pump out 

blood. The left and right atrium are stimulated first and contract for a short period of 

time before left and right ventricle. 

 The electrical stimulus travels from SA node to the AV node via internodal 

pathways and stopped for a short period of time before traveling down the bundle of 

His. The electrical stimulus then traveled into both left and right bundle branch. These 

branches provide electrical stimulus to both ventricles via the purkinje fibers (Conover, 

1998).  

The atrium contracts a fraction of second before the ventricle so that their blood empties 

into the ventricle before its contraction occurs. If all the above stages occur, it defines a 

normal healthy heart. On the other hand, arrhythmia is said to occur when the heart’s 

natural pacemaker (SA node) develops abnormal rate and rhythm, the normal 

conduction pathways are interrupted or when another part of the heart acts as the 

pacemaker. 
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Figure 2.9 Natural Pacemaker of the Heart (Connover, 1998) 

Furthermore, normal physiology both vessel length and blood viscosity do not vary 

significantly. However, severe dehydration and Polycythemia (high RBC count) could 

results in increment of the blood viscosity. The mean arterial pressure (driving the flow) 

and the vascular resistance to flow are the major blood flow regulator. Changes in the 

degree of vasoconstriction and vasodilation of small arteries and arterioles at any mean 

arterial pressure may result in diversion of blood from one organ to another. Since 

arterioles are the smallest arteries, it has the biggest impact on the flow of blood. Thus, 

the constriction and dilation of arterioles determines the resistance of the blood flow 

which travels from the heart through brachial artery and into both ulnar and radial artery 

as shown in Figure 2.10 (Peterson, 2008). 
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Figure 2.10 Blood flow from the Heart to the Fingers (Peterson, 2008) 
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2.5.2 Cardiac cycle 

The heart’s contraction results in pressure changes that force blood through the 

circulatory system. These pressure changes occur in cyclic nature and are referred to as 

cardiac cycle. Figure 2.11 shows the Wiggers diagram. 

 

Figure 2.11 Pressure Volume cycle of the Ventricle (Levick, 2000) 

A very clear connection can be seen between ventricular pressure and ventricular 

volume during slow and rapid filling. In slow filling phase, the ventricular pressure 

rises. However in initial phase of rapid filling, the ventricular pressure falls. This is due 

to the fact that the wall of the relaxing ventricle is recoiling elastically, exerting a 

suction effect (Levick, 2000).  

 Each cardiac cycle is initiated by an action potential. Figure 2.12 shows the 

action potential curve which represents the changes of voltage during the five phases. 

Depolarization occurs when Sodium moves quickly into cell and when calcium moves 

slowly into the cell, whereas, the repolarization is the resting phase of the cardiac cycle. 

A cycle of depolarization-repolarization is built up of five stages (0 to 4). 



33 

 

As impulses are transmitted, cardiac cells experience the cycles of depolarization-

repolarization. When cardiac cell are at its resting state, there will be no electrical 

activity taking place and this is known as being polarized. After the cell undergo a 

separation of concentrations of ions and this will result in more negative charge in the 

cell. This is known as resting potential (Katz, 2001). 

It is fully depolarized when the ions cross the cell membrane and an action 

potential occurs, also known as cell depolarization. When it is fully depolarized, it will 

eventually returns to its resting state which is called repolarization. The electrical 

charges in the cell reverse and return to normal state. 

 

Figure 2.12 Action Potential curve 

During phase 0, the cell receives an impulse from nearby cell and is then depolarized. 

The rapid depolarization here consists of both moving sodium ion and calcium ion. The 

early repolarization occurs at phase 1 where sodium channels closes. Phase 2 is known 

as the Plateau phase and the slowest period of repolarization. It is said that during phase 

1 and 2 and at the beginning of phase 3, the cardiac cell is in its refractory period. At 

phase 3, rapid repolarization occurs as the cell returns to its original condition. The last 

phase is when the cell is in its relative refractory period. At this point a very strong 



34 

 

stimulus can depolarize it. This phase (Phase 4) is the resting phase of the action 

potential. When the cell reaches the end of the phase, it is then ready for another 

stimulus (Katz, 2001). 

2.5.3 Systole and Diastole of the heart 

The state of chambers in the heart is divided into two, systole and diastole. General term 

of systole bring the meaning of cardiac contraction, whereas diastole refers to cardiac 

relaxation. When the term systole and diastole are used without specific reference to 

specific chambers, they normally refer to the ventricular systole and diastole. 

Ventricular systole is contraction of the ventricular myocardium and ventricular diastole 

is relaxation of the ventricular myocardium. Similarly applies to the atrium, where atrial 

systole refers to contraction of the atrial myocardium and atrial diastole refers to 

relaxation of the atrial myocardium (Levick, 2000, Lilly et al., 2012).       

There are four phase to how the heart contracts and relaxes. As stated earlier, 

they are atrial systole, atrial diastole, ventricular systole and ventricular diastole. During 

atrial systole or ventricular diastole, the atrium is filling with blood because of venous 

return. As they become full, the pressure forces open the atrioventricular valves and 

blood moves into the ventricles. At this stage the ventricle is in relaxed state. During 

atrial diastole or ventricular systole, the atriums are now fully relaxed and now start to 

fill because of venous return. The ventricles however contracts forcing blood up 

through the semi-lunar valves into the pulmonary artery and vein. 
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2.5.4 Heart Rate and its importance 

A heartbeat is a two part pumping actions that takes about a second. In another words, it 

is one complete contraction of the heart. It is normally measured in beats per minutes 

(BPM). Measuring the pulse can deliver vital information regarding a person’s health. 

Heartbeat which are too fast, too slow or at an uneven rate may indicates problem with 

the heart. For example, fast pulse may signal the presence of an infection or sign of 

dehydration. In emergency condition, pulse rate is considered helpful in determining 

whether patient’s heart is still pumping. Furthermore, pulse measurement can also 

provide information regarding fitness level and health of a person (Pallister, 1994, 

Banitsas et al., 2009, Steel and Lo, 2009).  

 The field of heartbeat perception has received considerable attention from the 

scientific community for close to 30 years. Subsequent researchers have proceeded to 

use heartbeat detection tasks to examine such diverse phenomena as emotional 

processes , psychopathology and diseases affecting the heart (Knapp-Kline and Kline, 

2005). 

2.5.5 Common used alternative methods for Heart Beat Monitoring Device 

Heart rate is the number of times the heart beats per minute. Generally, arteries carry 

blood away from the heart whereas veins carry blood to the heart. These arteries are the 

vessels with the pulse, a rhythmic pushing of the blood in the heart followed by refilling 

of the heart chamber. 

Heart rate can be measured at various points on the body where an artery’s 

pulsation is transmitted to the surface of the skin. Some of the points of the body that 

may gives pulse reading are (a) at the inside of the wrist on the side of the thumb (radial 

pulse), (b) at the side of the front of the neck just below the angle of the jaw (carotid 

http://en.wikipedia.org/wiki/Wrist
http://en.wikipedia.org/wiki/Neck
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pulse), (c) at the inside of the elbow or under the biceps muscle (brachial pulse), (d) 

behind the medial malleolus on the feet (posterior tibial pulse), (e) middle of dorsum of 

the foot (dorsalis pedis) and (f) behind the knee (popliteal pulse) depicted in Figure 2.13 

(Hampton, 1992, Yamakoshi, K., 2004). 

In most normal cases, reading of radial pulse and carotid pulse is usually taken. 

The radial pulse is felt on the wrist for 10 seconds and is multiplied by six. This is the 

total per minute. The carotid pulse is felt at either side of the front of the neck and is 

caused by varying volumes of blood being pushed out of the heart toward the 

extremities.  

 

 

Figure 2.13 Pulse reading at various points of the body 

Method of manual pulse reading is useful when a quick heart rate reading is needed. 

However to practically monitor long and continuous beat to beat heart rhythm, using 

heart monitoring device is more efficient and accurate. 

The heart rate is typically measured via its electrical impulses. In sports, device 

known as Polar strap is used to provide readings of heart rate. It measures a bipolar 

electrocardiogram with an elastic chest strap. At each R-wave, it wirelessly transmits a 

http://en.wikipedia.org/wiki/Elbow
http://en.wikipedia.org/wiki/Brachial_artery
http://en.wikipedia.org/wiki/Medial_malleolus
http://en.wikipedia.org/wiki/Posterior_tibial_artery
http://en.wikipedia.org/wiki/Dorsum
http://en.wikipedia.org/wiki/Dorsalis_pedis
http://en.wikipedia.org/wiki/Popliteal_artery
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pulse to a receiver. This device works well during activity, but does not give the 

information of a true electrocardiogram (Scanlon, 2002). If the skin under the electrodes 

is not moistened, the signal can be inaccurate. The receiver uses the pulse timings to 

calculate the rate. 

Heart rate reading can also be measured using an electronic blood pressure 

monitor for example OMRON M6. The cuff is very easy to use and is comfortably 

strapped to upper arm just below the arm pit. One button operation feature makes it easy 

to operate which provide both blood pressure and heart rate readings. 

The pulse oximeter consists of PPG technique can also be used to measure the 

pulse rate. Although its primary purpose is to measure oxygen saturation of arterial 

blood, it also measures a variable absorption due to the change in blood volume with 

each pulse. Because this information is available, most pulse oximeter displays also 

include the heart rate (Jayasree, 2009). 

An electrocardiogram (ECG or EKG) is still the most commonly used tool to 

measure the electrical activity of the heart. This is still normally done in hospitals and 

requires specially trained personnel to interpret the hard to understand combination of 

the ECG traces. Therefore an ECG will only be taken if a problem is suspected and 

never as a matter of routine in preventive medicine. 
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2.5.6 Normal Heart Rate 

Normal heartbeat may be indicated by the state of the natural pacemaker, SA node and 

the state of the conduction pathways. Normally, the heart will beat independently of any 

nervous or hormonal influences. This spontaneous rhythm of the heart called intrinsic 

automaticity however can be altered by nervous impulses or by circulatory substances 

such as adrenaline. 

The muscle fibres of the heart are unique excitable cells similar to other muscle or nerve 

cells. Each cell in the heart will spontaneously contract at a regular rate because the 

electrical properties of the cell membrane spontaneously changes with time due to 

depolarization. As a result, the reversal of the electrical gradient across the cell 

membrane causes muscle contraction or passage of a nervous impulse. Muscle fibres 

from different parts of the heart have different rates of spontaneous depolarization. 

The cells from the ventricle are the slowest, and those from the atria are faster. 

The coordinated contraction of the heart is produced because the cell with the fastest 

rate of depolarization captures the rest of the heart muscle cells. These cells with the 

fastest rate of depolarization is situated in the sinoatrial node (SA node) found in the 

right atrium. As the SA node depolarizes, a wave of electrical activity spreads out 

across the atria to produce atrial contraction. 

Electrical activity then passes through the atrioventricular node (AV node) and 

into the ventricles via the Purkinje fibres in the Bundle of His to produce a ventricular 

contraction. If there is any disease of the conducting system of the heart, then this 

process may be interfered with and the heart rate will be altered (Klabunde, 2012). 

During resting, an infant heart rate ranges around 130-150 beats per minute, 

toddler’s around 100 to 130 beats per minute and an older child's approximately 90 to 
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110 beats per minute. Adult's heart rate is about 60 to 100 beats per minute with average 

heart rate of 70 beats per minute for males and 75 beats per minute for females. 

However, heart rate varies depending on age and health condition of a person. In a well-

trained athletes, it can be significantly low ranging around 40 to 60 beats per minute 

(Pallister, 1994, Katz, 2011, Klabunde, 2012). 

2.6   Application of Heart Rate in This Research 

The heart rate (HR), observed initially from the pulse was the first parameter identified 

as describing the condition of the heart. Measuring the pulse can also deliver vital 

information regarding a person’s health. Furthermore, heart beat which are too fast, too 

slow or at an uneven rate is considered useful in indicating problem with the heart. 

Therefore to assess and demonstrate the capabilities of reflectance and transmission 

mode PPG heart monitor designs, an application example involving postural change is 

conducted. The relationship of body and finger size of subjects with heart rate is also 

explored. 

2.6.1 Heart rate during supine, sitting and standing positions 

When a person in the supine position rises to a sitting or standing position, hydrostatic 

pressure forces blood to the lower extremities where it pools in the peripheral veins. 

The shift in blood volume will results in a large drop in the central venous pressure, 

often referred to as orthostatic stress. This in turn, reduces the right ventricular filling 

pressure and results in a lower stroke volume for the heart.  

The reduced stroke volume causes the cardiac output and arterial pressure to fall 

and can reduces cardiac output by up to 20%. The baroreceptors of the arteries will 

detect this rapid pressure loss and reflexively increase sympathetic activity, which 
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causes the cardiovascular system to increase heart rate and restrict the blood flow of the 

periphery arterioles (Stephen et al, 2006). 

2.6.2 Effect of age, gender and body mass index on heart rate 

Research conducted by Acharya U et al (2004) focused on heart rate analysis of normal 

subjects of various age groups.  Based on their observation, women are at lower risk of 

coronary heart disease and of serious arrhythmias than men. This suggests a beneficial 

difference in autonomic control of heart rate. 

Others studies have also assessed gender and age related differences in time and 

frequency domain indices and some nonlinear component of heart rate variability 

(HRV). There seemed to be a significant difference between day and night hours when 

studying HRV indices using spectral and time domain methods. Furthermore, 

researches have shown that the middle aged women and men have a dominant 

parasympathetic and sympathetic regulation of the heart rate. It is also proven that the 

heart rate varies depending on gender (Ryan et al, 1994, Davy et al, 1998 and Terry et 

al, 1999, Ross and Thomas, 2010, Hjalmarson, 2010).  

Earlier, Kostis et al (1982) reported that the average heart rate is not influenced 

by age and only few data are available on the effect of age on resting heart rate.  Kostis 

et al express that a common problem in studying the effect of age on the heart is the 

difficulty in separating the true effects of aging from those due to deconditioning or 

unrecognized diseases. They again added that deconditioning due to inactive lifestyle is 

a common accompaniment of aging and undetected significant coronary artery disease 

may be present in more than one fourth of persons older than 45 years of age. Another 

cause may be a decline in the capacity of the sinus node to increase the heart rate. Aging 

is associated with changes in pacemaker tissue, a decrease in the responsiveness of 



41 

 

autonomic cardiovascular reflexes, a decline in the intrinsic heart rate and decreased 

adrenergic receptor sensitivity.  

Nonetheless, there are also opposite observation made by other researchers. Emese et al 

(2000) state that the alert newborns heart rate variation is lower in the case of boys than 

in the case of girls. Heart rate is also found lower in physically active young women 

than older women. Galeev et al (2002) have analyzed the heart rate variation for healthy 

subjects of age from 6 to 16 year and observed the statistical and frequency domain 

variation with aging and gender. The Heart rate variation for healthy subjects from 20 

to70 years old is studied by Hendrik et al (2003). Hendrik et al demonstrated that heart 

rate increases with age and variation is more in the case of female than men.  

Many studies are implemented to observe the relationship between low and high 

body mass index (BMI) and its effects on heart rates. Lesinskiene et al (2008) reported 

that as body mass index (BMI) decrease, so does the heart rate. This may lead to sudden 

death due to cardiac arrest. However, increased BMI is independently associated with 

acute coronary syndromes which may increase the likelihood of unstable angina or 

myocardial infarction in patients with established coronary artery disease (CAD).  

Obesity is related with many metabolic and cardiovascular diseases which may 

contribute to increment of morbidity and mortality. Furthermore, a direct and indirect 

relation has been established between obesity and insulin resistance, type II diabetes, 

high blood cholesterol level, inflammation, thrombosis, hypertension, atherosclerosis 

and stroke. In addition, even a moderate increase in body mass index (BMI) is 

associated with an increased risk of heart failure (Kenchaiah et al., 2002). Body weight 

may also have implications for mortality. Obesity and overweight in adulthood are 

associated with large decreases in life expectancy and increases in early death, similar 

to those seen with smoking (Mangoni et al., 2003 and Wolk et al., 2003). 
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2.6.3 Abnormal Heart Rate 

An arrhythmia is a disorder of the heart rate (pulse) or heart rhythm. Normally, the heart 

functions as a pump that transports blood to the lungs and the rest of the body. In order 

for this to occur, human heart has an electrical system that ensures contractions in an 

orderly way. The electrical impulse that sends signals to the heart to contract begins in 

the sinoatrial node or the SA node. The signal leaves the SA node and travels through 

the heart along a set electrical pathway. 

Arrhythmias occur when problems exist with the heart's electrical conduction 

system. Some of the problems related to the heart’s electrical conduction system are as 

follows: 

(a) Extra signals may originated from part other than the pacemaker 

(b) Electrical signals may be blocked or slowed due to the state of the conduction 

pathways 

(c) Electrical signals travel in new or different pathways through the heart 

Common causes of abnormal heartbeats maybe due to abnormal levels of potassium or 

other substances, heart disease that is present at birth, heart attack or a damaged heart 

muscle from a past heart attack and overactive thyroid gland. 

Arrhythmias may also be caused by some substances or drugs including alcohol, 

caffeine or stimulants such as amphetamines, beta-blockers and cigarette smoking 

(nicotine). Medicines used for depression or psychosis could also affect the heart. When 

arrhythmia occurs, heartbeat may be extremely slow or fast. In some cases, the heart 

beat may also be irregular, uneven or even skipping beats. 

http://www.ncbi.nlm.nih.gov/pubmedhealth/n/pmh_adam/A003399/
http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0000089/
http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0000689/
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2.6.3.1 Bradycardia 

A heart rate of less than 60 beats per minute (BPM) in resting adults is called 

bradycardia. The pathophysiology of sinus bradycardia is dependent on the underlying 

cause. Commonly, sinus bradycardia is an incidental finding in otherwise healthy 

individuals, particularly in young adults or sleeping patients. Other causes of sinus 

bradycardia are related to increased vagal tone. Pathologic causes of bradycardia 

include the inferior wall myocardial infarction, toxic or environmental exposure, 

electrolyte disorders, infection, sleep apnea, drug effects, hypoglycemia, 

hypothyroidism and increased intracranial pressure. 

Sinus Bradycardia may also be caused by the sick sinus syndrome, which 

involves a dysfunction in the capability of the sinus node to generate an action potential 

to the atria. The syndrome includes signs and symptoms connected to cerebral hypo 

perfusion in association with sinus Bradycardia, sinus arrest, sinoatrial (SA) block, 

carotid hypersensitivity or alternating episodes of bradycardia and tachycardia. Sick 

sinus syndrome commonly occurs in elderly patients with cardiovascular disease. Some 

studies have shown that these patients have a functional decrease in the number of nodal 

cells, while others have demonstrated the presence of antinodal antibodies.  

SA block occurs when the SA node fails to excite the atria regularly. The 

problem may be related with abnormal intrinsic nodal function, a failure of the SA 

junction, or a failure of propagation in the surrounding tissue. The 3 forms of SA block 

are first degree block, second degree block and third degree block. 

Firs degree SA block is characterized by an interruption in the transmission of 

the action potential from the SA node to the atria. Unlike first degree atrioventricular 

(AV) block, this delay is not detected by the ECG. Second degree SA block is 

characterized by an occasional dropped P wave reflecting the inability of the SA node to 

http://www.heart.org/HEARTORG/Conditions/More/MyHeartandStrokeNews/All-About-Heart-Rate-Pulse_UCM_438850_Article.jsp
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consistently transmit an action potential to the surrounding myocardium. In third-degree 

SA block, the surface ECG is identical to that of sinus arrest, with absent P waves 

(Kaushik et al., 2000). 

2.6.3.2 Tachycardia  

Tachycardia occurs when resting heart rate of a person is faster than 100 beats per 

minute. This arrhythmia is divided into 3 types known as atria tachycardia, sinus 

tachycardia and ventricular tachycardia. 

Atria tachycardia is a fast heart rate that starts in the upper chambers of the 

heart. This condition takes place when electrical signals in the heart's upper chambers 

fire abnormally, which interferes with electrical signals coming from the sinoatrial (SA) 

node. A series of early beats in the atria speeds up the heart rate and this rapid heartbeat 

does not allow enough time for the heart to fill before it contracts. As a result, blood 

flow to the rest of the body is compromised. 

Atria tachycardia is the most common type of arrhythmia in children, anxious 

young people and women. This type of tachycardia could also affect people who are 

physically fatigued, those who consume large amounts of coffee, alcohol and cigarettes.  

Sinus tachycardia is fast heart beat but steady. Sinus tachycardia occurs when 

the sinoatrial node sends out electrical signals faster than usual. The heart rate is fast, 

but the heart beats properly. A rapid heartbeat may be due to body's response to 

common conditions such as fever, anxiety, medicinal and street drugs, severe emotional 

distress and strenuous exercise. It may also indicate low in blood count (anemia), 

increased thyroid activity, heart muscle damage or hemorrhage. 

Ventricular tachycardia is a fast heart rate that starts in the heart's lower 

chambers (ventricles). The arrhythmia occurs when the electrical signals in the 

http://www.heart.org/HEARTORG/Conditions/Arrhythmia/AboutArrhythmia/Tachycardia_UCM_302018_Article.jsp
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ventricles fire abnormally, which interferes with electrical signals coming from the 

sinoatrial (SA) node. The rapid heartbeat does not allow enough time for the heart to fill 

before it contracts. Therefore, blood flow to the rest of the body is compromised 

This type of tachycardia is normally associated with coronary artery disease, 

cardiomyopathy, mitral valve prolapse and valvular heart disease. Other causes maybe 

due to an inflammatory disease affecting skin or other body tissues, medications and 

changes in posture, exercise, emotional excitement or vagal stimulation. Ventricular 

tachycardia may be well tolerated or life threatening. It depends largely on whether 

other cardiac dysfunction is present and the rate or severity of the arrhythmia (Nerheim 

et al., 2004, Demosthenes and Camm, 2010) 

 Overall, Suzuki et al (2009) reported that there are 8 kinds of arrhythmia which 

are widely used in the clinical field. Using detection of R-R intervals, arrhythmia such 

as atrial or junctional premature beat, ventricular premature beat, atrial fibrillation, 

supraventricular tachycardia intermittent, sick sinus syndrome (sinoatrial arrest, 

sinoatrial block), sinus tachycardia and sinus bradycardia are detectable. This is due the 

fact that pulse to pulse interval by PPG can be considered the same as R and R interval 

by ECG in the case where subject’s physiological state is static. 

In the case of R-R intervals with irregular intervals brought about by the 8 kinds 

of arrhythmia mentioned earlier, pulse amplitude of the PPG varies. When the irregular 

interval is shorter than the normal interval, the amplitude of the irregular pulse is 

smaller than that of the normal pulse. This is because the duration of ventricular diastole 

is shorter owing to the shorter R-R interval, causing blood volume congested in the left 

ventricle to decrease, and consequently, stroke volume to decrease. In contrast, when 

the irregular interval is longer than the normal interval, the amplitude of the irregular 

pulse is larger than that of the normal pulse (Arafat et al., 2009, Cole et al., 2012) 

http://www.heart.org/HEARTORG/Conditions/More/MyHeartandStrokeNews/Coronary-Artery-Disease---The-ABCs-of-CAD_UCM_436416_Article.jsp
http://www.heart.org/HEARTORG/Conditions/More/CardiovascularConditionsofChildhood/Pediatric-Cardiomyopathies_UCM_312219_Article.jsp
http://www.heart.org/HEARTORG/Conditions/HeartAttack/PreventionTreatmentofHeartAttack/Mitral-Valve-and-Mitral-Valve-Prolapse_UCM_434087_Article.jsp
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2.7 Conclusion 

The 6 sub sections: Anatomy of the heart, function of circulatory system, cardiovascular 

system, blood physiology, physiology of human heart and application of heart rate in 

this research are presented. Through the knowledge obtained from literature review, 

results obtained from experimental session may be further understood. This is due to the 

facts that all the literature presented contributes towards the final readings of the heart 

rate which at the end indicates the heart condition of the subjects. 

  Overall, it is safe to assume that hemodynamic parameters specifically the heart 

rate (HR) fluctuate on a beat to beat basis. The beat to beat fluctuations in 

hemodynamic parameters reflect the dynamic response of the cardiovascular control 

systems to a host of naturally occurring physiological disturbance. The sympathetic and 

parasympathetic nervous systems are usually considered to be the principal systems 

involved in short term cardiovascular control on the time scale of seconds to minutes. 
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CHAPTER 3 

Photoplethysmography Technique 

Photoplethysmography (PPG) is a non invasive low cost optical technique used to 

detect blood volume changes in the microvascular bed of tissue.  It is considered as a 

remarkably simple device which consists of a light source (LED) and a light detector. 

Light radiating from the light source penetrates the measurand, and a light interceptor 

on the opposite side detects the volume of the transmitted light. The radiated light is 

absorbed by absorbent substances such as haemoglobin carried in the bloodstream, and 

melanotic pigment in the tissue. The remainder enters the light interceptor as 

transmitted light (Oh-i et al., 2002). Although the origins of the components of the PPG 

signal are not fully understood, it is generally accepted that they can provide valuable 

information about the cardiovascular system. Currently, PPG technology is widely 

utilized in medical devices for monitoring of pulse rate, oxygen saturation level and 

blood pressure.  

Over the past years, effort has been directed through research to the analysis of 

the PPG pulse waveform obtained from a simple PPG sensor. PPG signal measured 

shows fluctuation in the blood volume which is proven to reflect the sympathetic 

modulation of the small arteries in the measured site. Furthermore the autonomic 

function can be assessed and peripheral vascular disease could also be detected using 

the PPG technique. This suggestion is further supported by (Allen, 2007) who indicates 

that PPG technique can provide valuable information regarding the cardiovascular 

system when properly designed. 
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The PPG signal also known as Photoplethysmogram is divided into two configuration; 

Transmission mode and Reflectance mode. Measurement of the pulsating blood volume 

in the finger vascular bed and the ear lobe tissue is normally carried out in transmission 

mode.  On the other hand measurements at other body locations such as finger, wrist, 

forehead, neck and toe is implemented using reflectance mode PPG. Through 

experiment using reflectance mode PPG, demonstration was made that forehead is the 

most suitable location for monitoring followed by the finger because it has less motion 

artefacts compared to other body locations (Lee et al, 2008). However  it was pointed 

out that because the walls of the cutaneous vessels in finger are richly innervated by a-

adrenoceptors, therefore the sensitivity to changes in the sympathetic system are greater 

than when compared to other areas of the body (Shelley, 2007).  Due to this reason 

finger is considered the best location and is used to obtain the PPG signal in the 

experiments conducted (Figure 3.1). 

 

Figure 3.1 Artery in the Finger for placement of PPG sensor (Lee et al., 2008) 
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In the next section of this chapter the development of Photoplethysmography which 

focus on the basic principle of Photoplethysmography operation and history of 

Photoplethysmography are presented. Prior work in the field followed by discussion on 

electronic components selection of proposed PPG mode heart monitors conclude the 

chapter. 

3.1 Development of Photoplethysmography (PPG) 

Photoplethysmography technique was first discovered and established in 1937 by Alrick 

Hertzman. Hertzman and his colleagues successfully implemented the reflectance mode 

PPG system to measure blood volume changes in the fingers induced by the Valsalva 

manoeuvre, exercise and with exposure to cold. Further validation of the PPG technique 

was made by Hertzman in 1938 by comparing blood volume changes measured 

simultaneously by mechanical plethysmography. Preliminary observations on the PPG 

technique were also reported in the same year by Matthes and Hauss.  

In 1940, Hertzman and Dillon manage to monitor the vasomotor activity by 

separating the content of the Photoplethysmogram using appropriate electronic circuits. 

Through contribution made by the pioneer, several important elements which determine 

the accuracy and the efficiency of the PPG technique were identified. Firstly, good 

contact with skin without excessive pressure is required and movement of the 

measurement probe against the skin should be avoided and kept to minimum. These 

observations led to the development of elaborate positioning devices. The illumination 

factor was also identified as another important design consideration which emphasize 

on appropriate light intensity and its viewing angle.  

In more recent decades the desire for small, reliable, low cost and simple to use 

non invasive assessment techniques of the cardiovascular system are key factors that 
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have enhanced reestablishment of Photoplethysmography (PPG). Developments in 

optoelectronics and clinical instrumentation have also considerably contributed to PPG 

advancement. The developments in semiconductor technology have made considerable 

improvements in the size, sensitivity, reliability and reproducibility of PPG probe 

design. A major advance in the clinical use of a PPG based technology came with the 

introduction of a non invasive pulse oximetry use in monitoring of patients’ arterial 

oxygen saturation (Aoyagi et al., 1974, Yoshiya et al., 1980, Jayasree, 2009, Shi, 2009, 

Avolio et al., 2010). 

3.1.1 Photoplethysmography Waveform 

Photoplethysmography (PPG) deals with the arterial blood flow which contains the 

pulsatile wave caused by the rapid ejection of blood from the left ventricle into the 

aortic walls. During systole, the pressure wave flows along the arteries and expands the 

capillaries walls in the finger causing an increase in blood volume while during diastole 

the blood volume decrease. When an infrared radiation is emitted to the finger, it 

penetrates the skin and the bone and during systolic cycle is highly absorbed by the 

blood causing a decrease in light intensity.  

During diastole, the radiation is not absorbed due to the low volume of blood, 

and the light intensity does not change. When a sensitive photo detector with matching 

wavelength as the light emitter is placed either in reflectance mode or transmission 

mode, a signal containing valuable information about the cardiovascular system can be 

detected due to the changes in the intensity of the transmitted light caused by the 

absorption of light by the pulsating blood volume (Bhoi et al., 2012).  
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The magnitude of the signal varies as illustrated in figure 3.2 which depends on the 

blood absorption, skin and bone absorption, venous blood absorption, the amount of 

arterial blood ejected from the heart as well as the radiation wavelengths used to 

illuminate the finger vascular bed. The desired arterial pulse wave is much smaller that 

the Direct current component which are absorption due to arterial and venous blood and 

due to bone, tissue and skin.  

 

Figure 3.2 Breakdown of the components of the detected PPG signal  

The pulsatile component of the PPG waveform is often referred to as AC component 

with fundamental frequency, typically around 1 Hz, depending on heart rate which is 

depicted in figure 3.3. This AC component is superimposed onto a large quasi DC 

component that relates to the tissues and to the average blood volume. The DC 

component varies slowly due to respiration, vasomotor activity and vasoconstrictor 

waves, Traube Hering Mayer (THM) waves and also thermoregulation (Allen, 2007, 

Elstad, 2009). 
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Figure 3.3 The pulsatile (AC) component of the PPG signal (bottom) and corresponding 

electrocardiogram (ECG) (top) (Allen, 2007) 

 

3.1.2 Optical considerations of the origins of the Photoplethysmography    

waveform 

Anderson and Parrish (1981) presented that the interaction of light with biological tissue 

is complex and includes the optical processes of scattering, absorption, reflection, 

transmission and fluorescence. Several other researchers have also reported the optical 

processes in relation to PPG measurements (Hertzman and Randall, 1948, Weinman 

1967, de Trafford and Lafferty 1984, Kamal et al., 1989 and Lindberg and Őberg 1993, 

Marcinkevics et al., 2009, Sundararajan, 2009, Kong et al., 2013). 

The researchers highlighted the key factors that can affect the amount of light 

received by the photo detector like the blood volume, blood vessel wall movement and 

the orientation of red blood cells (RBC). A research implemented by Naslund et al 

(2006) reported that the recorded pulses have direct relationship with perfusion. The 

greater the blood volume the more the light source is attenuated.  

In addition, the wavelength of optical radiation is also important in light tissue 

interactions mentioned by Cui et al (1990). There are three main reasons. Firstly, the 
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optical water window where the main component of tissue is water strongly absorbs 

light in the ultraviolet and the longer infrared wavelengths. The shorter wavelengths of 

light are also strongly absorbed by melanin. There is, however, a window in the 

absorption spectra of water that allows visible (red) and near infrared light to pass more 

easily, thereby allowing the measurement of blood flow at these wavelengths. For this 

reason, the red or near infrared wavelengths are often chosen for the PPG light source 

(Marcinkevics et al., 2009). 

Secondly is the isobestic wavelength (i.e. close to 805 nm, for near infrared 

range). Significant differences do exist in absorption between oxyhaemoglobin (HbO2) 

and reduced haemoglobin (Hb) except at the isobestic wavelengths (Azarov et al., 2008, 

Pittman, 2013). Therefore, measurements performed at an isobestic wavelength should 

provide signal which are largely unaffected by changes in blood oxygen saturation. 

The final optical consideration of the origin of the PPG waveform reason is the 

tissue penetration depth which refers to the depth which light penetrates the tissue for a 

given intensity of optical radiation. This depends on the operating wavelength of the 

light source (Murray and Marjanovic 1997, Jayasree, 2009). 

3.2 Prior work in the field 

Method of Photoplethysmography (PPG) has been applied in many different clinical 

settings, including clinical physiological monitoring such as blood oxygen saturation, 

heart rate, blood pressure, cardiac output and respiration. It has been employed to 

monitor relative blood volume changes in the micro vascular bed of peripheral tissue 

during each cardiac cycle. 

Given the simplicity of PPG technology, there has been growing interest in 

studying the variability of PPG signal components to assess cardiovascular function 
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(Allen, 2007).  The changes in contours of dicrotic notch, relative height of the dicrotic 

notch in relation to pulse peak amplitude and PPG amplitude have been demonstrated to 

assess the vasodilation using PPG (Selvaraj et al., 2009). 

In this research, the focus is specifically made on heart rate. The heart rate 

individually is an important physiological parameter to measure for a wide range of 

clinical settings, including hospital based and ambulatory patient monitoring. The AC 

component of the PPG pulse is synchronous with the beating heart and therefore can be 

a source of heart rate information. In pulse oximeter systems this information is often 

displayed alongside the SpO2 level. The main problem is that confidence in the rate 

parameter can be reduced when there are significant movement artefacts or cardiac 

arrhythmia. 

However, the reliability of heart rate detection has improved with the 

implementation of computer algorithms. These include simple digital filtering and zero 

crossing detection demonstrated by Nakajima et al (1996) and other detection algorithm 

from Arzeno et al (2008), Guistina et al (2008), Boichat et al (2009), Rezk et al (2011). 

A miniaturized, telemetric, PPG sensor for long term, continuous monitoring was 

proposed by Rhee et al (Rhee et al., 2001, Pandian et al., 2008, Poh et al., 2010). The 

ring sensor is attached to a finger base, chest and ear for monitoring beat to beat 

pulsation. (Hyun Jae et al., 2009) developed a non intrusive Photoplethysmography 

(PPG) measuring system for everyday use. The monitoring uses non skin contact sensor 

amplifier circuits capable of emitting suitable light intensity adaptable to clothing 

characteristics. 

 

 



55 

 

3.2.1 Photoplethysmography Sensor 

Medical sensors are designed for collecting data and are equivalent to monitoring. The 

sensor should be compact and user friendly. In general, a transducer is a device that 

converts one form of energy into another. For this heartbeat monitoring device, a 

transducer known as Photoplethysmography is used.  

Photoplethysmography (PPG) is a simple and low cost optical technique that is 

applicable in the detection of blood volume changes in the micro vascular bed of tissue. 

This type of measurement taken at the skin surface is often used non invasively (Allen, 

2007). The method is carried out through optical means and was first described more 

than 50 years ago by Hertzman (Sherebrin and Sherebrin, 1990). 

PPG signal is measured using a pair of light source and a photo detector. When a 

light source radiates on the skin, it is absorbed into arterial blood, venous blood, tissue 

and etc. The pulse is affected by the cardiac contraction and relaxation and the non 

pulsed part presents the absorption for non pulsed arterial blood, non pulsed venous 

blood, tissue and etc. The change of blood volume (BV) in finger is generated by 

vasoconstrictions and vasodilatations in affected tissue by sympathetic nervous system 

(Jeong et al., 2006). Krishnan et al also claimed that since hemoglobin is an optical 

absorber, light passing through tissue is modulated by each cardiac cycle of the subject 

and also by other processes like respiration and subject motion (Krishnan et al., 2010, 

Nitzan et al., 2008). 

As mentioned, one of the advantage of the PPG sensor is that only two 

electronic components are required, thereby greatly simplifying the optical sensor and 

miniaturization of the sensor system. The light detector can be placed either directly 

across from the light source for Transmission Photoplethysmography or next to the light 

source for Reflectance Photoplethysmography.  
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Reflectance mode depicted in Figure 3.4 is the technique where the LED and detector 

are placed side by side.  

 
Figure 3.4 Reflectance Mode PPG (Yunjoo et al., 2008) 

 

Theoretical analysis suggests that, for typical wavelengths, the emitted photons that 

arrive at the photo detector follow a banana-shaped primary light path through the 

tissue, barely penetrating deeper than the skin (Figure 3.5). The more blood in the 

vessel, the brighter the photo detector intensity will be. This is because non hemolyzed 

erythrocytes are reflective and can act as little mirrors (Reisner et al., 2008). 

 

Figure 3.5 Placement of Finger Probe in Reflectance Mode (Alekseev et al., 2005) 
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Transmission mode illustrated in Figure 3.6 is the technique where the light detector is 

situated directly across the light source. Through previous research, transmission mode 

PPG imposes more restrictions than the reflection mode PPG on the body locations 

available for study (Yunjoo et al., 2008, Wang et al., 2007). 

 

Figure 3.6 Transmission Mode PPG (Yunjoo et al., 2008) 

Reflectance mode PPG can be applied to many locations on the patient’s body which 

enables central application. This is not the case with transmission mode PPG where it is 

limited to peripheral parts of the body such as fingers, toes, and ears (Alekseev et al., 

2005, Wang et al., 2007, Peck Y S and Smith, 2003, Yunjoo et al., 2008, Bolanos et al., 

2006, Reisner et al., 2008). Table 3.1 shows that reflected signals of pulse rates are 

weaker than transmitted signals.  

Table 3.1 Comparison of Transmission and Reflectance Type PPG (Yunjoo et al., 2008) 

 Transmission type Reflection type 

Measurable site Only extremity Extremity and central part 

Signal intensity Strong Weak 

Noise level High sensitivity to artefact Low sensitivity to artefact 
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Even so, reflectance type is preferred over the transmission type because it has less 

effect of motion artefacts from different sources. Furthermore, the chance of light 

photons being reflected is much higher in comparison to them being transmitted through 

a relatively thick tissue volume. 

Many other skin measurement sites are available for vascular assessment. The 

supraorbital artery, just above each eye has been studied (Lee et al, 1981), as well as 

measurements on the skin above key arterial landmarks (Loukogeorgakis et al., 2002).  

There have also been studies published by Nitzan et al (1998b, 1998a, 2001). Three 

channel PPG research systems have been described by Bergstrand et al (2009). Four 

channel research systems were demonstrated by Gil et al (2012). Multiple finger site 

pulse data have also been reported by Rubins (2008), Yunjoo et al (2008), Marcinkevics 

et al (2009), Maeda et al (2011), Allen et al (2012), and Rybynok et al (2013). Six 

channel PPG data have been published for simultaneous multi-bilateral site PPG data 

measurements (Allen et al., 2000b, 2002, 2003, 2004, 2005, and 2006). 

Factors such as sources of artefacts should also be considered in the 

measurement technology. For example, artefacts may occur due to ambient light 

interference but can be reduced in several ways: by suitable probe attachment to the 

skin (e.g. using a dark Velcro wrap around cuff), by further shading of the study site 

area and performing measurements in subdued lighting, and by electronic filtering. 

Finally, emphasize is made on the importance of the electronic and optical matching of 

pulse amplifier channels to allow the best chance for right to left side physiological 

differences to be detected with confidence (Allen and Murray, 2000). 
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3.2.2 Photoplethysmography Instrumentation 

The output signals from transducers such as the Photoplethysmography (PPG) are weak 

milivolt (mV) and possess a very small amount of energy. These signals are generally 

too small in magnitude to be processed reliably to perform any useful function. Signal 

processing of the PPG is much easier if the magnitude of the signal is large, preferably 

in volts, however this is not the case. As a result, recording the PPG signal requires very 

sensitive transducer and instrumentation with low noise level. 

Current PPG sensors often utilize low cost semiconductor technology with LED 

and matching photo detectors functioning at the red or near infrared wavelengths. An 

excellent reference of optical sensor technology for PPG applications is written by 

Webster (1997). 

The PPG sensor is normally connected to a low noise electronic circuitry that 

includes an amplifier and filtering circuitry. In some design, a high pass filter is used to 

reduce the size of the overriding DC component and allows the pulsatile AC component 

to be amplified to a nominal 1 V peak to peak level. The unwanted higher frequency 

noise such as electrical pick up from (50 Hz) mains electricity frequency interference is 

also removed using proper filtering circuits. The choice of high pass filter cut off 

frequency is particularly important and is often a design compromise. It is found that 

excessive filtering can distort the pulse shape however too little filtering can result in 

the quasi DC component dominating over the AC pulse (Allen and Murray 2003, 2004).  

 (Peck Y S and Smith, 2003) concerns were to do with the dynamic range of the 

detected signal. The detected pulsatile (AC) signal is very small compared to the non-

pulsatile (DC) signal. To achieve a greater amplification for the AC signal, a 

logarithmic amplifier is used. Study conducted by Takazawa et al. showed not only 

PPG signal is similar to BP wave but also mechanism of vasoconstrictions and 
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vasodilations. Therefore, due to the facts, a basis that presents blood pressure is led by 

analyzing the cardiac output and blood vessel resistance using PPG signal (Jeong et al., 

2006).  

Murthy et al. also stated that PPG signal has been used to study the autonomic 

control of the human cardiovascular system. Furthermore, based on the research carried 

out, it has shown that in normal subjects, the PPG signal peak is similar to the R peaks 

of the ECG. Therefore, this result has lead to present study whether the PPG signal 

reflects the cardiac activity and R-R interval variability in cases of abnormal subjects 

(Murthy et al., 2001).  

A miniaturized, telemetric, PPG sensor for long term, continuous monitoring 

was proposed by Rhee et al (Rhee et al., 2001). The ring sensor is attached to a finger 

base for monitoring beat to beat pulsation. The ring sensor consists of optoelectronic 

components, a CPU, a RF transmitter, a battery, and a ring chassis. The ring 

encapsulates the PPG, pulse oximetry combined with wireless communication and 

miniaturization technologies.  The data captured and sent to the host computer is the 

pulsation and oxygen saturation of the arterial blood. The ring sensor is wireless and 

miniaturized and is claimed will provide 24 hours comfort to patients.  

 (Lygouras and Tsalides, 2002) presents digital techniques of optical-fiber PPG. 

Sinusoidal modulation of the light beam by driving an infrared LED was proposed. 

Method called direct digital synthesis (DDS) was used to produce stable sinusoidal 

waveform. Optical fiber was used to transfer the light to and from the sampling point. 

Synchronous amplitude demodulation replaced the use of analog low pass filters. They 

claimed amplitude obtained was almost noiseless. Off line frequency analysis of the 

peripheral volume pulse wave signal was performed and they considered that the power 
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content in the harmonics of the pulse wave may be a useful measure of aging and 

vascular disease.  

(Alekseev et al., 2005) built a sensor unit for non invasive detection and analysis 

of the pulsating blood flow waveforms using reflective single period PPG (SPPPG) 

technique. The basic design of the unit is simple. It consists of optical contact probe, bio 

signal amplifying and filtering circuit (both powered by a rechargeable battery) and a 

computer with specially developed software for AD conversion, storage, processing and 

display of the PPG signals. All equipment is placed in a hand held case. The advanced 

SPPPG sensor is intended for clinical use in conjunction with any standard PC. The 

finger contact probe consist of a LED (940 nm) integrated with a photodiode and a pre 

amplifier chip. The pre amplified output signal was passed through flexible cable to the 

broadband amplifier and further to the AD card input. 

In 2005, Wieringa et al described a contactless multiple wavelength PPG 

imaging system whose main application is the remote imaging of arterial oxygen 

saturation (SpO2) distribution within tissue. The system acquires movies of two 

dimensional matrix spatially resolved PPG signals at three wavelengths (660 nm, 810 

nm and 940 nm) during changes in respiration. A tissue oxygen image may be useful in 

many areas of medical diagnostics, for example in quantifying tissue viability.  

PPG has considerable potential for telemedicine including home health 

monitoring of patients. Miniaturization, ease-of-use and robustness are key design 

requirements for such systems. Innovative LED and photo-detector array technology 

has been incorporated into a PPG finger sensor and palm-sized home health monitor to 

enable the pulse, oxygen saturation and respiration to be measured along with 

haematocrit derived from optical characteristics at five different wavelengths (569, 660, 

805, 904 and 975 nm) (Yoon et al,.2005).  
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(Yunjoo et al., 2008) presents an analysis of motion artefacts on PPG signals in 

determining the suitable location for monitoring heart rates. The system consists of PPG 

sensors and data acquisition system. Experimental sessions were carried out having 

subjects in two states, walking and running. A reflective type PPG sensor was used and 

measurements are taken from several locations of the body such as forehead, ear, neck, 

wrist, finger, and toe. Through data collections and analysis, their experimental results 

showed that forehead followed by finger are the most suitable location for monitoring 

heart beat. Their conclusion was based on less motion artefact than other locations. The 

system used consists of sensors, Biopac (BIOPAC Inc. USA) MP35 and analysis 

programs. 

 (Jubadi and Mohd Sahak, 2009) proposed an alert system monitors the heart 

beat rate condition of patient. They implemented using reflective type PPG consist of a 

super bright LED and an LDR. The signal processing is done using PIC16F87 

microcontroller in determining the heart beat rate per minute. The SMS alert is then sent 

to mobile phone of medical experts or patient’s family members.  

 (Hyun Jae et al., 2009) developed a chair attached, non intrusive 

Photoplethysmography (PPG) measuring system for everyday use. The monitoring uses 

non skin contact sensor amplifier circuits capable of emitting suitable light intensity 

adaptable to clothing characteristics. Three LEDs of 880 nm are placed symmetrically 

around a photodiode. Light emitted from each LED had its own circular pattern, and a 

portion of the light from each LED overlapped at the photo detector. The output signal 

from the sensor was converted into a voltage and amplified, then filtered with a band 

pass of 0.05–10 Hz to separate the pulsatile ac component, and filtered with a low pass 

cutoff at 0.1 Hz to separate the dc component. The ac signal was digitized for Bluetooth 

communication and dc signal for adaptive control of the LED’s light intensity. This 
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PPG sensor was installed in the seat and back of a chair for the purpose of 

unconstrained measurement. 

Table 3.1 to Table 3.5 summarizes some of the journal papers revised for 

literature review. As seen, reflective type PPG is preferred using Infrared LED (800-

940nm) and matching detector, Photodiode. Various filtering are used followed by 

suitable amplifier for signal processing. Most results are displayed on the personal 

computer for further analysis. The main objective of previous research is to calculate 

the heart and respiratory rate in various states such as relaxing and exercising. 

 Some of the common analyses carried out are frequency analysis of the 

peripheral volume pulse wave signal, observation of shapes of mean PPG signals 

recorded and analysis of motion artefacts at various locations of the body. From these 

analyses, several points have been addressed. Firstly, PPG technique is able to detect 

heart beat signal accurately with the use of suitable signal processing. Through 

frequency analysis, the power content in the harmonics of the pulse wave has indicated 

useful measure of aging and vascular disease. The shape of the blood flow waveforms 

too contains valuable cardiovascular information. Furthermore, analysis on motion 

artefacts located at various part of the body indicates the forehead and finger as location 

with least amount of noise resulting in a more reliable results.  
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Table 3.2 Summary of Photoplethysmography Technique from previous related Journals 

No Reference Measurement 

Method 

 

Heart Beat Detection LED-

Detector 

Distance  
LED Type 

 

Detector 

Type 
1 Rhee et al., 

2001 

Reflective type 

PPG 

660nm Red 

LED 

N=1 

940nm IR LED 

N=2 

Photodiode 

N=1 

-These LEDs 

are in a die 

form with a 

size of 

0.3 mm 0.3 

mm. 

 

2 Lygouras 

and Tsalides, 

2002 

Optical-fiber 

PPG 

800 nm 

Infrared LED 

 N=1 

 

Photodiode 

N=1 

-Not 

mentioned 

due to using 

fiber optic 
3 Alekseev et 

al.,  

2005 

Reflective type 

PPG 

940nm LED 

N=1 

Photodiode 

N=1 

-Close to one 

another 

(Exact distant 

not 

mentioned) 

4 Yunjoo et 

al.,  

2008 

Reflective type  

PPG 

860 nm LED  

N=1 

Photodiode 

N=1 

-Not 

mentioned 

5 Jubadi and 

Mohd Sahak,  

2009 

Reflective type  

PPG 

Super bright 

LED 

(wavelength 

not mentioned, 

normally 

660nm)N=1 

Light 

Dependant 

resistor 

N=1 

-Not 

mentioned 

6 Hyun Jae et 

al.,  

2009 

Reflective type  

PPG 

880nm LED 

N=3 

Photodiode 

N=1 

-10mm apart 

(LEDs and 

Photodiode) 



65 

 

 

Table 3.3 Summary of PPG Instrumentations from previous related Journals 

 

No 

 

Reference 

Hardware Components 

 

 

Objective/Results 

Filter Signal 

Processing 

Display 

and 

Recording 
1 Rhee et 

al., 

2001 

(1)High 

Pass filter 

(2)Low Pass 

filter Cut off 

freq =5Hz 

(1)OPA336 

amplifier 

(2)Op-amp 

MAX407 

(3) PIC16C711 

Personal 

Computer 

Miniaturized PPG 

sensor for monitoring 

beat to beat pulsation 

and to address issue 

related to motion 

artefact etc. 

Conclusion: The ring 

sensor can detect beat 

to beat pulsation. 

Pressurizing the finger 

tissue increases 

pulsation amplitude of 

blood vessels and 

provides better signal 

to noise ratio. 
2 Lygouras 

and 

Tsalides, 

2002 

(1)A 

synchronous 

amplitude 

demodulator 

(1)Operational 

amplifier  

TL 072 

(2)Digital 

Signal 

processing 

(DSP) 

Personal 

Computer 

Off line frequency 

analysis of the 

peripheral volume 

pulse wave signal is 

performed. 

Conclusion: The power 

content in the 

harmonics of this pulse 

wave may be a useful 

measure of aging. 
3 Alekseev 

et al., 

2005 

(1)No filter. 

All 

frequencies 

are 

amplified 

and passed 

through to 

AD card 

 

(1)Pre-

amplifier chip 

(2)Broadband 

amplifier 

(3)AD card 

Personal 

Computer 

Reflective single 

period PPG (SPPPG) 

technique. 

Conclusion: Shapes of 

mean SPPPG signals 

recorded at various 

locations of the body 

contain valuable 

cardiovascular 

information and 

proved suitable for fast 

primary cardiovascular 

assessment and early 

screening. 
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Table 3.4 Summary of PPG Instrumentations from previous related Journals 

 

No 

 

Reference 

Hardware Components 

 

 

Objective/Results 

Filter Signal 

Processing 

Display and 

Recording 
4 Yunjoo et 

al., 2008 

(1)Low 

Pass filter 

Cut off freq 

= not 

mentioned 

(1)Biopac 

(BIOPAC Inc. 

USA) MP35 

Personal 

Computer 

Analysis of motion 

artefacts on PPG 

signals to determine 

the suitable location 

for monitoring heart 

rates. 

Conclusion: Less 

motion artefact on 

finger and forehead. 
5 Jubadi 

and Mohd 

Sahak,  

2009 

(1)High 

pass filter  

Cut off freq 

= not 

mentioned 

(1)LM358 op-

amp 

(2)PIC16F84 

microcontroller 

Mobile phone An alert system that 

able to monitor the 

heart beat rate 

condition of patient. 

Conclusion: 

Objective achieved 

but system still 

under further 

testing 
6 Hyun Jae 

et al., 

2009 

(1)Band 

Pass filter 

Cut off freq 

=  

0.05Hz –10 

Hz 

(2)Low 

Pass filter 

Cut off freq 

=0.1Hz 

(1)A 

microprocessor 

(Atmega128, 

Atmel) 

(2)Digital-to-

analog 

converter 

(DAC) 

(AD558, 

Analog 

Device)  

 

Bluetooth 

communication 

Development of a 

chair attached, 

nonintrusive PPG 

system using non 

skin contact sensor 

amplifier circuits 

with adaptive light 

intensity control. 

Conclusion:PPG 

was successfully 

measured, without 

direct skin contact 
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Table 3.5 Summary of Software utilised for Interface and Analysis from previous related 

Journals 

No Reference Software Purpose 

1 Lygouras and 

Tsalides, 

2002 

-The PASS program and 

serial port 

To display the peripheral pulse 

wave. 

2 Alekseev et al.,  

2005 

-Special algorithm for 

PPG bio signal 

acquisition, integration 

and averaging of the 

detected PPG signals. 

The actual software 

utilised is not specified. 

 

To calculate the mean normalized 

SPPPG signal for the monitored 

person and the corresponding signal 

shape parameters (maxims, minims, 

amplitude ratios, integral area, etc.) 

3 Yunjoo et al.,  

2008 

-Software was not used. 

The heart beat was 

manually counted. 

To count the number of pulses in a 

minute and compare the results 

from the two states of stationary 

and moving conditions. 

4 Jubadi and 

Mohd Sahak,  

2009 

- MPLAB IDE for 

PIC16F87 

microcontroller  

-AT command in 

HyperTerminal  

To determine heart beat and sends 

instant messages alert to mobile 

phone 

5 Hyun Jae et al.,  

2009 

-A microprocessor 

(Atmega128) was used. 

However the software 

used to do programming 

was not specified. 

To control the light intensity by 

controlling the microprocessor’s 

digital input to the DAC 
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Based on the useful observations and findings, the proposed heartbeat monitoring 

device (HBMD) will consist of the following qualitative elements and features: 

(1) Detection of heartbeat through the tip of a finger rather than other location of the 

body. Even though most of the researcher’s preference is on the Reflectance 

mode PPG, through this work demonstration will be made to show that both 

Reflectance and Transmission Mode PPG are applicable provided that they are 

designed accurately. A Reflectance type PhotoPlethysmography with an LDR as 

the detector will be utilized (10mm-12mm apart). Also known as Finger Probe, 

it will consist of a strap to secure the position of the finger as well as providing 

adequate pressure to the finger to obtain required heart beat signal. For 

Transmission mode PPG, a photodiode is used as the photo detector. 

(2) Optical sensor will be used as mean of extracting heartbeat signals. A Super 

bright light LED (SB-LED) of 625nm is chosen for Reflectance mode PPG. 

Since most of the previous work utilizes IR LED which is brighter than super 

bright LED, a LED with viewing angle of 15° will be used to compensate this. 

This is because smaller viewing angle means smaller lit area which produces 

more focused brightness. An IR LED will be the lighting source for the 

Transmission mode PPG due to its wavelength of 940nm. 

(3) The heart beat monitoring device (HBMD) will be compact, simple but reliable.  

Both passive and active filters will be used where it is necessary to obtain dc 

component of the heart beat signal. Suitable amplifiers for medical device are 

considered to amplify the small dc signal. The analogue signal will be converted 

to digital signal preferably by using a comparator for the purpose of both 

computer and microcontroller interfacing. 
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(4) Examination process will be simple. The Reflectance mode PPG heart monitor 

is aimed to be reliable for long and continuous monitoring, whereas the 

Transmission mode PPG heart monitor should be portable. The verification and 

validation is carried out using approved device such as OMRON M6 and Pulse 

oximetry. 

(5) The device will be low cost preferably below GBP20 (if produced in bulk). 

Single unit is estimated around GBP30-GBP40 which is still cost effective since 

most of the Heart Rate monitor on market range from the lowest GBP50 to 

GBP100++ depending on brand and features. 
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3.3 Hardware Specifications 

Briefly describe are the hardware requirement. The device must be able to detect heart 

beat caused by the non pulsatile blood flow.  

Physical and Operational Characteristics 

a. Performance requirements: Initially, this device is intended to be used for long and 

continuous monitoring; therefore it must be proven reliable. Accordingly, it must be 

intuitive and easy to use for untrained users. The data output must be reliable, and easy 

to read with a user friendly interface. 

b. Safety: The device will be designed so that the electricity used will not cause any 

harm to the user. Since no direct contact due to using the light intensity of an LED, 

unlike ECG that uses electrode patch, there will be no electrical exposure to the finger, 

so no current should ever flow through the heart. Proper labeling will be used to provide 

further indicator, for example power supply port will be color coded to prevent wrong 

connections.  

c. Accuracy and Reliability: When tested on the bench using electronic equipment, most 

heart beat monitor rarely exhibited errors exceeding 5-10% over a measurement range 

of 30-240 bpm. However, when tested with subjects walking or jogging at low speeds 

on a treadmill, typically 20-70% of the readings given by the machines had errors of 

greater than 20 bpm. In some cases over 50% of readings had errors exceeding 50 bpm 

(Burke and Whelan, 1987). Therefore to ensure minimum error, series of testing will be 

carried out in different body position to validate both heart monitor. The issue of the 

motion artefact and ambient light will also be addressed. 
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d. Operating Environment: This device is aimed at usage in a clinical and laboratory 

setting. It will likely be in a controlled temperature, humidity and light environment. 

The laboratory will most likely have other instrumentation instruments, so the device 

will likely be subjected to electrical interference. The device should employ some 

means of reducing electromagnetic interference to the signal. 

g. Ergonomics: The device must be able to accept a wide range of finger sizes, while 

minimizing finger mobility. It must be user friendly and comfortable for the user. 

h. Size: The device size must be such so that it does not interfere with the positioning of 

the finger and it does not obstruct the data collection. 

i. Weight: The prototype designed for clinical setting does not need to be overly light. 

The weight of the heart monitor is aimed at less than 50gm. 
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3.4 Electronic Components Selection of proposed PPG Mode Heart 

Monitor 

This thesis thoroughly explores two major hardware designs. First is the design and 

fabrication of a low cost reflectance mode PPG heart monitor using parallel port 

interface and secondly the design and development of a portable transmission mode 

PPG heart monitor using microcontroller PIC16F84A and PIC16F87. Section 3.4.1-

3.4.3 presents the theoretical information that was taken into consideration in the 

selection process of electronic components for the proposed heart monitor designs. 

3.4.1 Light Emitting Diodes (LED)  

Light emitting diode (LED) is a P-N junction semiconductor device which generates a 

wavelength of light due to the recombination of electrons and holes. LEDs exist in 

different wavelengths and colours and are generally constructed from semiconductor 

alloys. The generation of light by a semiconductor device such as the LED is described 

by Electroluminescent. Electroluminescence is the phenomenon of light production in 

response to electrons flow (electrical current) as a result of the recombination of 

electrons and holes in a semiconductor material where the excited electrons release 

energy in the form of photons.  

Recombination is the process where electrons and holes attract and eliminate 

each other. As mentioned earlier a LED is a P-N semiconductor. The P-type material 

(anode) also referred as holes are characterized by excess positive charge while the N-

type material (cathode) also referred as an electron is characterized by excess negative 

charge. Both P and N materials are conductive and there is a non-conductive area 

between them known as the depletion zone which occurs when extra electrons from the 

negatively charged area (N-type) jump into the positively charged area (P-type) and fill 

the holes when no voltage is applied. The depletion zone separates the two sides and 

don’t allow the flow of charge through the material. 
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When applying a forward bias voltage with the P-type material connected to the 

positive terminal of the power source the N-type connected to the negative terminal, the 

depletion zone disappears and current flow occurs (in only one direction) due to the 

movement of the electrons towards the positive terminal and the holes towards the 

negative terminal where they combine and releasing energy in the form of photon as 

shown in figure 3.7 below. Valence electrons absorb the energy supplied and jump to a 

higher conduction band level of the atom thus increasing the number of free electrons 

and holes. Conduction band electrons release their extra energy in the form of photons 

and return back to their stable band. The wavelength of the emitted light depends on the 

drop in the energy level, the greater the drop in the energy level, the greater the photon 

energy which results in higher light wavelength.  

 

Figure 3.7 P-N junctions in Light Emitting Diode (Dupuis and Kramer, 2008) 
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One of the most important considerations of building a PPG based Heart Rate monitor 

is the accurate decision of using a suitable light wavelength in order to penetrate 

through the microvascular bed and be absorbed by the blood in order to receive an 

adequate AC component.  

Normally, a wavelength in the near infrared is used because there we have the 

strongest modulation of the signal due to light absorption in the haemoglobin in the 

blood. A super bright and infrared light emitting diode is optoelectronic device which 

generates light via electroluminescence. It contains a pn junction, through which an 

electric current is sent. In the heterojunction, the current generates electrons and holes, 

which release their energy portions as photons when they recombine. The center 

wavelength and the emission color of an LED are largely determined by the band gap 

energy of the semiconductor material used.  

Table 3.6 Material and emission wavelengths of light emitting diode (LED) 

Material Typical emission wavelengths 

Ga 565 nm 

AlInGaP 590-620 nm 

GaAsP 610-650 nm 

InGaP 660-680 nm 

GaAlAs 680-860 nm 

GaAs 910-1000nm 

InGaAsP 1000-1700 nm 

 

http://www.rp-photonics.com/optoelectronics.html
http://www.rp-photonics.com/luminescence.html
http://www.rp-photonics.com/photons.html
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Table 3.6 presents the material available and its typical emission wavelengths. Most 

LED are made of inorganic semiconductor materials. For deep red emission, aluminum 

gallium arsenide (AlGaAs) can be used, which is otherwise common for near 

infrared laser diodes. Shorter wavelengths in the red spectral region are achieved with 

gallium arsenide phosphide (GaAsP) and aluminum indium gallium phosphide 

(AlInGaP). The internal quantum efficiency can be close to 100% for emission 

wavelengths around 650 nm, whereas high efficiencies are much more difficult to 

achieve at shorter wavelengths of e.g. 620 nm, where the human eye is more sensitive. 

LEDs based on  

For Reflectance mode PPG heart monitor, a super bright LED is used as the 

light source. The wavelength of the LED is 625nm, an LED based on GaAsP which is 

considered lower in efficiency. However it is low in cost and to compensate its lack of 

efficiency, the signal processing unit must be thoroughly improved to ensure the 

accuracy of the PPG signal obtained from the finger. For Transmission mode PPG heart 

monitor, an IR LED of 940nm is used.  The voltage drop across the super bright LED is 

2.2 V and that of the infrared LEDs is typically 1.2 V. 

3.4.2 Photo detectors 

The choice of photo detector is also important (Burke and Whelan, 1986). Its spectral 

characteristics are chosen to match that of the light source. A photo detector converts 

light energy into an electrical current. They are compact, low-cost, sensitive, and have 

fast response times. After extensive research on the most appropriate photo detector to 

match with Super bright LED and IR LED, Light dependant resistor (LDR) and a 

photodiode is emphasized on.  

http://www.rp-photonics.com/infrared_light.html
http://www.rp-photonics.com/laser_diodes.html
http://www.rp-photonics.com/quantum_efficiency.html
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3.4.2.1 Light Dependant Resistor 

A Light Dependent Resistor also known as LDR is a device which has resistance which 

varies according to the amount of light falling on its surface. Although other photo 

detector such as photo diodes or photo transistor can also be used, LDRs are a 

particularly convenient electronics component to match with the super bright LED. 

They provide large change in resistance for changes in light level. In view of their low 

cost and ease of manufacture, LDR is used in a variety of different applications.  

Light dependent resistor (LDR) is a component that is sensitive to light. When 

light falls upon it, the resistance changes. Values of the resistance of the LDR may 

change over many orders of magnitude the value of the resistance falling as the level of 

light increases. It is not uncommon for the values of resistance of an LDR to be several 

mega ohms in darkness and then to fall to a few hundred ohms in bright light. Due to its 

wide variation in resistance, LDRs are easy to use. 

LDRs are made from semiconductor materials to enable them to have their light 

sensitive properties. Many materials can be used, but one popular material for these 

LDR is cadmium sulphide (CdS). LDR has high resistance because there are very few 

electrons that are free and able to move and the vast majority of the electrons are locked 

into the crystal lattice and unable to move. Therefore in this state there is a high LDR 

resistance. 

As light falls on the semiconductor, light photons are absorbed by the 

semiconductor lattice and some of their energy is transferred to the electrons. This gives 

some of them sufficient energy to break free from the crystal lattice so that they can 

then conduct electricity. As a result, resistance of the semiconductor is reduced and 

hence the overall LDR resistance decreases. The process is progressive, and as more 
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light shines on the LDR semiconductor, more electrons are released to conduct 

electricity and the resistance falls further. This phenomenon can be seen in Figure 3.8. 

 

Figure 3.8 (a) A photon with an energy greater than Eg excite an electron from the 

Valence Band (VB) to the Conduction Band (CB).(b) When a photon breaks the 

semiconductor bond, a free electron and a hole is created 

 

 

Figure 3.9 Resistance with respect to illumination levels for the light dependant resistor  
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Figure 3.9 shows the change in resistance with respect to the illumination levels, in Lux. 

It can be seen that as the light level increases, the resistance decreases resulting in a 

higher output voltage. Figure 3.10 presents the spectral response of the LDR which 

shows that the relative sensitivity of a photoconductive cell is dependent on the 

wavelength (color) of the incident light. Each photoconductor material type has its own 

unique spectral response curve or plot of the relative response of the photocell versus 

wavelength of light. 

 

Figure 3.10 Spectral Response  
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3.4.2.2 Photodiode 

The most commonly used type of photodiode in PPG for measuring the heart pulses is 

silicon photodiode because of its characteristics. Silicon photodiode is a semiconductor 

device which absorbs photons with band gap energy of greater than 1.12eV at room 

temperature and converts them into an electrical current signal.  

The operation of photodiode depends upon the p-n junction and the depletion 

region which are created when the electrons from the n-type material comes into contact 

with the holes in the p-type region. When a LED emits photons on the photodiode, it 

absorbs them and electron-holes pairs are created. The electron-hole pairs are separated 

with the electron passing to the n-region and holes to the p-region and when the 

minority carriers reach the p-n junction it converts to majority carriers. This results to a 

current signal which is proportional to the incident light absorbed by the photodiode. 

The light absorbed by the photodiode is proportional to the absorption coefficient.  

A photodiode used in this application should be spectrally matched with the IR 

LED and have a wide enough active area to absorbed the photons transmitted or 

reflected from the finger. There are two modes that a silicon photodiode can be operated 

depending on the bias mode. It can either be operated in the photovoltaic mode or 

photoconductive mode as shown in figure 3.11.  

When the photodiode is operated in the photovoltaic mode, it is unbiased (zero 

voltage) which produces a light induced voltage whereas in the photoconductive mode 

the photodiode is reversed biased (negative voltage) which produces a light induced 

current. The selection of either operation mode depends on the speed operation needed 

for a particular device and the amount of dark current.  
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Photovoltaic mode is characterized by a low dark current whereas photoconductive 

mode is characterized by a fast switching speed. In the photovoltaic mode, the electron-

hole pairs are drifted in the opposite side of the depletion region where they increase the 

effective majority carrier’s concentration on each side of the junction (Leigh, 1996).  

 

Figure 3.11 Photodiode operation modes. (a) Photovoltaic mode and (b) Photoconductive 

mode  

 

A photodiode in order to be used in this design should have some features that match 

with the requirements of IR LED. In addition to voltage current characteristics 

described, the properties of a silicon photodiode can be divided into optical and 

electrical which considers factor such as wide active area, spectral sensitivity, quantum 

efficiency, low noise characteristics, high speed and high response. Spectral response 

describes the sensitivity of a photodiode to a known radiation wavelength. Silicon 

photodiode is not suitable to radiation of above 1100nm which becomes transparent. 

 



81 

 

 It is efficiently responding to a radiation of visible wavelengths and near infrared 

between 800 and 950nm as shown in figure 3.12. For this work, an IR LED of 940nm is 

used which shows a high relative spectral sensitivity.  

 

Figure 3.12 Photodiode spectral response  

A photodiode is considered to be linear when its output current increases linearly with 

the power of the incident light (directly proportional to the light received). It can be 

observed by measuring the changes in photocurrent as a result of the changes in the 

incident light. A photodiode when reversed biased (photoconductive mode) generates a 

photocurrent which is directly proportional to the light received.   
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3.4.3 PPG Signal Processing Unit 

The Heart Monitor deals with extremely weak signals which are highly vulnerable to 

different types of noises and interferences. The PPG sensor is found to be inevitably 

susceptive to a variety of disturbances such as motion artefacts and ambient light. 

Motion artefact affects measurement by distorting the PPG signal which will lead to 

inaccurate heart rate readings. In addition, ambient light is another major source of 

artefact for optical measurement. The disturbances will degrade the quality of 

measurement and make the sensor an unreliable device. To achieve consistent heart rate 

results, a reliable signal processing circuit or also known as signal conditioning design 

is required. 

3.4.3.1 Introduction to amplifiers 

Amplifiers are used in almost every electronic system to increase the strength of a weak 

signal. An amplifier consists of one or more amplifying devices. The operational 

amplifier (op-amp) is a high gain, direct coupled amplifier consisting of a multiple 

stages: an input stage to provide a high input resistance with a certain amount of voltage 

gain, a middle stage to provide a high voltage gain, and an output stage to provide a low 

output resistance. It operates with a differential voltage between two input terminals, 

and it is a complete, integrated circuit, pre-packaged amplifier. An op-omp, often 

referred to as a linear (analog) integrated circuit (IC), is a very popular and versatile 

integrated circuit.  

 Depending on the conditions of the input voltages, op-amp circuits can be 

classified into three basic configurations: non-inverting amplifiers, inverting amplifiers 

or differential amplifiers. Understanding these basic configurations is very important 

because most amplifiers used in signal data acquisition and signal processing of the 
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PPG instrumentation such as instrumentation amplifier, active filters etc are originally 

derived from basic op-amp circuit. 

3.4.3.2 Passive and Active Electronic Filters 

A filter is a frequency selective circuit that passes a specified band of frequencies and 

attenuates frequencies outside this band. There are 2 types of filters known as passive 

resistors, capacitors and inductors. Active filters on the other hand make use of 

operational amplifier in addition to resistors and capacitors. 

 Despite the simplicity, passive filters are very common and effective in 

processing a wide variety of biopotential signals. They use no gain elements and require 

no power supply. Their noise contribution to biopotential signal is limited to thermal 

noise from their resistive components and unlike active filters, passive filters do not 

have such an upper frequency limitation which may be used up to approximately 500 

MHz Furthermore, passive filters is applicable when dealing with large currents and 

voltages (Prutchi and Norris, 2005). 

 Depending on application, active filters are sometimes preferred over passive 

filters. Active filters provide flexibility of gain and frequency adjustment. It does not 

cause loading effects to the input source or the load due to high input resistance and low 

output resistance of its operational amplifier. Active filters can implement a wider range 

of filtering function and at the same time provide gain. Not to mention, they are cheaper 

than passive filters. In general, advantages of active filters outweigh their 

disadvantages. Even so, passive filters are still widely used. Therefore, the most 

important consideration when choosing a filter type is the intended use of the filter 

(Gehrke and Hahn, 1999). 
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There are five basic filter types classified as low pass filters, high pass filters, band pass 

filters, band rejects filters or all pass filters. A low pass filter passes frequencies from dc 

to a desired frequency fo=ωo/2π and attenuate high frequencies. High pass filters is the 

complement of the low pass filter. A band pass filter passes frequencies from fL to fH 

and stops other frequencies. Whereas band reject filters is the complement of band pass 

filter, the frequencies from fL to fH are stopped and all other frequencies are passed. An 

all pass filters allows all frequencies to pass, 0 to infinity but it provides a phase delay 

(Rashid, 1999).  

 Under ideal conditions, biopotential amplifiers with wideband response would 

serve most applications. However, interfering signals from other sources often obscure 

the biopotential signal under investigation and in this case it the PPG signal. Therefore, 

the frequency response of the biopotential amplifier should be design to specific 

spectral content expected from the measurements (Rangayyan, 2002, Prutchi and 

Norris, 2005). 

 Spectral analysis is the most common way of determining the bandwidth 

required to process physiological signals. Frequency range for heart rates (R-R 

intervals) is normally between 0.5 – 3.5 Hz, R-R variability due to thermoregulation 

ranges from 0.01 – 0.04 Hz, R-R variability due to baroflex dynamics ranges from 0.04 

– 0.15 Hz, R-R variability due to respiration ranges from 0.15 - 0.4 and PQRST 

complex with frequency range of 0.05 – 100 Hz (Perez, 2002, Prutchi and Norris, 

2005).  

From information gathered, the cut off frequency for both Reflectance and 

Transmission mode PPG heart monitor is determined. Due to relatively smaller PPG 

signal obtained in Reflectance mode configuration, cut off frequency of 0.15 Hz is 

chosen which will be implemented using a passive low pass filter. Therefore the PPG 
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signal obtained after filtering will consist of not just the heart rate but also the R-R 

variability due to respiration. A further processing is needed to extract the heart beat 

signal from the PPG signal and this is carried out by the signal conditioning unit.  Since 

PPG signal obtained by Transmission mode PPG heart monitor is more prone to noise 

due to its configuration, R-R variability due to respiration needs to be eliminated earlier 

before sending to the microcontroller. Therefore an active double band pass filter is 

proposed which will have low and high cut off frequency of 0.48 – 4.8 Hz. 

3.4.3.3 Analog To Digital Converter 

The PPG signal obtained in Reflectance and Transmission mode PPG heart monitor is 

output signals that are analog or also known as continuous variable. For digital 

processing, the input signal must be converted into a binary form of ones and zero for 

interfacing purposes. In this research, analog to digital conversion (ADC) is 

implemented using comparator with hysteresis or also known as a Schmitt trigger. This 

is covered in chapter 4, section 4.3.5 and chapter 5, section 5.4.3. 

3.4.4 Interfacing Techniques 

Parallel port is a simple and inexpensive tool for building computer controlled devices 

and projects. This port allows input of up to 9 bits and output of 12 bits at any one given 

time, thus requiring minimal external circuitry to implement many simpler tasks. The 

port is composed of 4 control lines, 5 status lines and 8 data lines. It is commonly found 

on the back of the PC as a D-Type 25 Pin female connector and also known as the 

printer port.  

There are other types of interfacing called serial port and also USB. Serial port 

would require a microcontroller, firmware, programmer or in-system-programmability, 

level translators, crystal, as well as many more passive components. Likewise, USB 

also requires a considerable amount of hardware, in addition to a much greater software 
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and firmware investment. Furthermore, debugging USB hardware often requires 

expensive protocol analyzers (MAXIM, 2004).  

Designing portable medical devices normally makes use of microcontroller for 

interfacing purposes. A microcontroller is essentially a computer control system on a 

single chip. It houses many electrical circuits which convert programmed instructions 

into electrical signals. The chips control the input data and produce an output that can 

be communicated.  

3.4.4.1 Parallel Port Interface 

For Reflectance mode PPG heart monitor, parallel port interfacing is used. The parallel 

port was selected as the interfacing technique because the goal was to build an interface 

which is quick, simple and low cost. The simplicity and ease of programming makes 

parallel port the choice in displaying the results of the heart rate obtained. Even so 

parallel port also has drawback, which is a result of the operating system. Windows NT 

does not allow user applications to directly read/write hardware registers. Since all the 

computers on site are Window NT, a kernel driver known as Userport is used to 

overcome the problem. However if Windows 95/98/ME are use, then there will be no 

problem because I/O ports are always granted to usermode programs on these operating 

systems (Franzon, Cited April 2010). 

The IEEE 1284 standard specifies 3 different connectors for use with parallel port 

interfacing. They are as follows: 

1) Type A:  D-Type 25 connector (found on the back of most computers) 

2) Type B:  36 pin Centronics connector (found on most printers) 

3) Type C: 36 conductor connector (Similar to Centronics, but smaller).  
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Out of the 3 connectors, Type C connector is claimed to have a better clip latch, better 

electrical properties and is easier to assemble. It also contains two more pins for signals 

which can be used to see whether the other device connected, has power. Even though 

Type C connectors are recommended for new designs, a D-Type 25 connector is 

chosen. This is because it is cheaper and also easily assembled.  

As mentioned earlier, Parallel port is basically the 25 pin Female connector 

(DB-25) in the back side of the computer. The D-Type 25 pin connector is the most 

common connector found on the Parallel Port of the computer and the pin outs of the 

DB25 connector is shown in Figure 3.13. 

 

Figure 3.13 DB25 Female Connector (Gadre, 1998) 

Data is transferred over Data lines. Control lines are used to control the peripheral and 

the peripheral returns status signals back computer through Status lines. These lines are 

connected to Data, Control and Status registers internally.  
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Details of parallel port pin assignment are depicted in Table 3.7.Based on table 3.7, "n" 

in front of the signal name is use to denote that the signal is active low. For example, 

‘nError’, if printer error occurs then this line is low. The line is normally high when the 

printer is functioning correctly. The "Hardware Inverted" means the signal is inverted 

by the Parallel card's hardware. For example, the ‘Busy line’, if +5v (Logic 1) was 

applied to this pin and the status register read, it would return back a 0 in Bit 7 of the 

Status Register.  

Table 3.7 Pin Assignments of the D-Type 25 pin Parallel Port Connector (Gadre, 1998) 

 

As described earlier, there are numbers of input/output (I/O) pins from the computer 

printer port that can be used for the HBMD interface. However, only one pin will be 

selected which is the Status pin based on the following reason: 

1) The status of printer port (status & 0x08) pin 15 is always in OFF state 

and it is connected to the output of the comparator. 
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2) The status provided by pin 15 of the printer port would provide a 

solution for the input of the program where it only requires high input 

signal “1” or 4 to 5 volts input from the comparator output to trigger the 

status mode. 

The Status Port (base address + 1) is a read only port. Any data written to this port will 

be ignored. The Status Port is made up of 5 input lines (Pins 10,11,12,13 and 15), an 

IRQ status register and two reserved bits which are shown in Table 3.8.  

Table 3.8 Status Port (Gadre 1998) 

 
 

3.4.4.2 Microcontroller PIC 

A microcontroller is essentially a computer control system on a single chip. It houses 

many electrical circuits which convert programmed instructions into electrical signals. 

The chips control the input data and produce an output that can be communicated.  

The PIC microcontroller is a typical set of devices produced by Microchip Inc 

(2000) which are well recognized in the field of electronic systems. The range includes 

devices that are suitable for different applications depending on the amount of memory 

required or the complexity of the task. The chips are available in four formats between 4 

and 80 pins depending on the device. The PIC microcontroller requires certain 

additional hardware in order to function. This is common throughout the range. A 

typical circuit is shown in Figure 3.14.  
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Figure 3.44 Typical Microcontroller circuit (Smith, 2002) 

The speed at which the instructions are executed is determined by the clock frequency. 

This is provided by an oscillator crystal or RC circuit. The PIC generally requires 

between 2V and 6V.  

In choosing a PIC suitable for the application, the minimum number of analogue 

and digital inputs has to be considered. Other considerations are the number of outputs, 

whether an internal ADC is required, the amount of program and additional memory 

and the extra functionality to be provided.  
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3.5 Conclusion 

Photoplethysmography (PPG) is a simple and low cost optical technique that can be 

used to detect blood volume changes in the microvascular bed of tissue. To gain full 

understanding of the technique, literature review is carried out in this chapter focusing 

on the development of Photoplethysmography which discusses the basic principle of 

Photoplethysmography operation and history of Photoplethysmography. Prior work in 

the field followed by discussion on electronic components selection of proposed PPG 

mode heart monitors is also presented. In this research, the focus is specifically made on 

heart rate. The heart rate individually is an important physiological parameter to 

measure for a wide range of clinical settings, including hospital based and ambulatory 

patient monitoring.  
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CHAPTER 4 

Design and Fabrication of Reflectance Mode 

Photoplethysmography Heart Monitor using 

Parallel Port Interface 

 

Photoplethysmography (PPG) is an optical signal related to the arterial volumetric 

pulsations of the blood. It has great potential in clinical applications due to its simplicity 

and non invasiveness. Small sensor volume and easy operation make PPG widely apply 

to the detection of cardiovascular and periphery microcirculation diseases. Many 

important hemodynamic parameters can be evaluated from the PPG signal and in this 

project; heart rate is the focus due to direct information available regarding subject’s 

health condition. 

Based on above statement, a low cost design of heart beat monitoring device 

(HBMD) is proposed. The design employ reflectance mode finger 

Photoplethysmography (PPG) to extract the pulse signal from the finger which is 

equivalent to the heart beat. The prototype consists of several stages to amplify, filter 

and digitize the extracted heart beat. Finally, interfacing technique via parallel port to 

computer is used to calculate and display the heart rate. The device is simple to use, low 

in cost and is suitable for long continuous monitoring of the heart rate. 

In practical measurement, the motion artefacts and optical interference severely 

distort the PPG waveform, and hence limit the PPG’s application. For example, motion 

artefacts can distort the peak point (which leads to erroneous value of pulse transit 

time), or on the other part of the pulsatile PPG waveform (which can lead to erroneous 
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rising time or pulse width). Due to this reason, a proper design of the signal processing 

unit is implemented to ensure collections of accurate and efficient PPG measurement. 

4.1  Block Diagram 

As part of the project management, the first step in an organized design is the 

development of the block diagram of the device. The flow chart in Figure 4.1 presents 

the 3 major components for the system to work consisting of the measurand (human 

finger), the heartbeat monitoring device (HBMD) and the interfacing to the computer. 

 

 

 

 

Figure 4.1 Block diagram of three major components of the system 

The 3 major components are elaborated further as seen below in Figure 4.2. The block 

diagram illustrates its signal movement and by identifying these components will make 

next designing stage more organized and less tedious.  

 

Figure 4.2 Block diagram of the Heartbeat monitoring device using Reflectance mode 
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The block diagram in Figure 4.2 provides the complete instrument composed of number 

of stages. This design approach allows the various sub circuits to be developed and 

tested independently and when the functionality of each sub circuits is fulfilled, then it 

can be integrated together. Although this design approach delivers many advantages, it 

also presents certain problems at integration time. Namely, the various sub circuit must 

have matching input and output impedances otherwise integration will corrupt the 

signals due to mismatched impedances between the modules. Therefore at design time, 

special care is taken to ensure impedances between the modules are matched to reduce 

the risk of integration problems. 

The device consists of several sub circuits. Firstly, both positive and negative 

power supply are connected to two 1N4148 diodes for circuit protection purpose. Each 

of the small signal diodes is paralleled with a 47uF 16V electrolytic capacitor.  The 

detection of the PPG signal is implemented using a simple sensor known as 

Photoplethysmography (PPG). 

The finger Photoplethysmography consists of a super bright LED and a light 

dependant resistor (LDR). The super bright LED and LDR are placed next to each other 

(Reflectance mode) and when taking measurement using index finger, light from the 

LED illuminates the skin and is reflected into the LDR. The LDR then detects the light 

intensity modulated by blood pressure changes within the finger which in turns 

increases and decreases the LDR resistance. At this stage, signal obtain is in resistance 

form which is converted into voltage signal for further processing. The conversion is 

implemented using a voltage divider network.  

The signal obtained at this sensor point is then passed through a low pass filter 

(LPF) to attenuate all frequencies above 0.16Hz. To prevent disturbance due to high 

input impedance of the instrumentation amplifier, a voltage follower is placed between 



95 

 

the filter and the amplifier. The instrumentation amplifier, INA118 greatly amplify the 

PPG signal by gain of 100. The amplified signal then passes the differentiator stage 

where the output of the circuit is proportional to the time derivative, conditioning the 

signal to better levels for the next stage. The stable heart beat signal is then passed 

through the comparator where the output voltage is below 5V due to voltage limiter. 

This is to enable the interface of the wanted heart beat signal via the parallel port to a 

computer for further process. 

The circuit for the Reflectance PPG heart monitor was developed stage by stage and 

integrated to work as a system. The device is operated by a dual supply of ±7.5V. After 

the signal conditioning of heart beat signal, the final output ready for interface is around 

4.8V. This fulfills the requirement where the voltage should be less than 5V for 

interface compatibility purpose.  

4.2  Sensor Design 

Modern PPG sensors often utilize low cost semiconductor technology with LED and 

matched photo detector devices working at the red or near infrared wavelengths. 

According to (Ugnell and Öberg, 1995), the choice of light source is very important. 

LEDs convert electrical energy into light energy and have a narrow single bandwidth 

(typically 50 nm). They are compact, have a very long operating life, operate over a 

wide temperature range with small shifts in the peak emitted wavelength, and are 

mechanically robust and reliable. The averaged intensity of the LED should be constant 

and preferably be sufficiently low to minimize excessive local tissue heating and also 

reduce the risk of a non ionizing radiation hazard (Allen, 2007).  

 

http://en.wikipedia.org/wiki/Derivative
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As seen in Figure 4.3, the Reflectance Photoplethysmography (PPG) consist of a super 

bright LED and a light dependent resistor (LDR). For the Finger probe, red light LED 

with viewing angle of 15° (625nm, 20000mcd) is allowed to pass through the finger and 

the transmitted light is detected by an LDR. The LDR (photoconductive cell ORP12) is 

a photo resistor made up of material called cadmium sulfide (CdS) with its resistance 

decreases when the intensity of the light detected increases.  

As its name implies, the Light Dependant Resistor is a resistive light sensor that 

changes its electrical resistance from several thousand Ohms in the dark to only a few 

hundred Ohms when light falls upon it.The package has a 13 mm diameter and a height 

of 6.6 mm. The operating temperature range is from –60°C to 75°C. This sensor is part 

of the voltage divider network. 

 

Figure 4.3 Main Electronic Components of Finger Probe 

The choice of using LDR as the light sensing component of this circuit is base entirely 

on the response characteristics. LDR has a rapid response to changes in the light 

intensity which makes it an ideal choice for reflectance PPG heart monitor. In addition, 

LDR has lower resistance compared to photodiode when fully illuminated. Different 
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LDR's have different specifications, however LDR used in this project are fairly 

standard and have a resistance in total darkness of 1 MΩ, and a resistance of a couple of 

kΩ in bright light (10-20kΩ @ 10 lux, 2-4kΩ @ 100 lux).  

4.2.1 Reflectance mode PPG design 

Reflectance mode is the technique where the LED and detector are placed side by side. 

Theoretical analysis suggests that, for typical wavelengths, the emitted photons that 

arrive at the photo detector follow a banana shaped primary light path through the 

tissue, barely penetrating deeper than the skin (Refer Figure 4.4). The more blood in the 

vessel, the brighter the photo detector intensity will be. This is because non hemolyzed 

erythrocytes are reflective and act as little mirrors (Reisner et al., 2008). 

 

Figure 4.4 Reflectance mode PPG (Reisner et al., 2008) 
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4.2.2 Circuit Analysis 

In order to find the value of R1, the current limiting resistor the following parameters 

are used. This was taken from the datasheet of the super bright light emitting diode. 

 

Figure 4.5 Photoplethysmography (PPG) sensor circuit 

 

When Dc Forward Voltage = 2.2V (VLED) 

Maximum Current = 20mA (Imax) 
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Below are calculations to determine the theoretical output voltage of an LDR for both 

resistance values in Dark and in Light. The measured values are as follows: 

 

Rdark = 1MΩ 

                       Rlight=  9KΩ 

 

 Output Voltage (VOUTdark) 

  

 

 

 

 

 Output Voltage (VOUTlight) 
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4.3 Signal Processing Unit 

The heartbeat monitoring circuit is divided into 6 discrete stages; Finger probe, low pass 

filter, voltage follower, instrumentation amplifier, differentiator and comparator.  

Section 4.3.1 - 4.3.5 will present the signal processing unit. The circuit analysis is 

conducted stage by stage through theoretical calculations where necessary and circuit 

simulations using Proteus software. The verification and validation of the heart monitor 

is carried out through laboratory experiments on a group of volunteers. 

 

4.3.1 Passive Low Pass Filter 

The low pass filter is used to eliminate any high frequency (AC component)  noise that 

may be present in the heartbeat signal leaving dc component of  heartbeat signal intact 

for signal analysis. The values for the resistor and capacitor were calculated as follows: 

 

 

Choosing C = 100nF, R will be approximately to: 
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Figure 4.6  Low Pass Filter with -20dB roll-off and cut off frequency of 0.16Hz 

The Bode Plot in Figure 4.7 shows the frequency response of the filter to be nearly flat 

for low frequencies and the entire input signal is passed directly to the output, resulting 

in a gain of nearly 1, unity until it reaches the Cut-off Frequency point (ƒc). This is 

because the reactance of the capacitor is high at low frequencies and blocks any current 

flow through the capacitor. After this point the response of the circuit decreases giving a 

slope of -20dB roll off as signals above this frequency become greatly attenuated, until 

at very high frequencies the reactance of the capacitor becomes so low that it gives the 

effect of a short circuit condition on the output terminals resulting in zero output. 

For this type of Low Pass Filter circuit, all the frequencies below this cut off, ƒc 

point that are unaltered with little or no attenuation and are said to be in the filters pass 

band zone. This pass band zone also represents the bandwidth of the filter. Any signal 

frequencies above this point cut off point are generally said to be in the filters stop band 

zone and they will be greatly attenuated. 

This cut off frequency is defined as being the frequency point where the 

capacitive reactance and resistance are equal. When this occurs the output signal is 
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attenuated to 70.7% of the input signal value or -3dB (20 log (Vout/Vin)) of the input. 

Although R = Xc, the output is not half of the input signal. This is because it is equal to 

the vector sum of the two and is therefore 0.707 of the input. As the filter contains a 

capacitor, the Phase Angle (Φ) of the output signal lags behind the input and at the -3dB 

cut-off frequency (ƒc) and is -45
o
 out of phase. This is due to the time taken to charge 

the plates of the capacitor as the input voltage changes, resulting in the output voltage 

lagging behind the input signal.  

Analogue analysis of the Low Pass filter (LPF) was implemented using 

simulated heart beat signal. As seen in Figure 4.8, the heart signal is set at around 76mV 

with noise (60Hz/50mV and 120Hz/50mV). After the heart beat signal is filtered using 

low pass filter with cut off freq of 0.16Hz, a very small dc component of the signal is 

obtained. 
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Figure 4.7 Frequency Response of LPF showing: Cut-off Freq(fc)= 0.16Hz, Slope=-20dB, 

Phase Shift= -45° 

 

 

Figure 4.8 Circuit Simulation of LPF using simulated heartbeat signal 

fc 
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Figure 4.9 Analogue analysis of LPF showing extremely weak voltage output 

 

4.3.2 Voltage Follower circuit 

Voltage follower is made up of a Non inverting Amplifier. A non-inverting amplifier 

configuration is when the input voltage signal, (Vin) is applied directly to the non 

inverting (+) input terminal making the output gain value of the amplifier positive. 

Feedback control of the non inverting amplifier is achieved by applying a small part of 

the output voltage signal back to the inverting input terminal via a voltage divider 

network, again producing negative feedback. This produces a non inverting amplifier 

circuit with very good stability, very high input impedance, Rin approaching infinity (as 

no current flows into the positive input terminal) and a low output impedance, Rout. 

 When the feedback resistor is equal to zero, the circuit has a fixed gain of 1. 

This is classed as a voltage follower and this type of non inverting amplifier circuit is 

sometimes called a voltage follower with gain. As the input signal is connected directly 

to the non inverting input of the amplifier the output signal is not inverted resulting in 
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the output voltage being equal to the input voltage, Vout = Vin. This makes the Voltage 

Follower circuit ideal as a Unity Gain Buffer circuit because of its isolation properties 

as impedance or circuit isolation is more important than amplification. The input 

impedance of the voltage follower circuit is very high, typically above 1MΩ as it is 

equal to that of the operational amplifiers input, since an ideal operational amplifier 

condition is assumed. 

For Reflectance mode PPG heart monitor, an operational amplifier OP177 is 

used. The reason for choosing this OP177 IC is because it is one of the highest precision 

operational amplifiers currently available. It is low in noise and also cost affective.  
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Figure 4.10 Voltage follower circuit 

In voltage follower circuit, Rin has increased to infinity and Rf reduced to zero, the 

feedback is 100% and Vout is exactly equal to Vin (Labeled as I/P) giving it a fixed 

gain of 1 or unity. As the input voltage Vin (I/P) is applied to the non-inverting input 

the gain of the amplifier is given as: 

http://www.electronics-tutorials.ws/logic/logic_9.html
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Then the closed loop voltage gain of a Non-inverting Amplifier is given as: 

 

Using equation 4-8, the Gain of the Voltage Follower is as follows when R2 and RF is 

zero: 

 

 

 

Based on circuit analysis, when no current flows into the non-inverting input terminal, 

the input impedance is infinite. There is also no current flow through the feedback loop 

so any value of resistance may be placed in the feedback loop without affecting the 

characteristics of the circuit as no voltage is dissipated across it, zero current, zero 

voltage, zero power drops. The voltage follower or also known as unity gain buffer is a 
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special and very useful type of non inverting amplifier circuit that is commonly used in 

electronics basically to isolate circuits from each other. 

 The signal obtained at the output of voltage follower is equivalent to its input 

signal which is the output of the low pass filter. This is true since the gain of the voltage 

follower or also known as buffer is equal to 1. This means the voltage at the input and 

output of the voltage follower is the same. Next the signal has to be amplified; to do this 

the simulation is carried out using an instrumentation amplifier INA118.  

 

Figure 4.11 Circuit simulation of Voltage Follower
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4.3.3 Design of an Instrumentation Amplifier 

The type of instrumentation amplifier used is an INA118. The INA118 is a low power, 

general purpose instrumentation amplifier offering excellent accuracy. Its versatile 3 

operational amplifier designs and small size make it ideal for a wide range of 

applications especially for the medical instrumentation purpose. The INA118 features a 

single external resistor which can set any gain from 1 to 10,000.  

Instrumentation Amplifiers are high gain differential amplifiers with high input 

impedance and a single ended output. They are mainly used to amplify very small 

differential signals, in this case the heartbeat signal. They also have very good common 

mode rejection (zero output when V1 = V2) in excess of 100dB at DC. 

 

Figure 4.12 Internal circuit of component a 3 operational amplifier design of  INA118 

 

 

Va

a 

Vb

a 
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The negative feedback of the top op-amp causes the voltage at Va to be equal to the 

input voltage Vin-. Likewise, the voltage at Vb is equal to the value of Vin+. This 

produces a voltage drop across Rg which is equal to the voltage difference between 

Vin- and Vin+. This voltage drop causes a current to flow through Rg, and as the two 

inputs of the buffer op-amps draw no current (virtual earth), the same amount of current 

flowing through Rg must also be flowing through the two resistors of the 25k. This then 

produces a voltage drop between points Va and Vb equal to: 

 

 

The voltage drop between points Va and Vb is connected to the inputs of the differential 

amplifier which amplifies it by a gain of 1 (assuming that all the "R" resistors are of 

equal value, in this case all resistors is equal to 60k). Therefore the general expression 

for overall voltage gain of the instrumentation amplifier circuit is: 

 

From equation 4.10, the value of Rg needed to achieve gain of 100 is calculated as 

below: 
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Figure 4.13 Instrumentation amplifier circuit 

However, the nearest value of Rg available is 560Ω. Therefore, the Gain of the 

Instrumentation amplifier is not 100 but less as calculated below: 
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where    Vout = Output voltage of amplifier (V) 

The input impedance of the INA118 IC used for the instrumentation amplifier is 

extremely high and approximately 10
10 

Ω. Therefore, a path must be provided for the 

input bias current of both inputs. This input bias current is approximately + 5nA.  

Referring to Figure 4.13, resistor R4 provides a return path for the input bias current at 

the inverting negative input terminal.Since the differential source resistance is low, the 

bias current return path is only connected to one input (the non-inverting input). 

With higher source impedance, using two equal resistors provides a balanced 

input with possible advantages of lower input offset voltage due to bias current and 

better high-frequency common-mode rejection. High input impedance means that this 

input bias current changes very little with varying input voltage. Input circuitry must 

provide a path for this input bias current for proper operation. Without a bias current 

path, the inputs will float to a potential which exceeds the common mode range of the 

INA118 and the input amplifiers will saturate. From a couple of milivolt (mV), using 

the instrumentation amplifier with the gain of approximately 90.3, a signal with voltage 

of 7.39V is present which is shown in Figure 4.14. The signal is greatly amplified 

before passing to the next stage which is the differentiator stage. 
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Figure 4.14 Proteus simulation of Instrumentation Amplifier displayed on virtual 

oscilloscope 

4.3.4 Design of a Differentiator circuit 

The differentiator provides a low pass filter, f0 = 1/(2πRfCf) and an amplifier. This 

circuit performs the mathematical operation of differentiation that is it produces a 

voltage output which is proportional to the input voltage's rate-of-change and the 

current flowing through the capacitor. In other words the faster or larger the change to 

the input voltage signal, the greater the input current, the greater will be the output 

voltage change in response becoming more of a spike in shape. The resistor and 

capacitor forms an RC Network across the operational amplifier and the reactance (Xc) 

of the capacitor plays a major role in the performance. For the differentiator stage, an 

OP177 is used. This is the same type of IC used as the voltage follower. 

The differentiator circuit in its basic form has two main disadvantages (Figure 

56). It suffers from instability at high frequencies and the capacitive input makes it very 

susceptible to random noise signals. This is because the output is proportional to the 
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slope of the input voltage. Therefore a way of limiting the bandwidth is required in 

order to achieve closed-loop stability. 

 

Figure 4.15 Basic Differentiator 

The basic single resistor and single capacitor differentiator circuit is not widely used to 

reform the mathematical function of differentiation because of the two inherent faults 

mentioned above, instability and noise. So in order to reduce the overall closed loop 

gain of the circuit at high frequencies, an extra Resistor, R6 is added to the input as 

shown in Figure 4.16.  

The capacitor C8 blocks any DC content only allowing AC type signals to pass 

through and whose frequency is dependent on the rate of change of the input signal. At 

low frequencies the reactance of capacitor C8 is high resulting in a low gain (R7/Xc) 

and low output voltage from the operational amplifier. 

 At higher frequencies the reactance of the capacitor is much lower resulting in a 

higher gain and higher output voltage from the differentiator amplifier. Therefore the 

differentiator circuit becomes unstable and will start to oscillate. This is due mainly to 

the first-order effect, which determines the frequency response of the operational 
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amplifier circuit causing a second order response which, at high frequencies gives an 

output voltage far higher than what was expected. To avoid this, the high frequency 

gain of the circuit needs to be reduced by adding an additional small value capacitor 

across the feedback resistor R7 which is the capacitor C9. 
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Figure 4.16 Differentiator circuit 

Since the node voltage of the operational amplifier at its inverting input terminal is zero, 

the current, i flowing through the capacitor is: 

 

 

Where:   iF is feedback current (mA) 

Q is the capacitor charges (μC) 

   C is the capacitance (nF) 

Vin is the voltage drop across the capacitor (V) 
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Therefore the rate of change of this charge is: 

 

However dQ/dt is the capacitor current i: 

 

  

 

From equation 4-17, the output voltage of the differentiator is as below: 

 

 
 

Therefore, the output voltage Vout is a constant –R7.C8 multiply by the differentiation 

of the input voltage Vin with respect to time. The minus sign indicates a 180° phase 

shift because the input signal is connected to the inverting input terminal of the 

operational amplifier. As a result the circuit acts as a Differentiator amplifier at low 

frequencies and an amplifier with resistive feedback at high frequencies giving better 

noise rejection. 

 The analogue analysis of the Differentiator shows that the faster the input 

voltage changes, the greater the output becomes. When signal (voltage) injected to 

inverting input of the differentiator changes from 0 volts to a positive going voltage, the 

output of differentiator is a negative DC voltage. Whereas if the voltage applied to the 

inverting input of the differentiator changes from 0 volts to negative going voltage, the 
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output is a positive DC voltage. When the input voltage is DC and remains constant, the 

output of the differentiator is 0 volts. 

 

Figure 4.17 Proteus simulation of differentiator displayed on virtual oscilloscope 

 

4.3.5 Design of a Comparator with Hysteresis  

The final stage of the Reflectance mode PPG heart monitor is the comparator. A 

comparator is a circuit that performs a comparison between two voltages (V1 and V2) 

and provides an output that indicates which of the two voltages is greater by switching 

its output either high (if V1 > V2) or low (if V1 < V2). For comparator design, an LM311 

is used. Unlike comparator LM106 or LM710, the LM311 input currents is 

nearlythousand times lower. Although slower than the LM106 and LM710 (200 ns 

response time VS 40 ns), LM311 is also less prone to spurious oscillations which is one 

of the desired feature for a comparator. 
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Figure 4.18 Basic Comparator 

As with any op amp, the comparator has 3 basic behaviours: high input impedance 

which means very little current enters the inputs, low output impedance where the 

output can sink appreciable current and third behaviour, very high gain where  

VOUT∞ (VIN+  VIN-) 

The comparator generally is used simply to determine which of the inputs has a higher 

voltage. 

 If VIN- > VIN+, then VOUT goes as low as it can (ground). 

 If VIN-< VIN+, then VOUT goes as high as it can (the positive power 

supply, +V). 

 If VIN-= VIN+, or more realistically if the two inputs are within some 

small difference of each other, the output is indeterminant. 

If V1 = V2, the output is uncertain. This is overcome by using positive feedback to add 

some hysteresis to the transfer characteristic. Circuit with hysteresis makes the 

comparator behave in a predictable manner. Without hysteresis, the digital signal will 
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experience rapid and sporadic oscillation. In digital applications comparators are used to 

detect ON or OFF conditions. This is because digital circuits are circuits that respond to 

alternating levels. The signals that typically appear in a digital system will consist of 

alternating dc voltage levels, rather than sinusoidal waveforms.  Typical digital signals 

are shown in Figure 4.19. 

 

 

 

 

Figure 4.19 Digital waveform characteristics 

A comparator circuit will work according to the reference voltage given to it and at 

which level the reference voltage being setup will do the comparison. This final stage is 

important because it involves the interface. The circuit basically produces the digital 

output instead of analogue which can be interfaced by using the parallel input printer 

port. It is crucial that the input voltage to the parallel printer port is less or equal to 5 

volt. To achieve this, a 1KΩ resistor and a zener diode (4.7V) are connected to the 

output pin so that these two components will limit the output voltage to 5 volts or lower.  

High dc 

level 
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Figure 4.20 Comparator circuit design 

The trim pins (pins 5 and 6) act as unwanted auxiliary inputs. Since these pins are not 

connected to a trim pot, they are shorted together. If they are connected to a trim pot, a 

0.01 μF capacitor C1 between pins 5 and 6 will minimize the susceptibility to AC 

coupling. As seen in Figure 4.20, the hysteresis (positive feedback) is used to prevent 

oscillation and to avoid excessive noise on the output because the comparator is a good 

amplifier for its own noise.  
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Figure 4.21 Proteus simulation of comparator with voltage limiter displayed on virtual 

oscilloscope   

Figure 4.21 presents the analogue analysis of the Comparator stage taken from output of 

the voltage limiter. When the input signal to the Comparator is around 6.31V, the output 

of the Comparator after the voltage Limiter is around 4.55V. This is not the exact value 

since the heartbeat signal used is created theoretically and may not resemble the actual 

heart beat signal. Even so, we are more interested in the alteration of the waveform 

signal rather than the value of it. However, the output signal of the comparator should 

be less than 5V at all time to prevent damages to the parallel port. 
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4.4 Interfacing technique 

The Standard Parallel Port interfacing technique used to process and display the heart 

rate results have been presented. The introduction to Standard Parallel Port (SPP) and 

its hardware properties are covered. The heart beat analysis is executed using Borland C 

programming with the aid of Kernel driver known as INPOUT32.DLL. BIOS setting 

and LPT testing was carried out prior to the HBMD interfacing. Furthermore, the DB25 

connector and wires was handmade thus cutting down on the cost. Finally, the 

verification of the C program written for the purpose of counting and displaying the 

heart rate was conducted. 

4.4.1 Parallel Port Interface 

Parallel port is a simple and inexpensive tool for building computer controlled devices 

and projects. This port allows input of up to 9 bits and output of 12 bits at any one given 

time, thus requiring minimal external circuitry to implement many simpler tasks. The 

port is composed of 4 control lines, 5 status lines and 8 data lines. It is commonly found 

on the back of the PC as a D-Type 25 Pin female connector and also known as the 

printer port.  

4.4.2 Port Addresses 

The Parallel Port has three commonly used base addresses. These are listed in Table 

4.1. LPT1 is normally assigned base address 378h, while LPT2 is assigned 278h. 

However this may not always be the case as it changes from machine to machine. For 

this research, the interface between the HBMD circuit and the computer via parallel port 

uses base address 378h and the interconnection of the parallel port is depicted in Figure 

4.22. 
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Table 4.1 Port Addresses 

Address Description 

3BCh - 3BFh 
Used for Parallel Ports which were 

incorporated on to Video Cards 

378h – 37Fh 
 

Usual Address For LPT 1 

278h – 27Fh 
 

Usual Address For LPT 2 

 

Figure 4.22 Interconnection of Parallel Port 
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4.4.3 Heart Rate analysis written in Borland C programming 

For the purpose of processing and displaying of the heart rate results obtained on the 

computer, C programming language is used. C is often called a middle level computer 

language. The definition of C as a middle level language means that it combines 

elements of high level languages with the functionalism of assembly language. 

As a middle level language, C allows the manipulation of bits, bytes, and 

addresses. Despite this fact, C code is extremely portable. Portability means that it is 

possible to adapt software written for one type of computer to another. For example, if a 

program written for one type of CPU can be moved easily to another, that program is 

portable. C will allow almost all type conversions. For example, character rand integer 

types may be freely inter mixed in most expressions. 

Special feature of C which allows the direct manipulation of bits, bytes, words, 

and pointers makes it well suited for system level programming, where these operations 

are common. Another important aspect of C is that it has only 32 keywords (5 more 

were added by C99, but these are not supported by C++), which are the commands that 

make up the C language. This is far fewer than most other languages which makes it 

straight forward for beginners.  

The main structural component of C is the function, the C’s stand alone 

subroutine. In C, functions are the building blocks in which all program activity occurs. 

They allow the separate tasks in a program to be defined and coded separately, thus 

allowing the programs to be modular. Before writing the program, the programming 

flow chart is determined. This is to identify the important components needed to 

achieve the objective of processing and displaying of the heart beat results (Schildt and 

Guntle, 2001). 
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The original program was written in Turbo C and was executed in Window 98. So at 

that time, printer port can be accessed directly. Unfortunately, a common problem with 

the Windows NT/2000/XP operating systems (OS) is that they require drivers to access 

the parallel port, which often makes parallel port software written for Windows 95/98 

incompatible. A solution to get around this OS restriction is to purchase a third party 

driver that allows an existing Windows 95/98 parallel port programs to operate on a 

Windows NT/2000/ XP platform without modification.    

The program is written to read the status port of the printer port which is initially 

connected to the hardware of the heart beat monitoring device. The output reading of 

the heart monitor should be less than 5V to avoid damage to the printer port. 

Input at status port (Bit 3) =Logic 1 = Heart beat 

 

Figure 4.23 Heart beat at Input of Printer port 

To determine heart rate in beats per minute, the average time interval is calculated. 

 ΔTAVG =     ΔT1 + ΔT2 + ………………..+ ΔT10   

                                  10 

Where     ΔT1= T2 - T1   *T normally in millisecond (ms) 

                                ΔT2 = T3 – T2 

                                          ΔT10 = T11 – T10 

T1 T2 T3

  

T4 T5 T6 T7 T8 T9 T10 T11 



125 

 

 

Therefore 

Heart Rate (beats per minute) = 60 

      ΔTAVG 

 

The Heart Rate Detection and Analysis algorithm is shown in Figure 4.24. When the 

program starts, the usermode overrides the operating system security using kernel driver 

known as inpout32.dll. When the Heart Rate Detection and analysis program detects 

high input at pin 15 of the parallel port, the timestamp for each heartbeat is recorded. 

The program will run until 11 heart beats are detected by the status port. The 

timestamps intervals of the 11 heart beats are summed and the average timestamps 

interval is calculated. The program will then work out the heart rate using the formula 

stated. Analysis is carried out to determine the heart rate condition whether normal or 

abnormal. The user then may quit the program by pressing ‘q’ or restart the program by 

pressing other keys. 
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Figure 4.24 Heart Rate Detection and Analysis Algorithm for Parallel Port Interface 
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Figure 4.25 Heart Rate Detection and Analysis Algorithm for Parallel Port Interface 

(continue from Figure 4.24) 
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4.4.4 Interface of Reflectance PPG Heart Monitor using Parallel Port 

There are many aspects to emphasize on regarding parallel port interfacing of the heart 

monitor. In this section, the setup of the parallel port is described stage by stage. 

Required setting of the BIOS is needed followed by LPT testing to determine the 

functioning of the parallel port. Finally before running the written program, a kernel 

mode driver is needed and declaration is also required in the C program written. This is 

due to problem addressed earlier, where operating system of Window NT prohibits 

direct access of the parallel port.  

4.4.4.1 BIOS Setting 

BIOS acronym refers to Basic Input Output System. All computer hardware has to work 

with software through an interface. The BIOS gives the computer a little built  in starter 

kit to run the rest of software from hard disks (HDD). The BIOS is responsible for 

booting the computer by providing a basic set of instructions. The setting for parallel 

port is also done in the BIOS. Below are steps carried out to enable parallel port 

interface (John, 2006). 

1) When the computer is turned on and the system starts, ‘F2’ key is pressed.  

2) The screen in Figure 4.26 is displayed on the monitor. 

3) ‘Integrated Peripherals’ is chosen and the following setting is done: 

i. Parallel port [enabled] 

ii. Mode [bidirectional] If not available, SPP is chosen. 

iii. Address [0 X 378] Implies to base address of LPT. 

4) ‘F10’ to save and exit. 
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4.4.4.2 LPT Testing 

LPT testing stands for Line Print Terminal testing. In this case, the testing is carried out 

to establish the functionality of the parallel port. To do this an LPT.EXE is used (Fraser, 

2008). It is basically a small Euphoria program showing the parallel port registers. 'Tick' 

in the program below indicates high on that port. Based on Figure 4.26 below, pin 15 of 

the Status register is available.  

 

Figure 4.26 LPT.EXE Program 

4.4.4.3 Kernel Driver 

A common problem with the Windows NT/2000/XP operating systems (OS) is that it 

requires a driver to access the parallel port, which often makes parallel port software 

written for Windows 95/98 incompatible. A solution around this OS restriction is to 

purchase a third party driver that allows an existing Windows 95/98 parallel port 

programs to operate on a Windows NT/2000/ XP platform without modification 

(Peacock, 1998). 

Windows NT is a very secure operating system which assigns some privileges 

and restrictions to different types of programs running on it. In fact any 386 or higher 

processor running in protected mode will implement the exact security. It classifies all 
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the programs into two categories, User mode and Kernel mode which are running in 

ring 3 and ring 0 modes. The C programs used for heart beat analysis falls in the user 

mode category. The user mode programs are restricted to use certain instructions like 

IN, OUT etc. Whenever the operating system detects that a user mode program is trying 

to execute such instructions, the operating system stops execution of those programs 

and will display an error message. Eventually the interfacing programs stops where they 

are executing IN or OUT instructions to read or write data to parallel port.  

Kernel mode programs on the other hand are not restricted in execution of such 

instructions. There are many freeware available to override the operating system 

security such as UserPort.SYS, PortTalk, winio.zip etc. However, a kernel mode known 

as Inpout32.dll is chosen. Inpout32.dll is found to be compatible with C/C++/JAVA and 

interface in XP or other version of Windows. This makes the interfacing of the heart 

beat monitoring device via parallel port possible. The complete circuit design of the 

Reflectance mode PPG is shown in Figure 4.27 in section 4.5. 
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4.5    Overall Reflectance Mode PPG Heart Monitor Circuit Design 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 Schematic Diagram of the proposed Reflectance mode PPG Heart Monitor 

 

4.6 Printed Circuit Board design (PCB) 

The major steps taken for the implementation of the PCB design and fabrication process 

is shown in Figure 4.28. 

 

 

 

 

Figure 4.28 PCB Design Flow 
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Printed circuit board is also known as a printed wiring board. Basically, a PCB serves 

two purposes in the construction of an electronic device. It is a place to mount the 

components and it provides the means of electrical connection between the 

components.A PCB populated with electronic components is a printed circuit assembly 

(PCA), also known as a printed circuit board assembly (PCBA). 

 The reasons for using PCB for final prototype instead of other interconnection 

wiring methods are because of the following: 

1) PCBs are inexpensive, and can be highly reliable. Especially for mass quantity 

production 

2) Based on good arrangement of the components for the final PCB layout, the 

PCB may be small, thus saving a lot of space. 

3) Minimum percentage of short circuit wiring 

4) Location of electronic parts are fixed, therefore it simplifies components 

identification and maintenance of the equipment 

5) Inspection time is reduced due to printed circuitry eliminating the probability of 

error 

PCB used for the heart monitor is a double sided type. Same as a regular PCB, double 

sided boards are made with a substrate of non conductive material, over which a layer 

of copper is placed on top of it, and in the case of double sided boards, the copper is 

also layered on the bottom side of the substrate. The reasons for choosing a double 

sided PCB is because: 

1) PCB allows higher density in components, making tracking an easier process. 

2) The extra layer of copper provides increases of heat dissipation. This is achieved 

in the etching process, only removing enough copper to create the tracks, 

leaving the extra copper instead of removing it completely. 
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4.6.1 PCB design using Proteus Ares 

There are several programs available for designing printed circuit board (PCB). To 

design the PCB for the heart monitor, software called Proteus (Ares) was used (Figure 

4.29 and Figure 4.30).  

The basic building blocks used in Proteus Layout are footprints. A footprint 

contains all the physical dimensions related to a particular part. In Layout the footprints 

of the various parts are placed and then routed. Routing refers to defining where the 

copper interconnects in the circuit will be located. Interconnects are copper paths on the 

surface of the PCB that connect one pin to another. Interconnects are also known as 

routes or trace. 

 In much the same way, Layout uses different layers to contain all of the 

information about the PCB. Layers used in doing double sided PCBs are TOP, BOT, 

and SST. The TOP layer contains information regarding to the top of the PCB, such as 

traces (routes) that are drawn on the top. The BOT layer contains information pertaining 

to the bottom of the PCB, such as traces that are drawn on the bottom. The SST layer is 

the Silk Screen Top layer, and contains the text that appears on the top of the PCB. This 

facility however was not available when the PCB was fabricated, therefore for 

mounting and soldering process, a copy of the footprints with coloured layers was 

printed out. 

 One of the advantages of using Proteus Software (Ares) over other PCB design 

software is its 3D Visualization feature. Using 3D Visualization feature provided, the 

PCB designed can be visualized which will give an idea of what the PCB will look like 

when it is fabricated (Figure 4.31 and Figure 4.32). 
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Figure 4.29 PCB Design of Finger Probe in Proteus Ares 

 

 

Figure 4.30 PCB Design of Reflectance mode PPG heart monitor Signal processing unit in 

Proteus Ares   
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4.6.2 3D Visualization 

 

Figure 4.31 Multiple Views of the Finger Probe 

 

 

Figure 4.32 Front View of the Heart monitor 
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4.6.3 PCB fabrication 

Following the fabrication of the PCB, drilling of holes is carried out. This was done in 

the mechanical laboratory of School of EDT using 0.8mm drill bit. Next, components 

were mounted on the PCB starting from the smallest. Soldering of the PCB was 

implemented making sure that all the required top and bottom layers components were 

soldered. 

Figure 4.33, Figure 4.34 and Figure 4.35 presents the PCB fabrication of Finger 

Probe and HBMD unit. As seen in Figure 4.33, the size of the Finger probe sensor is no 

bigger than a 50p coin. The distance between the centre of LED and LDR is 12mm 

apart. The finger probe is placed in a mini ABS box. The heart monitor signal 

processing unit as seen in Figure 4.34 is also placed in a black ABS box suitable for 

PCB. 

 

Figure 4.33 Photo of PCB Fabrication of Finger Probe 
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Figure 4.34 Photo of PCB Fabrication of the Main Reflectance PPG mode signal 

processing unit 

 

 

Figure 4.35 Photo of PCB Fabrication of Finger Probe and proposed Reflectance mode 

PPG Heart Monitor with Finger PPG sensor 
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4.6.4 Mechanical packaging 

In order to fulfil the size constrained as proposed in this project, a printed circuit board 

(PCB) is used for the HBMD. Small size through-hole components were used for the 

design due to the small size of the board. A difficult task was faced in the process of 

soldering the components onto the small double sided PCB with dimension of 4.8” X 

2.3” (L X W) which is shown in Figure 4.36. Even so, the soldering of the PCB was 

completed successfully.  

 

 

Figure 4.36 Photo of Printed Circuit Board (Top and Bottom Layer) 
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Figure 4.37 Photo of Casing for Finger Probe and heart monitor 

The PCB of the HBMD was placed into an enclosed rectangular box with the dimension 

of    5.0” X 2.7” X 1.7” (L X W X H) and the Finger Probe in a smaller rectangular box 

with dimension of 1.8” X 1.3” X 0.75” (L X W X H) as shown in Figure 4.37. Figure 

4.38 and 4.39 shows the final packaging layout for both HBMD and the Finger Probe. 

 

Figure 4.38 Diagram of Final Package Layouts 
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Figure 4.39 Diagram of Final Package Layouts (Finger Probe) 

 

4.6.5 Interconnection of Heart Beat Monitoring Device 

Interconnection design plays a vital part in medical electronic equipment. It performs a 

crucial role in meeting overall design performance objectives. Interconnection design 

for the Reflectance PPG heart monitor is divided into 3 sections. 

4.6.5.1 Interconnections inside component packages 

Reducing the number of individual chip packages and associated passive components 

significantly reduces the required board space. For example, this heart monitor uses a 

precision instrumentation amplifier (IA) INA118 instead of sets of amplifiers forming 

an instrumentation amplifier. This also applies to the comparator used for this heart 

monitor. Therefore it results in significant reduction of both parasitic losses and power 

consumption while increasing system performance.  
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4.6.5.2 Component package to circuit board 

This interconnection provides connection between components, such as integrated 

circuit (IC) packages and a circuit board. As a precaution all integrated circuits (IC) 

were not directly soldered to the PCB. Taking their spot was IC socket holders. This 

was to allow for easy replacement of damaged ICs as well as to prevent damage that 

may occur from poor soldering. 

4.6.5.3 Equipment to equipment and Equipment to subject 

This section typically addresses system level connections between pieces of the heart 

monitor, such as the finger probe to the main heart monitor signal processing unit and 

also from the heart monitor unit to the computer via parallel port interface. It also 

includes the finger probe that is used to obtain the heart beat signal. 

 

Figure 4.40 Diagram of Interconnection of the main Heart Monitor unit and PPG sensor 
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As seen in Figure 4.40, the heart monitor is simple to use. The terminal of the power 

supply is color coded so that they are hooked up correctly to the main supply. There are 

also labels indicating each component seen on the heart monitor. To ensure secure hold 

of the finger while using the device, strap is provided. The strap provided can be 

extended by placing extra length of strap to it. This is because it is self adhesive and 

reusable. 

 The feature Vref seen on the front panel of the heart monitor is for setting of the 

voltage reference on the comparator. The required Vref can be adjusted by turning clock 

wise (to increase the voltage reference) and anti clock wise to (to reduce the voltage 

reference). The device may be connected to the parallel port of the computer using the 

standard cable provided. The illustration of the final assembly of the Reflectance mode 

PPG heart monitor is depicted in Figure 4.41.  

 

 

 

 

 

 

 

 

Figure 4.41 Photo of Final Assembly of the Reflectance mode PPG Heart Monitor 
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4.6.5.4 Interconnection and setup of the Heart Monitor and Parallel Port 

Figure 4.42 presents the interconnection of the heart monitor system to the 

computer using Parallel port interface. The Reflectance mode PPG heart monitor 

is set up as shown in Figure 4.42 ensuring the correct connection of the power 

supply cables and that the ground wire from the DB25 connector is connected to 

the ground of the main circuit (heart monitor). 

 

Figure 4.42 Diagram of Interconnection of the whole Reflectance mode PPG Heart 

Monitor 

The power supply is turned on ensuring that it supplies ±7.5V. Next, the male 

DB25 connector is connected to the female DB25 socket at the back of the CPU 

of the computer (Figure 4.43). Index finger is then placed on the PPG sensor and 

is secured using the strap provided. To run the program, Borland C folders where 

the Heart rate detection and analysis file was saved and double click on the 

Filename.EXE. The program will automatically start loading. To resume again, 

any key on the keyboard is pressed. Otherwise ‘Q’ key to end the program. 
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The heart monitor is turned off by disconnecting the DB25 connector (male) first  

followed by switching off the power supply. The overall interconnection of the 

system is presented in Figure 4.44. As shown, digital oscilloscope is also 

connected to ensure at experimental stage, accurate PPG signal is obtained. 

 

 

 

 

 

 

 

Figure 4.43 Photo of handmade Parallel Port Interface 

 

 

 

 

 

 

 

 

Figure 4.44 Interconnection of Reflectance Mode PPG Heart Monitor 
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4.7      Conclusion 

The material and research methodology of the proposed Reflectance mode PPG heart 

monitor has been presented. General description of the heart beat monitoring device 

followed by a brief description of its circuits through block and schematic diagram was 

covered. The design and analysis of the Reflectance mode PPG heart monitor is carried 

out through theoretical calculations where necessary and circuit simulation using 

Proteus software followed by experimental sessions. The prototyping of the device 

started with circuit construction using the bread board. Each circuit was constructed and 

tested stage by stage. After the construction and assembly of the overall circuit, testing 

was carried out to measure heartbeat in beats per minute (bpm) as the final output. The 

prototyping was completed with PCB design and implementation of the physical 

packaging (Casing).  

 While the Reflectance mode PPG heart monitor worked well, it had a few areas 

where the general design could be improved. Therefore, another design is proposed and 

developed. As presented in section 4.2, the choice of light source and the photo detector 

is very important. The finger probe previously built for the heart monitor consist of a 

super bright LED and a light dependent resistor (LDR) placed in Reflectance mode. Red 

light from LED with chosen viewing angle of 15° and wavelength of 625nm is allowed 

to pass through the finger and the transmitted light is detected by a Light dependant 

resistor (LDR). This finger probe functioned well, however due to the use of LED with 

wavelength of 625nm and is placed in Reflectance mode, the signal intensity is weak.  

Therefore when measurements were taken from smaller finger size, delay in the heart 

beat signal detection occurs. Furthermore, the amplitude of the heart beat signal 

detected is relatively small. Placing the sensor in a mini black box did minimize the 

noise level present with the heart beat signal. Although throughout the experiment, 
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subject had been advised to keep their finger movement to a minimum which also did 

minimize the motion artefacts.  

 Therefore, the first change to the device would be the sensor design; IR LED 

with matching photodiode is proposed (Chapter 5). IR LED is more tightly focused with 

larger wavelength ranging from 800-1020nm. Furthermore, the IR LED and the 

photodiode will be placed in transmission mode. The reason for the change is because 

the signal intensity in transmission mode is stronger than the reflectance mode. The 

measurable site is limited to only extremity, but this is not a problem since finger is still 

used to extract the heart beat signal due to its location with least amount of noise. 

Another area to improve is the packaging of the sensor which did cause some 

drawback, leading to motion artefacts. A more robust design is proposed where the 

finger will fit tightly inside the packaging rather than previous design where finger is 

placed on the packaging and strapped (Figure 4.37, section 4.6.4). The number of stages 

for signal processing unit will be minimize as well as the electronic components used. 

This will greatly minimize the cost, which will accomplish one of the main objectives. 

The new device will be battery operated. This is to fulfil the objective of making the 

heart monitor unit as light and portable as possible. By implementing these changes, the 

Heart beat monitoring device developed will be portable and may be used anywhere and 

at any time. 
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CHAPTER 5 

Development of a Portable Transmission Mode 

Photoplethysmography Heart Monitor using 

Microcontroller PIC16F84A and PIC16F87 

The aim of this chapter is to design and develop a prototype of a Heart Rate Monitor 

based on a Transmission mode PPG sensor capable of detecting changes in the 

pulsating blood volume from the finger. It should produce an accurate measurement of 

the heart rate through a calculation algorithm that will be displayed on an LCD. 

To achieve this, the device should be able to measure and detect heart pulses 

using a PhotoPlethysmography sensor (optical sensor) consisted of an Infra Red LED 

(IR LED) as the light emitter and Photodiode as its photo detector. Furthermore, the 

device should receive the pulses and convert them into a voltage, amplify and filter out 

any unwanted frequencies and interference that will affect the further processing and 

measurement of the heart rate. A calculation algorithm is developed and is executed 

using Flowcode programming which will enable the device to perform heart rate 

detection and analysis in beats per minute.  

5.1  Block Diagram 

 

 

 

 

Figure 5.1 Block diagram of three major components of the system 
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According to the requirements and goals of this project a cascade 

Photoplethysmographic based Heart Rate Monitor will be designed. Based on the 

design considerations the circuit uses an optical sensor in its first stage consisted of an 

IR LED as a light emitter and a silicon photodiode as a light detector connected to a 

current to voltage converter/amplifiers, filters and a Schmitt Trigger for signal 

digitization. Furthermore, the final stage of the circuit consists of a microcontroller 

circuit for counting the heart beats and driving an LCD module display where the final 

heart rate is displayed in beats per minute. The main stages of the design are depicted in 

figure 5.2 below. 

 

Figure 5.2 Block diagram of the Heartbeat monitoring device using Transmission mode 

The block diagram shown above represents the function of the whole device. The first 

stage of the device is the signal source where an Infrared Led is used as a light emitter 

and a photodiode as a light detector for providing a strong enough light source to 

transmit a significant amount of light through the finger. The two components are 

placed in opposite sites (Transmission mode) inbuilt in a circular plastic tube where the 

index finger of the user is place between the two components during testing. The IR 

LED emits infrared light to the finger of the subject which penetrates the peripheral 
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tissue and absorbed by the pulsating blood during systole. At this point a low intensity 

light is transmitted through the finger and detected by the photodiode representing the 

systolic cycle.  

During diastole the blood volume in the arterioles decreases, thus no light 

absorption by the blood occurs and a high intensity light absorbed by the photodiode 

representing the diastolic cycle. These changes in light intensity represent the pulsating 

blood volume with each heart beat from where the heart rate can be determined. The 

resulting signal at the output of the photodiode is a photocurrent proportional to the 

incident light received which is transmitted to a current to voltage converter. The 

current signal (PPG signal) need to be converted into voltage required for further 

processing. The current to voltage converter not only converts the signal into a voltage 

but also amplify the low amplitude signal. This stage also attenuates interferences due 

to ambient light and 50Hz noise from mains signals.  

Next, the PPG signal is passed through a series of operational amplifiers 

designed to further amplify the signal and filter out unwanted frequencies and dc 

components. The frequency response of the whole design is set by a cascade of two 

band pass filters by providing a sharper attenuation.  It also sets the range of the heart 

pulses to be displayed on the LCD which is between 29-290 beats per minute. 

Finally, the important part is to convert the analogue signal into digital pulses 

which is necessary for the microcontroller and this is perform by a Schmitt Trigger 

which receives in its input an analogue signal and converts it into digital pulses. 

Furthermore, the digital signal is transmitted to the input of the microcontroller via a 

transistor which regulates and limits the voltage to be from 0 to 5 volts. The interfacing 

stage of the device consisted of an 8 bit microcontroller which is programmed to detect 

and count the number of pulses over a fixed time interval. The heart rate reading is sent 
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to the LCD display through Port B outputs of the microcontroller where the user can 

keep track of the heart rate readings in real time.  

The power supply of the circuit is provided by a 9V battery. This is necessary to 

supply the integrated circuits operational amplifiers and to drive a voltage regulator 

which gives a 5V DC output voltage to the PIC microcontroller and the LCD module 

display. 

5.2  9V and 5V Power Supply Design 

All the electronic components except from the processing and display stage 

(microcontroller) are powered up by a 9V battery. As shown in figure 5.3, a power 

switch is placed right after the power supply in order to control the ON/OFF state of the 

circuit and a red LED (D3) is placed to emit light each time the circuit is turned on.  

Furthermore, a decoupling capacitor C17 is placed between the power supply pins of 

the operational amplifiers and ground. C18 and C19 are placed directly to the power 

source and to ground. Decoupling capacitors are positioned on the circuit in such way 

because the power supply sometimes contaminate the DC power line with undesired AC 

signal which may affect the correct operation of the circuit. Therefore, decoupling 

capacitors dampens the noise and AC components by pulling them to ground.  

The last stage of the circuit is powered up by +5V DC drawn from a voltage 

regulator 7805 which receives in its input the 9V from the main power supply and 

regulates it to 5V necessary to supply the microcontroller and LCD. Firstly, 

PIC16F84A/PIC16F87 generally require a very stable +5v supply. Secondly, the 

regulator is able to respond to small fluctuations in the input voltage caused by other 

loads off the same battery switching on and off. It guarantees a +5v output signal as 

long as its input is a certain voltage above 5v (called the drop-out voltage), and the load 



151 

 

on it is not too high. Single chip voltage regulators are available with a range of output 

current capabilities, from 100mA up to 5A and higher. For this purposes a 1 Amp 

regulator is sufficient.  

 

 

 

 

 

 

 

 

 

Figure 5.3 9 Volt and 5 Volt Power Supply circuit 

 

Simulation using analogue analysis is carried out in Proteus Isis to determine the 

functionality of the power supply circuit. As seen in Figure 5.4, the output of pin 3 of 

the voltage regulator 7805 provides stable +5V. 

 

Figure 5.4 Analogue Analysis of Power Supply circuit in Proteus 
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5.3  Sensor Design 

PPG signals oscillate with the heart cycle period, due to the rhythmical increase and 

decrease in the tissue blood volume, resulting in a periodically changing transmission of 

light. The absorbance of some tissues like the bone and muscle in the finger is a 

constant and is termed as the DC component of the PPG signal. Mean while, the 

absorbance of arterial blood pulsations is considered as an AC component. However 

AC component, which contains each individual's unique information, is relatively small. 

Therefore, good sensor design is crucial followed by a reliable signal conditioning 

circuit to ensure accurate extraction of the desired information from the AC signal. 

Previous research showed the importance of choosing suitable light wavelength 

of the IR LED and the use of spectrally matched photodiode with large active area. This 

is necessary in order to receive adequate AC component by minimizing the attenuation 

and absorption of the light by the skin and the bone. The IR LED must be powerful 

enough in order to penetrate through the microvascular bed without damaging the tissue 

and with the most suitable wavelength to spectrally match with the absorption 

coefficient of the blood. Next section presents the analysis of major properties and 

characteristics of the optoelectronics which is used in the design of the PPG sensor. 

5.3.1 Transmission mode PPG design 

The Beer-Lambert law for light transmission in an absorbing medium is the primary 

basis for the functioning of the Photoplethysmography.  

I = Ioe
-μad                                                                (5-1) 

Where I is the transmitted intensity, Io is the input light intensity, μa is the absorption 

coefficient and d is the distance between source and detector. 
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Since blood is a highly scattering medium, the Beer-Lamberts law must be modified to 

include an additive term ‘G’ due to scattering losses and a multiplier ‘B’ to account for 

the increased optical path length due to scattering and absorption. The modified Beer-

Lambert’s law which incorporates these two additions is shown in equation 5-2. This 

approach helps to develop an understanding of the absorbance of light as it passes 

through living tissues. 

I = I0e
-( μadB+G)

                                                  (5-2) 

Here G is a factor dependent on the measurement geometry and the scattering 

coefficient of the tissue interrogated. The wavelength of the source used is of significant 

importance in PPG. Light sources that operate in the near red (600–700 nm) and near 

infrared (880–940 nm) of the spectrum are most effective because whole blood has a 

relatively small absorption at wavelengths greater than 620 nm. 
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5.3.2 Circuit Analysis 

The first stage of the circuit shown in figure 5.5 below consists of an Infrared Led (IR 

Led) as a light emitter and a Photodiode (D1) as a light detector for sensing and 

detecting the changes in blood volume through the artery of the index finger with each 

heart beat.   

 

Figure 5.5 Transmission mode Photoplethysmography (PPG) sensor circuit 

As the heart beats it pumps blood through all the blood arteries of the body. By placing 

the index finger between the IR LED and the Photodiode, the IR LED emits infrared 

light and changes its intensity due variations in blood volume giving rise to a change in 

light transmission through the finger which is detected by the Photodiode D1. 

Photodiode D1 operates in the photoconductive mode with reverse bias applied to the p-

n junction.  

When light falls on the junction region of the photodiode an electron hole pair is 

created under the influence of the junction field with the hole swept towards the p 

material and the electron towards the n material. The resulting light current is seen as a 

large increase in the reverse current. The brightness of IR LED depends on the value of 
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the Resistor R3. The brighter the IR LED, the higher the transmitted signal to the 

photodiode. The IR LED is powered from 9V supply via a resistor 680 Ohm which 

controls the forward voltage of the IR Led. A voltage divider is designed to supply the 

anode of the photodiode D1 which is biased at 4.5V.  

The non inverting (+) input of the U1(LF412CN) is connected with the anode of 

the  photodiode and is biased at 4.5V from the output of R1 and R2 voltage divider. To 

calculate the output voltage of a voltage divider the following equations is used: 

   (5-3) 

Therefore: 

 

 

For application of heart beat monitoring using transmission mode PPG sensor normally 

consist of an IR LED with a wavelength of 900 to 950nm. To match the LED, silicon 

photodiode with large sensitive area in needed in order to detect the changes in light 

intensity of the transmitted photons.  

In addition, there are some more characteristics of the IR LED that must be 

considered in the design of this Transmission mode PPG heart monitor. This IR LED 

has wavelength of 940nm, voltage drop (Vf) across IR LED of 1.4V with its forward 

current (If) of 20mA. In order to control the forward voltage of the IR LED a resistor 

should be placed between the LED and the voltage supply to limit the forward voltage 

according to the specifications of the LED. In this design, a 680Ω resistor is used. 

Power dissipation of the IR LED is calculated  to avoid the production of heat which 
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can be absorbed by the skin and reduce the efficiency of the sensor. Power dissipation  

for this IR LED is 100mW. 

 Power consumption of the LED matters in order to achieve a low power battery 

operated device without using an external power supply. Since measuring the heart rate 

from the arterial pulse is of interest, the use of just a single IR LED instead of using two 

different light wavelengths minimises the power consumption of the device since a 

lower forward current is needed for supplying just a single LED.  

The power consumed by the IR LED is about 70% whereas the microcontroller 

consumes less power (30%) for computing the heart rate (Rhee et al., 1998).  Hence by 

using a single IR LED and a 4MHz crystal for reducing the microcontroller’s duty 

cycle, the power consumption can be reduced. Furthermore, a reduction of the forward 

current driving the IR LED will lead to an overall power consumption reduction. 

In order to achieve a high responsivity and hence increasing the photodiode’s 

sensitivity, the peak wavelength of the photodiode should not be above 1100nm. A 

photodiode is efficiently responding between 800 and 950nm and in combination with a 

wide enough active area (5-10mm
2
) the sensitivity increases, thus the output current 

increases. Furthermore, the Quantum efficiency of the photodiode depends upon the 

wavelength of the IR LED so by using an IR LED with peak wavelength of 940nm a 

good QE of 75% can be achieved.  

Another consideration for the selection of the photodiode is the junction 

capacitance associated with the boundaries of the depletion region. Junction capacitance 

should be as low as possible to achieve faster rising times and it can be reduced by 

applying a reverse bias voltage to the photodiode. Therefore, for Transmission mode 

PPG heart monitor, a photodiode of 940nm response with 7.5mm
2
 area is utilized. 
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5.4 Signal Processing Unit 

The heart monitor deals with extremely weak signals which are highly vulnerable to 

different types of noises and interferences. To achieve consistent heart rate results, a 

reliable circuit design is required. Since the sensor stage was carefully designed to 

ensure optimum detection of the PPG signal, less stage is needed to process the signal. 

Signal processing unit for this portable transmission mode PPG heart monitor only 

consist of a current to voltage converter, a double active band pass filter and a Schmitt 

trigger. 

This signal processing unit is expected to accomplish a set of important 

function. The instrument is able to convert the current from the photodiode into an 

electrical signal (voltage) in order to be further processed. Furthermore, the unit should 

be able to amplify the signal in order to be strong enough to be transmitted and viewed 

on the oscilloscope during the testing stage. During filtering stage, the instrument must 

efficiently and accurately filter off any interferences and DC components. Finally, the 

instrument is required to convert the analogue signal into digital pulses which is 

necessary for processing by the micro-controller PIC16F84A/PIC16F87 and the heart 

rate reading of 29-290 beats per minute will be displayed using a liquid crystal display 

(LCD). 

5.4.1 Design of Current to Voltage Converter circuit 

Since the output signal of the Photodiode is in the form of current it needs to be 

converted into a voltage which is necessary to be further amplified by the operational 

amplifier. To do so, an operational amplifier LF412CN is used and designed as a 

current to voltage converter as shown in Figure 5.6. 
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Figure 5.6 Current To Voltage Converter circuit design 

The current to voltage converter needs an operational amplifier with a very high input 

impedance and low input current since in its input a low current will be fed from the 

output of the photodiode. The operational amplifier LF412CN provides these two 

important characteristics which the current to voltage converter depends on. As 

mentioned earlier, it is connected as current to voltage converter where its output (Vo) 

is equal to the reverse current (-I) multiplied by the resistor R6.  

 The inverting input (-) of the U1A is connected via the resistor R4 to the cathode 

of the photodiode and with resistor R5 to the ground. The feedback resistor R6 sets the 

gain of the operational amplifier which is connected with resistor R5 and with the 

cathode of the photodiode. It functions as an inverting amplifier with its gain set by 

resistors R6 and R5 resulting in a gain of -0.45 giving an output of 6.54V. The Gain (G) 

of the amplifier is calculated as follows: 

                                            (5-4) 
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The negative sign indicates that the output signal will be inversed with respect to the 

input signal from the photodiode. The values of resistors R6 and R5 were chosen very 

carefully since the resulting current through the R6 to R5 must be low enough to 

provide a very small reverse bias current through the cathode of the photodiode 

ensuring in this way that it works at maximum sensitivity. Since the output voltage of 

U1A is 6.5V the reversed current (I) through the resistor R6 is calculated to be equal to 

-0.0065mA as follows: 

   (5-5) 

Therefore: 

 

      

It can be observed that theoretically the reverse bias current through the cathode of 

photodiode is very low ensuring that it will work at maximum sensitivity.  

Resistor R6 has an important role in this design because it controls the 

operational amplifier’s output feed back into the input signal and prevent the 

operational amplifier from amplifying the output signal of photodiode because all the 

time would have the same constant maximum value. Capacitor C2 with Resistor R6 

form a low pass filter which provides a high frequency rolls off above 4.82 Hz 

attenuating the noise due to 50Hz mains signals and stabilizes the signal without 

allowing the noise to be amplified and oscillate the op-amps.  
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The cut off frequency of the low pass filter is shown below: 

 

 

 

 

Therefore the low pass filter will have a high frequency roll off above 4.82Hz where all 

signals with frequency higher than 4.82Hz will be attenuated. Simulation in Figure 5.7 

proves the output voltage obtained is around 6.54V which is also the signal that will be 

filtered by the active band pass filter. 

 

Figure 5.7 Proteus Simulation of Current To Voltage Converter circuit showing output 

Voltage of 6.54 Volts 

 

+9V 

+4.5V 

GND 
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5.4.2 Active Double Band Pass Filters Design 

The circuit shown in Figure 5.8 consists of two active band pass filters for further 

filtering of DC components and unnecessary frequencies above and below the 

frequency of the desired signal. It also set the frequency response of the whole circuit 

(bandwidth). An operational amplifier IC LF 412CN are used to build a cascade of two 

band pass filters.  

Active band pass filters were designed instead of passive filters since the signal 

also needs to be amplified and these two operations (filtering and amplifying) can be 

performed simultaneously. An active band pass filter is made up from high and low 

pass filters combined with operational amplifiers for setting the gain of the circuit and 

amplifying the signal.  

A band pass filter passes a range of frequencies relatively unattenuated over a 

specific desired band of frequencies which called pass band. The range of frequencies 

that passes through the filter depend on the cut off frequencies of the high and low pass 

filters where any frequencies below and above the cutoff of the high pass and low pass 

filters respectively are eliminated setting up in this way the frequency response of the 

circuit. The high pass filter is designed to be after the current to voltage converter in 

order to eliminate any DC potentials due to non pulsating components such as venous 

blood before the signal is further amplified to prevent saturation of the amplifier. 
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Figure 5.8 Active Double Band pass Filter circuit with High Cut off Frequency of 0.48Hz 

and Low Cut Off Frequency of 4.82Hz. Sharper Roll off of -40dB 

The output of the current to voltage converter is AC coupled via capacitor C3 which 

forms a high pass filter in combination with resistor R7 results in a cut off frequency of 

0.48Hz. Another first order high pass filter is formed in the second band pass filter 

(U2:A) with the combination of capacitor C6 and resistor R10 which provides the same 

cut off frequency of 0.48Hz and hence set the lowest heart pulse to 29 beats per minute. 

 For a high pass filter, cut off frequency (Fc) of 0.48Hz means that frequencies 

below this value will be eliminated while any higher frequencies will pass through the 

filter. An additional high pass filter is also designed using capacitor C5 and resistor R9 

resulting in a low frequency roll off below 0.03Hz for attenuation of dc offsets. 

High pass filters will eliminate DC components preventing their further 

amplification and therefore the saturation of the amplifiers leaving the heart pulse intact 

for further analysis. This happens because capacitor’s impendence increases with low 
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frequencies and tends to block low frequency signals. The cutoff frequencies of both 

high pass filters are calculated using equation (5-6) as follows: 

 

 

 

A low pass filter is formed from the combination of resistor R8 and capacitor C4 which 

results in a high frequency roll off above 4.82Hz meaning that any frequencies above its 

cut off frequency (Fc) will be eliminated.  A second low pass filter with the same cut off 

frequency is formed with the combination of capacitor C7 and Resistor R11. The reason 

for including two low pass filters is to have a sharper cutoff and ensure attenuation of 

noise and interference due to 50Hz pick up and harmonics from the power mains as 

well and other high frequency components due to motion artefacts and ambient light 

that will influence the final output of the circuit. The cut off frequencies of both low 

pass filters are calculated from equation (5-6) as: 

 

 

 
 

In addition to filtering, operational amplifier U1:B is used to enhance the filtered signal 

with a gain of 11 set by the feedback resistor R8=1M and the resistor R9=100K 

connected from the inverting input of the amplifier to 4.5V rail given from the voltage 

divider. The amplified output signal of the operational amplifier can be controlled either 

by negative feedback (inverting input) which determines the magnitude of its input gain 
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or can be controlled by positive feedback (non inverting input) which facilitates 

regenerative gain. 

In this circuit the operational amplifier is connected as non inverting amplifier 

with its output connected to the negative input by resistors R8 and R9 to the 4.5V 

providing a negative feedback thus its input source sees infinite impedance and the high 

frequency signals passed through the high pass filter to its positive input. The signal 

which appears in the positive input passes through the amplifier. The signal reaches the 

output is fed back to the negative input via feedback resistor hence the negative input 

must be at the same voltage as the positive input. The amount of voltage that will be fed 

back to the negative input can be determined from the following equation: 

    (5-8) 

Where  is the output of the voltage divider fed back to the negative input of the 

amplifier, Where Vo is the output of the voltage divider fed back to the negative input of 

the amplifier, Vout is the output of the amplifier fed in its inverting input, RF is the 

resistor R8 on the schematic diagram above which sets the gain and RG is resistor R9. 

The output of the amplifier can be calculated from the following equation: 

                                   (5-9) 

Where in this case Where in this case VIN is the signal in the positive input of the 

amplifier. Resistors R8 and R9 set the Gain (G) of the amplifier where in this case is set 

to be 11 using the following equation: 

                                              (5-10) 
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The second operational amplifier U2:A consists of a gain control RV1=100K which is a 

variable resistor connected from the feedback resistor R11 to the output of operational 

amplifier. It forms a voltage divider with resistor R11 where its output is connected to 

the inverting input of the amplifier for controlling the gain of the amplifier by setting it 

to the desirable value.  

5.4.3 Design of Schmitt Trigger circuit 

After the amplification and filtering of the signal, the resulting signal is an AC 

waveform representing the cardiac synchronous information that needs to be digitized 

in order to be further processed by the microcontroller. For the digitization of the signal 

an operational amplifier is used and designed as a Schmitt Trigger as shown in Figure 

5.9. 

A Schmitt Trigger is a type of comparator that uses positive feedback and 

exhibits hysteresis and its function is to convert sine waves into square shaped signals 

(digital form). Positive feedback occurs because the output of the operational amplifier 

is fed back to its positive input via the feedback resistor R15. Connecting the 

operational amplifier with positive feedback as in figure 5.9 will make the output 

swings more pronounced. Feedback resistor must be very carefully chosen because its 

size controls the hysteresis that the Schmitt trigger will exhibit and gives the op-amp 

two thresholds. Thus, the circuit becomes more immune to noise that can trigger 

unwanted output swings.  

The trigger threshold is set by resistors R15 and R14 with their difference fed 

into the positive input of the operational amplifier LF412CN and the hysteresis is set by 

resistor R15 which controls the switch depending upon the output state of the U2:B.  
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Figure 5.9 Schmitt Trigger Circuit Design 

When an input exceeds a maximum threshold i.e when the non inverting input is higher 

than the inverting input the output switches to a high threshold and goes high and stays 

high until the input drops below a minimum threshold and the output drops lower 

resulting to a low switching threshold. The output stays low until a new state will 

occurred in the input to trigger a new change (hysteresis).  

This changing in state and hysteresis of the operational amplifier produces a 

series of rectangular pulses where the sine wave is converted into digital pulses and 

drives the transistor Q1 via the resistor R16 to provide the digital pulses ranging from 0 

to +5V to the input of the microcontroller that will detect and count the rising heart 

pulses. In addition a Red Led D1 is connected via the resistor R19 at the output of the 

transistor Q1 which sense the heart pulses and flashes each time it receives in its input a 

heart pulse giving a visual indication that a heart rate is actually being detected. 
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Figure 5.10 Proteus simulation of the Schmitt Trigger displayed on virtual oscilloscope 

In order to test the performance of the Schmitt Trigger theoretically, Proteus Simulator 

Software was used to check if the design is able to convert the AC signals into Digital 

pulses. A sine wave signal was inserted to Schmitt Triggers input while both the input 

and the output were connected to a digital Oscilloscope (channel A and B respectively) 

and it can be observed from the Figure 5.10 above that the design is able to convert sine 

waves into digital pulses.  
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5.5 Interfacing Technique 

Microcontroller used to process and display the heart rate results have been presented. 

A brief introduction to Microcontroller PIC16F84A and its properties are covered. The 

Flowcode V3 program written to calculate, analyze and display both heart rate and heart 

condition readings has been implemented. However, there is still room for 

improvement. Instead of counting the heart beat in 10 seconds and multiplying it by 6 

which is implemented with PIC16F84A, it is more accurate to calculate the heart rate in 

beats per minute by multiplication of 60 by 1/ t ( t, average time difference for 10 

heart beat). This could prevent inaccurate heart rate reading due to missing or additional 

heart beat. Therefore, further development is conducted using PIC16F87. The 

verification of the Flowcode program written for the purpose of counting and displaying 

the heart rate was also implemented. 

5.5.1 Microcontroller PIC16F84A 

For this stage of the design, a PIC microcontroller PIC16F84A is used to process and 

count the heart pulses for a precise period of time (10 seconds). The heart pulse is then 

converted into beats per minute (bpm) and drive an alphanumeric (2x16) LCD display 

where users will be able to observe in real time heart rate reading in beats per minute 

(bpm). A variety of microcontrollers are available for use to be interfaced with an LCD 

and perform the tasks needed. However, a PIC16F84A microcontroller is chosen 

because it is low in cost and its specifications matches the requirements of the project. 

PIC microcontroller is a programmable Integrated Circuit (IC) that can be used 

in a variety of applications including medical devices for processing information. 

PIC16F84A is an 8-bit, low power, high speed programmable microcontroller where its 

features matches the requirements of this design. The IC internally consists from several 
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building blocks including a Central Processing Unit (CPU), memory (RAM, 

EEPROM), timer, interrupts, input and output ports as shown in figure 5.11.  

 

 

Figure 5.11 Block diagram of PIC16F84A 

Its programmable memory is 14-bit memory which translates into 1024 words and it is a 

flash memory which means that the memory can be erased and reprogrammed making 

the microcontroller ideal for any feature upgrade. It also contains a read/write data 

memory EEPROM of 64 bytes where data can be stored for further use. PIC16F84A is 

useful in real time applications and its features maximize the designs reliability, 

eliminating external components hence minimizing the cost of the design. It also 

provide power saving operating modes such as power-on reset and power-on timer.  
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Figure 5.12 presents the pin configuration of PIC16F84A. Master Clear Reset (MCLR) 

pin is used for putting the microcontroller into a known condition and continue its 

proper function according to the program. It has to be connected via a resistor ranging 

from 5K to 10K to +5V supply in order to keep a logical one to MCLR pin.  

PIC16F84A provides oscillator selection where for this design a 4MHz crystal is 

used and connected to the OSC1/CLKIN and OSC2/CLKOUT pins of the IC to 

establish oscillation. Furthermore, this microcontroller has two bi-directional 

input/output ports named as PORT A and PORT B which can either be programmed to 

be the inputs or outputs of the microcontroller. For this design RB0/INT was set to be 

the input where the pulses will be fed in and interrupt with each rising edge. 

Furthermore, RB1 to RB6 is set to be the outputs which will drive the data to 

alphanumeric LCD. 

 

Figure 5.12 Pin configuration of PIC16F84A 
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For this design the microcontroller can be programmed to count how many heart beats 

entered in its input while an internal timer set to increment its value until reaches 10 

seconds. The program will then store the value of heart beats recorded within the 10 

seconds in its data memory EEPROM. Next it reads the value, converts it into beats per 

minute and the data is sent to its output port which will drive an LCD,  LM016L. 

LM016L is an alphanumeric Liquid Crystal Display (LCD) which has 2 lines and can 

display maximum 16 characters (2x16).  

The pin out configuration of LM016L and their function are shown in the table 5.1 

below. 

Table 5.1 Pin out configuration of LM016L 

PIN NO SYMBOL FUNCTION 

1 VSS GND 

2 VDD +5V Supply 

3 VO Contrast Adjustment 

4 RS Register Select 

5 R/W Read/Write control 

6 E Enable Signal 

7-14 DB0-DB7 Data Bus Pins 

15-16 - Not Connected 
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5.5.2 Heart Rate analysis written in Flowcode programming  

A variety of programming languages are available for creating a program for the 

microcontroller such as Basic, C language or assembly language each of them uses 

different instructions that when combined with the microcontrollers registers can 

perform a variety of tasks. A program in the language of PIC microcontrollers is a text 

to be considered as a sequence of symbols, identifiers and numbers translated into a 

language of zeros and ones (machine language) in order for the microcontroller to 

understand it. After the program is written, an assembler is used to translate the code 

into machine language (HEX) which is transferred into the memory of the 

microcontroller.  

In this project, Flowcode V3 graphical programming language is used for 

writing the code to be transferred into the microcontroller. Flowcode is a language 

programming system for PIC microcontrollers which use drag and drop icon commands 

to draw a flow chart of the program. It is decided to be used for programming the 

microcontroller because it is an easy to use graphical programming language which 

allows full on-screen simulation in order to analyze the behaviour of the microcontroller 

and check for any wrong commands that may included in the program.  

Programming using Flow chart method, in this case Flowcode V3 demonstrate 

both design and time efficiency compared to writing a program from first principles like 

C++  due to requirement of considerable programming skills. The simulations in 

Proteus VSM verify that the proposed algorithm succeeds in calculation, analysis and 

display of heart rate and heart conditions. 

Flowcode is a very high level language programming system for 

microcontrollers based on flowcharts. It allows design and simulation of complex 

systems in a matter of minutes. Flowcode uses macros to facilitate the control of 
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complex devices for example in this project; the LCD displays therefore could program 

any PIC microcontroller. Below are several advantages of using Flowcode 

programming: 

• Using Flowcode requires no programming experience 

• Quick design of complex PIC microcontroller system 

• Uses international standard flow chart symbols (ISO5807) 

• Full on screen simulation which allows debugging and speeds up the 

development process 

•Produces ASM code for a range of 18, 28 and 40pin devices and works 

well with most programmers 

• Flowcode allows C code or assembly code to be embedded as a macro and 

also supports Interrupts and Analogue to Digital converters 

During simulation it essentially shows the internal processor state, the input signals 

generated as well as the actual output of the written program. The program consists of 

functions and commands that are combined to form the Heart Rate detection and 

analysis program needed for the microcontroller to display reliable readings. It uses a 

variety of component macros to control devices such as LCD displays, push to make 

switch, 7-segment displays, keypad control, RS232 com etc and supports code 

generation for a variety of PIC microcontrollers. An important parameter is that it also 

supports interrupts such as RB0/INT and TMRO overflow that are necessary for the 

tasks of this project. In addition, the flowchart can be assembled into C code file or a 

hex file which is to be transferred into the microcontroller.  The interface of the device 

to the LCD via PIC16F84A can be seen in Figure 5.14. 
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Figure 5.13 Heart Rate Detection and Analysis Algorithm for Microcontroller PIC16F84A 

A basic calculation algorithm for programming the microcontroller to count and display 

the heart rate in beats per minute (bpm) is shown in Figure 5.13. Based on the 

algorithm, the internal timer of the microcontroller is program to start counting for 10 

seconds once the Flowcode starts running. During this time, the rising edges of the heart 

pulses are detected at the input RB0 of the microcontroller. The rising edge is counted, 

increasing the number of heart pulses by adding one to previous heart pulse. Heart rate 

calculation is performed after 10 seconds using equation 5-11.  

Heart Rate (beats per minute) = Heart beat  6                                 (5-11)
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Figure 5.14 Interface of the transmission PPG Heart Monitor via PIC16F84A 
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5.5.3 Development of the Heart Rate Analysis Algorithm using PIC16F87 

A PIC16F87 was selected due to its low power features and it is cheaper than 

PIC16F4A. PIC16F87 is an 18 pin enhanced flash microcontrollers with nanoWatt 

Technology. The IC internally consists from several building blocks including a Central 

Processing Unit (CPU), memory (RAM, EEPROM), timer, interrupts, input and output 

ports just like PIC16F84A. However, one of PIC16F87 additional feature is it has built 

in RC oscillator with eight selectable frequencies, including 31.25 kHz, 125 kHz, 250 

kHz, 500 kHz, 1 MHz, 2 MHz, 4 MHz and 8 MHz (Figure 5.15).  

 

Figure 5.15 Pin Configuration of PIC16F87 

The Timer 1 module current consumption has been greatly reduced from 20µA to 1.8 

µA (32 kHz at 2V),  which is ideal for real time clock applications. It has a two speed 

start-up, where when the oscillator is configured for LP, XT or HS Oscillator mode, this 

feature will clock the device from the INTRC while the oscillator is warming up. This 

feature enable almost immediate code execution. 
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PIC16F87 has 256 bytes of EEPROM, which is better than PIC16F84A with only 64 

bytes. Hence, it is sufficient to store all the code needed for computation and is shown 

in Figure 5.16. 

 

  

Figure 5.16 Block Diagram of PIC16F87 
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Input at pin 6 of PIC16F87 (RB0/INT) =Logic 1 = Heart beat 

 

Figure 5.17 Input at pin 6 of PIC16F87 (RB0/INT) 

To determine heart rate in beats per minute, the average time intervals is calculated. 

 ΔTAVG =     ΔT1 + ΔT2 + ………………..+ ΔT10   

                                  10 

Where     ΔT1= T2 - T1  *T normally in millisecond (ms) 

                                ΔT2 = T3 – T2 

                                          ΔT10 = T11 – T10 

Therefore 

Heart Rate ( beats per minute ) =  60 

      ΔTAVG 

 

The Heart Rate Detection and Analysis algorithm for PIC16F87 is depicted in Figure 

5.18. When the program starts, time and heartbeat is reset to 0. When the Heart Rate 

Detection and analysis program detects high input at pin 6 (RB0/INT) of the PIC16F87, 

the time for each heartbeat is recorded. The program will run until 11 heart beats are 

detected by the RB0/INT. The time intervals of the 11 heart beats are summed and the 

average time interval is calculated. The program will then work out the heart rate using 

the formula stated. Analysis is carried out to determine the heart rate condition whether 

T1 T2 T3

  

T4 T5 T6 T7 T8 T9 T10 T11 
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normal or abnormal. The user then may quit the program by switching of the battery or 

restart the program by pressing the reset button provided. 

 

Figure 5.18 Heart Rate Detection and Analysis Algorithm for Microcontroller PIC16F87 

 

The verification of both algorithm written for microcontroller PIC16F82A and 

PIC16F87 is presented in Chapter 6 section 6.2. The complete Flowcode programs are 

shown in the Appendix and the overall Transmission mode PPG circuit design is shown 

in Figure 5.19.  
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5.6 Overall Transmission Mode PPG Heart Monitor Design 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Schematic Diagram of the proposed Transmission mode PPG Heart Monitor 

 

5.7 Printed Circuit Board Design (PCB) 

Printed circuit board (PCB) for the Transmission mode PPG heart monitor was designed 

using software called Proteus (Ares). Figure 5.20 presents the PCB design of the Power 

supply circuit and the PCB design of the signal processing unit is shown in Figure 5.21. 

One of the advantages of using Proteus Software (Ares) over other PCB design software 

is its 3D Visualization feature. Using 3D Visualization feature provided, the PCB 

designed can be visualized which will give an idea of what the PCB will look like when 

it is fabricated (Figure 5.22 - Figure 5.25). 
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5.7.1 PCB design using Proteus Ares 

 

Figure 5.20 PCB Design of 9 Volt and 5 Volt Power Supply circuit 

 

 

 

 

 

 

 

Figure 5.21 PCB Design of Transmission mode PPG heart monitor Signal 

processing unit in Proteus Ares 
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5.7.2 3D Visualization 

 

Figure 5.22 Multiple views of 9 Volt and 5 Volt Power Supply circuit 

 

Figure 5.23 Top View of the Heart Monitor 
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Figure 5.24 Front View of the Heart Monitor 

 

Figure 5.25 Side Views of the Heart Monitor 
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5.7.3 PCB fabrication 

Following the fabrication of the PCB, drilling of holes is carried out. This was done in 

the mechanical laboratory of School of EDT using 0.8mm drill bit. Next, components 

were mounted on the PCB starting from the smallest. Soldering of the PCB was 

implemented making sure that all the required top and bottom layers components were 

soldered. 

Figure 5.26, Figure 5.27 and Figure 5.28 presents the PCB fabrication of the PPG 

sensor and signal processing unit. In order to avoid interference from ambient light, the 

sensor is mounted in a circular plastic tube (Figure 5.30) which is then placed in a mini 

ABS box to further eliminate other environmental interference. The distance between 

the centre of IR LED and photodiode is approximately 12mm apart.  

 

Figure 5.26 Photo of  9 Volt and 5 Volt Power Supply circuit 
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Figure 5.27 Photo of the Transmission mode PPG sensor 

 

Figure 5.28 Photo of PCB Fabrication of the Main Transmission mode PPG signal 

processing unit 
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5.7.4 Mechanical packaging 

In order to fulfil the size constrained as proposed in this project, a printed circuit 

board (PCB) is used for the HBMD. Small size through-hole components were used 

for the design due to the small size of the board. A difficult task was faced in the 

process of soldering the components onto the small double sided PCB with 

dimension of 4” X 2.3” (L X W) as shown in Figure 5.29. Even so, the soldering of 

the PCB was completed successfully.  

 

Figure 5.29 Photo of Printed Circuit Board (Top and Bottom Layer) 
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5.8 Interconnection and setup of the Microcontroller based Heart 

Monitor  

Figure 5.30 and Figure 5.31 presents the Transmission mode PPG sensor with and 

without housing. PPG signal results were taken to establish the whether there is 

significant improvement when the PPG sensor is placed in a housing. The overall 

interconnection of Transmission mode PPG heart monitor is depicted in Figure 5.32. 

 

Figure 5.30 Photo of the Transmission mode PPG sensor (without housing) 

 

Figure 5.31 Photo of the Transmission mode PPG sensor (with housing)
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Figure 5.32 Interconnection of Transmission Mode PPG Heart Monitor 
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5.9 Conclusion 

The material and research methodology of the proposed transmission mode PPG heart 

monitor is presented. The principle of operation of PPG is based on the fact that light is 

attenuated when it is shown onto the skin and the attenuation shows variation depending 

on the volume of blood entering the tissue under observation. The 

Photoplethysmography (PPG) sensor includes infrared light emitting diode (IR LED) 

and a photodiode to collect the amount of light that passes through the finger. In this 

heart monitor, the detecting photodiode and light source is placed in transmission mode.  

General description of the heart beat monitoring device followed by a brief 

description of its circuits through block and schematic diagram was covered. The design 

and analysis of the transmission mode PPG heart monitor is carried out through 

theoretical calculations and circuit simulation using Proteus software followed by 

experimental sessions.  

Two Heart beat detection and analysis algorithm was developed implemented in 

PIC16F84A and PIC16F87. The heart rate of a subject is detected in 10 seconds and the 

heart rate is then calculated by the Flowcode V3 program (PIC16F84A). Another 

algorithm is developed for PIC16F87, to detect heart beat and capturing the interval 

between the pulses which is then sent to the microcontroller PIC16F87 for further 

analysis. The prototyping of the transmission mode PPG heart monitor started with 

circuit construction using the bread board. Each circuit was constructed and tested stage 

by stage. After the construction and assembly of the overall circuit, testing was carried 

out to measure heartbeat in beats per minute as the final output. The prototyping was 

completed with a printed circuit board design. 
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CHAPTER 6 

Verification and Validation of Proposed Heart Beat 

Monitoring Design 

6.1 Introduction 

Circuit design and fabrication of a non invasive heart beat monitoring device that 

employs Reflectance and Transmission mode Photoplethysmography using Parallel port 

interface and Microcontroller PIC16F84A and PIC16F87 has been implemented. 

The primary objective of this research was to determine whether this low cost 

Reflectance and Transmission mode PPG heart rate monitor can detect heart rates of 

subjects with sufficient accuracy. It is also to determine whether two major issues 

addressed earlier which is to achieve a strong and accurate PPG signal and 

simultaneously minimizes physiological artefacts and interference is fulfilled. A 

secondary objective includes obtaining data at various postural positions and 

determining the accuracy of the measurements based on subject’s finger size.  

Section 6.2 presents the design verifications of both Reflectance mode PPG and 

Transmission mode PPG heart monitor. The validation of the design is carried out 

which is discussed in section 6.3. An experiment involving postural change among 13 

healthy subjects between the ages of 19-37 was carried out to evaluate the performance 

of both reflectance and transmission mode PPG heart monitor. Omron M6 blood 

pressure monitor, pulse oximeter and proposed PPG heart monitor readings from fingers 

were simultaneously recorded. The heart rate (HR) were detected, calculated and 

analyzed by parallel port and microcontroller. The results are displayed on the computer 
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and the liquid crystal display. Finally, relationship of Heart rate (HR) between subject’s 

physical measurements, body positions and finger size were evaluated. 

Section 6.4 presents the results obtained from experiments conducted and is 

further elaborated and discussed in this section. Contributions of the research conclude 

the chapter. 

6.2 Design Verification 

In order to accomplish the verification of the proposed designs, several analyses were 

conducted. Verification was implemented through adequate theoretical calculations 

where necessary. However, most of the circuit analysis is carried out through circuit 

simulations executed using Proteus software (Isis). Real time simulation is very 

valuable which definitely has proven to save time and money. Finally, the prototypes 

heart monitor are evaluated experimentally by comparing the experimental results of the 

proposed Reflectance and Transmission mode PPG heart monitor with standard Blood 

pressure Omron M6 and portable pulse oximeter. 
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6.2.1 Reflectance Mode PPG Heart Monitor 

 

Figure 6.1 The overall Reflectance mode PPG heart monitor 

6.2.1.1 Hardware  

The overall Reflectance mode PPG heart monitor is depicted in Figure 6.1. A low cost 

Reflectance mode PPG heart monitor was developed to monitor, acquire and analyze 

the arterial pulse in the finger. The system consisted of a super bright LED and an LDR 

positioned in reflectance mode. This is followed by the signal conditioning circuitry to 

process the reflected light signal and a personal computer was used to further process 

the captured PPG signals and display them. A Borland C program was developed to 

capture the PPG data, detect the RR peaks, calculates the heart rate and analyzes the 

heart rate conditions. The interfacing was accomplished using parallel port. 

The circuit analysis of the proposed Reflectance mode PPG heart monitor is 

covered in Chapter 4. The calculation and simulation results were also verified by the 

real experiment results.  
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The following are results obtained from experimental session conducted using a PCB. 

As shown in figure 6.2, the heart beat signal obtained is stronger and stable but with 

60Hz noise. The amplitude of the heart beat signal at this stage is approximately 45mV 

with sampling rate of 1s.  

 

Figure 6.2 Heart Beat Signal obtained from Finger Probe 

 

To eliminate the high frequency component or the noise, a low pass filter is used. In 

figure 6.3, the dc signal obtained is very small (100mV) followed by the voltage 

follower which ensures the same signal is passed through to the instrumentation 

amplifier stage. The noise present in the signal has been reduced; however, the peak-to-

peak amplitude has also been attenuated due to filter effects. To counteract this effect 

and condition the signal, the amplification is applied using the Instrumentation 

amplifier. The signal was obtained at sampling rate of 1s. 
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Figure 6.3 Heart Beat Signal obtained from Low Pass Filter and Voltage Follower 

 

 

Figure 6.4 Heart beat Signal obtained from Instrumentation Amplifier and Differentiator 
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Figure 6.4 presents the output signal of the instrumentation amplifier with respect to the 

differentiator stage. The instrumentation amplifier signal (7.5V) from the PCB is 

stronger and more stable than the signal obtained using the breadboard. The output 

signal of the differentiator is also clearer (≈10V). When the slope of the Instrumentation 

amplifier signal is very steep, the signal of the differentiator also move faster in the 

opposite direction. Therefore, the steady increase of instrumentation amplifiers signal 

will result in slower changes in the output of the differentiator.  

 

Figure 6.5 Heart beat signal obtained from Differentiator and Comparator 

 

Finally, the output signal of the Comparator is stable due to the use of positive feedback 

also known as hysteresis. The signal obtained at this point is around 4.7V which is 

below 5V which is depicted in Figure 6.5. This is sufficient for the purpose of parallel 

port interfacing using Borland C programme. 
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This conclude that the circuit is functioning since the reading taken using Omron M6 

and the proposed heart monitor shows similar heart rate readings. Section 6.2.1.2 shows 

result obtained from Borland C programme interfaced using the parallel port. However, 

further testing is needed to validate overall performance of this Reflectance mode PPG 

heart monitor. This experimental result is presented in section 6.4.                                           

6.2.1.2 Software 

The depicted figure 6.6 shows that Borland C program written is successfully executed. 

The heart rate analysis program is able to calculate the average intervals of 11 heart 

beats. The calculation of the heart rate is also executed followed by analysis of the heart 

rate condition.  

 

Figure 6.6 Borland C Programme of Heart Rate Analysis 

 

Average intervals 

Heart rate in bpm 

Heart rate condition 
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6.2.2 Transmission Mode PPG Heart Monitor 

 

Figure 6.7 The overall Transmission mode PPG heart monitor 

 

6.2.2.1 Hardware 

The overall Transmission mode PPG heart monitor is depicted in Figure 6.7. A low cost 

portable transmission mode PPG heart monitor was developed to monitor, acquire and 

analyze the arterial pulse in the finger. The system consisted of an IR LED and a 

photodiode positioned in transmission mode. The signal obtained from the PPG sensor 

is passed through the conditioning circuitry to process the detected light signal. 

Microcontroller PIC is used to detect the digital signal, calculate and run the analysis of 

the heart rate condition. The readings are then displayed on a liquid crystal display 

(LCD). 

The following are result obtained from experimental session conducted using a 

PCB. As shown, the heart beat signal obtained is strong but unstable. Transmission 

signal consist more noise than reflectance signal because the light penetrates deeply into 
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tissues like the bone and muscle in the finger to be detected by the photodiode on the 

opposite sides. Not only signal obtained in transmission mode is stronger than 

reflectance mode, so is the noise. The signal is greatly amplified after passing through 

the current to voltage converted which is built using an operational amplifier LF412CN. 

 

Figure 6.8 Output of Photodiode across R5 (above) and output at pin 1 of operational 

amplifier LF412CN (below) 

 

In order for the microcontroller to be able to process the signal and count the heart 

pulses, the signal should not be interfered by any source of noise which will contribute 

to an incorrect measurement. Amplification of the PPG signal should suffice to be in the 

range required by the microcontroller. For this reason, a filtering stage consist of a 

cascade of active band pass filters was created in order to eliminate motion artefacts, 

ambient lighting noise, dc components and 60Hz noise which degrade the quality of the 

signal.  

Output of photodiode 

Output of pin 1 LF412CN 
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Furthermore, the filtered signal will contribute to an accurate digitization by the Schmitt 

Trigger since in case of a degraded signal the Schmitt Trigger may produce a false 

trigger. In addition, the band pass filter sets the frequency response of the circuit which 

is approximately 0.48Hz-4.82Hz. This is allowing detection of a lower heart rate of 29 

bpm and a maximum heart rate of 290 bpm. Theoretically, this frequency domain will 

attenuate high and low frequency components achieving a clean diagnosable waveform. 

In addition, high pass filter with cut off frequency of 0.03Hz was constructed in order to 

eliminate dc components due to non-pulsating parts detected from the photodiode. The 

output PPG signal of the band pass filter is illustrated in figure 6.9. 

 

Figure 6.9 Heart Beat Signal obtained from active band pass filter (above) and signal from 

Schmitt trigger (below) without sensor casing 

Output of filter 

Output of Schmitt trigger 
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Figure 6.10 Heart Beat Signal obtained from active band pass filter (above) and signal 

from Schmitt trigger (below) with sensor casing 

It can be observed from figure 6.9 that the active double band pass filter attenuated the 

high frequency components that were interfering with the PPG signal and a diagnosable 

arterial pulse waveform was obtained. This shows that theoretical calculations and 

simulation matches with the experimental results.  

Despite that the PPG signal at this stage is accurate enough to be transmitted to 

the Schmitt Trigger, the affect of motion artefacts and ambient light may arise at a later 

stage since the sensor is not yet isolated and the IR LED and the photodiode are not 

tightly fixed. Thus, are prone to any motion of the finger that will lead to a displacement 

of either of the two components and as a result a degraded signal due to motion artefact. 

In order to avoid the affect of motion artefacts and ambient light, the 

optoelectronic components where built and tightly fixed within a plastic tube and is 

placed in a black box as shown in chapter 5 section 5.8 in figure 5.30 - 5.31. The subject 

Output of filter 

Output of Schmitt trigger 
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placed his finger within the tube sensor while he was sitting in a relaxed manner and 

measurements were obtained from the output of the band pass filter. A cleaner and 

smoother PPG signal was obtained as it can be verified from figure 6.10. Most of the 

high frequency components were eliminated, and the PPG signal became cleaner and 

more diagnosable without the influence of motion artefacts. The signal represents the 

arterial pulsating flow from which the heart rate can be measured indicating that the 

device is able to detect and provide a clean and diagnosable PPG waveform. This 

solved the issues stated earlier which is to achieve a strong and accurate PPG signal and 

simultaneously minimizes physiological artefacts and interference. 

The performance of the Schmitt Trigger on whether it is able to convert the AC 

signal into digital pulses in order to be fed in the input of the microcontroller is also 

achieved. Figure 6.9 - 6.10 verifies that the analogue signal is converted into digital 

pulses with maximum amplitude of 3.8V.  

The final stage in testing the performance of the device includes the processing 

and display of the heart rate in which the microcontroller is programmed to receive in 

its input the digitized signal. The accurate performance of the microcontroller was also 

obtained during simulation in Flowcode program and in Proteus software where a 

known amplitude and frequency signal was fed in its input which provided the correct 

measurement on the LCD. 

6.2.2.2 Software 

Before actual fabrication of the heart beat monitoring device, electronic circuit 

simulation of the design is implemented using Proteus virtual system modeling (VSM).  

Electronic circuit simulation uses mathematical models to replicate the behaviour of an 

actual electronic device or circuit. Simulating circuit’s behaviour before actually 

building it can greatly improve design efficiency by making faulty designs known as 
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such, and providing insight into the behaviour of electronics circuit designs. It is 

considered as an invaluable analysis tool.   

Using Proteus VSM, the verification process of the Heart rate analysis algorithm 

written in the Flowcode V3 is implemented. Programming using Flow chart method, in 

this case Flowcode V3 demonstrate both design and time efficiency compared to 

writing a program from first principles like Borland C due to requirement of 

considerable programming skills. The simulations in Proteus VSM verify that the 

proposed algorithm succeeds in calculation, analysis and display of heart rate and heart 

rate conditions. 

Based on algorithm written for PIC16F84A in chapter 5 section 5.5.2, when the 

program is running, it sets the internal timer of the microcontroller to start counting for 

10 seconds while during this time it detects the rising edges of the heart pulses appeared 

in the input RB0 of the microcontroller. The rising edge is counted, increasing the 

number of heart pulses by adding one to previous heart pulse. Heart rate calculation is 

performed after 10 seconds. 

 The program written in Flowcode is first tested. During the testing, the push to 

make button is pressed for example, 11 times representing the number of 11 pulses and 

counted by the microcontroller when the timer reached 10 seconds. Therefore through 

the calculation, the heart rate reading should be 66 beats per minute and the LCD will 

also display HR Normal.  

The program is further developed using microcontroller PIC16F87. Instead of 

counting the heart beat in 10 seconds and multiplying it by 6 which is implemented with 

PIC16F84A, it is more accurate to calculate the heart rate in beats per minute by 

multiplication of 60 by 1/ t ( t, average time difference for 10 heart beat). The program 

starts by resetting time and heartbeat to 0. When the Heart Rate Detection and analysis 
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program detects high input at pin 6 (Rb0/INT) of the PIC16F87, the time for each 

heartbeat is recorded. The program will run until 11 heart beats are detected by the 

RB0/INT. The time intervals of the 10 heart beats are summed and the average time 

interval is calculated. The program will then work out the heart rate using the 

programmed formula. Analysis is carried out to determine the heart rate condition 

whether normal or abnormal. The user may quit the program by switching of the battery 

or restart the program by pressing the reset button provided. Execution of both the 

Flowcode programs is depicted in figure 6.11 – 6.14. The comprehensive Flowcode 

program for Microcontroller PIC16F84A and PIC16F87 are shown in the appendices. 
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Figure 6.11 Example of Flowcode simulation when the push to make button is pressed 11 

times using PIC16F84A 

 

Figure 6.12 Example of Flowcode simulation showing heart rate condition using 

PIC16F84A 
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Figure 6.13 Example of Flowcode simulation when the push to make button is pressed 11 

times at same intervals using PIC16F87 

 

Figure 6.14 Example of Flowcode simulation showing heart rate condition using 

PIC16F87
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Table 6.1 Heart rate conditions in resting adults 

Arrhythmia 

(Adults at rest) 

Heart Rate 

(bpm) 

Display on 

LCD 

 

Bradycardia 

Normal 

Tachycardia 

 

Below 60 

60-100 

Above 100 

 

HR Low 

HR Normal 

HR Fast 

   

 

Using Proteus VSM, example of second verification procedure of the Flowcode design 

is implemented. The microcontroller was programmed using Flowcode V3 and the hex 

file is transferred into the microcontroller in Proteus VSM for virtual testing. In this test, 

virtual signal generator is used which is then varied from 0 to 2 Hz,  equivalent to heart 

rate of 0 to 120 beats per minute. In figure 6.16, the virtual signal generator is set to 1 

Hz which as depicted results in heart rate reading of 60 beats per minute and heart rate 

condition normal in figure 6.17. Figure 6.15 shows theoretical calculation and the 

simulation results. 

 

Figure 6.15 Comparison of theoretical calculation and simulation results conducted in 

Proteus VSM 
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Figure 6.16 Verification of the Flowcode design in Proteus VSM when virtual signal 

generator is set to 1Hz 

 

Figure 6.17 Verification of the Flowcode design in Proteus VSM presenting the heart rate 

condition
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6.3 Human Testing 

Section 6.3.1 introduces the experimental setup, including the human testing protocol, 

reflectance and transmission mode PPG heart monitor and the control measurements. 

Section 6.3.2 describes the 13 subject population used in the human testing experiment. 

Section 6.3.3 describes all the measurements of the human subject’s body and finger 

size. Finally, Section 6.3.4 will describe the techniques used to analyze the data, the 

Bland Altman analysis for method comparison studies. 

6.3.1 Experimental Setup 

6.3.1.1 Experimental Procedure 

Each subject was informed about the details of the study and their consent was taken 

before the recordings were made (see appendix). The experimental procedure consists 

of data recording that was administered to individual participants in the medical 

engineering laboratory WG37. The following were conducted before and during the 

experimental procedure: 

1) Personal data was collected for analysis purpose. 

2) Omron M6 was connected to participant’s left arm and portable pulse oximeter, 

Reflectance PPG and Transmission PPG Heart Monitor were connected to left 

fingers. 

3) Participants were asked to be in the following positions with 2 minutes break in 

between.  

a) Supine -5 minutes 

b) Sitting -5 minutes 

c) Standing -5 minutes 
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Care was taken to see that the effect of motion artefact was the lowest possible. The 

subjects were also asked not to undergo strenuous exercise, avoid consuming hot drinks 

or those containing caffeine, and refrain from smoking for 2 hours prior to recording. It 

was also ensured that the subjects were relaxed and breathing regularly and gently. The 

participation in this study required maximum 1 hour of their time. Minimal risk was 

anticipated associated with execution of the experimental procedure. Measures were 

taken to reduce the risk by explaining the comprehensive procedures prior to the 

implementation of the experiments. Furthermore, all equipment involved in this 

experiment was PAT tested to prevent electrical hazard. Some participant found device 

Omron M6 a little uncomfortable, however there was no known side effect reported by 

the participants. 

 

Figure 6.18 Photo of experimental setup for human subjects method comparison study 

while participant in supine position 

 



210 

 

 

Figure 6.19 Photo of experimental setup for human subjects method comparison study 

while participant in sitting position 

 

Figure 6.20 Photo of experimental setup for human subjects method comparison study 

while participant in standing position 
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6.3.1.2 Control Measurement 

The control measurement for the heart rate is an Omron M6 blood pressure monitor 

costing around £75.99 with heart rate accuracy of ± 3 bpm. The cuff for Omron M6 is 

strapped to upper arm just below the arm pit. One button operation feature makes it easy 

to operate which provide both blood pressure and heart rate readings. To validate the 

prototype even further, a portable pulse oximeter costing around £59.99 is also used 

which utilize similar PPG technique. The specification heart rate is between 30-250 

bpm with accuracy of ± 3 bpm. 

 

Figure 6.21 Photo of Blood Pressure Monitor Omron M6   

 

 

 

 

Figure 6.22 Photo of Portable Pulse Oximeter 
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6.3.2 Measurement of Human Subjects 

A total of 13 subjects were involved in the experiment made up of 8 female and 5 male. 

The age of the subjects ranged from 19 to 37 with mean age of 26. The body mass index 

of subjects ranged from 17.4 to 32.2, with a mean BMI of 23.5. The finger 

circumference and finger thickness of the subject ranged from 4.1 to 5.2 cm and 9.0 to 

10.2 mm, with a mean finger circumference of 4.5 cm and a mean finger thickness of 

9.9 mm. The average resting heart rate varied from 50 to 83 beats per minute, with a 

mean of 70 beats per minute. The demographic data of the subjects are as listed in Table 

6.2 and the methods used to make the measurements are described in section 6.3. The 

inclusion criteria were: no clinically apparent arterial disease or physical abnormality, 

not observantly obese or on any medication. 

6.3.2.1 Human Body Size 

The subject’s height was measured using three 1 meter ruler with the subject’s shoes 

off. The rulers are taped to the wall. The subject’s body weight was measured on a 

strain-gauge based manual scale with clothing on.  

Body mass index (BMI) is used as an alternative for total body fat. It is frequent 

estimation of body type, mainly because weight and height are easy to measure, highly 

consistent and require minimal expenditure on equipment. Its performance can be 

improved by allowing for age and gender, but not frame size (Norgan, 1991). The BMI 

does not separate the moderately obese from muscular individual and it does not take 

into account the changing composition with age.  

 In 1998, the U.S. National Institutes of Health brought U.S. definitions into line 

with World Health Organization guidelines, lowering the normal/overweight cut-off 

from BMI 27.8 to BMI 25. Therefore, BMI below 18.5 is considered underweight, a 
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BMI between 18.5 and 24.9 is considered normal, a BMI between 25.0 and 29.9 is 

considered overweight and a BMI over 30 is considered obese (Droitcour, 2006). 

In Asian country, the BMI cut off figures were revised in 2005 with an emphasis 

on health risks instead of weight. Adults whose BMI is between 18.5 and 22.9 is 

considered normal and  have a low risk of developing heart disease and other health 

problems such as diabetes. Those considered overweight with a BMI between 23 and 

27.4 are at moderate risk while those considered obese with BMI of 27.5 and above are 

at high risk of heart disease and other health problems. 

6.3.2.2 Finger Thickness and Circumference 

Subject’s finger thickness was measured using a body fat caliper and the measurement 

is in millimeter (mm).  A thread and a ruler are used to measure subject’s finger 

circumference. 

 

Figure 6.23 Photo of Body fat caliper for measuring finger thickness 
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6.3.2.3 Demographic Data of Subjects 

Table 6.2 Measured and Collected Subject Data. “Sub” is the 4-digit subject number. 

“Age” and “Gen” are the subject’s age and gender as reported by the subject. “Ht” and 

“Wt” are the subject’s measured height in cm and weight in kg, and “BMI” is the 

subject’s body mass index, calculated as Wt/Ht
2
, with the weight in kg and the height in m. 

“FC” and “FT” are the subject’s index finger circumference and index finger thickness. 

“HR” is the subject’s average heart rates. 

 

Sub Age Gen Ht (cm) Wt (kg) 
BMI 

(kg/m
2)

 
FC 

(cm) 
FT 

(mm) 
HR 

(bpm) 

0907 19 Female 165 65 23.9 4.2 10.1 63 

1410 20 Female 162 48 18.3 4.9 10 81 

1010 20 Female 168 61 21.6 4.7 10.1 76 

1711 21 Male 176 64 20.7 4.5 10.1 60 

1902 24 Male 184 71 21 5.1 10.2 71 

1910 26 Male 157 68 27.6 4.5 10.2 64 

1304 26 Male 179 71 22.2 5.2 10.2 62 

5246 27 Female 157 55 22.3 4.1 9 62 

5967 27 Male 159 44 17.4 4.4 9 50 

5038 30 Female 155 60 25 4.1 10 72 

5766 34 Female 155 70 29.1 4.6 10.1 81 

3350 35 Female 152 57 24.7 4.4 10.1 83 

5420 37 Female 148 70 32.2 4.5 10.1 80 

Avg 26.6  162.8 61.8 23.5 4.6 9.9 70 

StdD 5.9  11 8.8 4.2 0.3 0.4 10.3 

 

 

6.3.3 Bland Altman Analysis for Comparison Method 

The Bland Altman analysis technique for method comparison involves plotting the 

difference between the two methods’ measurement values against the average of the 

two measurements. Plotting using Bland Altman technique presents more information 

than plotting the results of one measurement against another measurement. The reason 

is the data is better spread out and the bias and variation of the measurements is easily 

assessed (Bland and Altman, 2010). Even referred to as the “gold standard”, the 

standard measurement should not be considered error free (Bland and Altman, 1999). 
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Therefore it is important not to plot the difference against the “gold standard,” which 

may introduce bias into the measurement, as discussed in (Bland and Altman, 1995). 

The mean difference is then an estimation of the average bias of one method to the 

other. Furthermore, calculation of the 95% confidence intervals for the difference 

between the two methods of measurement is straight forward when the measurement 

error is assumed to have a Gaussian distribution about the bias. The bias d, is calculated 

as the mean of the difference between the two measurements. The standard deviation of 

the differences,sd is also calculated. For a Gaussian distribution, the 95% confidence 

intervals are at d ± 1.96 sd (Bland and Altman, 1999). 

6.4 Result and Discussion 

Data was collected from 13 subjects, 5 male and 8 female in no particular order. 3 

readings were taken for each device in 3 body positions. Both mean and standard 

deviation was calculated for the data obtained. The Bland Altman plots shown in figures 

6.24 through 6.29 and statistics listed in Tables 6.3 and 6.4 show the heart rates 

measured for 13 subjects. Bland Altman plots are shown for all heart rate data collected 

in different body positions. The Bland Altman graph plots the difference between the 

heart rates found with the PPG Heart rate monitor and blood pressure monitor Omron 

M6 vs. the mean of the rates. Table 6.2 and 6.3 shows the mean and standard deviation 

of the difference between the rates for each subject at each body position. 

 The effect of body position and finger size on heart rate is presented. 

Physiological artefacts and interference is explored focusing on two most frequent 

cause, ambient light and motion artefacts. The main part of this thesis, contributions of 

proposed PPG mode heart beat monitoring device concludes the chapter.   

 



216 

 

6.4.1 Reflectance Mode PPG Heart Monitor 

 

In supine position, the heart rate measurements from the Reflectance mode PPG heart 

monitor are between 6.3 beats per minute above and -5.8 beats per minute below the 

rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Reflectance mode PPG and Omron M6 has a mean of 0.2 beats 

per minute and a standard deviation of 3.1 beats per minute. 

 

Figure 6.24 Bland Altman plot of heart rate measured with Reflectance Mode PPG Heart 

monitor and Omron in supine position for all subjects 
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In sitting position, the heart rate measurements from the Reflectance mode PPG heart 

monitor are between 7.8 beats per minute above and -5.7 beats per minute below the 

rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Reflectance mode PPG and Omron M6 has a mean of 1.0 beats 

per minute and a standard deviation of 3.4 beats per minute. 

 

Figure 6.25 Bland Altman plot of heart rate measured with Reflectance Mode PPG Heart 

monitor and Omron in sitting position for all subjects 
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In standing position, the heart rate measurements from the Reflectance mode PPG heart 

monitor are between 5.7 beats per minute above and -6.6 beats per minute below the 

rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Reflectance mode PPG and Omron M6 has a mean of -0.5 

beats per minute and a standard deviation of 3.2 beats per minute. The summary for the 

Bland Altman data in tabulation form is presented in Table 6.3. 

 

 

Figure 6.26 Bland Altman plot of heart rate measured with Reflectance Mode PPG Heart 

monitor and Omron in standing position for all subjects 
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Table 6.3 Bland Altman Data for Each Subject’s Heart Measurement. “Mean” indicates 

the mean of the difference between the heart rate found with the Reflectance PPG system 

and that found with the Omron M6. “Std dev” indicates the standard deviation of the 

difference between the rates. The units are beats per minute. 

Subject 
Supine Sitting Standing 

Mean Std dev Mean Std dev Mean Std dev 

0907 1.333 1.528 4.000 5.000 0.000 5.568 

1410 0.667 3.512 0.333 3.215 1.333 1.528 

1010 0.667 1.528 -0.333 5.508 0.333 1.528 

1711 0.333 1.528 -3.667 5.508 -2.333 2.309 

1902 -1.000 1.732 2.000 2.000 -2.667 2.082 

1910 4.000 2.646 -1.667 5.859 -1.000 2.000 

1304 -1.000 1.000 -0.667 2.082 -2.333 5.859 

5246 0.000 1.732 1.667 1.528 1.000 1.732 

5967 1.000 2.646 -1.333 3.055 -0.667 4.041 

5038 0.000 1.732 2.000 1.000 2.000 3.000 

5766 -5.000 1.732 3.667 5.774 -1.667 2.887 

3350 4.667 0.577 7.000 1.732 -0.667 5.132 

5420 -3.000 4.359 2.000 1.732 0.667 1.155 

 

 

 

 

 

 

 

 

 

 



220 

 

6.4.2 Transmission Mode PPG Heart Monitor 

 

In supine position, the heart rate measurements from the Transmission mode PPG heart 

monitor are between 6.8 beats per minute above and -5.9 beats per minute below the 

rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Transmission mode PPG and Omron M6 has a mean of 0.4 

beats per minute and a standard deviation of 3.2 beats per minute. 

 

Figure 6.27 Bland Altman plot of heart rate measured with Transmission Mode PPG 

Heart monitor and Omron in supine position for all subjects 
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In sitting position, the heart rate measurements from the Transmission mode PPG heart 

monitor are between 7.9 beats per minute above and -8.9 beats per minute below the 

rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Transmission mode PPG and Omron M6 has a mean of -0.48 

beats per minute and a standard deviation of 4.3 beats per minute. 

 

Figure 6.28 Bland Altman plot of heart rate measured with Transmission Mode PPG 

Heart monitor and Omron in sitting position for all subjects 
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In standing position, the heart rate measurements from the Transmission mode PPG 

heart monitor are between 5.7 beats per minute above and -9.4 beats per minute below 

the rate measured with Omron M6 with 95% confidence. The difference between heart 

rates calculated with the Transmission mode PPG and Omron M6 has a mean of -1.8 

beats per minute and a standard deviation of 3.8 beats per minute. The summary for the 

Bland Altman data in tabulation form is presented in Table 6.4. 

 

Figure 6.29 Bland Altman plot of heart rate measured with Transmission Mode PPG 

Heart monitor and Omron in standing position for all subjects 
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Table 6.4 Bland Altman Data for Each Subject’s Heart Measurement. “Mean” indicates 

the mean of the difference between the heart rate found with the Transmission PPG 

system and that found with the Omron M6. “Std dev” indicates the standard deviation of 

the difference between the rates. The units are beats per minute. 

Subject 
Supine Sitting Standing 

Mean Std dev Mean Std dev Mean Std dev 

0907 3.000 2.000 1.667 3.055 1.000 4.583 

1410 -2.000 2.646 -2.667 1.528 -1.667 0.577 

1010 2.000 1.000 -1.000 5.568 0.667 2.309 

1711 2.333 1.155 0.667 2.517 -2.667 0.577 

1902 -0.333 1.155 -1.333 0.577 -7.667 1.528 

1910 3.000 3.000 -2.333 8.327 -2.000 2.000 

1304 -2.667 2.082 -0.667 2.082 -6.333 7.095 

5246 0.667 3.055 -1.000 1.000 -3.333 1.528 

5967 3.667 3.055 0.333 0.577 0.333 2.082 

5038 -4.333 3.055 -6.333 3.055 3.333 2.517 

5766 -2.000 3.000 3.667 3.215 -0.333 1.528 

3350 2.000 3.000 6.333 4.041 -4.667 1.155 

5420 0.667 3.512 -3.667 3.055 -1.000 3.464 
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6.4.3 Mean Heart Rate For All Subject 

Figure 6.30-6.32 presents the comparison of mean heart rate measured from the 

proposed Reflectance and Transmission mode PPG heart monitor with the standard 

blood pressure monitor Omron M6 and pulse oximeter.  

 

Figure 6.30 Mean Heart Rates of 13 subjects in Supine position 

 

Figure 6.31 Mean Heart Rates of 13 subjects in Sitting position 
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Figure 6.32 Mean Heart Rates of 13 subjects in Standing position 

From the figures, Table 6.5 showing accuracy of the proposed PPG mode heart monitor 

is derived. The comparison shows that in supine position the Reflectance mode PPG 

heart monitor has accuracy with a mean of -0.62 and standard deviation of 4.46. In 

sitting position, Reflectance mode PPG heart monitor has accuracy with a mean of 1.41 

and standard deviation of 5.77. In standing position, the accuracy of the Reflectance 

mode PPG is with a mean of -0.6 and standard deviation of 4.06. 

 In supine, sitting and standing, Transmission mode PPG has accuracy with 

means of -1.02,-0.56, 2.05 and standard deviation of 4.69, 5.70, 2.05.  

Table 6.5 Accuracy of Proposed Reflectance and Transmission mode PPG Heart Monitor 

Body Position 
Accuracy of Reflectance 

mode PPG 

(%) 

Accuracy of Transmission 

mode PPG 

(%) 

Supine -0.62 ± 4.46 -1.02 ± 4.69 

Sitting  1.41 ± 5.77 -0.56 ± 5.70 

Standing -0.6 ± 4.06 2.05 ± 4.46 
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6.4.4 Effect of Finger Size on Reflectance and Transmission PPG Sensor 

In section 6.4.3, the overall accuracy of the proposed PPG mode heart monitor has been 

derived. However, this accuracy may defer depending on the circumference size of the 

subject’s finger. Therefore, the average error rate of small and medium size finger was 

calculated for the proposed heart monitor.  

 

Figure 6.33 Error Rate for Small and Medium Size Finger for Reflectance and 

Transmission mode PPG 

The result is shown in figure 6.33 and Table 6.6. Based on observation made on the 

result, Reflectance mode PPG heart monitor works better with medium-sized fingers. 

On the other hand, the Transmission mode PPG heart monitor works well with small-

sized fingers. 
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Despite the fact that both reflectance and transmittance PPG sensor can successfully 

measure the pulsating blood volume from the vascular bed of tissue, there are some 

advantages and disadvantages when comparing the two modes of detection. A major 

disadvantage of the reflectance measurement that may limits the signal quality is that 

the reflected amount of light detected by the LDR is less compared to transmission 

mode. This explains why Reflectance mode PPG works better for medium-sized finger. 

Table 6.6 Error Rate for Different Finger Size 

Finger circumference 

(cm) 

Reflectance mode 

PPG Mean Error 

Rate (%) 

Transmission mode 

PPG Mean Error 

Rate (%) 

Small (4.1-4.5) 1.60 0.44 

Medium (4.7-5.2) 0.56 1.16 

 

The signal quality of the transmission mode is much better since a high intensity 

IR LED. Although the PPG signal obtained is stronger, so is the noise or any 

interference picked up by the PPG sensor. Therefore, Transmission mode PPG works 

better for small-sized finger. However, in cases where the intensity of light is reduced 

the transmitted light through a relatively thick tissue is less compared to those reflected. 

This supports the research conducted by Ugnell and Öberg (1995) claiming that the 

choice of light source and detectors are very important. 
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6.4.5 Effect of Body Positions on Heart Rate  

As depicted in figure 6.33 and 6.34, the heart rate reading increases in most subjects 

from supine, sitting and standing position. This supports the literature describe by 

Stephen et al (2005) where detection of the rapid pressure loss by the baroreceptors 

which increases the sympathetic activity. This result in increase heart rate.   

 

 

Figure 6.34 Variation of Heart Rates measured with Reflectance (top), Transmission 

(bottom) Mode PPG Heart monitor at supine, sitting and standing position for 7 subjects 
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6.4.6 Physiological Artefacts and Interference 

It is known among PPG user that this method is very sensitive to interference from 

ambient light and motion artefacts. Although it is relatively simple task to perform 

automatic analysis of clear PPG signals, noisy signal analysis may be impossible. In this 

section, various artefacts and interference faced during experimental session is 

presented. By understanding the cause of interference, the problems were overcome and 

an efficient design is achieved.  

6.4.6.1 Interference from Ambient Light 

 

 

Figure 6.35 PPG Signal obtained from PPG sensor without casing (above) and with sensor 

casing (below)

Output of filter 

Output of filter 
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Figure 6.35 presents comparison of PPG signal obtained from PPG sensor with and 

without casing. As shown, ambient light causes artefact by coupling to the PPG 

detector, either directly or by transmission through tissue. Whilst it is theoretically 

straightforward to remove ambient artefacts, practical limitations mean that sufficiently 

bright or high frequency artificial light sources can still cause artefacts. Therefore in 

order to reduce the interference effect from ambient light, the PPG sensor for both 

Reflectance and Transmission mode is placed in a mini ABS box. As shown in figure 

6.35, although the interference from ambient light is reduced drastically so is the 

amplitude of the PPG signal. However this is overcome by the use of instrumentation 

amplifier in Reflectance mode PPG heart monitor and an operational amplifiers LF 

412CN in Transmission mode PPG heart monitor to increase the gain of the PPG signal. 
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6.4.6.2 Motion Artefacts 

Many vital physiological features are embedded in Photoplethysmography (PPG). 

Among them, heart beat carries the most significant importance for physiological 

monitoring in the clinical settings. However, motion artefact can distort the PPG signal 

significantly and cause false detection of heart beat which may lead to wrong diagnosis. 

 

Figure 6.36 3 seconds prior to smooth detection of PPG signal 

 

The distorted PPG signal in figure 6.36 is picked up during experimental session for the 

first 3 seconds after the PPG sensor is attached to the finger. This may be due to 

placement of transducers on and connecting a system to the instrument which causes 

spurious variations in the parameters being investigated. Therefore, subjects are advised 

to relax and the measurement is only taken 5 seconds after the attachment of the PPG 

sensor. 
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Figure 6.37 Motion Artefacts induced by finger movement 

Figure 6.37 shows motion artefacts which are induced by subject’s finger movement. 

To reduce the problem, subject is required to relax and avoid unnecessary movements. 

Design of the Schmitt trigger in Reflectance mode PPG heart monitor provides the user 

with the control of the threshold level. Verification of the design demonstrates that all 

movements above the threshold voltage are neglected by the signal conditioning unit. 

Furthermore, Heart Rate Analysis program written is executed using average intervals 

value of 11 heart beats. This is to increase the accuracy of the heart rate readings.  

 In Transmission mode PPG heart monitor, the problem can be minimize using 

the active filter provided. The active band pass filter designed provides a variable 

resistor where frequency response of the filter maybe adjusted depending on the person 
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using the device. Unlike Reflectance mode PPG heart monitor proposed, the active band 

pass filter is designed to eliminate all signals below 0.48 Hz and above 4.8 Hz. This 

directly attenuate the signals induce by respiration. Furthermore, additional high pass 

filter is also designed using capacitor C5 and resistor R9 resulting in a low frequency 

roll off below 0.03Hz for attenuation of dc offsets. The noise and interference due to 

50Hz pick up and harmonics from the power mains as well and other high frequency 

components due to motion artefacts and ambient light is also attenuated by including 

two low pass filter for a sharper cutoff. The performance of both Reflectance and 

Transmission mode PPG has been verified. The heart monitor has demonstrated its 

efficiency in reduction of motion artefacts that has occurred during the experimental 

session which is depicted in figure 6.38 until figure 6.41.  

 

Figure 6.38 False Triggering of Schmitt Trigger due to misinterpretation of venous 

pulsation as another heart beat  
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Figure 6.39 Missing heart beat which will result in inaccurate heart rate reading 

 

 

Figure 6.40 Motion artefact which result in longer time interval representing incorrect 

heart rate reading 
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Figure 6.41 Improved circuit design which contributed to cleaner and noise free PPG 

signal 

 

As a result of the verified design of Reflectance and Transmission mode PPG, problem 

regarding physiological artefacts and interference as well as effect of ambient light has 

been addressed. Artefact is the term given to unwanted noise superimposed onto the 

PPG signal. Measurement taken demonstrate that artefacts can be induced by anything, 

which causes a dynamic change in the light received by the PPG detector. Any variation 

in the optical coupling between the PPG sensor and the subject’s finger or physiological 

changes will dynamically alter the transmitted light. To minimize the effect, a well 

design PPG sensor and signal conditioning unit is crucial. 
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6.4.7 Cost Analysis 

The final cost of the prototype including all the components used is shown in Appendix 

E. The electronic components were bought from RAPID and ONECALL Company. 

Both mini ABS the ABS BOX was from MAPLIN ELECTRONIC. The total cost for 

the HBMD unit is GBP40. However, if the HBMD is produced in bulk, the bulk cost 

per unit will be cheaper which is aim at less than GBP20 per unit. 
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CHAPTER 7 

Conclusion and Further Future Work 

7.1 Conclusion 

The previous six chapters present the design and development of a low cost heart beat 

monitoring device using finger photoplethysmography technique. With the development 

in optical technology, non invasive assessment of cardiovascular functions by the 

peripheral arterial pulse has gained significant research and clinical interest and PPG is 

one such technique which has gained popularity during recent decades. 

Photoplethysmography (PPG) is a simple and low cost optical technique that is used in 

this research to detect blood volume changes in the microvascular bed of tissue. It 

consists of a suitable light source and a photo detector and is often used non invasively 

to obtain measurements at the skin surface.   

A comprehensive literature review is presented in chapter 2 and chapter 3 

providing relevant background towards heart physiological motion and measurement as 

well as Photoplethysmography technique. Through the knowledge obtained from 

literature review, results obtained from experimental session are further understood. 

This is due to the facts that all the literature review contributes towards the final 

readings of the heart rate which at the end indicates the heart condition of the subjects. 

3 major problems related to Photoplethysmography technique was determined; 

the accessibility of the PPG signal from the finger, design of electronic schematic 

solutions to achieve precise signal acquisition and interference due to ambient light and 

motion artefacts. Therefore, two new signal conditioning circuit for the heart beat 
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monitoring device have been designed to filter, amplify and condition the raw PPG 

signal obtained from finger reflectance and transmission mode PPG sensor. Interfacing 

technique via Parallel port to the computer using Heart rate analysis algorithm based on 

beat to beat were implemented for the first time within the context of Heart beat 

monitoring. Furthermore, Heart Rate analysis algorithms were implemented for the first 

time within the context of Flowcode V3 programming. The algorithm proposed in this 

work is divided into two which is based on beat to beat and time intervals of the 

digitized PPG signal. 

The performance of both Reflectance and Transmission mode PPG has been 

verified where heart rate readings were measured from the heart monitor against 

standard blood pressure monitor Omron M6 and portable pulse oximeter. Experiments 

involving postural change among 13 healthy subjects between the age of 19-37 was 

carried out to evaluate the performance of both reflectance and transmission mode PPG 

heart monitor. The relationship of Heart rate (HR) between subject’s body positions and 

finger size was also evaluated. The heart monitor has demonstrated its efficiency in 

reduction of motion artefacts that has occurred during the experimental session. 

Through well circuit design, effect of ambient light is reduced using isolation method. 

Motion artefact induced by finger movement, false triggering of Schmitt trigger due to 

misinterpretation of venous pulsation as heart beat, missing or extra heart beat which 

will result in inaccurate heart rate reading is also minimized. 

It can be concluded that the Reflectance mode PPG heart monitor has accuracy 

with a mean of -0.62 and standard deviation of 4.46 for supine position, mean of 1.41 

and standard deviation of 5.77 for sitting position and in standing position, the accuracy 

of the Reflectance mode PPG is with a mean of -0.6 and standard deviation of 4.06. In 

supine, sitting and standing, Transmission mode PPG has accuracy with means of -
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1.02,-0.56, 2.05 and standard deviation of 4.69, 5.70, and 2.05. However, this accuracy 

is also affected by the size of the subject’s finger. Based on observation made, 

Reflectance mode PPG heart monitor works better with medium-sized fingers with error 

rate of only 0.56% and Transmission mode PPG heart monitor works well with small-

sized fingers with error rate of 0.44%. Heart rate reading increases in most subjects 

from supine, sitting and standing position which agrees with the literature review. 

Therefore, factors such as finger size and body position are found to affect the 

efficiency of the proposed design. 

Issue concerning physiological artefact and effects of ambient light is discussed. 

Through well circuit design, effect of ambient light is reduced using isolation method. 

Motion artefact induced by finger movement, false triggering of schmitt trigger due to 

misinterpretation of venous pulsation as heart beat, missing or extra heart beat which 

will result in inaccurate heart rate reading is also minimized. Finally the cost of the 

electronic components for building the prototype is calculated around GBP40 per unit, 

which is still considered low cost compared to device currently on market. This fulfils 

the main objective which is to produce a low cost heart beat monitoring device.  

 

 

 

 

 

 



 

240 

 

7.2 Further Future work   

While both Reflectance and Transmission mode PPG heart beat monitoring devices 

worked well, it had a few areas where its performance could be improved. Area with 

opportunity for improvement is the signal processing. Some rate finding systems use 

non linear smoothing algorithms that will discard outliers in the rate before averaging. 

Techniques other than autocorrelation, such as wavelet techniques could improve the 

rate finding. Adaptive filtering to separate the heart signal from the respiration signal 

could provide more optimal filtering than the fixed filters used in this research.  

Further validation of the proposed heart monitor design is required by cardiovascular 

studies based on the PPG signals recorded. Using detection of R-R intervals, arrhythmia 

such as atrial or junctional premature beat, ventricular premature beat, atrial fibrillation, 

supraventricular tachycardia intermittent, sick sinus syndrome (sinoatrial arrest, 

sinoatrial block), sinus tachycardia and sinus bradycardia are detectable. This is due the 

fact that pulse to pulse interval by PPG can be considered the same as R and R interval 

by ECG in the case where subject’s physiological state is static. 

The potential of both the Reflectance and Transmission mode PPG heart beat 

monitoring device in performing Heart Rate Variability analysis (HRV) may be 

explored. Heart beat signal is crucial because HRV represents quantitative marker of 

autonomic activity, and a powerful tool in the recognition of the relationship between 

autonomic nervous system and cardiovascular mortality. This may be evaluated by 

using time domain, frequency domain and nonlinear methods of analysis such as 

Poincare Plot Analysis, Correlation dimension (CD) analysis and Detrended Fluctuation 

Analysis (DFA). 
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A3 Conference Paper 
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B1 Datasheet Superbright Led 
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B2 Datasheet Infrared Led 
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B3 Datasheet Light Dependant Resistor 
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B4 Datasheet Photodiode 

 

 

 

 

 

 

 

 

 



 

280 

 

C1 Borland C Program for Parallel Port Interface 

/**************************************************/ 

/*** TEST.c  -- test interface to inpout32.dll    ***/ 

/***  ( http://www.logix4u.net/inpout32.htm )     ***/ 

/*** Copyright (C) 2003, Douglas Beattie Jr.      ***/ 

/***    <beattidp@ieee.org>                        ***/ 

/***    http://www.hytherion.com/beattidp/        ***/ 

/**************************************************/ 

 

/*******************************************************/ 

/*  Builds with Borland's Command-line C Compiler  */ 

/*    (free for public download from Borland.com, at     */ 

/*  http://www.borland.com/bcppbuilder/freecompiler )    */ 

/*   Compile with:                                        */ 

/*   BCC32 -IC:\BORLAND\BCC55\INCLUDE  TEST.C           */ 

/*******************************************************/ 

 

#include <stdio.h> 

#include <conio.h> 

#include <windows.h> 

#include <time.h> 

#include <dos.h> 

 

#define port_out 0x378 

#define port_in 0x379 

#define DELAY 528000 

 

/* Definitions in the build of inpout32.dll are:             */ 

/*   short _stdcall Inp32(short PortAddress);                */ 

/*   void _stdcall Out32(short PortAddress, short data);     */ 

/* prototype (function typedef) for DLL function Inp32:  */ 

typedef short _stdcall (*inpfuncPtr)(short portaddr); 

typedef void _stdcall (*oupfuncPtr)(short portaddr, short datum); 

void  frame(void);  /* Proto  type */ 

void mydelay(void);     /* Proto  type */ 

//struct time t; 

//struct tm t; 

 

 

 

 

 

 

struct dostime_t t; 

int main(void) 
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{ 

 HINSTANCE hLib; 

 inpfuncPtr inp32; 

 oupfuncPtr oup32; 

 unsigned status; 

   float sum; 

   float avg; 

   int bpm; 

   volatile bool state; 

   /* int bpm,key,orig_min; 

    int pulse=0; 

    int ch;*/ 

   float HRate; 

   unsigned char ch; 

   unsigned int scount; //numbr of interval samples collected 

   clock_t start, stop; 

   /* Load the library */ 

    hLib = LoadLibrary("inpout32.dll"); 

     if (hLib == NULL) { 

       printf("LoadLibrary Failed.\n"); 

       return -1; 

     } 

     /* get the address of the function */ 

     inp32 = (inpfuncPtr) GetProcAddress(hLib, "Inp32"); 

     if (inp32 == NULL) { 

       printf("GetProcAddress for Inp32 Failed.\n"); 

       return -1; 

     } 

     oup32 = (oupfuncPtr) GetProcAddress(hLib, "Out32"); 

     if (oup32 == NULL) { 

       printf("GetProcAddress for Oup32 Failed.\n"); 

         return -1; 

     } 

 do{ 

     status = 0.0; 

     sum = 0.0; 

     avg = 0.0; 

     scount = 0; 

 printf("New iteration...\n"); 
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 float x[11];  //intervals at which we measure heartbeat 

   //_dos_gettime(&t); 

   start = clock(); 

   state = false;  //allow the first detected beat to be counted 

   scount = 0; 

 while (scount < 11) 

 { 

   // measure the beat 

  status= (inp32) (port_in) 

 

   //statut=inport(port_in); 

   //int res=  status & 0x08; 

    if(!(status & 0x08) && (state == false))     //if pin 3 is 1  and this is a new cycle 

    { 

         //cprintf(" %2d res  ",res); 

     //_dos_gettime(&t); 

         stop = clock(); 

       //printf("Beat detected\n"); 

         state = true; 

         x[scount]=(stop * 1000.0/CLK_TCK);         //record the other timestamps 

         //printf("time: %d\n", stop); 

         scount++; 

  } 

      if ((status & 0x08) && (state== true)) { 

        state = false; 

      } 

 } 

 for (int i=1;i<11;i++) 

 { 

  sum+= x[i]-x[i-1];  //sum the intervals between the timestamps 

      //printf("beats happened at intervals: %f\n", x[i]-x[i-1]); 

 } 

   avg = sum/10.0; 

   printf("Average of the intervals is: %f\n", avg); 

   if (avg > 0) { 

    HRate= 1000*60.0/avg; 

   }else{ 

     printf("Avg interval is zero. Are you sure your device is working?"); 

      //system("PAUSE"); 

   } 



 

283 

 

 //do the analysis 

   unsigned long xd = clock(); 

 printf(" Heart Rate Status:  "); 

   if(HRate < 1) 

   { 

    printf("Hrate: %f\n", HRate); 

       printf("No heartbeat detected\n"); 

   } 

   if(HRate >= 1 && HRate <= 60) 

   { 

    printf("Hrate: %f\n", HRate); 

     printf("Weak heart rate\n"); 

   } 

   if((HRate>60)&&(HRate<110)) 

   { 

    printf("Hrate: %f\n", HRate); 

       printf("Normal heart rate. Great!\n\n\n"); 

   } 

   if(HRate>110&&HRate<120) 

   { 

    printf("Hrate: %f\n", HRate); 

     printf("High, you should see a doctor\n"); 

   } 

   if(HRate>=120) 

   { 

    printf("Hrate: %f\n", HRate); 

    printf("Vey high! Proceed to emergency\n"); 

   } 

   printf("Press q to quit, or any other key to run another test\n"); 

   ch= getche();     // read from keyboard 

   // if ch=1 ---> cont 

   // otherwise  ---> end 

 }while (ch!=113);       //type small letter a if you wish to read another set of data 

   FreeLibrary(hLib); 

 return 0;           //terminate program normally 
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C2 Flowcode Program for Microcontroller PIC16F84A 

Macro Name : Flowcode program for internal timer and Input RB0 
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Macro name: Flowcode program for Heart Rate Analysis using beats 
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Macro name: Flowcode program for displaying Heart Rate and Heart 

Conditions 
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C3 Flowcode Program for Microcontroller PIC16F87 

Macro name : Flowcode for Heart Rate Analysis in using Time 

intervals 
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Macro name : Flowecode Program for internal timer  
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Macro name : Flowecode Program for Input RB0 
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Macro name : Flowcode program for displaying Heart Rate and Heart 

Conditions 
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D1 Experimental Data for Male Subjects 

Subject ID: 5967 AGE:27 BMI:17.4 FC:4.4cm FT:0.9mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 53 50 51 51.33333 1.53 

 HBMD 2 54 52 53 53 1 

 OMRON 53 49 48 50 2.65 

 P_OXY 54 48 51 51 3.00 

 SBP 97 91 91 93 3.46 

 DBP 66 57 56 59.66667 5.51 

 OXY 99 99 98 98.66667 0.58 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 60 65 63 62.66667 2.52 

 HBMD 2 60 61 60 60.33333 0.58 

 OMRON 61 56 59 58.66667 2.56 

 P_OXY 66 58 59 61 4.36 

 SBP 92 101 97 96.66667 4.51 

 DBP 66 64 66 65.33333 1.16 

 OXY 99 98 98 98.33333 0.58 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 57 59 54 56.66667 2.56 

 HBMD 2 58 59 56 57.66667 1.53 

 OMRON 56 54 60 56.66667 3.06 

 P_OXY 61 57 57 58.33333 2.31 

 SBP 95 94 90 93 2.65 

 DBP 66 64 66 65.33333 1.15 

 OXY 99 99 99 99 0.00 

       



 

292 

 

 

 

 

Subject ID: 1902 AGE:24 BMI:21 FC:5.1cm FT:10.2mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 71 73 70 71.33333 1.53 

 HBMD 2 70 68 68 68.66667 1.15 

 OMRON 70 69 73 70.66667 2.08 

 P_OXY 74 73 79 75.33333 3.21 

 SBP 108 108 112 109.3333 2.31 

 DBP 64 65 69 66 2.65 

 OXY 98 98 99 98.33333 0.58 

       

SITTING  Reading 
1 

Reading 
2 

Reading 
3 

AVERAGE STDEV 

 HBMD 1 74 77 74 75 1.73 

 HBMD 2 72 72 72 72 0.00 

 OMRON 76 73 75 74.66667 1.53 

 P_OXY 79 76 74 76.33333 2.52 

 SBP 118 108 117 114.3333 5.51 

 DBP 73 73 75 73.66667 1.15 

 OXY 98 98 98 98 0.00 

       

STANDING Reading 
1 

Reading 
2 

Reading 
3 

AVERAGE STDEV 

 HBMD 1 82 88 83 84.33333 3.21 

 HBMD 2 80 84 80 81.33333 2.31 

 OMRON 82 85 82 83 1.73 

 P_OXY 90 88 91 89.66667 1.53 

 SBP 113 105 114 110.6667 4.93 

 DBP 77 74 75 75.33333 1.53 

 OXY 98 99 98 98.33333 0.58 



 

293 

 

Subject ID: 1910 AGE:26 BMI:27.6 FC:4.5cm FT:10.2mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 65 64 66 65 1.00 

 HBMD 2 68 64 67 66.33333 2.08 

 OMRON 66 63 64 64.33333 1.53 

 P_OXY 70 66 73 69.66667 3.51 

 SBP 125 120 121 122 2.65 

 DBP 71 68 64 67.66667 3.51 

 OXY 97 98 98 97.66667 0.58 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 75 72 73 73.33333 1.53 

 HBMD 2 70 76 72 72.66667 3.06 

 OMRON 70 72 79 73.66667 4.73 

 P_OXY 64 75 68 69 5.57 

 SBP 115 115 115 115 0.00 

 DBP 74 65 71 70 4.58 

 OXY 98 98 98 98 0.00 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 73 72 70 71.66667 1.53 

 HBMD 2 76 70 70 72 3.46 

 OMRON 74 72 68 71.33333 3.06 

 P_OXY 73 67 70 70 3.00 

 SBP 123 120 120 121 1.73 

 DBP 75 83 76 78 4.36 

 OXY 98 97 99 98 1.00 
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Subject ID: 1711 AGE:21 BMI:20.7 FC:4.5cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 60 61 61 60.66667 0.58 

 HBMD 2 62 64 60 62 2 

 OMRON 61 61 59 60.33333 1.15 

 P_OXY 64 59 65 62.66667 3.21 

 SBP 121 122 121 121.3333 0.58 

 DBP 65 61 60 62 2.65 

 OXY 99 99 99 99 0.00 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 63 62 62 62.33333 0.58 

 HBMD 2 65 65 70 66.66667 2.89 

 OMRON 64 62 72 66 5.29 

 P_OXY 65 66 74 68.33333 4.93 

 SBP 118 125 127 123.3333 4.73 

 DBP 77 78 77 77.33333 0.58 

 OXY 99 99 99 99 0.00 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 71 74 72 72.33333 1.53 

 HBMD 2 70 72 74 72 2 

 OMRON 72 75 77 74.66667 2.52 

 P_OXY 79 75 80 78 2.65 

 SBP 119 124 124 122.3333 2.89 

 DBP 81 78 75 78 3.00 

 OXY 99 99 99 99 0.00 
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Subject ID: 1304 AGE:26 BMI:322.2 FC:5.2cm FT:10.2mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 61 62 61 61.33333 0.58 

 HBMD 2 62 60 64 62 2 

 OMRON 63 61 63 62.33333 1.15 

 P_OXY 63 62 63 62.66667 0.58 

 SBP 126 126 128 126.6667 1.15 

 DBP 64 63 63 63.33333 0.58 

 OXY 98 98 98 98 0.00 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 77 79 80 78.66667 1.53 

 HBMD 2 76 76 74 75.33333 1.15 

 OMRON 77 77 76 76.66667 0.58 

 P_OXY 87 79 87 84.33333 4.62 

 SBP 128 131 115 124.6667 8.50 

 DBP 74 75 70 73 2.65 

 OXY 98 98 98 98 0.00 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 90 92 93 91.66667 1.53 

 HBMD 2 86 88 86 86.66667 1.15 

 OMRON 95 94 94 94.33333 0.58 

 P_OXY 95 102 100 99 3.61 

 SBP 125 128 118 123.6667 5.13 

 DBP 75 80 80 78.33333 2.89 

 OXY 98 97 97 97.33333 0.58 
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D2 Experimental Data for Female Subjects 

Subject ID: 5246 AGE:27 BMI:22.3 FC:4.1cm FT:0.9mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 65 67 67 66.33333 1.15 

 HBMD 2 64 64 68 65.33333 2.31 

 OMRON 64 61 62 62.33333 1.53 

 P_OXY 66 63 71 66.66667 4.04 

 SBP 106 98 107 103.6667 4.93 

 DBP 63 58 62 61 2.65 

 OXY 99 98 99 98.66667 0.58 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 74 78 74 75.33333 2.31 

 HBMD 2 73 75 76 74.66667 1.53 

 OMRON 78 84 69 77 7.55 

 P_OXY 76 82 70 76 6.00 

 SBP 103 103 102 102.6667 0.58 

 DBP 75 81 69 75 6.00 

 OXY 99 98 97 98 1 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 87 88 84 86.33333 2.08 

 HBMD 2 84 85 87 85.33333 1.53 

 OMRON 88 87 87 87.33333 0.58 

 P_OXY 84 75 87 82 6.24 

 SBP 99 90 98 95.66667 4.93 

 DBP 74 71 71 72 1.73 

 OXY 98 97 98 97.66667 0.58 
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Subject ID: 3350 AGE:35 BMI:24.7 FC:4.4cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 83 82 82 82.33333 0.58 

 HBMD 2 80 82 80 80.66667 1.15 

 OMRON 85 83 82 83.33333 1.53 

 P_OXY 88 85 81 84.66667 3.51 

 SBP 96 96 96 96 0 

 DBP 64 62 61 62.33333 1.53 

 OXY 98 98 98 98 0 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 82 83 83 82.66667 0.58 

 HBMD 2 82 84 82 82.66667 1.15 

 OMRON 85 83 82 83.33333 1.53 

 P_OXY 87 83 88 86 2.65 

 SBP 107 102 103 104 2.65 

 DBP 73 71 69 71 2 

 OXY 97 98 98 97.66667 0.58 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 95 97 92 94.66667 2.51 

 HBMD 2 90 90 92 90.66667 1.15 

 OMRON 104 95 92 97 6.24 

 P_OXY 98 93 98 96.33333 2.89 

 SBP 104 101 91 98.66667 6.81 

 DBP 75 76 79 76.66667 2.08 

 OXY 97 97 97 97 0 
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Subject ID: 5766 AGE:34 BMI:29 FC:4.6cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 80 81 83 81.33333 1.53 

 HBMD 2 80 84 82 82 2 

 OMRON 80 82 80 80.66667 1.15 

 P_OXY 85 83 81 83 2.00 

 SBP 113 113 114 113.3333 0.58 

 DBP 67 66 66 66.33333 0.58 

 OXY 85 83 81 83 2 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 80 82 82 81.33333 1.15 

 HBMD 2 78 78 80 78.66667 1.15 

 OMRON 78 79 82 79.66667 2.08 

 P_OXY 83 81 80 81.33333 1.53 

 SBP 119 112 106 112.3333 6.51 

 DBP 66 67 69 67.33333 1.53 

 OXY 99 99 99 99 0 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 89 88 86 87.66667 1.53 

 HBMD 2 82 84 84 83.33333 1.15 

 OMRON 87 86 87 86.66667 0.58 

 P_OXY 87 88 90 88.33333 1.53 

 SBP 112 118 112 114 3.46 

 DBP 55 74 70 66.33333 10.02 

 OXY 99 99 99 99 0 

 



 

299 

 

Subject ID: 5420 AGE:37 BMI:32.2 FC:4.5cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 80 83 81 81.33333 1.53 

 HBMD 2 84 86 82 84 2 

 OMRON 77 85 79 80.33333 4.13 

 P_OXY 86 93 92 90.33333 3.79 

 SBP 111 118 116 115 3.61 

 DBP 77 85 82 81.33333 4.04 

 OXY 97 98 99 98 1 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 86 87 88 87 1 

 HBMD 2 90 90 86 88.66667 2.31 

 OMRON 90 89 86 88.33333 2.08 

 P_OXY 76 81 89 82 6.57 

 SBP 107 111 116 111.3333 4.51 

 DBP 84 78 83 81.66667 3.21 

 OXY 99 99 98 98.66667 0.58 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 84 93 90 89 4.58 

 HBMD 2 88 94 88 90 3.46 

 OMRON 87 96 86 89.66667 5.51 

 P_OXY 93 91 90 91.33333 1.53 

 SBP 114 112 109 111.6667 2.52 

 DBP 85 89 86 86.66667 2.08 

 OXY 98 98 99 98.33333 0.58 
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Subject ID: 1010 AGE:20 BMI:21.6 FC:4.7cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 78 76 75 76.33333 1.53 

 HBMD 2 72 74 70 72 2 

 OMRON 77 75 77 76.33333 1.15 

 P_OXY 80 78 80 79.33333 1.15 

 SBP 120 118 116 118 2 

 DBP 69 68 69 68.66667 0.58 

 OXY 98 98 98 98 0 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 92 90 95 92.33333 2.52 

 HBMD 2 82 86 84 84 2 

 OMRON 89 89 93 90.33333 2.31 

 P_OXY 92 93 95 93.33333 1.53 

 SBP 116 118 117 117 1 

 DBP 74 74 74 74 0 

 OXY 98 98 98 98 0 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 94 95 92 93.66667 1.53 

 HBMD 2 96 96 93 95 1.73 

 OMRON 95 90 90 91.66667 2.89 

 P_OXY 100 97 91 96 4.58 

 SBP 115 115 120 116.6667 2.89 

 DBP 79 72 78 76.33333 3.79 

 OXY 98 98 98 98 0 
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Subject ID: 1410 AGE:20 BMI:18.3 FC:4.9cm FT:10mm  

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 74 79 76 76.33333 2.52 

 HBMD 2 78 80 80 79.33333 1.15 

 OMRON 77 85 82 81.33333 4.04 

 P_OXY 75 88 87 83.33333 7.23 

 SBP 105 108 111 108 3 

 DBP 65 65 68 66 1.73 

 OXY 97 98 98 97.66667 0.58 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 93 92 89 91.33333 2.08 

 HBMD 2 92 90 92 91.33333 1.15 

 OMRON 86 85 92 87.66667 3.79 

 P_OXY 96 95 98 96.33333 1.53 

 SBP 102 101 114 105.6667 7.23 

 DBP 61 63 62 62 1 

 OXY 97 97 98 97.33333 0.58 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 98 96 100 98 2 

 HBMD 2 99 99 100 99.33333 0.58 

 OMRON 98 101 100 99.66667 1.53 

 P_OXY 103 111 104 106 4.36 

 SBP 102 108 110 106.6667 4.16 

 DBP 66 78 76 73.33333 6.43 

 OXY 97 97 98 97.33333 0.58 
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Subject ID: 0907 AGE:19 BMI:23.9 FC:4.2cm FT:10.1mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 65 69 68 67.33333 2.08 

 HBMD 2 62 64 68 64.66667 3.06 

 OMRON 60 65 63 62.66667 2.52 

 P_OXY 69 72 64 68.33333 4.04 

 SBP 112 108 106 108.6667 3.06 

 DBP 66 68 66 66.66667 1.15 

 OXY 99 99 99 99 0 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 70 72 74 72 2 

 HBMD 2 72 70 72 71.33333 1.15 

 OMRON 61 66 68 65 3.61 

 P_OXY 69 74 77 73.33333 4.04 

 SBP 103 101 106 103.3333 2.52 

 DBP 63 61 62 62 1 

 OXY 99 99 99 99 0 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 72 77 71 73.33333 3.21 

 HBMD 2 70 68 70 69.33333 1.15 

 OMRON 74 72 76 74 2 

 P_OXY 80 79 90 83 6.08 

 SBP 107 107 109 107.6667 1.15 

 DBP 73 70 70 71 1.73 

 OXY 99 99 98 98.66667 0.58 
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Subject ID: 5038 AGE:30 BMI:25 FC:4.1cm FT:10mm 

SUPINE  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 70 72 69 70.33333 1.53 

 HBMD 2 72 74 76 74 2 

 OMRON 70 75 70 71.66667 2.89 

 P_OXY 71 68 72 70.33333 2.08 

 SBP 114 116 107 112.3333 4.73 

 DBP 73 79 73 75 3.46 

 OXY 98 99 99 98.66667 0.58 

       

SITTING  Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 88 87 89 88 1 

 HBMD 2 84 80 83 82.33333 2.08 

 OMRON 85 87 86 86 1 

 P_OXY 88 82 83 84.33333 3.21 

 SBP 123 120 123 122 1.73 

 DBP 90 91 96 92.33333 3.21 

 OXY 99 99 99 99 0 

       

STANDING Reading 1 Reading 2 Reading 3 AVERAGE STDEV 

 HBMD 1 90 86 85 87 2.65 

 HBMD 2 85 83 88 85.33333 2.52 

 OMRON 88 86 85 86.33333 1.53 

 P_OXY 88 89 91 89.33333 1.53 

 SBP 121 117 116 118 2.65 

 DBP 84 81 84 83 1.73 

 OXY 99 99 98 98.66667 0.58 



 

304 

 

E Bill of Material 
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F Participant Consent Form 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MEDICAL ENGINEERING LABORATORY WG37 
UNIVERSITY OF BRADFORD 

Richmond Road, Richmond Building, Bradford BD7 1DP 
Researcher’s Name: Nur Ilyani Binti Ramli 
Supervisor’s Name: Dr. Mansour Youseffi  

Technical Support: Mr Peter D. Widdop 
 
 

 
Invitation to Participate 

You are being invited to participate in this research project conducted by Nur Ilyani Binti Ramli from 

School of Engineering, Design and Technology, University of Bradford. The purpose of this 
experimental procedure is to assess and analyzes the accuracy and the efficiency of two non-invasive 

Heart beat monitoring devices that employs Finger Photoplethysmography technique. This research will 

contribute to the researcher’s completion of her Doctor of Philosophy’s thesis (PhD).  

 

Research Procedures 

Should you decide to participate in this research study, you will be asked to sign this consent form once 

all your questions have been answered to your satisfaction.  This experimental procedure consists of data 
recording that will be administered to individual participants in the medical engineering laboratory 

WG37. The following are required before and during the experimental procedure: 

 
1. Personal data is collected for analysis purpose. 

2. Omron M6, portable pulse oximeter, Reflectance PPG and Transmission PPG Heart are 

connected to participant’s left arm and right hand index finger. 

3. Participants will be in the following positions with 2 minutes break in between.  
Supine -5 minutes 

Sitting -5 minutes 

Standing -5 minutes 

Time Required 

Participation in this study will require maximum 1 hour of your time.   

Risks  

Minimal risk is anticipated associated with execution of the experimental procedure. Measures are taken 

to reduce the risk by explaining the comprehensive procedures prior to the implementation of the 

experiments. Furthermore, all equipment involved in this experiment has been PAT tested to prevent 
electrical hazard. Some participant may find device Omron M6 a little uncomfortable, however this will 

not have any known side effect to the participant. 

Confidentiality  

The results of this research will be presented in the PhD thesis and in the final PhD viva.  The results of 

this project will be coded in such a way that the respondent’s identity will not be attached to the final 
form of this study.  The researcher retains the right to use and publish non-identifiable data. All data will 

be stored in a secure location accessible only to the researcher.   
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Design and Development of a low cost heart beat monitor using  
Finger Photoplethysmography technique 

 

 
PARTICIPANT CONSENT FORM 

 

Participation & Withdrawal  

Your participation is entirely voluntary.  You are free to choose not to participate.  Should you choose to 
participate, you can withdraw at any time without consequences of any kind. 

Questions about the Study 

If you have questions or concerns during the time of your participation in this experimental procedure, or 

after its completion or you would like to receive a copy of the final comprehensive results of this 
experiment, please contact: 

Nur Ilyani Binti Ramli     Dr Mansour Youseffi 

School of Engineering, Design and Technology  School of Engineering, Design and Technology  
University of Bradford     University of Bradford 

Email: N.I.B.Ramli@bradford.ac.uk   Email: m.youseffi@bradford.ac.uk 

       Contact No: +44(0) 01274 234533 

Giving of Consent 

I have read this consent form and I understand what is being requested of me as a participant in this 
study.  I freely consent to participate.  I have been given satisfactory answers to my questions.  The 

researcher provided me with a copy of this form.  I certify that I am at least 18 years of age and am also a 

student at University of Bradford. 
 

 

Name of Participant (Printed) 

 
______________________________________    ______________ 

Name of Participant (Signed)                                   Date 

______________________________________    ______________ 
Name of Researcher (Signed)                                   Date 

 

 

 
 
 
 

Nur Ilyani Ramli                  /11/2011 

                   /11/2011 
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