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Abstract 
 

One of the most used traditional methods for measuring heart 

conductivity is the fetal Electrocardiography. Many indicators related to 

the health of fetal can be determined depending on FECG since fetal heart 

rate (FHR) is obtained from the components of FECG signal. Recording 

fetal ECG in a clinic forms a problem due to the interferences of other 

signals which corrupt the ECG signal. Another problem happen as a result 

to the location of the used electrodes for recording ECG since these 

electrodes are placed on the mother abdomen. The obtained abdominal 

ECG signal also contains different types of interferences.  

The maternal ECG (MECG) represents the first big interference 

source with the FECG signal. Breathing, activity of mother's muscle, 

electrode contact with the mother's skin, power line interference and 

thermal noise represent a possible noise source. In case of extraction ECG 

signal for twin gestation, clear FECG for every fetal would be more 

difficult because in addition to the all mentioned sources of interferences 

and noise, both fetuses may share the same morphology and FHR. Close 

monitoring to the heart of twin  is required for early diagnose of congenial 

problems which infect heart. 

Signal separation techniques such as blind source separation (BSS) 

are used to overcome the artifact problem by separate the artifacts from 

ECG mixture as independent components. The BSS is a method of 

separating the underlying sources from their mixtures without or little 

information about the original sources or the mixing process.   

In this thesis extraction of FECG, specially for single and twin case, 

will be discussed. The obtained results is divide into two parts. 

The first part of the results discuses the extraction of single and 

twin fetuses ECG based on Stone blind source separation. The obtained 
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results by Stone algorithm are compared with other two BSS algorithms 

(EFICA and JADE). 

The second part of the results is obtained by the Modified Stone 

Blind Source Separation (MSBSS). A combination between conventional 

Stone BSS and Particle Swarm Optimization (PSO) have been used for 

producing (MSBSS). The obtained results are compared with other two 

BSS algorithms (EFICA and JADE) in addition to the obtained results 

using conventional Stone BSS in part one. MSBSS method has revealed 

better performance comparing with the other BSS techniques including 

Stone BSS. 
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CHAPTER ONE 

Introduction 

 

1.1 Background 

Observing fetal through Electrocardiogram (ECG) provides the 

necessary information to check on the status of the fetal. There are two 

methods to get the fetal electric diagram Fetal Electrocardiogram (FECG). 

Invasive and non- invasive, in case of invasive labors are used to connect 

the electrodes to the head of the fetal (scalp) inside the uterus where the 

signals record directly from the mother abdomen. Non- invasive ECG 

recording can be classified as an external ECG collection method.  This 

method can be done in  any stage of the pregnancy by using tens of 

electric labors place on mother abdomen. The recorded signal by the 

invasive method of a higher quality compared with non- invasive. 

However, this procedure sometimes not suitable to get The (ECG) and is 

used only to record during parturition. Generally speaking, lower SNR for 

FECG and interference as result of Mother Electrocardiogram (MECG), 

base line wonder, power line interference (PLI),  random electric noise 

and Electromyogram (EMG) of wide frequency noise could be the 

conditions to reduce the use of non- invasive ECG [1].Between 6 to 22 

weeks of the fetal age  echocardiograph  provides 25 - 60% of the heart 

major defects and does not give enough information about  the  cardiac  

system. Besides,  all ultrasonic techniques require professional and trained 

physical  technicians and it is also cannot be done in home [2][3].     

Figure 1.1 below shows the invasive and noninvasive ECG.  
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Fig. 1.1 The difference between invasive and non-invasive ECG signal [2] 

The electrocardiogram (ECG) could be the best choice to measure 

conductive  signals of heart and can be obtained by putting electrodes on 

the mother venture. The basic components of ECG is a set of standard 

waves (P, Q, R, S and T). Fetal ECG permits to determine the fetal heart 

rate (FHR) and other features like the morphologic ones. One of the most 

important  indicators that  could give us an idea about the fetal  heart 

activity is the relative amplitude and timing related to ECG signal like 

(P/R, Q/R, S/R,R-R interval and T/QRS ratio which gives us  information 

about (FHR). T/QRS is useful to determine some cases like tachycardia 

(FHR>180 b.p.m) or branchy cardiac (FHR<110 b.p.m)
 

[4]. By 

monitoring P-R and R-R interval along ST segment, the lack of oxygen 

"hypoxia" that infects the fetal could be revealed [4]. A comparison 

between FECG and other biomedical signals has been made as illustrated 

in Fig. 1.2 that also shows how the amplitude and frequency of FECG is 

weak as compared to the other signals. Figure 1.2 also shows how 

difficult to separate the FECG signal from interferences with other signals 

since it has no limited domain (frequency, time and features).  
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Fig. 1.2 Some biomedical signals that affect on Fetal ECG [2] 

Figure 1.3 shows the location of (QRS complex which represent the 

main part of the signal) among the mother QRS complex and in-vivo 

signals.  

 

Fig. 1.3 Location of QRS band of fetal ECG among other band frequencies [2] 

1.2 Motivation 

Obviously,  ECG seems very attractive to be used, but formerly the 

use of ECG in clinics was very limited because of the shortage in clinical 

technology in reading and displaying  that signal. Besides, the FECG is an  

abdominal ECG that contains many interferences where as the recorded 

signal would be the mix of many signals due to the bioelectric 

phenomenon. This phenomenon is caused by breathing, stomach activity 

and muscles activity.  The ECG also is affected by different types of noise 

like thermal noise, noise caused by electrode –skin contact, electronic  
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noise and power line interference. The problem would be more 

complicated in twins case as they may have the same morphology, 

amplitude and FHR [5]. Frequent use of the reproduction technology like 

IVF that results in identical twins with 40% percentage  gives  the 

observation of fetal ECG more importance. From 9 to 10 cases of the 

increasing in heart defects that are recorded  for gestation of  twins are  

caused by twin- twin transfusion  syndrome (TTTS). For example (TTTS)  

both fetuses are susceptible to heart failure. Thus, this condition needs 

synchronized monitoring for heart side effects to every fetal so to  

highlight some signs, like cardiac overload and any other defects. Due to 

the mentioned reasons there is persistent need to find a method for 

processing the signal so as  to extract and enhance FECG and.To highlight 

how this field of science is fresh and thus encourages  researchers to 

further investigate it, a statistical survey for the published researches on 

the extraction of fetal ECG has been made depending on PubMed, which 

registers the published researches in this field  as shown in Fig. 1.4. 

 

Fig. 1.4 Numbers of the published literatures on fetal ECG extraction in each 

year according to the statistics prepared by PubMed
 
[6] 

1.3 Problem Statement 

1- Generally the current methods that are used to  observe fetal  inside  the 

intrauterine does not  give a comprehensive  evaluation to the fetal 

hygienic case.  
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2- Observing fetal heart,  specially observing  heart  functions  become 

more complicated in the case of the twins pregnancy. As a result of the 

case of twins  gestation, defects increase. 

3- Extract ECG signal for each fetal  is very difficult since its interfere 

with may signals like MECG, EMG, PLI as well as the fetuses signal 

share the same signal features. All the mentioned  reasons represent a real 

problem to have clean ECG signal for fetal. 

1.4 The scope of work  

Figure 1.5 demonstrate the scope of work which is related to this 

thesis. 

 

Fig. 1.5 Scope of work 

1.5 Objectives 

The main objective of this thesis is to extract clean fetal ECG as far 

as possible for twin fetuses and for mother ECG as well  from mixture 

signals of common artifact and interferences using modified blind source  
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separation (BSS).  The evaluation of modified BSS algorithm is primarily 

evaluated using different Probability Density Function (PDF) sources 

(Gaussian, Sub-Gaussian and Supper Gaussian noise) and then tested with 

simulated and real ECG data. 

1.6 Thesis Contribution 

 Stone BSS algorithm has been used for the first time to process and 

extract the fetal ECG signal for single and twin case gestation. 

 A new method has been done based on Particle Swarm 

Optimization technique (PSO) to obtain the suitable values for the 

parameters of Stone algorithm which controls over the algorithm 

performance to extract the best signal quality for F-ECG. 

1.7 Thesis Layout 

Chapter Two : It gives a general background about ECG, Fetal heart 

features, general introduction for the blind source separation 

technique and Particle Swarm Optimization (PSO). It covers the 

literature review of the previous related works. 

Chapter Three : It tackles the general description of Stone BSS 

technique, PSO and our contribution of the method of merging 

between Stone BSS and PSO technique.  

Chapter Four : It highlights the obtained results for the different cases. 

Chapter Five : Conclusion and suggestions for future work are presented 

in this chapter. 

  



 

 

 

 

 

 

 

Chapter Two 

 

 

 

Theoretical Background and 

Literature Review 
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CHAPTER TWO 

Theoretical Background and Literature Review  
 

2.1 Introduction to ECG 

Placing electrodes on human skin allows  to record every tiny change 

“electrical change” that happens due to the electrical activity of the heart 

muscles. The recording must be in specific time period. The electrical 

activity comes from the electrocardiographic. The electro physiologic is 

constructed from depolarizing and re-polarizing of heart during each 

beat[7]. 

There are ten electrodes that used to record ECG for human by 

placing that on chest and limbs. By ECG it is too easy to detect any 

problem in heart operation. To measure the magnitude of heart, 12 

different angles “lands” utilized to satisfy these purposes. The used period 

of time to record ECG is usually equal to ten seconds. Through this 

cardiac cycle, the general size of heart and direction of depolarization 

would be captured [7]. 

Graphically, the relation between voltage potential and time generate 

non-invasive medical ECG. ECG is constructed from three major 

components. P, QRS and T-wave. Depolarization of atria controlled by 

the P-wave.  Depolarization of ventricles controlled by the T-wave [7]. 

For more clarification, waves are disassembled into small following 

components: 

- O: represents the start point of ECG signal; 

- P: this pulse is responsible for shrinking of the atrial systole;  

- Q: represents the deflection that comes before ventricular contraction; 
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- R: the maximum height that the ventricular contraction will reach; 

- S: represents the deflection that comes after ventricular contraction; 

- T: represents ventricles refresh; 

- V: it is so small and can be neglected; it represents the success of                 

T-wave[7]. Figure 2.1 shows the ECG signal components. 

 

Fig. 2.1 The general  form of ECG signal [7]
 

 

2.1.1 ECG History 

The origin of ECG word comes from Greek word 'electro', which 

refers to the relation between the word and the electrical activity of heart. 

The word 'Kardia' in Greek, specially for heart,  means  write and graph. 

In 1872 and exactly at St. Bartholomew’s hospital, Alexander Muirhead 

linked the wrist of a patient suffering from fever, with wires to record his 

heart beat. In St. Mary’s Hospital in London, Augustus Waller made the 

first successful attempt to produce machine for recording heart beat rate. 

His electrocardiographic machine consisted of Lippman poetical 

electrometer. The result on photographic plate that was placed on a toy 

and that toy was a train. Augustus machine  allowed to record ECG for the 

first time on real time [8]. In 1901, Willem Einthoven invented the first 
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practical ECG device. He used sting galvanometer instead of capillary 

electrometer. The galvanometer was more sensitive than the capillary 

electrometer[9]. The letters (P, Q,  R, S and T) were assigned by 

Einthoven in 1895 to point to the deflection theoretically in the wave 

form. He assigned these letters using equations for correcting the real 

wave form of signal that was captured by capillary electrometer. The 

equations were used to compensate the error comes from the instrument of 

capillary electrometer[9]. Einthoven described the features of ECG and 

thus he got Nobel Prize in Medicine in 1924 for his discovery [9]. In 1927 

General Electric Company developed a new generation of ECG device. 

The device was portable and didn't use galvanometer. It used amplifier 

tube which is similar to the one used in radio, lamb and moving mirror. 

The role of moving mirror was to derive electrical pulse on a film [9]. By 

1937 Taro Takemi invented a new ECG device [9]. In spite of the big 

development in science, the principles of ECG which were invented in the 

past are still being use today. The electrocardiographic has developed 

from big machine hard to work to portable electronic small device.   

Figure 2.2 demonstrate the first ECG device. 

 

Fig. 2.2 The first commercial device allocated to record heart signal [9] 
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2.1.2 ECG medical uses   

The general purpose of obtaining ECG is to gain as much as possible 

information about the structure, function and activity of heart. ECG 

explains and diagnoses any defect that affects heart. ECG must be 

available to provide information that helps to make decision. Here come 

some indications about what ECG diagnoses [10] 

 Myocardial infarction which is known as heart attack or chest 

pain. 

 STEMI: (ST elevated myocardial infarction). 

 (NSEMI): (non-ST elevated myocardial infarction). 

 Pulmonary embolism and hard breathing. 

 The disease of structural heart. 

 Diagnosis arrhythmia by pulse or palpitations. 

 Diagnosis collapse or fainting. 

 Seizures. 

 Check if any medication has any effects on heart. 

 Evaluate electrolyte abnormalities like hyperlcalmia. 

 Monitoring hypertrophic cardiomyopathy in teenagers to 

reduce the case of sudden death. 

 Monitoring heart during any surgical operation which requires 

any kind of anesthesia. 

 Evaluate the status of patient before any surgical operation, 

specially for people who already suffer from heart defect. 

 CST (cardiac stress testing). 

 CTA (computed tomography angiography). 

 MRA (magnetic resonance angiography). 
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2.1.3 The device of Electrocardiographs: 

One of the non-surgical devices is the electrocardiograph. This 

device is used to register every tiny electrical change that arrives to the 

surface of human body which is generated from the electrical activity of 

heart. This process will produce electro cardiodiagram [10]. 

Electrocardiograph consist of amplifier, which is responsible for 

computing the difference in voltage among leads and starting to amplify 

the signal of ECG. The range of voltages is measured in micro volts (from 

1 to 100 µv). the low voltage level that the ECG signal comes with 

requires the use of some specific circuit that has low noise and has 

instrumentation amplifiers as well. Previously, ECG devices used motor 

which helps the ECG device to record the signal on paper. This mean that 

ECG device were contain developing in electronics. Development in 

electronic field leads to the use of analog to digital convertor to get the 

analog ECG signals into digital that helps to preview the ECG on 

computers. Below Fig. 2.3 is a simple block diagram of ECG circuit..   

 

Fig. 2.3 The simplest block diagram of ECG circuit[10]  

The following points illustrate shortly the role of every signal part in 

the simple ECG device. 
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 Electrode: it represent the first stage. It can be shortly describe 

as transducer which used to convert ECG signal to electrical 

voltage for the range of (1 to 5mv). 

 Instrumentation amplifier: it has a very high CMRR equal to 

(90ds) and also own high gain power supply of the amplifier 

which is equal to +90v and -90v [10]. 

 B.P.F.: the band will be between 0.04Hz to 160Hz. 

As the Fig. 2.4 shows, the complete ECG device hardware consist of 

screen, keyboard and printer. They all form the combined unit of ECG. 

Just like any electrical device, ECG device is connected to power supply. 

It also has long cables that connect the device with human body to record 

the signal [10]. 

 

 

Fig. 2.4 The modern ECG device 
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2.1.4 Electrodes location 

Electrodes is the actual parts that connect human skin surface with 

the ECG device. Difference in electrical potential can be measured by pair 

of electrodes exactly by taking in concern them location. “Lead” term 

form by pair of electrodes, lead also can be formed by real and virtual 

electrodes forming lead form real and virtual electrode which are called 

the central terminal of Wilson [10]. 

To define Wilson’s potential, three limb electrodes are taken to 

measure the potential: left arm, left foot and right arm. Below Fig. 2.5 

illustrate the electrode location on human body. 

 

Fig. 2.5 Electrodes location over human body[10] 

Generally, there are ten electrodes placed on human body to shape 12 

ECG leads. The role of each lead is to record specific difference in the 

electrical potential. Lead can be classified into three kinds which are limb, 
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augmented limb and precordial. Sometimes the technicians  in the medical 

field refer to lead as electrodes. This is technically incorrect and can cause 

confusion [10]. Table 1.1 demonstrate name and location of each 

electrodes. Figure 2.6 shows the real location for each electrodes over 

thorax. 

Table 1.1 Name and location of each electrodes 

Electrode name Electrode location 

RA Right arm 

LA Left arm 

RL Right leg 

LL Left leg 

V1 Lie between rib four and rib five (4th intercostal) 

close to the breast bone 

V2 Same as V1 location 

V3 Its locate between V2 and V4 

V4 Lie between rib five and rib six (5th intercostal) 

V5 Left anterior axillary 

V6 Mid-axillary 

 

 

 

Fig. 2.6 Electrodes location over thorax[10] 
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The location of electrodes allocated for recording fetal and mother 

ECG differs from the electrodes location allocated to record normal 

human. The location changes as in Fig. 2.7. For better conductivity, 

special gel is placed on each electrodes. Gel gives flexibility to electron to 

travel between skin and the electrodes since it contains silver/silver 

chloride and also contains potassium chloride [10]. 

2.1.5 Obtaining Fetal ECG signal 

There are two methods to obtain FECG either invasive method or 

non-invasive  method. Invasive method is better than non-invasive 

because it has direct contact to the fetal skin as the electrode is placed on 

the fetal scalp and starts recording ECG directly [11]. 

This method needs specialists to implement because it requires 

inserting the electrode inside the mother uterus to reach the fetal. Non-

invasive method does not need specialists to implement it because all 

electrodes are placed on the  mother abdomen to record the FECG [11]. 

 

 

Fig. 2.7 Electrodes location over mother abdomen to record fetal ECG 

signal[11] 
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2.1.6 Open database of ECG 

To get data of ECG it is too important to check few points in advance 

such as number of the used electrodes to collect ECG, type of electrodes, 

age of gestation and the data quality. The data quality mean" sampling 

frequency, amplitude and noise". The suitable sampling frequency is 

2kHz and with 16 bit resolution. There is no specific location of 

electrodes but it is recommended to make them cover the abdomen of the 

mother as far as possible [2]. There are two available databases that are 

widely used by many researchers.  

The first one is DaISy database. The recorded signal consist of 8 

channels, three channels are placed on thorax for recording mother ECG  

and four channels are placed on abdomen to get fetal ECG signal.  The 

data set is part of SISTA (Signals, Identification, System Theory and 

Automation) data set. The recorded ECG signal duration is equal to 10sec 

and is sampled at 250Hz. The SISTA data set belong to Kathilieke 

University Leuven, Electrical Engineering Department in Belgium [12]. 

The other database, which has been used in obtaining result and 

making simulation in this thesis, is PhysioBank. The recorded signal 

comes from two thoracic and four abdominal electrodes. The obtained 

signals are sampled at 1 kHz with resolution of 16 bit. This data set is 

prepared by Digital Signal Processing Group(DSPG) of Electronic 

Engineering Department, University of Valencia, Spain [13]. 
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2.1.7 Other techniques used for measuring FECG 

There are different techniques that have been used for measuring and 

monitoring FECG such as:  

 Echocardiography: it can be classified as ultrasound technique. 

It is also known as Sonography [14]. 

 Phonocardiography: this type is classified as graphic 

registration to the sound of heart. The recorded signal is 

obtained from the vibration of the piezoelectric crystal 

microphone[15]. 

 Pulse Oximetry: this method is used for measuring the 

saturation of oxygen in fetal blood. An infra-red light is 

applied on the skin of fetal to record the amount of oxygen in 

the fetal blood[16]. 

 Cardiotocography: method in uterine contractions, this is used 

for measuring strength and frequency and as a result for this 

operation FHR would be recorded as well[17]. 

 Magnetocardiography: this method depends on the calculation 

of magnetic fields that surround the cardiac signals [18]. 

2.1.8 The amplitude and internals of ECG signal  

All waves of the ECG signals have specific duration of time which 

separates them. Also they have an amplitude which is acceptable to make 

the ECG measuring easy. The signal will be printed on grid papers with 

standard scale. The table 2.2 below illustrates each wave and its duration. 

It also describes the interval and duration of the ECG components [10].  
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Table 2.2 The interval and duration of the ECG components 

Waves and 

intervals 

Demonstration Duration 

P- wave Responsible for shrinking atrial 

systole, start from SA node toward 

the AV node (depolarization). 

Less than 80ms 

PR interval Its starts from P-wave and the 

start point of QRS would be its 

end. 

From 120 to 200ms 

QRS It represents the quick 

depolarization for heart and it is 

caused by the right and left 

ventricles. 

80 to 100ms 

J. point This point lies between QRS and 

ST segment. This point determine 

the start of ST segment and the 

end of QRS. 

 

ST. 

segment 

Is the link that join QRS with T-

wave. It happens when ventricles 

are depolarized. 

 

T-wave Denotes to re-polarization of 

ventricles. 

100ms 

QTc 

interval 

It is named as corrected QT. It 

starts from the beginning of QRs 

and ends when T-wave finish. 

<440ms 

U-wave It has very low amplitude and 

always not touchable.  

 

 

 

2.2 The artifacts 

Sometimes mistakes can occur in ECG tracing due to specific motion 

like patient shivering for example. The patient motion can create wrong 

diagnosis of cardiac arrhythmia [19]. The artifacts is distorted signals 

which happen due to the interference between two or more signals. The 

signals may be  internal like in-vivo signals or external like electrical 

devices[19]. The effect of the artifacts signals are regarded as a big 
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challenge for the health specialists in extracting pure ECG signal [19]. For 

fetal ECG, the mother ECG can be an artifact signal in addition to the 

other artifacts signals as well.  

2.3  Noise affecting on ECG signal 

There are many different signals that affect ECG extraction such as: 

 Power line noise (PLI) : this kind of noise happens due to the 

electromagnetic interference. Electromagnetic field is caused 

by equipments, alternating current in cables and ECG 

equipment and patient miss grounding produce harmonic 

signal of 50 – 60 Hz. Equipment that consumes heavy current 

like X-ray, lifts and air conditioners can generate large amount 

of PLI and could be the best example of PLI generation 

tools[20]. 

 Electromyogram (EMG): This type of noise is generated by 

the muscle activity of human body and here we are pointing 

exactly to the electric muscle activity. EMG has a maximum 

frequency that is equal to 10 KHz[20]. 

 Baseline wonder : This type of noise is coursed by human 

breathing  and it has low frequency exceeding 1 Hz. It has no 

touchable effect on (ECG)  but can only affect the peak 

analysis [20]. 

 Electrode contact with skin : this type occurs as a result of 

losing contact between the electrode and the skin. It gives 

delay duration of 1 second [20]. 
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 Channel noise : this kind of noise has all frequencies 

components. It looks like white Gaussian noise and occurs as a 

result of the channel condition poverty which transmit the 

signal between patient and the equipment that records 

ECG[20]. 

 The device that collects data : this noise happens due to 

hardware that processes the signal [20]. 

 Artifacts : in this type we specifically mean motion artifacts. It 

occurs when electrode moves and changes its position. This 

leads to changing electrode skin impedance and when the 

impedance changes the ECG amplifier will notice various 

source impedance. This change in impedance will creates 

voltage divider. Voltage divider influences on the ECG since 

the amplifier input depends on impedance [20]. 

 Electrosurgical noise : it has no large duration, it lasts from 1 – 

10 sec..It is caused by different medical equipments that 

surrounds the place in which the ECG is recorded. It has 

frequency between 1-10 MHz [20]. 

 2.4 The development of fetal heart 

The first part of the fetal body that starts to develop is the heart. It 

becomes functional early 3-7 weeks after fertilization. This stage could be 

the most critical and dangerous one of heart development as  the heart 

shape would be a tube with four chambers. the fetal  heart begins beating 

in 22 days and starts bumping blood through closed circular system. The 

fetal blood type may differ from the mother's blood. After four weeks of 

fertilization the other parts of the fetal body starts shaping like ears, eyes  



Chapter Two…………….…Theoretical background and Literature review 

21 

 

and respiratory system. The uterus sound photograph could be used to 

observe fetal heart  during 7-9 weeks of conception but  this technique is 

poor to determine the heart  and the shape of hearts waves [19]. In week 

20, fetal heart beats could be heard without the need of the amplification 

and the heart beat rate of fetal would be from 120 to 160 beats/minute 

[19]. Mother and fetal ECG have morphology information about the heart 

activity. This signal could be recorded directly from the mother abdomen 

in the 18
th

 to 22
th 

week after conception. Fig. 2.8 shows the location of 

fetal heart while Fig. 2.9 demonstrate the stages of fetal heart 

development.   

 

 

Fig. 2.8  Fetal heart location[21] 

 

Fig. 2.9  Fetal heart development [21] 
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2.4.1 Fetal heart anatomy 

Fetal heart beats differs from that newborns  heart beat because of 

the difference of the circulatory  system. Until birth the fetuses does not 

need to use its lung so the fetal heart does not pump the blood to the lung 

to get oxygen, Rather it get the oxygen from the placenta that connects the 

fetus to its mother. In other words, the fetus does not need to separate 

between pulmonary artery and  aorta. There is blood vessel called ducts  

arteriosus  which connects both vessels [19]. The channel closes in short 

time after birth. Thus the pulmonary artery and aorta will be separate. The 

blood travels from mother to fetus stops after disconnecting the placenta. 

Accordingly, the cardiovascular system and the pulmonary system start to 

work [19]. Figure 2.10 shows the anatomy of fetal heart. 

 

 

Fig. 2.10 Fetal heart anatomy[19] 

The fetal heart  activity is similar to adult heart activity, but with 

little difference in mechanical functions. 
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2.4.2 Fetal heart electrical activity 

There are networks of neural fibers distributed over heart muscle that  

control the waves  related to pumping blood. It also coordinates the 

contraction and relaxation operation of heart. The SA- node, simply, is set 

of cells  located on the back wall  of the right atrium  in the right upside 

which motivate the heart  muscle  to work. It sends electric pulses  to 

heart muscle that  starts  the heart  beat forming the  natural system of 

heart beating
 
[14]. These pulses lead to more motivation to another cells 

set called AV node that are located on the down side to the back wall of 

right atrium [19]. Removing fibers polarity of the ventricular muscles 

occurs after some delay and through the purkinje. The  complete blood 

circulation is  a sequence of heart  muscle  contract  (systole) and heart 

muscle  relax (diastole) which  allows the delivery of blood to the 

pulmonary system [19]. Figure 2.11 clarifies how typically the ECG 

signal is generated. 

 

Fig. 2.11  Fetal heart cycle [19] 
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2.4.3 The morphology of electrocardiogram 

ECG measures the electric signal of heart that reaches the surface of 

body. This signal happens as a result of myocardium activation and it is 

called PQRST complex. These letters were invented by Einthoven in 1895 

[10]. P-wave, is responsible for shrinking the atrial systole; it starts from 

SA node toward the AV node. It is very weak recordable signal [10]. The 

next part of the signal will be QRS which represents the quick 

depolarization of heart and it is caused by right and left ventricles. 

The final part of the signal is the T-wave. This wave occurs due to 

re-polarization of ventricles. There is a weak wave called U-wave. It is 

located in the end of ECG signal. It has very low amplitude and occurs as 

a result to the His-Purkinje system re-polarization [10]. 

The term isoelectrical segment has connection with U-wave. It can 

be defined as the segment that connects the U-wave of the finished one 

with the beginning of P-wave of the new one. In this segment the heart 

has no activity to measure[10]. Adults and fetuses share the same ECG 

patterns, but with only one difference in the amplitude of FECG since 

FECG is weaker than the adults ECG because of gestation conditions[10]. 

2.4.4 Fetal heart Rate (FHR) 

Until now fluctuation in fetal heart rate and fetal heart rate variability 

(FHRV) have not thoroughly explained. Since the nervous system of fetus 

at birth may not be shaped completely. In spite of the fact that direct 

neural connection between mother and her fetus is not available, mother 

still indirectly able to affect the FHR and the pressure of blood. The 

influence of the mother reaches the fetus through hormones transmission 

(cortisol /catecholamines). 
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There is another way in which the effect of mother can reach the 

fetus. It is called the direct way. In this way, the effect travels by 

compromised placental vasculature or through blood [22]. Generally, the 

fetus has independent autonomic nervous system of its mother and 

connected indirectly as illustrated above
 
[22]. FHR reach from 120 to 160 

beats per minute (bpm) when fetus is 20 weeks. Fetal FHR differs from 

adult, and even children, because FHR changes during gestation [22]. 

The heart rate variability (HRV)for fetal is less dynamic as compared 

to adult. During the development of fetal nervous system the HRV pattern 

would be more complicated [22]. Figure 2.12 gives an example of HVR.  

 

Fig. 2.12 HRV complexity [22] 

Linshof and other scientists show that 73% of the studied fetuses are 

related closely to the tempo of mother HR[22]. Lange et.al., discovered 

that FHRV changes with the age of gestation and also changes with the 

mean of HR. They proved that gender and time of day don’t have any 

influence on the FHR [22]. Another point must be taken in consideration 

is the fetal health since it  has a direct effect on FHR. 
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2.5 Fetal components 

The anatomy of fetomaternal components can be noticed in Fig. 

2.13. The fetal appears to be surrounded by different layers (anatomical 

layers). Each layer has different electrical conductivity[21]. There are two 

layers that have the biggest effect on the conductive which are the 

amniotic fluid and vernix caseoa. They have the highest and the lowest 

conductivity and they fully surround the fetal. By concentrating on the 

mother abdomen we notice how the existence of fats under the skin which 

affects the conductivity, unlike the muscle tissue
 
[21]. Since both skin and 

fat, which lie under the skin, have direct contact with the electrode that is 

responsible for recording FECG and due to the difference of their 

conductivity they will have the maximum effect on ECG collecting
 
[21]. 

Because of the layers that surround the fetus, the volume of conductivity 

will be unsteady and will take a geometric shape. The conductivity 

changes during pregnancy. From the 20
th
 week forward the electrodes of 

ECG device are able to record FECG signals because the heart activity 

and amplitude of fetus will be higher than the previous weeks of fetal age. 

From weeks 28 to 32, the vernix caseosa layer will be formed. Since 

this layer has a very low conductivity, it surrounds the fetus and tries to 

isolate it electrically.  Thus, the process of recording fetal ECG would be 

more difficult [21]. This problem will vanishes by the weeks 37 to 38 of 

gestation
 
[21]. 

Different studies have been carried out for enhancing FECG 

recording after vernix caseosa layer forming (during the 3
rd

 trimester of 

pregnancy)
 
[21]. The studies are based on selecting optimum pathway like 

umbilical cord, during random holes in the vernix caseosa and oronasal 

cavity[21]. 
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Some of the differences between adult ECG and FECG can be 

explained by taking into account the path that the FECG uses to reach 

electrode, intrinsic weakness and the gradually development of 

FECG[21].  

 

 

Fig. 2.13 The layers that surrounding the fetal Which affect on the ECG 

signal[21] 

2.5.1 Fetus positions 

The fetus don’t have a specific position and moves a lot inside the 

uterus in the first two trimesters of gestation. The fetus takes the vertex 

position in the mid of 3
rd

 trimester. In this position the head of the fetus 

are down and it looks like overturned. This position is very suitable for 

birth [23]. 

The position of fetus inside uterus influences the ECG recording 

since its position closes or outs away the fetal heart from the electrodes
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[24]. There are many positions that the fetal will passes  during gestation 

as illustrated in Figs. 2.14 and 2.15. 

 

 

Fig. 2.14  Fetal positions in the last part of gestation where (R&L) 

represent left and right,(O) point to occiput, (A) mean anterior, (p) 

represent posterior and T denote to transverse[23] 

  

Fig. 2.15 Fetal positions in the last part of gestation [24] 

2.6 Blind source separation (BSS) 

It also called blind signal separation. Briefly it can be defined as 

separate set of signals that come from the mix of set of sources without 

any help or with very simple information about the source signal. 

Formerly researchers focused only on how to separate temporal signal like 

audio. Nowadays BSS is applied to many fields like images and tensors 
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which can be classified as multidimensional data and has no dimension of 

time[25]. 

Independent component analysis (ICA), irregular decomposition, 

principle component analysis stone’s blind source separation ect. can be 

considered as algorithm to treat the problem of blind source 

separation[26].  

ICA is the most used algorithm for solving the problem of BSS and it 

has been developed. Many algorithms are derived from ICA like FICA, 

EFICA, block EFICA
 
[25]. 

2.6.1 The history of blind source separation  

In 1980, the first blind technique had been presented. The word 

“blind” refers to the method since this method utilizes only the 

observation ability to record signal. In the beginning, the blind source 

separation technique was exploited to implement adaptive equalizer in the 

system of digital communication. In 1982, B. Ans, J. Heranlt and C. 

Jutten presented the first formulation of source separation[27]. In 1984, 

the problem of blind source separation was formed as a result of using 

higher-order moments for the approximation of matrix. After that many 

studies had been published to develop the solution of blind source 

separation problem [27]. 

2.6.2 BSS applications 

In industry and academic field, BSS earned great interest, medical 

signal processing wireless communication system, remote sensing, image 

recognition and pattern analysis etc., all these fields are included BSS 

application [28]. 
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Another field that the BSS technique is used in is radio 

communication system [28]. There are many other fields that the BSS 

technique have been used and can be found
 
[28]. 

2.6.3 BSS classification 

Generally BSS can be classified into two types. The classification of 

BSS technique depends on the training data. If the BSS comes with 

trained data then it is named as supervised BSS technique, and if it has no 

trained data then it is named as unsupervised BSS techniques (blind) [26]. 

There are three categories (linear/nonlinear, instantaneous/ convolution 

and underdetermined/ over complete) that are utilized to classify the 

unsupervised BSS technique [26]. Fig. 2.16 below illustrate the general 

classification of BSS. 

 

Fig. 2.16 The classification of Blind Source Separation [26] 

2.6.4 Preprocessing 

Preprocessing can be defined as the process of the data which 

precedes data entry to BSS technique. There are three preparing technique 

which are: 
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 Centering process: it simply means the sample mean of the 

received vectors will remove and add then to the original 

signal after recovering [29]. 

 Whitening process: It is the process of transferring the 

received vector to another vector. This transformation is done 

linearly. All whitened components will have unity variance 

and they are uncorrelated. The whitening matrix is then 

restored by the Eigen value decomposition convariance matrix 

[30]. 

 Principle component analysis: By choosing the components 

that must be used, and in specific cases, the dimensionality is 

introduced. Preventing “over learning” is one of this process 

duty[30]. 

Generally, the whole  work of BSS algorithms can be summarized 

according to the following steps[31].  

 Set the data to zero-mean; 

 Whitening the data; 

 Select randomly vector W to be initial vector. The selected 

vector represent column in the inverse matrix W that had been 

predicted; 

 step of "fixed-point iteration" ; 

 equalization; 

 test the convergence if it is okay, continue and if it is not go 

back to step 4; 
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2.6.5 BSS design and mathematical representation 

The general mathematical method of BSS is shown Fig. 2.17 below. 

 

Fig. 2.17 Schematic diagram of Blind source separation[32] 

                                 
                              (2.1) 

Where      represents the original signal sources. After that all 

sources are going to be mixed randomly by matrix A to give the mixture 

matrix [26]. 

                           
                             (2.2) 
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The above equation illustrates the general mathematical model of 

blind source separation. The model has no noise. 

The principle aim of BSS is to extract source signal. It is done by 

mixing A or inverse of matrix A. The inverse of matrix A is known as the 

un-mixing matrix W 
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                                                                                           (2.4) 

                                                (2.5) 

Where                        
  and n represents the noise. 

2.6.6 Stone BSS 

A scientist named Stone invented a new technique of separation 

based on blind source separation . It is classify as a kind of second order 

statistic and the method took the same name of the scientist that invented 

it "Stone BSS" . This method depends on the feature of signal and the 

conjecture  " The temporal predictability (TP)of any mixture is less than 

or equal that of any of its component" [33][34][35][36]. 

Only three helpful features of signal mixtures that could be utilized 

which are. 

 A Gaussian probability density function based on the central limit 

theorem. 

 Degree of statistical independence 

 Temporal predictability 

The difference between Stone BSS method and any other BSS 

methods is the utilization of the above three mentioned points in other 

word Stone BSS depends  on its execution on the 3rd point while the other 

BSS methods utilize the first and the second property to separate signals. 

2.6.7 Enhanced Fast Independent Component Analysis EFICA BSS 

EFICA algorithm working steps start with removing sample mean 

and remove the miss- correlation between data and explain that 

mathematically start with the down below equation [37]. 
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X = AS                                                  (2.6) 

To define the above  variables it is supposed that X is a matrix with d 

x N dimension, then N represents the samples number and S represents 

the original signal samples. A can be described as undefined mixing   

matrix d x d [37].  

Now to remove sample mean and de-correlation of data X  it needs 

the down below equation since  the steps is common with all algorithms 

classify under ICA 

     
 

                                                  (2.7) 

whereas  Ĉ is the covariance matrix and    represent measured data of 

sample mean [37].  

To finish the operation of EFICA  estimation each step of the 

algorithm works on pulled with the previous or following step in 

symmetric orthogonalization. 

W+ ← g(WZ)ZT - diag[ǵ(WZ)1N]W                                (2.8) 

W ← (W+ W+T)-1/2 W+                                             (2.9) 

The above 3 and 4 equation could be as the fixed point of EFICA, g 

and ǵ represent the second derivative of G where G is appropriate 

nonlinear function. 

G= ŴA                                                        (2.10) 

The above equation represent the gain matrix which deals directly 

with the separation  quality since Ŵ is the de –mixing  matrix [37].   

From the previous  introduction EFICA consider general case while 

FICA is a special method derived from the ICA since  every row would 
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multiply with appropriate positive number before the symmetric 

orthogonalization  in the iteration number 3.  

Every single iteration can be illustrated in the three down below 

equations  

W+ ← g(WZ)ZT - diag[ǵ(WZ)1N]W  

W+ ← diag[C1,....,Cd].Ẁ 

W ← (W+ W+T)-1/2 W+    

The Gaussian distribution gave an opportunity to derive the non-

diagonal normalized gain matrix. 

   
   

  
      

       
  

           
                                           (2.11) 

From the equation 6 it could be noticed that it is invariant with 

respect to Ck [37].  

The coming equation is obtained by keeping k fixed and choosing a 

value for    equal to 1. 

    
    =    arg   

   
       

               
   =

      

        
  

                                 (2.12) 

from the above equation we can conclude that zero and +∞ lost the 

ability to minimize the value of equation 6 until      
    equal to the value 

of     
  . 

the down below equation describe the optimum value that would be 

depended . 

    
      

   
       

         
   

        
  

  
      

       
  

                     (2.13) 
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2.6.8 Joint Approximation Diagonalization of Eigen – Matrix (JADE) 

JADE could be consider as one of the algorithms that are used to 

analysis the independent component to separate mixed signals . It works 

by exploiting a feature which is called fourth order moment [38]. As we 

mentioned previously blind source separation techniques works according 

to one of the following theories "Temporal predictability , Gaussian 

probability density function and Statistical independence ". JADE is like 

the other BSS technique , it operates under the Gaussian probability 

density function which use to determine independence between 

components . The aim of this determination is to have zero overfull 

Kurtosis . To predict source vectors which own high amount of overfull 

Kurtosis . JADE algorithm here search for orthogonal rotation of 

monitored vectors of the mixture matrix [38]. 

to represent JADE algorithm mathematically. 

Let                 

Where X is per whitened and the matrix here has  n columns and m 

of variant mixed vector. m by m will represent the identify matrix of 

sample covariance and the matrix will has zero mean as well . 

 

  
     

 
           

 

  
                                     (2.14) 

By treating X with JADE then it will compute first the "fourth order 

moment" and then to get the rotation matrix by using optimized contrast 

function . 

                                                 (2.15) 

The above equation is to predict source component 
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2.7 Particle Swarm Optimization (PSO) 

PSO can be defined as swarm intelligence based, approximate and 

nondeterministic optimization technique. Every optimization technique 

aims to obtain parameters which give the maximum or minimum values 

that match the target function. James Kennedy and Russell Eberhart were 

the first scientists that invented PSO in 1995who had the PSO idea from 

the bird and fish swarm. PSO algorithm provides multiple solutions at 

each time. PSO, like genetic algorithm, has fitness function which is used 

for evaluating  each solution during the iteration [39].  

In search space each solution is denoted by particle, then the particle 

flies to reach the max. value depending on the objective function. 

The swarm construct from many particles, each particle keeps 

 Position inside the search space, 

 velocity; and 

 individual best position. 

The global best position stays at the swarm. The operation of PSO 

can be summarized in three steps [39]. 

 Each particle is evaluated according to fitness function; 

 updating the bests (global & individual); and 

 updating velocity and position. 

All the above steps are repeated until the stopping condition is 

obtained. 

The equation below is used for updating the velocity of each   

particle [39]. 

                                                    (2.16) 
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  denotes particle index,   denotes inertial coefficient,c1, c2 represent 

the acceleration coefficients and r1,  r2 represent random values which 

control the regeneration of each velocity update. 

The inertial coefficient "w" value lies between 0.8 to 1.2. The 

cognitive coefficient c1 value is close to 2. The social coefficient c2 value 

is close to 2 as well [39]. 

The equation below is used for updating the particle position. 

                                                   (2.17) 

 PSO approximately covers 4.3% of the papers published in IEEE 

which deals with biomedical signals and medical fields. ECG signal is 

classified as biomedical signal; for this reason PSO has been utilized to 

enhance the extraction of fetal ECG signal
 
[40]. Fig. 2.18 illustrates the 

general flow chart of PSO technique.  

 

Fig. 2.18 Standard flowchart  of Particle Swarm Optimization 

Technique[39]  
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2.8 Literature Review 

Direct extraction of fetal ECG method is highly depending on fetal 

position and the age of gestation. Direct detection has been done without 

any processing for signal. In vertex fetal position the R-peaks of fetal 

signal will appear positive while the mother appears negative [41]. 

Different kind of adaptive filter has been used for extracting FECG 

and cancel the MECG. These filters which used are for extracting FECG 

included training adaptive filter of matched filter to cancel mother ECG 

[42][43][44]. Some methods trained the filter directly to extract fetal ECG 

[45][46]. Partition-based weighted sum filter, least square error fittings are 

also used for fetal ECG extraction [47][48][49][50]. For extracting FECG 

by adaptive filter, it requires either reference MECG or independent linear 

channels [51].
 

Practically, the above mentioned approaches are not 

suitable because the morphology of MECG has close link with the 

electrodes position [52]. Kalman filter has been developed to extract fetal 

ECG and cancel maternal ECG. In this approach, an arbitrary  MECG is 

used as reference and cancel it while  extracting FECG [51][52][53][54]. 

There is another method which is used for extracting ECG; it is 

known as linear decomposition. In linear decomposition method, with the 

help of suitable function, the signals should be decomposed for various 

components. The selection of that basic function depends on frequency, 

time and of the feature of fetal signal components. Wavelet decomposition 

and matching pursuits are the best methods that have been used for the 

purpose of fetal ECG extraction [55][56][57]. Singular value 

decomposition (SVD) and blind source separation (BSS) can be classified 

as “data-driven decomposition method” [58][59][60]. In BSS the required 

functions are concluded from the used data itself. Using blind source 
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separation to extract FECG shows that BSS has a better performance than 

the used adaptive filter[61][62][63]. Depending on, independent 

components of each mother and fetal or temporal structure existence for 

either mother signal or fetal signal, will help us to use blind source 

separation in the extraction of FECG [64][65][66][67][68]. Combination 

between blind source separation and wavelet decomposition has been also 

made to enhance the extraction of FECG[56][69]. The main problem in 

using BSS for fetal ECG extraction is that BSS supposes that all signals 

(MECG, FECG and noise) mix linearly while in fact some cases like 

(breathing and when fetus changes its position), do not satisfy the 

condition of suitable mixing. This explains the error that happens in the 

extraction operation [70][71]. 

Adaptive blind source separation which combines model-based 

signal processing also provides very good results [43][72][73]. Fixed or 

data-driven basis function are the used functions in linear decomposition. 

Both fixed and data-driven basis function have less impact for non-linear 

mixed signals. As mentioned before, the mixed signals (FECG, MECG 

and noise) may not linearly separable [67][74]. 

The only solution for this problem is the use of non-linear transforms 

to isolate all parts that form the mixture. Non-linear methods require prior 

knowledge about the wavelet signal and even the unwanted signal. Non-

linear methods for canceling MECG and extracting FECG have been 

mentioned in many researches [67][70][72][73]. The point that 

distinguishes the non-linear method is its ability to apply on one mother 

abdominal channel [70]. Other projects that have been announced include 

a combination between linear and non-linear decomposition methods. 

This combination method has a very good performance specially in the 

field of fetal ECG extraction [70]. 
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There are few  studies that discuss the problem of twin gestation. For 

instance, Lathauwer discussed twin case "fetal electric cardiogram"  

extraction by blind source separation. He developed a method to separate 

both FECG and MECG [2]. Taylor also  wrote a general clinical study on 

both single fetal and twin to record  heart time periods in normal 

pregnancy. He implemented his work using ICA and got 85% rate of 

success on separating singletons and 79% rate of success on twins and 

triples
 
[75]. A. Kam and A. Cohen discussed the problem of extracting 

twin fetus ECG in a published paper with title "SEPARATION OF 

TWINS FETAL ECG BY MEANS OF BLIND SOURCE SEPARATION 

(BSS), they used an adaptive filter to cancel the noise and then used the 

JADE algorithm to separate MECG, F1-ECG and F2-ECG [76]. Comani 

et al. and Burgoff et,al used the measured magneto cardiograph data of 

twin. They used ICA-TDSEP algorithm and 9 magnetos cardiograph. 

They proved that between 28th and 38th week twin fetal ECG could be 

separated from not only mother ECG but also the noise as well
 
[4][77]. 

Malika kevalupura, Mehrded Pourfathi and Birsen Sirkeci Mergen wrote  

a paper under the title of "Impact of Contrast Functions in The ICA on 

Twin ECG  Separation", They used fast ICA with multi and different 

contrast functions  to separate twin fetal ECG from mother ECG. They 

depend on the performance index as criterion [31].   M. kotas, J.M.LESKI 

and J.WKOBEL, They published research with title "Sequential 

Separation of Twin Pregnancy Electrocardiogram". In their research they 

used a new method of sequential determination of source sub spaces 

(SDSS) combined with ICA merged with either projective or adaptive 

filter to separate sources signal [78]. Salman Vardi  M, and  Z. Einalou  

also discussed the problem of extracting twin fetal ECG through their 

research under title "Separation of Twin Fetal ECG From Maternal ECG 
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Using Empirical Mode Decomposition Techniques " They invented new 

method by combining principal component analyses (PCA), standard 

empirical mode decomposition (EMD) and ensemble empirical mode 

decomposition (EEMD). They used 250HZ as sampling frequency  and 

they got 93.3% and 91.1 % accuracy of separation respectively [79]. 

Rolant Gini J., Ramachandran K.I. and Ceerthibala U.K. wrote a research 

under the title "Approach To Extract Twin FECG For Different Cardiac 

Condition During Prenatal". They invented a new algorithm to detect the 

R peak for each mother and fetuses. They got results close to 100% of 

singleton fetal ECG extraction and 80.4% in case of twin [80].  

In fact, the published research by Malika Kevalupura,Mehrded 

Pourfathi and Birsen Sirkeci Mergen under the title "Impact of Contrast 

Functions in The ICA on Twin ECG  Separation" goes in line with our 

study. Thus, we have used the same dataset (DaISy dataset) of single fetal 

pregnancy. We have also used the Abio-7 dataset to test the performance 

of the used BSS algorithms. To satisfy the case of twin gestation The 

researchers generated fetal -2 signal while we duplicate the same fetal 

signal that has been extracted in the first stage. They depended on FICA 

BSS method while we have used Stone BSS method. They used different 

contrast functions and applied them to check how the extracted signal 

match the source signal while we calculated the SNR for each signal in 

addition to the matching index. 
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CHAPTER THREE 

Methodology 

 

3.1 Introduction  

In this chapter, conventional Stone BSS will be demonstrated in 

details. It will also introduce the modification on Stone BSS and the data 

bases that used to test the performance of the compared algorithms.  

3.2 Conventional  STONE Blind Source Separation 

Stone BSS technique exploits temporal predictability property to 

separate the mixed signals unlike other BSS technique  that use different 

properties to implement separation . Temporal predictability concept is 

used for describing the time period which separates a series of events. 

This period of time may be regular or irregular so when a repeated cases 

of cause and effect are faced, it face another multi temporal periods. If 

these periods are constant, then it is possible to predict the next event [81]. 

Stone estimation depends on very simple principle  which is that the 

temporal predictability must be equal or less than its components  and this 

step helps to select every single weight   for each vector to obtain 

orthogonal projection . 

Just like the other BSS techniques Stone system starts with 

                                          Xk=ASk                                              (3.1) 

Since the first equation represents the system without noise. X is the 

mixed signals, S is the sources matrix and A is the mixing matrix. Symbol  

K could be sample or time index. The aim of all the operations is to 

restore [S],  which is the sources from [X], which is mixed signal without 
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prior knowledge  of [A] matrix. To get rid of this problem we need to find 

another matrix known as W which is equal to : W=A-1. Separation model 

has been established to calculate the record signal. 

                                      Y(k) = W X(k )                                        (3.2) 

To get the scaling before S is going to be replaced with Y 

                      F(y)=   
  

  
    

                 
   

 

                  
   

                      (3.3)  

Equation 3.3 gives a definition to the temporal predictability 

measured by Stone. 

                 yshort(k)=βSyshort(k-1)+(1-βS)y(k-1)   :0≤βS≤1               (3.4) 

                  ylong(k)=βLyshort(k-1)+(1-βL)y(k-1)    :0≤βL≤100          (3.5)

  

N equal to number of sample proportion to Y(k), βL =2-1/     ,           

βS =2-1/      where both hshort and hlong denote to half parameter life. 

Stone created relation between βS and βL. The relation is : half –life h long 

of βL is longer  than half life h short of  βS with 100 times.    

By assuming y(k)=   
     , W=[w1,w2,w3,.....,wn].By substituting 

in equation 3 then we get  

                                        
     

    
  

 

     
       

                                      (3.6) 

   
    

 and    
      are respectively long and short  term covariance 

matrix (NxN) of mixed signal. 

                      

               
              

                           (3.7) 
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                    (3.8) 

Getting the un-mixing vector by maximizing Rayleigh  quotient is 

the main concern of Stone BSS and here comes the need of using Eigen 

vectors of      

    
 [     

      -1 ,which represents orthogonal of the covariance 

matrices,  to serve the previous purpose
 
. 

                                       
       

                                           (3.9) 

                                        
      

                                          (3.10) 

Where : 

       
       

           
              

                              (3.11) 

         
      

           
    

         
    

                         (3.12) 

When hshort  goes  toward zero (hshort →0 ) hence short term would be 

: 

                               
                                                          (3.13) 

                              
          

                                     (3.14) 

When hlong  as well goes towards infinite (hlong → ∞) and in case of y 

has zero mean, the long term mean would be  

                                              
    

≈0                                             (3.15) 

                                             
    

 ≈                                      (3.16) 

According to the above equations the expected value of both yi and 

yj would be equal to zeros.  
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                                                                                           (3.17) 

The previous equations proved that every single restored signal yi is 

calculated by yi=WiX is not correlated with the other mixed signals and 

could be  used to show that all the components are independent and the 

anticipated value would be zero as well, Stone is very suitable method for 

linear mixture separation. The anticipated value is equal to zero because 

the temporal derivative of each restored single signal is uncorrelated with 

each other. 

                                                                                             (3.18) 

Separating matrix could be obtained by using the mat lab program 

and specifically the Eigen value  function.                                                       

                                                                                   (3.19) 

Stones BSS has many advantages; one of them is propagate Eigen 

problem. 

3.2.1 Modified Stone Blind Source Separation (MSBSS) 

A new method called Modified Stone Blind Source Separation 

(MSBSS) is introduced based on combination between Stone BSS 

algorithm and Particle Swarm Optimization (PSO) technique. There are 

many parameters which control the performance of Stone algorithm. 

These parameters are the maximum mask length, number of half lives to 

make mask, long and short term. Stone algorithm sets all the values of the 

mentioned parameters constant. Any change in the value of these 

parameters directly affects the signal separation. PSO is utilized to 

calculate the optimum values for only long and short term (hlong and hshort). 

The big search scope which is related to (hlong and hshort) is the motivation 
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to use PSO to get them optimum values. There are two linear scalar filters 

which control the response of Stone algorithm. The linear filters which 

have been used in Stone algorithm are assumed to be scalar filters and not 

to be a matrix filters. This explains how Stone BSS algorithm utilizes 

"Generalized Eigen Value Decomposition" (GEVD) to get the separation 

matrix [82]. Figure 3.1 illustrate the general Stone algorithm block 

diagram.  

 

Fig. 3.1 Block diagram of  STONE Blind Source Separation 

Algorithm[33]  

Where: X (k) = Mixture observation signals, XL (k) =Filter Response (L) 

XS (k) =Filter Response (S),       = Long-term covariance matrix  

       = Short-term covariance matrix, RXX =               

V= Eigenvector matrix RXXV=VD, W=Un-mixing matrix 

The fitness function is defined to ensure the independency between 

sources. The fitness function is designed depending on equations (3.17) 

and (3.18) 

            
  

       
 
                                           (3.20) 

             
   

       
 
   

                                                    
(3.21)
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Where n is the number of sources. The fitness function F should be 

minimized to ensure the independency between different sources. Then 

the fitness function would be. 

                                                                    (3.22) 

Where   and    are two weight parameters.  

In this fitness function the objective is to find matrix elements that 

minimize the fitness function. So PSO continue to search until a lower 

value of fitness function is reached. The best value for the designed fitness 

function is zero which shows the independency between sources. The 

fitness function has been derived from the fact that two vectors a and b are 

independent if their inner product becomes zero (a*b'=0). It is also 

important to notice that the inner product of their derivatives become zero 

(a'*b'
T
=0).  

Now the PSO parameters would be 

w1=1 weight1 for fitness function(signal independency) 

w2= weight2 for fitness function(delta signal independency) 

PS=100  Population size in PSO 

SL=0.005;%speed limiter (a number between 0.001 and 0.1 depends 

on   the problem) 

Maximum Number of Iterations  =1000  

Fitness Function =                          

Figure 3.2 shows the flowchart of Modified Stone Blind Source 

Separation (MSBSS).   
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Start 

Pre-processing for the raw data 

(centering & whitening) 

Generate random initial population 

using original Stone BSS 

Calculate the fitness value of 

each particle 

1-Update personal-best global-best 

2-Update velocity 

3-Update particles position 

 

Stopping criterion 

(no of generations) 

Get the optimum and best 

solution 

Set the value of max. mask 

length for Stone BSS 

Set the No. lives to make mask 

of Stone BSS 

Obtain the separated signals 

End 

YES    

NO 

Fig. 3.2 MSBSS flowchart 
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3.3 DATA SET 

3.3.1  ABio 7 Database 

 It is the criterion of ICALAB [83], the dataset consist of  7 

channels, each channel contain one signal with sampling rate equal to 250 

Hz. It also has zero mean, unity variance and 500 samples. Signal 1,5 and 

6 are Sub Gaussian while signal 4 and 7 are Super Gaussian and finally 

signal 2 and 3 are Gaussian. Figure 3.3 demonstrate the shape of Abio-7 

database signals. 

                    

 

                  

 

                     

    

  

 

 

(A) Channel-1 (Sub-Gaussian) (B) Channel-2 (Gaussian) 

(C) Channel-3 (Gaussian) (D) Channel-4 (Supper-Gaussian) 

(G) Channel-7 (Supper-Gaussian) 

(F) Channel-6 (Sub-Gaussian) (E) Channel-5 (Sub-Gaussian) 

Fig. 3.3 The ABio 7 Database 
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3.3.2  Real Data 

DaISy database has been used [84]. The data is obtained by placing 

three electrodes (channels 6,7 and 8) over the thorax area of the mother 

body and five electrodes (channel 1,2,3,4 and 5) on the abdomen. The 

signals are sampled at 250 Hz and the recording of signals last for 10 

seconds. First mother and fetal signal are separated from the real signals 

of DaISy database by three different blind source separation algorithms.  

Figure 3.4 shows the location of electrodes over mother body which 

is responsible for recording ECG signals for both mother and fetus. 

 

Fig. 3.4 The electrodes location over mother thorax and abdomen[46] 

3.3.3-  Semi-Simulated Data: 

Until now there is no available recorded database online for twin 

gestation because it needs independent clinical study [31]. Only single 

fetal pregnancy real database is available. For this reason and to keep all 

provided data  for all algorithms real, the extracted signal of fetal will be 

repeated and multiplied by factor to make a little change in the shape of 

the second fetal signal, and to represent the signal of the other fetal to 

satisfy the study of twin case gestation. 
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Fig. 3.5 The real in vivo data from the online DaISy database 

(A) Channel-1  (B) Channel-2 

(C) Channel-3 (D) Channel-4 

(E) Channel-5 (F) Channel-6 

(G) Channel-7 (H) Channel-8 
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Traditional techniques try to clarify that thoracic sensor is 

responsible for recording only the mother heart beat and abdominal 

sensors are responsible for recording fetal heart beats. In fact all sensors 

record a mixture of all ECG signals for both mother and its fetuses, even 

noises are part of the mixture. Filter techniques can isolate only the 

mother ECG but cannot work to separate between fetal 1 and fetal 2 

because their signals have the same features [85]. Fig. (3.5) shows the real 

obtained data from the online DaISy database before extracting MECG 

and FECG. 
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CHAPTER FOUR 

Results and Discussion 
 

4.1 Introduction 

 The results are of two parts. Part-1 demonstrates the calculated 

results by using BSS only while Part-2 demonstrates the calculated results 

using Modified Stone BSS technique.  Different types of BSS technique 

are compared with Stone’s BSS to check the reliability of this method. 

Real ECG data for both mother and fetuses are taken from DaISy 

database. In this work three cases will be discussed. 

4.2 PART-1 

4.2.1 CASE 1: The Abio-7 dataset 

 The Abio-7 dataset is used to test the performance of the  three 

selected algorithms (STONE, EFICA and JADE). All the signals in the 

Abio-7 are mixed randomly together to produce the new input for the 

algorithms as shown in Fig. 4.1. It also shows how each signal  affected 

by the other channels signal. 
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Fig. 4.1 The mixture of ABio-7 signals 

(A) Mixture-1  (B) Mixture-2 

(C) Mixture-3  (D) Mixture-4  

(E) Mixture-5  (F) Mixture-6  

(G) Mixture-7  
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After all signals have been mixed,  the mixture matrix is the input for the 

three algorithms (Stone, EFICA & JADE) so as get the final restored 

signals. Figures 4.2, 4.3 and 4.4 show the recovered signal after using 

three BSS algorithms to restore  all signal sources. The black signal 

denotes to source signal while the red one represent the restored signal 

               

 

               

 

               

 

 
(G) Recovered Channel-7 

(F) Recovered Channel-6 (E) Recovered Channel-5 

(D) Recovered Channel-4 (C) Recovered Channel-3 

(A) Recovered Channel-1 (B) Recovered Channel-2 

Fig. 4.2 The source and restored signals by Stone BBS algorithm 
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Fig. 4.3 The source and restored signals by EFICA algorithm 

(G) Recovered Channel-7 

(F) Recovered Channel-6 (E) Recovered Channel-5 

(D) Recovered Channel-4 (C) Recovered Channel-3 

(A) Recovered Channel-1 (B) Recovered Channel-2 
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Fig. 4.4 The source and restored signals by JADE algorithm 

(G) Source and extracted signal  

(F) Source and extracted signal (E) Source and extracted signal 

(D) Source and extracted signal (C) Source and extracted signal 

(A) Source and extracted signal (B) Source and extracted signal 
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 All algorithms succeeded to recover all signals and to verify which 

algorithm has the best performance we need to compare them depending 

on the achieved SNR. Table (4.1) represents a comparison between all 

algorithms depending on the obtained average signal to noise ratio (SNR) 

for each method. 

 SNR is calculated by dividing the total power of the signal over the 

total power of the noise signal.  

Table 4.1 The recorded average SNR in dB for each single algorithm 

NO. BSS Algorithm Recorded Average SNR 

1 STONE 16.88 

2 EFICA 22.36 

3 JADE 14.47 

 

 From table 4.1, EFICA algorithms record the highest value of 

calculated SNR. STONE algorithm records less SNR than EFICA but is 

better than JADE algorithm. This supports what has been mentioned in 

Stone's paper where he states that his algorithm is not the best algorithm 

to restore the (Gaussion, Sub-Gaussion and Super-Gaussion) signals [34] . 

4.2.2 CASE 2: Single Pregnancy  

 In this part the extraction of both mother and single fetal ECG 

signal will be discussed depending on the output of the three algorithms. 

The eight channels of the DaISy dataset, which is illustrated previously in 

Fig. (3.5), are the input for each BSS algorithm (STONE, EFICA & 

JADE) after passing through band pass filter (BPF) to check if there is any 

change in the signals. The BPF cutoff frequency is (f1= 0.1Hz and f2= 

140 Hz). The selected values of the cutoff frequency for BPF depends on 

the fetal heart rate which is equal to 140 beats per minute for a normal 
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case [22]. Figures 4.5 and 4.6  illustrate the BPF output and the BPF 

response. Band-pass filter BPF is implemented by a Windowed-Sinc FIR 

filter to narrow the frequency band and concentrate on the band which has 

the FECG signal. 

                                                          
 

  
                                          (4.1) 

BW is the band width 

             
            

 

 
 

  
 

 

              
   

 
          

   

 
     (4.2) 

 Where M=1025, Srate= 256, f1= fc1/Srate and f2= fc2/ Srate.  

 Figure (4.5) illustrates the frequency response of the B.P.F. From 

Fig. (4.6) there is no noticeable change on the output signals shape which 

can make distinguish between signals before entering the filter and after 

coming out.  Figures 4.7, 4.8 and 4.9 show the extracted signals by each 

BSS algorithm. 

 

 

Fig. 4.5 The response of BPF 
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Fig. 4.6 The shape of signals after BPF  

(A) Channel-1  (B) Channel-2 

(C) Channel-3 (D) Channel-4 

(E) Channel-5 (F) Channel-6 

(G) Channel-7 (H) Channel-8 
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 Fig. 4.7 The extracted signals by STONE BBS algorithm 

(A) Recovered signal Channel-1  (B) Recovered signal Channel-2  

(C) Recovered signal Channel-3  (D) Recovered signal Channel-4  

(E) Recovered signal Channel-5 (F) Recovered Fetal signal Channel-6 

(G) Recovered Mother signal Channel-7  (H) Recovered signal Channel-8 
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Fig. 4.8 The extracted signals by EFICA BBS algorithm 

 

(A) Recovered signal Channel-1  (B) Recovered signal Channel-2  

(C) Recovered Fetal signal Channel-3  (D) Recovered signal Channel-4  

(E) Recovered signal Channel-5 (F) Recovered signal Channel-6 

(G) Recovered Mother signal Channel-7  (H) Recovered signal Channel-8 
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Fig. 4.9 The extracted signals by JADE BBS algorithm 

 

(A) Recovered signal Channel-1  (B) Recovered signal Channel-2  

(C) Recovered Mother signal Channel-3  (D) Recovered signal Channel-4  

(E) Recovered signal Channel-5 (F) Recovered signal Channel-6 

(G) Recovered Fetal signal Channel-7  (H) Recovered signal Channel-8 
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 The previous figures show that every selected BSS algorithm has 

extracted fetal and mother ECG signals. However using the visual 

inspection, it very obvious that the noise has less effect on the extracted 

signals by STONE BSS algorithm. From the extracted signal for the 

mother and fetal it is so easy to calculate the fetal heart rate (FHR) which 

equal to (132 bpm) and mother heart rate (MHR) which is equal to (84 

bpm). 

 By focusing on small part of each extracted signal of fetal ECG and 

mother ECG and specifically the QRS- Complex, the impact of noise 

appears more clearly as shown in the figs. 4.10, 4.11 and 4.12. 

 

   

 

   

 

Fig. 4.10 The QRS complex for mother and fetal ECG after STONE 

BSS 

 

Fig. 4.11 The QRS complex for mother and fetal ECG after EFICA 

BSS 
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 For more clarification the down table 4.2 has been made to compare 

all restored signals (FECG & MECG)  depending on the calculated power 

spectral density (PDS). 

 Power spectral density function (PSD) shows the strength of the 

variations(energy) as a function of frequency. In other words, it shows at 

which frequencies variations are strong and at which frequencies 

variations are weak. The unit of PSD is energy per frequency. We also can 

obtain energy within a specific frequency range by integrating PSD within 

that frequency range. Computation of PSD is done directly by the method 

called FFT or computing autocorrelation function and then transforming 

it. 

Table 4.2 The recorded PSD for each signal 

NO. Signal Real 

signal 

Total 

power 

afte 

 BPF 

Total 

power 

after 

STONE 

Total 

power 

after 

EFICA 

Total 

power 

after 

JADE 

1 FECG 101.3480 99.8504 0.8340 0.8727 0.8623 

2 MECG 101.3480 99.8504 1.1098 1.0409 1.0289 

 

Fig. 4.12 The QRS complex for mother and fetal ECG after JADE BSS 
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 Figures 4.13 and 4.14 demonstrate the obtained PSD for mother and 

fetal ECG signal. 

 

Fig. 4.13 The PSD for fetal ECG 

 

 

Fig. 4.14 The PSD for mother ECG 
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4.2.3 CASE 3: Twin Pregnancy Semi-Simulated data 

 As it has been mentioned previously in the simulated dataset part, 

one of the BSS algorithms out will be allowed to be the input to simulate 

the twin gestation case after doubling the signal of fetal. Three different 

noises, which have the biggest impact on the ECG signal extraction, are 

also added to be mixed with MECG, F1-ECG and F2-ECG. The extracted 

fetal and mother signal by Stone BSS in Case 2 will be depended to 

simulate twin gestation case. Figure 4.15 below represents the input 

signals to simulate the twin case gestation. 

 

    

 

    

 

    
 

Fig. 4.15 The input signals to simulate twin gestation 

 

(A) MECG signal  (B) F1-ECG signal  

(C) F2-ECG signal  (D) WGN  

(E) PLI (F) EMG  
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 After all input signals have been determine, signals are randomly 

mixed together to get the mixture matrix. Figure 4.16  illustrates the shape 

of signals after being mixed randomly by the mixing matrix. It also shows 

how each channel affected by the other channel. 

 

      

 

      

 

    `  

  

Fig. 4.16 The mixed signals to simulate twin gestation case 

  

 

(A) Mixture-1  (B) Mixture-2 

(C) Mixture-3  (D) Mixture-4  

(E) Mixture-5  (F) Mixture-6  
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Figures 4.17, 4.18 and 4.19 show the recovered signals following the 

used BSS methods. 

 

    

 

    

  

    

 

Fig. 4.17 The source and restored signals by Stone BBS algorithm 

(A) Source and extracted signal   (B) Source and extracted signal  

(C) Source and extracted signal   (D) Source and extracted signal 

(E) Source and extracted signal  (F) Source and extracted signal 
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Fig. 4.18 The source and restored signals by EFICA BSS algorithm 

 

(A) Source and extracted signal   (B) Source and extracted signal  

(C) Source and extracted signal   (D) Source and extracted signal 

(E) Source and extracted signal  (F) Source and extracted signal 
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Fig. 4.19 The source and restored signals by JADE BBS algorithm 

 

 

(A) Source and extracted signal   (B) Source and extracted signal  

(C) Source and extracted signal   (D) Source and extracted signal 

(E) Source and extracted signal  (F) Source and extracted signal 
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 The red signal represents the recovered signal after using BSS 

technique while the black signal is the original signal. The above figures 

do not give an idea about the best BSS algorithm in the extraction of 

signals whereas all algorithms restore the signals perfectly. To verify the 

best algorithm, all registered SNR for (MECG, F1-ECG & F2-ECG) are 

compared in table 4.3. 

Table 4.3 The recorded SNR in dB for each signal after each BSS 

algorithm 

NO. Signal STONE EFICA JADE 

1 MECG 16.0870 13.4229 14.0289 

2 F1-ECG 26.1084 20.3604 21.6098 

3 F2-ECG 13.7739 13.2550 13.3065 

 

 Table 4.3 proves that STONE BSS algorithm record the highest 

value of SNR comparing to the other BSS algorithms. STONE BSS has a 

better performance to restore and solve the problem of twin gestation than 

the EFICA and JADE BSS techniques. 

 Table 4.4 demonstrates the fitness between the restored signal and 

the original signal. STONE algorithm registers the highest value as well. 

Table 4.4 The percentage of correlation between recovered  and original 

signals 

NO. Signal STONE EFICA JADE 

1 MECG 98.77  % 89.55  % 90.4  % 

2 F1-ECG 99.55  % 97.73  % 98.09  % 

3 F2-ECG 95.92  % 88.59  % 89.62  % 
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4.3 PART- 2 

 The obtained results in this part are calculated depending on the 

modified Stone BSS. Modified Stone BSS has been demonstrated in 

Chapter Three.  

4.3.1 CASE 1 The Abio-7 dataset 

 The same Abio-7 data, which has been used for testing the 

performance of the three used BSS algorithms (JADE, EFICA and Stone) 

are also used for testing the performance of  MSBSS and comparing the 

achieved result with the results that have been obtained in Part-1. 

 Figure 4.20 illustrates the performance of the prepared fitness 

function. It shows how the fitness function descending from higher value 

toward zero during iterations changes in the same time the values of the 

long and short term. 

 

 

Fig. 4.20 The performance of the prepared fitness function of PSO for 

case-1 
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 Figures 4.21 and 4.22 show how SNR and ISR values fluctuate 

during iterations depending on how the obtained values of long and short 

term change due to the performance of the fitness function. 

 

  

   

  

 After obtaining the best values for long and short term, the next 

step is setting the suitable value for max mask length. For original Stone 

BSS algorithm the max mask length is equal to 500. In this step the 

number is kept equal to 500, but the number of lives to make mask is 

changed to be (3) instead of (8) which is set by original Stone.  

 Figure 4.23 illustrates the recovered signal by MSBSS method. The 

signal with blue color denote to the extracted signal while the black one 

denotes the source signal. 

 

 

 

Fig. 4.21 The relation between 

SNR and iterations 

 

Fig. 4.22 The relation between 

ISR and iterations 
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Fig. 4.23 The source and restored signals by MSBBS algorithm for Case-1 

(G) Source and extracted signal  

(F) Source and extracted signal (E) Source and extracted signal 

(D) Source and extracted signal (C) Source and extracted signal 

(A) Source and extracted signal (B) Source and extracted signal 
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 Tables 4.5 and 4.6 illustrate the recorded average of SNR and ISR 

as each one uses algorithm, including the MSBSS.  

Table 4.5 The recorded average SNR in dB for each single algorithm 

NO. BSS Algorithm Recorded Average SNR 

1 STONE 16.88 

2 EFICA 22.36 

3 JADE 14.47 

4 MSBSS 17.61 

 

Table 4.6 The recorded average ISR in dB for each single algorithm 

NO. BSS Algorithm Recorded Average ISR 

1 STONE -16.88 

2 EFICA -22.36 

3 JADE -14.47 

4 MSBSS -17.61 

  

 Tables 4.5 and 4.6 MSBSS records higher SNR and ISR values 

than original Stone and JADE. However it still records lower SNR and 

ISR than EFICA algorithm. 

4.3.2 CASE 2: Single Pregnancy 

 MSBSS is also applied to process the same dataset which has been 

used in Part-1 (DaSIy dataset). Figure 4.24 shows the relation between 

fitness function and iterations. 
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Fig. 4.24 The performance of the prepared fitness function of PSO for 

case-2 

 After obtaining the optimum values for long and short terms, the 

max mask length is set to equal 140. Selecting the value of the max mask 

length to be 140 is not arbitrary. FHR in normal case is between 140 to 

160, so the selection of the max mask length depends on the value of the 

FHR. After setting the value of max mask length then the value of number 

of lives is needed to be set as well. Setting the number of lies to make 

mast is too important and affects directly on the recorded PSD for MECG 

and FECG. The value of the number of lives is set to get the best result 

PSD related to FECG signal since it represents the desired signal. Number 

of lives to make mask is set to 8. 

 Figure 4.25 illustrates the extracted MECG and FECG from the real  

8 - channels signal. 
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Fig. 4.25 The extracted signals by MSBSS algorithm 

 

(A) Recovered signal Channel-1  (B) Recovered signal Channel-2  

(C) Recovered signal Channel-3  (D) Recovered signal Channel-4  

(E) Recovered signal Channel-5 (F) Recovered Fetal signal Channel-6 

(G) Recovered Mother signal Channel-7  (H) Recovered signal Channel-8 
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Figures 4.26 and 4.27 represent the recorded PSD for the MECG 

signal and FECG signal respectively. Table 4.7 shows recorded PSD for 

MECG and FECG signal after every used BSS.  

   

 

 

Table 4.7 The recorded PSD for each signal 

No. Signal Real 

signal 

Total 

power 

after 

BPF 

Total 

power 

after 

STONE 

Total 

power 

after 

EFICA 

Total 

power 

after 

JADE 

Total 

power 

after 

MSBSS 
1 FECG 101.3480 99.8504 0.8340 0.8727 0.8623 0.8078 
2 MECG 101.3480 99.8504 1.1098 1.0409 1.0289 1.1143 

 

4.3.3 CASE 3: Twin Pregnancy Semi-Simulated Data 

 The same inputs which have been used in Case-3 in Part-1 will be 

used for simulating twin case. All signals are randomly mixed together to 

create the mixture matrix. Then, the mixture matrix is a new input to 

MSBSS. Figure 4.28 shows the performance of the fitness function during 

iterations. It shows how the function starts descending from higher value 

toward zero.  

Fig. 4.26 The recorded PSD for 

MECG signal 

 

Fig. 4.27 The recorded PSD for 

FECG signal 
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Fig. 4.28 The performance of the prepared fitness function of PSO for 

Case-3 

 SNR and ISR have been also calculated during iterations. Figures 

(4.29 and 4.30) show how the values of SNR and ISR change during 

iteration. The fluctuation in the values of SNR and ISR occurs due to the 

performance of the fitness function. 

   

 

 

 After obtaining the optimum values for long and short term, the 

value of max mask length and number of lives to make mask are also 

needed to be set. As mentioned in Case-2 the value of max mask length 

would set to 140. The number of lives to make mask is equal to 2 instead 

Fig.  4.29 The relation between 

SNR and iterations 

 

Fig. 4.30 The relation between   

ISR and iterations 
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of 8 which has been set by original Stone. Figure 4.31 illustrates the 

extracted and source signals. The signals with blue color represent the 

extracted signals, while the signals with black color represent the source 

signals.  

    

 

    

 

    

 

Fig. 4.31 The source and restored signals by MSBBS algorithm for Case-3 

(A) Source and extracted signal   (B) Source and extracted signal  

(C) Source and extracted signal   (D) Source and extracted signal 

(E) Source and extracted signal  (F) Source and extracted signal 
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Tables 4.8 and 4.9 show the calculated SNR and ISR for each 

extracted signal. 

Table 4.8 The recorded SNR in dB for each signal after each BSS 

algorithm 

NO. Signal STONE EFICA JADE MSBSS 

1 MECG 16.0870 13.4229 14.0289 23.9044 

2 F1-ECG 26.1084 20.3604 21.6098 27.7191 

3 F2-ECG 13.7739 13.2550 13.3065 13.8268 

 

Table 4.9 The recorded ISR in dB for each signal after each BSS 

algorithm 

NO. Signal STONE EFICA JADE MSBSS 

1 MECG -16.0870 -13.4229 -14.0289 -23.9044 

2 F1-ECG -26.1084 -20.3604 -21.6098 -27.7191 

3 F2-ECG -13.7739 -13.2550 -13.3065 -13.8268 

 

  



 

 

 

 

 

Chapter Five 

 

 

 

 Conclusion and Suggestions 

for Future Work 
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CHAPTER FIVE 

Conclusion and Suggestions for Future Work 
 

5.1 Conclusion 

The thesis demonstrates the need for reliable blind source separation 

technique to deal with the problem of fetal ECG extraction. It also shows 

that the abdominal ECG comes with different types of noises and 

interferences which need to be removed in order to obtain a clean ECG 

signal. The extraction of fetal ECG for twin case gestation has been also 

discussed. 

In this research, Stone BSS algorithm has been utilized for the first 

time to deal with the problem of  extracting fetal ECG. Furthermore, 

Stone algorithm is applied to separate between ECG signals of twin 

fetuses.  

Different kinds of simulation have been used including different 

datasets. DaSIy dataset which has real in-vivo data for single fetal 

pregnancy; ABio-7 dataset which is obtained from ICALAB and 

simulated data for twin case gestation, represent the source data to this 

work. 

In this research none of the traditional filters have been used. The 

reason of not using filters is to avoid losing some useful information since 

filters do not have perfect and ideal cutoff frequency. This may lead to 

waste part of the ECG signal. 

The contribution of this thesis is a Modified Stone Blind Source 

Separation (MSBSS method). This method records higher results than the 
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other BSS techniques. The proposed algorithm is produced by 

combination of one of the soft computing algorithms (PSO) and Stone - 

BSS. The calculated Signal to Noise Ratio (SNR) and Power spectrum 

density (PSD) represent  the performance index which have been used for 

comparing between the used algorithms (EFICA, JADE, Stone and 

MSBSS). The obtained results in this thesis are divided into three cases.  

Case-1 depends on the ABio-7 data set as the source data to be 

mixed and then to be extracted. After that the SNR for each signal is 

calculated to every BSS technique. The aim of this case is to test the 

performance of each single BSS algorithm. 

Case-2 uses the DaSIy real dataset to extract the mother ECG and 

fetal ECG. PSD is calculated for each technique to be compared. MSBSS 

records the best value of PSD in respect to fetal ECG as compared to the 

other BSS techniques. 

Case-3 uses the simulated data to satisfy the case of twin gestation. 

The recorded SNR for  mother and fetuses by MSBSS are high comparing 

with the other BSS techniques.  

5.2 Suggestions for future work  

With regard to the suggested future work, the obtained results by 

MSBSS are very encouraging to design and implement hardware 

equipment in future for recording and processing abdominal ECG having 

the MSBSS as an operating system.  

In future, designing an algorithm that works with the fuzzy system 

concept to diagnose the health situation of fetal during gestation and 

works closely with MSBSS would be helpful. indeed the obtained results 
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by MSBSS is an accurate results and that provide an accurate diagnosis 

for defects which infect the heart of fetus for single and twin pregnancy. 

Replacing the used optimization technique (PSO) to make 

modifications on Stone BSS with  other developed optimization 

techniques like Shark Smell Optimization (SSO), Dolphin Swarm 

Optimization (DSO) and Gray Wolf  ptimization  (GWO) improve the 

performance of Stone BSS. This helps to get better results. 

 5.3 Limitations and Drawbacks  

From the obtained results and specially CASE-1 in each part, Stone 

algorithm and MSBSS are not the most suitable algorithm to deal with the 

(Gaussian, Sub Gaussian and Supper Gaussian) signals. The algorithms is 

limited to deal with the problem of linear mixed signals only and not 

suitable for nonlinear mixed signal.    

 

  

https://link.springer.com/chapter/10.1007/978-981-10-5221-7_10
https://link.springer.com/chapter/10.1007/978-981-10-5221-7_10
https://www.google.com/search?q=gray+wolf+optimization&tbm=isch&source=hp&sa=X&ved=2ahUKEwiU3-6orITjAhUC-qQKHfTgAzAQsAR6BAgHEAE
https://www.google.com/search?q=gray+wolf+optimization&tbm=isch&source=hp&sa=X&ved=2ahUKEwiU3-6orITjAhUC-qQKHfTgAzAQsAR6BAgHEAE
https://www.google.com/search?q=gray+wolf+optimization&tbm=isch&source=hp&sa=X&ved=2ahUKEwiU3-6orITjAhUC-qQKHfTgAzAQsAR6BAgHEAE
https://www.google.com/search?q=gray+wolf+optimization&tbm=isch&source=hp&sa=X&ved=2ahUKEwiU3-6orITjAhUC-qQKHfTgAzAQsAR6BAgHEAE
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Appendix  A 

Appendix A: Fetal Cardiovascular System 

The Fig. A.1 below demonstrate general look to the Fetal 

Cardiovascular System. 

 

Figure A.1 The Fetal Cardiovascular System 

Placenta 

 The circulatory system of the mother is not directly connected to 

that of the fetus, so the placenta functions as the respiratory center for the 

fetus as well as a site of filtration for plasma nutrients and wastes. Water, 

glucose, amino acids, vitamins, and inorganic salts freely diffuse across 

the placenta along with oxygen. The uterine arteries carry blood to the 

placenta, and the blood permeates the sponge-like material there. Oxygen 

then diffuses from the placenta to the chorionic villous, an alveolus-like 

structure, where it is then carried to the umbilical vein. 

https://en.wikipedia.org/wiki/Alveolus
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Heart  

 The fetal circulatory system includes three shunts to divert blood 

from undeveloped and partially functioning organs, as well as blood 

supply to and from the placenta. Below Fig A. 2 illustrate how the 

circulatory fetal system operates.  

 

Figure A. 2 illustrate how the fetal heart and liver operate before fetal 

birth  



 

B1 

 

 

Appendix  B 

Appendix B: Generation of simulated ECG data 

 The aim of the ECG simulator is to produce the typical ECG 

waveforms of different leads and as many arrhythmias as possible. My 

ECG simulator is a MATLAB based simulator and is able to produce 

normal lead II ECG waveform. The use of a simulator has many 

advantages in the simulation of ECG waveforms. First one is saving of 

time and another one is removing the difficulties of taking real ECG 

signals with invasive and noninvasive methods. The ECG simulator 

enables us to analyze and study normal and abnormal ECG waveforms 

without actually using the ECG machine. One can simulate any given 

ECG waveform using the ECG simulator. 

Principle: 

Fourier series 

  Any periodic functions which satisfy dirichlet’s condition can be 

expressed as a series of scaled magnitudes of sin and cos terms of  

frequencies which occur as a multiple of fundamental frequency. 

                         

   

                

   

 

                
 

                                              ..……..(1) 

                         

                           
 

                    …...…..(2) 

 

                             
 

                   ………..(3) 

                   

ECG signal is periodic with fundamental frequency determined by 

the heartbeat. It also satisfies the dirichlet’s conditions: 
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 Single valued and finite in the given interval 

 Absolutely integral 

 Finite number of maxima and minima between finite intervals 

 It has finite number of discontinuities 

Hence Fourier series can be used for representing ECG signal. 

 

Calculations: 

If we observe figure1, we may notice that a single period of a ECG 

signal is a mixture of triangular and sinusoidal wave forms. Each 

significant feature of ECG signal can be represented by shifted and scaled 

versions one of these waveforms as shown below.  

 QRS, Q and S portions of ECG signal can be represented by 

triangular waveforms 

 P, T and U portions can be represented by triangular waveforms 

Once we generate each of these portions, they can be added finally to 

get the ECG signal. 

Let's take QRS waveform as the centre one and all shifting takes 

place with respect to this part of the signal. 

 

 

Figure B. 1 generating QRS waveform 

From equation (1), we have 
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Fig B. 2 generation of p-wave 
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Implementation in MATLAB: 

Code: 

Save the below file as complete.m 

x=0.01:0.01:2; 

default=input('Press 1 if u want default ecg signal else press 2:\n');  

if(default==1) 

      li=30/72;   

     

      a_pwav=0.25; 

      d_pwav=0.09; 

      t_pwav=0.16;   

      

      a_qwav=0.025; 

      d_qwav=0.066; 

      t_qwav=0.166; 

       

      a_qrswav=1.6; 

      d_qrswav=0.11; 
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      a_swav=0.25; 

      d_swav=0.066; 

      t_swav=0.09; 

       

      a_twav=0.35; 

      d_twav=0.142; 

      t_twav=0.2; 

       

      a_uwav=0.035; 

      d_uwav=0.0476; 

      t_uwav=0.433; 

else 

    rate=input('\n\nenter the heart beat rate :'); 

    li=30/rate; 

    %p wave specifications 

    fprintf('\n\np wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_pwav=0.25; 

        d_pwav=0.09; 

        t_pwav=0.16; 

    else 

       a_pwav=input('amplitude = '); 

       d_pwav=input('duration = '); 

       t_pwav=input('p-r interval = '); 

       d=0; 

    end    

    %q wave specifications 
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    fprintf('\n\nq wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_qwav=0.025; 

        d_qwav=0.066; 

        t_qwav=0.166; 

    else 

       a_qwav=input('amplitude = '); 

       d_qwav=input('duration = '); 

       t_qwav=0.1; 

       d=0; 

    end     

    %qrs wave specifications 

    fprintf('\n\nqrs wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_qrswav=1.6; 

        d_qrswav=0.11; 

    else 

       a_qrswav=input('amplitude = '); 

       d_qrswav=input('duration = '); 

       d=0; 

    end     

    %s wave specifications 

    fprintf('\n\ns wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_swav=0.25; 

        d_swav=0.066; 
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        t_swav=0.125; 

    else 

       a_swav=input('amplitude = '); 

       d_swav=input('duration = '); 

       t_swav=0.125; 

       d=0; 

    end    

    %t wave specifications 

    fprintf('\n\nt wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_twav=0.35; 

        d_twav=0.142; 

        t_twav=0.18; 

    else 

       a_twav=input('amplitude = '); 

       d_twav=input('duration = '); 

       t_twav=input('s-t interval = '); 

       d=0; 

    end     

    %u wave specifications 

    fprintf('\n\nu wave specifications\n'); 

    d=input('Enter 1 for default specification else press 2: \n'); 

    if(d==1) 

        a_uwav=0.035; 

        d_uwav=0.0476; 

        t_uwav=0.433; 

    else 

       a_uwav=input('amplitude = '); 
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       d_uwav=input('duration = '); 

       t_uwav=0.433; 

       d=0; 

    end           

end 

 pwav=p_wav(x,a_pwav,d_pwav,t_pwav,li); 

 %qwav output 

 qwav=q_wav(x,a_qwav,d_qwav,t_qwav,li); 

 %qrswav output 

 qrswav=qrs_wav(x,a_qrswav,d_qrswav,li); 

 %swav output 

 swav=s_wav(x,a_swav,d_swav,t_swav,li); 

%twav output 

 twav=t_wav(x,a_twav,d_twav,t_twav,li); 

%uwav output 

 uwav=u_wav(x,a_uwav,d_uwav,t_uwav,li); 

 %ecg output 

 ecg=pwav+qrswav+twav+swav+qwav+uwav; 

 figure(1) 

 plot(x,ecg); 

Save the below file as p_wav.m 

function [pwav]=p_wav(x) 

l=1; 

a=0.25 

x=x+(1/1.8); 

b=3; 

n=100; 

p1=1/l 

p2=0 
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for i = 1:n 

    harm1=(((sin((pi/(2*b))*(b-(2*i))))/(b-

(2*i))+(sin((pi/(2*b))*(b+(2*i))))/(b+(2*i)))*(2/pi))*cos((i*pi*x)/l);              

    p2=p2+harm1 

end 

pwav1=p1+p2; 

pwav=a*pwav1; 

Save the below file as q_wav.m 

function [qwav]=q_wav(x) 

l=1; 

x=x+l/6 

a=0.025; 

b=15; 

n=100; 

q1=(a/(2*b))*(2-b); 

q2=0 

for i = 1:n 

    harm5=(((2*b*a)/(i*i*pi*pi))*(1-cos((i*pi)/b)))*cos((i*pi*x)/l); 

    q2=q2+harm5; 

end 

qwav=-1*(q1+q2); 

Save the below file as qrs_wav.m 

function [qrswav]=qrs_wav(x) 

l=1; 

a=1; 

b=5; 

n=100; 

qrs1=(a/(2*b))*(2-b); 

qrs2=0 
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for i = 1:n 

    harm=(((2*b*a)/(i*i*pi*pi))*(1-cos((i*pi)/b)))*cos((i*pi*x)/l); 

    qrs2=qrs2+harm; 

end 

qrswav=qrs1+qrs2; 

Save the below file as s_wav.m 

function [swav]=s_wav(x) 

l=1; 

x=x-l/6 

a=0.25; 

b=15; 

n=100; 

s1=(a/(2*b))*(2-b); 

s2=0 

for i = 1:n 

    harm3=(((2*b*a)/(i*i*pi*pi))*(1-cos((i*pi)/b)))*cos((i*pi*x)/l); 

    s2=s2+harm3; 

end 

swav=-1*(s1+s2); 

Save the below file as t_wav.m 

function [twav]=t_wav(x) 

l=1; 

a=0.35 

x=x-(1/1.8); 

b=7; 

n=20; 

t1=1/l 

t2=0 

for i = 1:n 
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    harm2=(((sin((pi/(2*b))*(b-(2*i))))/(b-

(2*i))+(sin((pi/(2*b))*(b+(2*i))))/(b+(2*i)))*(2/pi))*cos((i*pi*x)/l);              

    t2=t2+harm2 

end 

twav1=t1+t2; 

twav=a*twav1; 

Save the below file as u_wav.m 

function [uwav]=u_wav(x) 

l=1; 

a=0.03; 

x=x-(1/1.1); 

b=21; 

n=100; 

u1=1/l; 

u2=0; 

for i = 1:n 

    harm4=(((sin((pi/(2*b))*(b-(2*i))))/(b-

(2*i))+(sin((pi/(2*b))*(b+(2*i))))/(b+(2*i)))*(2/pi))*cos((i*pi*x)/l);              

    u2=u2+harm4; 

end 

uwav1=u1+u2; 

uwav=a*uwav1; 

 

precautions: 

 All the files have to be saved in the same folder 

 Save the files in the names mentioned above the code 

 While entering the specification, give the amplitude in mV and 

duration in seconds 
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Default Specification 

Heart beat :72 

Amplitude: 

P wave 25mV 

R wave 1.60mV 

Q wave 0.025mV 

T wave 0.35mV 

Duration: 

         P-R interval 0.16s 

         S-T interval 0.18s 

          P interval 0.09s 

          QRS interval 0.11s 

Not all the default values are specified here. They can be obtained 

from the code of the simulator from the file complete.m. The user can 

enter their desired values of specifications too. Other concepts of the code  

are simple and are self explanatory.  

A typical output for the above specification will be like this: 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 3 Complete ECG signal 
 


