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This paper proposes the use of third-order spectrum named bispectrum that can be applied to 

biomedical diagnostics as a useful tool for detection of fetal heart activity. Fetal heart activity 

detection, recognition and analysis are proposed by extraction of informative features contained in 

bispectrum estimates computed for the electromyography signals measured on the abdominal surface 

of pregnant woman. Experimental investigations have been performed by using the recorded and 

accumulated abdominal electromyography signals. Contributions extracted in bispectral domain by 

computation of bimagnitude estimates demonstrate detection of novel class of information features 

indicating the phase coupling relationships between the frequencies contained in the abdominal 

electromyography signals. This phase coupling content can serve as discriminative feature for 

extraction fetal heart activity contribution in the intricate interference environment. Obtained results 

demonstrate effective interference suppression provided by using bispectrum-based signal processing. 

 

KEY WORDS: fetal heart activity, fetal ECG, abdominal electromyography signal, third-order 

spectrum, bispectrum, phase coupling, bimagnitude estimate, QRS complex 

 

1. INTRODUCTION 

Recently, medical diagnostic systems designed for health care of the adults and children actively 

develop. However, the techniques and systems necessary for fetus health analysis and fetal cardiac 
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diseases detection are practically absent nowadays. These systems are necessary since the human 

health is formed in the future directly into the mother belly [1] and timely detection of possible 

diseases could avoid large number of the deaths for the newborn babies. 

One of the approaches widely accepted in the modern instrumental diagnostics for human heart 

activity analysis is the ambulatory monitoring of the ECG. This technique provides enough accuracy 

for detection of the short-time and rarely appearing heart rhythm disturbances. Till to the nowadays, 

the latter approach has been frequently exploited for detection of the heart rhythm disturbance only 

for adults, whereas similar pathologies often appear more than before baby birth. Recently, the main 

tool used for estimation of the fetus heart rhythm disturbances is the echo-cardiographs [2], [3]. 

However, this technique is very expensive and labour-intensive, as well as it can be used only in the 

hospital environment. 

Much more available approach is common ultrasound cardiotocography (CTG) and non-

invasive fetal abdominal electrocardiography (NI-FECG). The latter strategy joins all the benefits of 

the techniques described in the papers [4] – [6]. 

Performance of known NI-FECG diagnostic systems largely depends on interference 

environment existing during the measurement time. In real-life measurement, extraction of weak fetal 

heart contribution is interfered by the, first, noise influence and, second, by huge contributions caused 

by maternal heart activity. These obstacles provoke considerable decreasing the performance provided 

by common fetal heart activity diagnostics. 

In this paper, in order to improve interference immunity of fetal heart activity diagnostic system 

we propose novel bispectrum-based signal processing strategy described in details in our previous 

studies [7] – [9] for various applications. A number of useful proprties of bispectrum that make it as a 

promising tool for biomedical signal processing can be mentioned as follows:  

- the robustness to additive Gaussian noise and immunity to random processing signal delays; 

- the bispectrum is complex-valued function preserving and contained important phase 

information; 

- the possibility to extract phase coupled spectral components contained in the signal. 



Third-order spectrum known as bispectrum, in opposite to the common energy spectrum, 

permits not only describing the statistical properties of an studied signal more correctly and 

profoundly but also extracting novel information features in the form of contributions caused by 

spectral component correlation relationships, phase coupling, as well as containing non-linearities. 

The interference contributions with symmetric form of probability density function, e.g. Gaussian 

distribution will vanish. This bispectrum feature provides suppression of Gaussian interference. In the 

number of the cases, second-order statistics like common power spectrum and correlation do not 

provide complete information about the signals under study because of the loss of the phase 

information. In that case, in order to extract phase information it is important using third-order 

statistics like triple correlation function and bispectrum. 

Human heart activity can be considered in the form of the mathematical model containing 

several micro-motions contributions provoking quadratic and cubic non-linearities [10]. These heart 

activity signals contain number of spectral contributions that can be of phase coupled. Phase coupling 

can contain very important information about fetal heart activity stage. 

The goal of the present paper is to propose and experimental study a novel technique for 

analysis of NI-FECG data by using higher-order statistics. The paper is organized as follows. In the 

following Sections, the proposed bispectrum-based approach is described and experimental results are 

discussed. Finally, the conclusions that can be drawn from the given investigations are represented. 

 

2. BISPECTRUM-BASED NI-FECG SIGNAL PROCESSING STRATEGY 

Noise and unwanted signals are always present in ECG signal measurements. In real-life environment, 

biomedical fetal signals measured on the abdominal surface are contaminated by numerous 

interference contributions like additive Gaussian noise, maternal ECG contribution of high power, 

maternal and fetal motions and respirations during data recording, as well as electrode artifacts and 

instrumentation nose. These interference contributions make difficult fetal ECG detection, extraction 

and analysis. Because of this, the problem to be solved, first of all, is to extract weak biomedical 

signals related to the fetal heart activity in the interference environment. 



In that intricate interference environment, we propose exploiting bispectral strategy for NI-

FECG signal processing and fetal heart activity detection and extraction from higher-order statistic 

data. Note that bispectrum-based signal processing provides extracting only the contributions of those 

signal spectral components that are phase coupled. The rest of non-correlated spectral components 

belonging to the interference contribution will be vanished according to the bispectrum features [11]. 

Therefore, bispectrum-based signal processing reveals phase coupling between spectral components 

contained in a signal under study. 

Bispectrum estimate 
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ˆ ( , )
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B f f  evaluated for NI-FECG signal and computed for some arbitrary 

i-th short-time interval can be written in the form of 
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where ˆ (...)
i

S  is the short-time Fourier transform computed for a signal extracted by the window 

sliding along the NI-FECG data record; f1, f2, and f3 are the frequencies contained in multi-component 

NI-FECG non-linear signal; symbol * denotes complex conjugation. 

Complex-valued bispectrum estimate 
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ˆ ( , )
i

B f f  defined in (1) can be expressed as 
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where 
1 2

ˆ ( , )iB f f  is the magnitude bispectrum (bimagnitude) estimate, 
1 2

ˆ( , )f f  is the phase 

bispectrum (biphase) estimate, j = 1 . 

In order to obtain smoothed bispectrum estimate the ensemble averaging procedure must be 

performed as follows 
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where <…>I denotes ensemble averaging procedure accomplished under accumulation of I short-time 

NI-FECG signal realizations. 

After coherent averaging performed according to (3), ensemble averaged bispectrum estimate 

1 2
ˆ( , )B f f  can serve for extraction of fetal heart activity contributions. 

A high level of the quantity 
1 2

€( , )B f f  in (3) indicates phase coupling observed with 

frequencies f1, f2, and f1+ f2. It can indicate that the frequencies f1 and f2 have a common generator or 



that a new oscillation with frequency equal to f1+ f2 is created due to the non-linear interaction 

between the oscillations with frequencies f1 and f2. 

 

3. EXPERIMENTAL STUDY OF FETAL HEART ACTIVITY  

Experimental data in the form of the abdominal signal records obtained by BabyCard NI-FECG 

system [12] has been selected for our study. The BabyCard system provides recording of five signals 

simultaneously by exploiting five sensors, as well as recording of maternal ECG by separate sensor 

located on the maternal breast. Location of the sensors on the abdominal surface is shown in Fig. 1. It 

is clearly seen from Fig. 1 that the signals are of non-linear shape and periodical behavior. 

Five experimentally recorded abdominal signals (see Fig. 2) and extracted the NI-FECG 

components were transformed to the files of the text format for further processing in the MATLAB 

application. 

It is clearly seen from Fig. 2 that huge maternal QRS contributions completely mask the weak 

contributions caused by the fetal heart activity. In order to minimize the leakage of the huge maternal 

QRS complexes into the bispectrum estimate, abdominal signals were divided primarily on several 

separate fragments. First, signal fragment beginning from some fixed maternal QRS complex and 

extended till to the beginning of neighbor maternal QRS complex is selected. Therefore, only single 

R-R interval of maternal ECG is studied. 

 

Fig. 1. Sensors located on the maternal abdominal surface 



 

Fig. 2. Records of the abdominal signals 

 

In order to detect the presence of weak fetal QRS complex contributions, signal fragment was 

extracted by sliding window from total signal record demonstrated in Fig. 2. For further analysis, it 

has been divided by four separate segments denoted as I, II, III, and IV segments as shown in Fig. 3. 

 

 

Fig. 3. Four segments separated in abdominal signal 

Possible weak fetal heart activity contributions are marked by two color ovals shown in Fig. 3. 

Despite contamination by huge interference caused by the maternal heart activity, it is evident from 

Fig. 3 that the first fetal heart contraction is located just in the border of the I and II segments. It is 

also can be seen from Fig. 3 that second fetal heart contraction is located within the IV segment. 

Verification of real fetal heart contraction locations has been performed by signal processing using 

BabyCard software [12] – [13]. Results of fetal ECG extraction carried out by the BabyCard software 

are demonstrated in Fig. 4. 



 

Fig. 4. Fetal ECG extracted by exploiting BabyCard software 

It is clearly seen from Fig. 4 that two fetal QRS complexes marked by corresponding color 

ovals are detected. For further study, time interval between two neighbor QRS complexes is devided 

by four segments specified as I, II, III, IV. Fetal ECG fragment restored by using BabyCard software 

and shown in Fig. 4 serves as the test data for further examination of bispectrum-based approach. The 

objective of examination is to answer the question: does bispectral analysis will be able to indicate 

fetal heart activity? We suppose that phase coupling content between the spectral components 

contained in processed abdominal signal carries the information features about fetal heart activity 

stage. Examination of bispectrum-based strategy is performed as follows. 

According to formula (1), bispectrum estimates were computed both for each of four above 

mentioned signal segments separated in the signal recorded on the abdominal surface and embedded 

in noise (see Fig. 3) and for the fetal ECGs extracted by using BabyCard software (see Fig. 4). Further 

study is performed by the comparison between the bimagnitude estimates computed for the test ECG 

fragment and bispectrum estimates evaluated with corresponding fetal signal fragment contaminated 

by interference. Comparative analysis is accomplished both for each of four abdominal signal and 

fetal ECG segments. 

Analysis related to the first signal segment. Bimagnitude estimate 
1 2

ˆ ( , )B f f  computed 

according to (1) – (3) and ensemble averaged for five abdominal raw signal records (see Fig. 2) is 

demonstrated by the graph in Fig. 5.  



 

Fig. 5. Bimagnitude estimate computed for the first segment using raw abdominal data 

 

Bimagnitude estimate related to the first ECG segment that was extracted by BabyCard 

software (see Fig. 4) is shown in Fig. 6. 

 

Fig. 6. Bimagnitude estimate computed for first ECG segment restored by BabyCard software 

 

It is seen from the comparison of the bimagnitude peak frequency coordinates (f1, f2) evaluated 

in the bispectrum plane in Fig. 5 and Fig. 6 that phase coupling is observed both for raw abdominal 

signal and for test fetal ECG signal. Analysis of the bimagnitude peak frequency coordinate quantities 

allows concluding that phase coupled frequencies contained in the first segment are equal to  

f1 = f2 = 6 Hz and f1+ f2 = 12 Hz. Therefore, phase coupling signature indicated by Fig. 5 can extract 

important information about fetal heart activity. 

Second signal segment. Averaged bimagnitude estimate computed for the second raw 

abdominal signal segment (see Fig. 3) is shown in Fig. 7. Averaged bimagnitude estimate evaluated 



for the second fetal ECG signal segment (see Fig. 4) is demonstrated in Fig. 8. The graphs in Fig. 7 

and Fig. 8 are plotted in the form of contour representation. 

 

Fig. 7. Bimagnitude estimate evaluated for the second abdominal signal segment 

 

Fig. 8. Bimagnitude estimate evaluated for the second fetal ECG signal segment 

 

It can be seen from Fig. 3 that the second segment contains some weak end part contribution of 

the fetal QRS complex and it does not contain the contribution caused by the maternal QRS complex. 

It is seen from comparison of Fig. 7 and Fig. 8 that bimagnitude peak values are located at the 

frequencies equal to f1 = f2 = 9 Hz. Hence, one can conclude that bispectrum-based signal processing 

technique provides effective detection and extraction of the fetal heart activity contribution from raw 

abdominal signal contaminated by interference. It makes it possible because interference does not 

contain phase coupling contributions belonging to the fetal heart activity. Hence, the bimagnitude 

represented in Fig. 7 contains the contribution provoked only by fetal component. 



Third signal segment. Averaged bimagnitude estimate computed for the third abdominal raw 

signal segment in Fig. 3 is shown in Fig. 9. Averaged bimagnitude estimate computed for the third 

fetal ECG signal segment in Fig. 4 is demonstrated in Fig. 10. 

 

Fig. 9. Bimagnitude estimate computed for third abdominal signal segment 

 

Fig. 10. Bimagnitude estimate computed for third fetal ECG signal segment 

Third segment does not contain the contribution provoked by fetal QRS complexes. It can be 

seen from Fig. 9 and Fig. 10 that the interference contributions are distributed within the frequency 

range of 3…23 Hz in the bifrequency domain. 

Fourth signal segment. Averaged bimagnitude estimate computed for the fourth abdominal 

signal segment in Fig. 3 is shown in Fig. 11. Averaged bimagnitude estimate computed for the fourth 

fetal ECG signal segment (see Fig. 4) is demonstrated in Fig. 12. 



 

Fig. 11. Bimagnitude estimate computed for the fourth abdominal signal segment 

 

Fig. 12. Bimagnitude estimate computed for fourth fetal ECG signal segment 

It is seen from comparison of Fig. 11 and Fig. 12 that bimagnitude peak values are located at 

the frequencies equal to f1 = f2 = 9 Hz. The latter result corresponds to the result obtained for the 

second abdominal signal segment. 

 

3. CONCLUSIONS 

Novel approach using bispectrum-based strategy is proposed and experimentally studied for detection 

and recognition of fetal heart activity in intricate interference environment. Novel information 

features serving for promising diagnostic of fetal heart activity are extracted by using suggested 

approach. Bispectrum-based strategy allows removing those interference spectral components 



contained in abdominal signal that do not have definitive phase coupling features. It makes it possible 

to perform directly analyzing fetal ECG without complicated preliminary signal processing. 

By using extracted data about spectral characteristics of fetal QRS complexes it becomes 

possible to sharp tune the parameters of the filters for filtering of abdominal signals. It provides 

effective extraction of fetal ECG in noise environment. 

Note that our future research is under bispectrum-based detection the pathologies observed in 

fetal heart activity. 
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