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Fetal electrocardiogram (FECG) signal extraction is a critical component of modern per-
inatal care, enabling continuous, non-invasive monitoring of fetal health. This approach is
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essential for the early detection of complications such as fetal hypoxia, arrhythmias, and
other potentially life-threatening conditions. Traditional methods of fetal monitoring, in-
cluding Doppler and intermittent auscultation, often do not provide the resolution and con-
tinuity required for timely intervention, especially in resource-limited settings where access
to advanced technology is limited. To address these challenges, this study presents an in-
novative algorithm to extract FECS signals with improved accuracy and reliability. The
algorithm uses a structured sequence of processing steps, including noise filtering, R-peak
detection, and advanced filtering techniques to isolate fetal ECS from maternal signals and
environmental noise. High-pass and low-pass filters and normalization ensure signal clar-
ity and consistency in various conditions. Adaptive filtering dynamically adjusts to fluctu-
ations in noise levels, increasing stability while preserving critical waveform characteris-
tics such as the P-wave, QRS complex, and T-wave. These improvements are key to accu-
rately assessing fetal heart rate and variability, enabling healthcare providers to detect
early signs of fetal distress. Quantitative analysis demonstrates significant improvements
in signal-to-noise ratio (SNR), supporting reliable and accurate diagnosis. The continuous,
real-time monitoring capabilities align with the World Health Organisation's goal of re-
ducing perinatal mortality to less than 12 per 1,000 births by 2030. In addition, its scala-
bility and cost-effectiveness make it a promising solution for addressing disparities in an-
tenatal care, especially in low- and middle-income countries. This study highlights the
transformative potential of fetal echocardiography to improve maternal and fetal health
globally, increase diagnostic accuracy, and promote health equity through innovative, af-
fordable technology.

Keywords: fetal cardio diagnostic systems, fetal ECG signal, maternal ECG signals,
method and algorithm for detecting, normalizing, band-pass filter, adaptive filter, low-pass
filter, high-pass filter, MATLAB.

@panuescovka I., Aeopcoka €. Mamemamuune moOenio6anna eneKmpoKkapoiocuzHaLy
n1004a 0713 po3pPOOKU NPOZPAMHO20 3A0e3NeUEeHHA 015 11020 O0CHOGIPHOZ0 BUOIIEHHSA 8
Komn'tomepHux KapoiodiazHOCMUYHUX cucmemax. BuoinenHs cuenanie enekmpoxapoio-
epamu naoda (QEKC) € xpumuuno 8axciugum KOMHOHEHMOM CYYACHOI NePUHAMAnbHOT
donomoau, Wo 0036075€ 30ilCHIO8amu be3nepepsHuil, HeIHBAZUBHUL MOHIMOPUHE 300P08'5
niroda. Takuil nioxio mae eadiciuee 3HaueHHs 0151 PAHHLO20 BUSLBNIeHHS YCKIAOHEHb, MAKUX
SK 2INOKCIst n100a, apummii ma inwi nomenyilino nebe3neuni 0as scumms cmauu. Tpaou-
YIUHI Memoou MOHIMOPUHEY CIMAHY NA00d, 8KIUYAIOYU OONNIEPOMEMPI0 MA Nepepusua-
Ccmy aycKkyibmayiro, 4acmo He 3abe3neqyioms 00Cmamuboi po30inbHoi 30amuocmi ma 6e3-
nepepeHoCmi, HeoOXiOHUX 01 CBOEUACHO20 6MPYYAHHS, 0COOTUBO 8 YMOBAX 0OMENHCEHUX
pecypcie, 0e docmyn 00 nepedogux MexHoao2itl € oomedxcenum. /s eupiuieHuss yux npo-
bnem y ybomy O00CHIONCEeHHI NPEOCMABIEeHO THHOBAYIUHUL ANICOPUMM O/ GUILYYEHHS CUe-
nanie GEKC 3 niosuwenoro mounicmio ma HaOuHIiCmio. Aneopumm eUKOPUCmMo8ye cmpy-
KIMYpo8aHy NOCii008HICMb KPOKI8 00poOKU, GKII0UAIOYY (Pitbmpayito wymy, eusigienHs R-
niKie ma 600CKoOHaneHi memoou Qinempayii ona izonayii EKC niooa 6i0 cuenanie mamepi
ma wymy HABKOAUWHBO2O cepedosuyd. Bucokouacmomui ma Husbkoyacmommi ginempu
6 NOECOHAHHI 3 HOPMANI3AYIEI0 3aDe3neuyoms YimKiCmb ma y32004CEHICMb CUSHATY 8 Pi3-
HUX ymosax. Aoanmugna ¢inempayis OUHAMIYHO NIONAUWMOBYEMBCA 00 KOIUBAHb DIGHS.
wiymy, niosuwgyrouu cmabiivhicms, 30epicarouu npu Ybomy KPUMUYHI XapaKmepucmuxy
Gopmu xeuni, maxi sax 3y6eyv P, komnnexc QRS i 3ybeywv T. L]i nokpawenus € Kiovosumu
0J1s1 MOYHOI OYIHKU Yacmomu ma eapiabeirvbHocmi cepyebummsi niood, wo 00380J€ Me-
OUYHUM NPAYIBHUKAM BUAGTAMU PAHHI O3HAKU Oucmpecy niooa. Kinekichuitl ananiz oemon-
cmpye 3HauHe NOKpaweHtsl Cniggionowents cuenar/uym (SNR), wo niompumye Haoiny i
mouny oiaznocmuxy. Moocausocmi 6e3nepepernozo MOHIMOPUHZY 8 PEedCUMI PeanbHO20
yacy gionosioaroms memi Bcecgimmuboi opeanizayii 0Xopouu 300p08's w000 3HUICEHHS Ne-
punamanvroi cmepmuocmi 00 menw Higic 12 na 1000 nonozie do 2030 poky. Kpim moeo,
11020 Macumabo8aHicms ma eKOHOMIUHA egheKMUBHICIb POOIAMY 11020 NePCNeKMUGHUM
pilenHsam Onst YCYHeHHs. OUCNpOnopyiu y cepi npenamaibHoi 0onomozu, ocooauso 6
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KPaiHax 3 HU3bKUM ma cepeOHim pigHem 00x00y. Lle docniosicenns suceimuroe mpancgop-
MayiiHull NOMeHYian 8UTYYeHHs (hemanvHoeo exospaga 01 NOKpaujents 300pos's ma-
mepi ma niody 8 ycboMy C8imi, Ni08UWEHHA MOYHOCI OIAZHOCTNUKY MA CIPUSHHSA PIGHO-
cmi y cghepi 0xopoHu 300p08's 34 OONOMO20I0 THHOBAYIUHUX, OOCIYNHUX MEXHON02I.
Kniouoei cnosa: cucmemu xapoiooiacnocmuku niooa, cuenan EKI nnoda, cuenanu EKI”
mamepi, Memoo ma aicopUmm UAEIEHHS, HOPMATI3aYis, CMY208ull hinbmp, A0ANMUEHUL
Ginomp, ginomp nuzvkux yacmom, @inomp eucoxux wacmom, MATLAB.

Description of the problem. Fetal electrocardiogram (FECG) signal extraction is an important
component of perinatal care, widely recognized for its ability to support early detection and continuous
monitoring of fetal health. According to the World Health Organization (WHO), approximately 2.6 mil-
lion stillbirths occur worldwide each year [1]. Many of these tragic outcomes can be prevented through
timely and accurate fetal monitoring, which allows for early detection of conditions such as fetal hy-
poxia, arrhythmias, and other life-threatening complications. Effective monitoring is crucial during
high-risk pregnancies and plays a key role in reducing the global stillbirth rate [2, 3]. The non-invasive,
modern nature of FET extraction meets these goals by offering a technologically advanced solution for
continuous fetal health assessment.

In today's world, efficient processing of large amounts of information is essential in various fields,
including healthcare.

Traditional approaches to fetal monitoring, such as Doppler ultrasound, are limited in providing
continuous, high-resolution data. With advances in technology, fetal electrocardiogram extraction has
become a noninvasive, scalable solution that not only improves the quality of monitoring but also sup-
ports the WHO's goals of ensuring equity in maternal and child health. By offering continuous, real-
time fetal well-being data, fetal electrocardiogram extraction provides critical information to detect sub-
tle signs of fetal distress.

This research is significant because it can improve prenatal care by reducing the number of still-
births, improving diagnostic accuracy, and making advanced monitoring technologies more widely
available.

Its practical applications include significant improvements in maternal and fetal health outcomes,
cost savings, and the potential to eliminate perinatal mortality in health care.

Despite advances in prenatal medicine, traditional fetal monitoring methods have significant lim-
itations, including the inability to provide continuous, high-resolution data and the difficulty of detecting
subtle cardiac anomalies. These limitations are particularly pronounced in resource-limited settings
where state-of-the-art monitoring systems are not readily available. The challenge is to develop scalable,
cost-effective FECG technologies that can overcome these barriers while ensuring equal access to ad-
vanced prenatal care.

Analysis of the latest research and publications. Recent studies have highlighted the profound
implications of limited access to quality fetal monitoring in low- and middle-income countries, where
health systems may lack the resources and advanced technology required for continuous fetal monitoring
[4]. Traditional approaches, such as intermittent auscultation and fetal heart rate (FHR) monitoring using
Doppler, provide only periodic assessments and lack the continuity needed to detect subtle, critical signs
of fetal distress. This limitation can delay medical intervention in the event of adverse events that could
have been prevented with continuous real-time monitoring. In contrast, extracting ECGs from ab-
dominal records provides a continuous understanding of fetal cardiac function, allowing for rapid re-
sponse to any abnormalities, supporting the WHO's mission to reduce the stillbirth rate to less than 12
per 1,000 births by 2030 [5].

The advantages of extracting the ECS for fetal monitoring are significant and can be viewed from
three main perspectives:

- Non-invasive, continuous monitoring: Unlike traditional monitoring methods, ECS extraction
uses non-invasive abdominal sensors, shown in Figure 1, that continuously capture fetal ECS signals,
minimizing risks to both mother and fetus. This real-time data is particularly important during labor, as
it allows healthcare providers to immediately recognize signs of fetal distress, such as abnormal heart
rhythms or reduced heart rate variability (HRV), which are early indicators of hypoxia or cord problems.
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Studies have shown that continuous monitoring is associated with improved perinatal outcomes, as it
allows for early intervention [1].

Fig. 1 — Example of electrode positioning

- Improved detection of subtle cardiac anomalies: ECS extraction offers more accurate measure-
ments of fetal cardiac health than standard methods. By continuously assessing key cardiac characteris-
tics such as QRS complexes, fetal heart rate (FHR), and HRV, patterns can be detected that indicate
major complications. Among them, HRV is particularly important, as it gives an idea of how the auto-
nomic nervous system regulates the fetal heart, serving as a sensitive indicator of fetal health. Continu-
ous high-resolution monitoring is especially useful in high-risk pregnancies when a quick response to
fetal distress is essential [6, 7].

- Promoting the WHO Goals for Equity in Maternal and Child Health: WHO advocates for uni-
versal access to high-quality prenatal care. However, inequalities in monitoring capacity remain, espe-
cially in low- and middle-income countries. The development of cost-effective, non-invasive FETS sys-
tems integrated into standard antenatal care practices can bridge these gaps by offering equal access to
advanced monitoring technologies. By supporting continuous and accurate assessment of fetal health,
FETS extraction directly contributes to reducing the number of preventable stillbirths and neonatal com-
plications, thus contributing to the WHQO's goals of achieving health equity worldwide [5].

Modern methods used to identify fetal ECS include both traditional approaches and the latest
innovations.

Classical methods: often based on the use of fetal monitoring and electrocardiographic technolo-
gies. Although they are well established, their sensitivity can be significantly reduced due to the presence
of artifacts.

Adaptive algorithms: Recent work has introduced new adaptive algorithms that use mathematics
to improve signal extraction with additional noise. They allow to automatically adjust signal processing
parameters to each specific situation, which is extremely important in clinical practice, where differ-
ences can be significant.

The use of artificial intelligence (Al) in fetal ECS extraction has become a significant step for-
ward. Al technologies can analyze large amounts of data, applying machine learning to improve diag-
nostic accuracy.

Studies using deep neural networks have demonstrated a significant increase in sensitivity in de-
tecting severe cases of EBV. For example, systems trained to recognize patterns in fetal electrocardio-
grams can achieve a sensitivity of up to 90% combined with high specificity [8].

Algorithms can automate the process of detecting abnormalities, allowing doctors to focus on
treatment rather than the analysis process. This is important in cases where time is of the essence, such
as when serious birth defects are suspected.

Recent studies further emphasize both the obstacles and progress in reducing the stillbirth rate. A
2023 study analyzing facility-based stillbirths found that the introduction of early detection systems can
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significantly reduce adverse outcomes [7]. In addition, a study by the Collaborative Group for Stillbirths
confirms that continuous and accurate fetal monitoring is vital to preventing stillbirths associated with
conditions such as preterm birth complications or fetal growth retardation [2]. As the WHO continues
to advocate for more advanced prenatal monitoring technologies, non-invasive fetal electrocardiogram
extraction is emerging as a highly effective solution. Research shows how the integration of hybrid
algorithms combining adaptive filtering with state-of-the-art machine learning improves the quality of
fetal heart rate estimation, even in environments prone to strong interference from maternal movements.
Moreover, studies of multimodal datasets show that the inclusion of various physiological recordings,
including Doppler ultrasound data, provides a complete picture of fetal health, thereby improving clin-
ical applications and training.

By providing an accurate assessment of fetal health in real-time, fetal echocardiography is closely
aligned with the WHO’s goals of reducing perinatal mortality and promoting health equity. If adapted
to resource-limited settings where high-quality monitoring is less readily available, this technology can
be transformative in addressing current maternal and fetal health challenges around the world.

Future advances are expected to focus on real-time processing capabilities and the introduction
of new signal processing techniques, such as wavelet transforms, to improve extraction methodologies
further and increase diagnostic accuracy [8, 9]. An additional promising area is the validation of nonin-
vasive methods using publicly available datasets, such as the Noninvasive Fetal ECS Arrhythmia Data-
base (NIFEA DB), which plays a key role in the comparative analysis of algorithms for comparative
evaluation [6].

The article focuses on creating a mathematical model and an innovative algorithm for the reliable
extraction of fetal electrocardiogram (FECG) signals. This will improve diagnostic accuracy and allow
continuous, non-invasive fetal monitoring, especially in resource-limited settings. The goal is to en-
hance the early detection of fetal distress and other complications, thereby contributing to global efforts
to reduce perinatal mortality and promote equitable access to advanced prenatal care.

Summary of the main material. The additive-multiplicative model is the most appropriate ap-
proach when there is a significant interaction between signals - for example, when fetal heart signals
modulate maternal signals, or vice versa [10]. This model reflects the complex physiological processes
occurring in the mother-fetus system, taking into account both the independent components of the sig-
nals and their interaction, which allows for a more accurate separation of the signals [11].

Let s,ps(t) be the observed maternal ECS, s¢(t) the fetal ECS, n(t), and the noise component.

Thus, the observed signal s, (t), recorded by the fetal electrodes is modeled as [12]:
Sobs(t) = Amsy(£) + Afo(t) + BmSm(t)Sf(t) +n(t), 1)

where:

e A, —scaling factors representing the relative strength of the maternal and fetal signals. Because
the mother's heart is usually closer to the electrodes, A,, is usually larger than A, reflecting the greater
amplitude of the maternal ECS;

e B, models the multiplicative interaction between the maternal and fetal signals, representing
the nonlinear coupling between the two cardiovascular systems due to their physiological proximity or
recording artifacts;

e n(t) represents the noise component, which may include electrical interference, muscle arti-
facts, or random disturbances.

The additive terms A,,s,, (t) and A¢sy(t) account for the independent contributions of the mater-
nal and fetal signals to the observed signal, while the multiplicative term B,,, S, (t)sf(t) introduces the
nonlinear interaction between these signals, making it difficult to separate them.

The electrocardiograms of both the mother and the fetus are quasi-periodic, i.e., they consist of
repeating cycles with little variability. This quasi-periodicity allows each signal to be represented as a
sum of sinusoidal components through a Fourier series expansion. For example, the mother s,,,(t) can
be expressed as [28]:

Sm(t) = Xi=q Ay cos(wit + ¢p), (2)
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where:

e A, is the amplitude of the kth harmonic;

e w;, =27f;, S the angular frequency of the kth harmonic, where f; is the corresponding fre-
quency;

e ¢, is the phase shift of the k-th harmonic.

Similarly, the fetal ECS s;(t) can be represented as:

sp(t) = Xizq By cos(wgt + 1)), 3)

where B;, w; = 2nf;, and Y, are the amplitude, angular frequency, and phase shift of the Ith harmonic,
respectively.
The noise component n(t) is usually modeled as a Gaussian process with zero mean and variance

o2

n(t)~N(0,c2), 4)

Thus, the total observed signal in the time domain consists of additive and multiplicative terms,
as well as noise.

The additive-multiplicative time-domain representation of the model emphasizes how the mother
and fetal signals interact to produce the observed signal. The multiplicative term B, S, (t)sf(t) is par-
ticularly important because it introduces a cross-frequency interaction between the mother and fetal
harmonics.

To understand this effect, we can expand the product s,,, (t)s¢(t), by plugging in the Fourier series
for both signals and applying trigonometric identities for products of cosines. This expansion gives:

K
L
sm(@©)sp(t) = Z Zl_l%cos((wk + 0t + (P + ) + + cos((w — we)t +
k=1 -
(Dr —¥D), (5)

This extension shows that the multiplicative interaction introduces new frequency components at
wy + we and wy, — w. These additional frequencies create inter-frequency interactions that complicate
the spectral structure of the observed signal, making it difficult to separate the maternal and fetal elec-
trocardiograms using simple filtering techniques because their frequency components now overlap.

The complex spectral structure of the observed signal requires advanced filtering techniques to
effectively separate fetal ECS. Traditional linear filters, such as simple bandpass filters, are inadequate
due to the overlap of maternal and fetal frequencies. Therefore, more sophisticated methods such as
Wiener filtering and wavelet filtering are used.

The Wiener filter is an optimal linear filter designed to minimize the mean square error (MSE)
between the estimated and actual signal, which in this case is the fetal ECS. The transfer function of the
Wiener filter in the frequency domain is as follows:

Ps . (w)
Hf(w) = L

, (6)

Ps; (w)+A4%,Ps,, (w)+B,2n(Psm(w)-Psf(w)>+PN(w)

where:

o P, (w) and P; _(w) are the spectral power density of the fetal and maternal ECS, respectively;
e B2 (Psm (w) - Psf(w)) is the PSD of the multiplicative interaction;

e Py (w) is the PSD of the noise.
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By balancing these components, the Wiener filter suppresses the maternal ECS and noise, while
enhancing the fetal ECS.

Due to the non-stationary nature of the signals, a time-frequency representation such as the con-
tinuous wavelet transform (CWT) may be even more suitable. CWT decomposes the signal into time-
frequency components, which allows for separation based on different time-frequency characteristics of
maternal and fetal ECS.

In addition to filtering, statistical methods such as independent component analysis (ICA) are
valuable for separating maternal and fetal ECS. ICA assumes that the observed signals are linear mix-
tures of independent sources and attempts to separate them based on statistical independence.

Let s,ps(t) represent the vector of observed signals from multiple electrodes, and

s(t) = [sm(t), sf(t)]T be the vector of output signals. The observed signals can be expressed as:

Sobs(t) = As(t) +n(t), ()

where A is the mixing matrix and n(t) is the noise vector. ICA calculates the mixing matrix W to
separate the maternal signal from the fetal signal:

$(t) = Wsops(0), (8)

where $(t) is the estimated source vector that approximates the true signals s(t). The ICA itera-
tively updates W to maximize statistical independence between the separated signals, effectively isolat-
ing the fetal ECS.

The negentropy J(w) is a key metric in independent component analysis (ICA), quantifying the
deviation of a random variable from Gaussianity. This measure is particularly useful for separating in-
herently non-Gaussian signals, such as fetal and maternal electrocardiograms. Since independent
sources are typically less Gaussian than their mixtures, maximizing non-Gaussianity allows ICA algo-
rithms to effectively separate these sources in complex signal environments, such as abdominal ECG
recordings.

In the context of ICA, negentropy is used as a cost function to optimize the mixing matrix ®. This
matrix, when applied to the observed signals, helps to isolate individual source signals by maximizing
their statistical independence. The negentropy-based cost function can be expressed as:

J(@) = |E[G("spps)] = E[c(2)]], ©)

where:

e G(.) — is a contrast function that quantifies non-Gaussianity; the most common choice is
G (u) = u*, which emphasizes the peakiness of non-Gaussian signals;

e z is a Gaussian random variable with the same variance as the observed signal;

e E denotes the expected value operator that captures the average impact of G (.) on the distribu-
tion of the observed signal.

Using this value function, ICA iteratively updates the mixing matrix ® to maximize the
negentropy, thereby increasing the statistical independence of the extracted components. In practice,
this process helps the algorithm distinguish between maternal and fetal signals that have different non-
Gaussian characteristics. By separating these signals based on their unique statistical properties, rather
than relying solely on frequency or amplitude, ICA can more accurately isolate fetal ECS, even when
the signals overlap in the time or frequency domain.

Maximizing negentropy is particularly beneficial in fetal ECS isolation, where the maternal signal
is typically stronger and has a different statistical distribution than the fetal signal. By utilizing
negentropy, ICA provides a more efficient approach to signal separation than traditional filtering meth-
ods, which often try to differentiate between signals with overlapping spectral content. Thus, this ap-
proach significantly increases the reliability of fetal ECS extraction, improving the diagnostic accuracy
in maternal-fetal monitoring systems.

The proposed algorithm for fetal ECG extraction illustrated in Fig. 2.
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Fig. 2 — Algorithm for extracting fetal ECG signal

The first step in the proposed fetal ECS extraction algorithm, shown in Figure 1, involves record-
ing the mother's electrocardiograms from both the chest and abdominal regions. Non-invasive electrodes
are carefully placed on the mother's chest and abdomen to record these signals. After recording, the
signals are filtered to remove high-frequency noise caused by electrical sources, muscle movements,
and other environmental factors. After noise reduction, the signals are amplified to improve the signal-
to-noise ratio, resulting in a clearer electrocardiogram. This amplified signal is then processed to detect
the R-peaks in the ECS waveform that correspond to each heartbeat. A peak detection algorithm is used
to accurately identify these R-peaks, providing clear markers to distinguish the maternal ECS signal,
which will help separate fetal components in subsequent stages [13].

The second step of the algorithm focuses on fetal ECS detection. This is achieved by analyzing
the morphological differences between the maternal and fetal signals. As a rule, fetal ECS signals are
weaker and contain lower-frequency components than maternal signals. To isolate these low-frequency
fetal components, the algorithm applies a low-pass filter that removes high-frequency content associated
with the maternal ECS, while a high-pass filter is used to suppress low-frequency noise. This two-layer
filtering effectively isolates the fetal signal, allowing the algorithm to focus on it without interference
from maternal and ambient noise.

Once the fetal ECS is detected, the algorithm proceeds to the third step, which applies a bandpass
filter to further process the fetal signal. The band-pass filter is tuned to a specific frequency range spe-
cific to the fetal ECS, enhancing the clarity of the signal and removing any remaining noise or non-
essential frequency components. This step is important to preserve the integrity of the fetal signal by
minimizing interference from maternal artifacts or environmental noise that may remain after the initial
filtering.

The fourth step is normalization, during which the algorithm adjusts the fetal signal amplitude to
a standardized scale. Normalization ensures that signal levels are consistent across recordings, which is
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crucial for accurate analysis and comparison. By scaling the fetal ECS, normalization reduces the vari-
ability that can result from different recording conditions or electrode placement, making the fetal ECS
more suitable for interpretation for diagnostic purposes.

Finally, the fifth step involves adaptive filtering to further improve fetal ECS by dynamically
adjusting the filter parameters based on changing noise conditions. Adaptive filtering is particularly
useful in real-world settings where noise levels can change due to maternal movements, breathing, or
slight changes in electrode position. By continuously adjusting to these changes, the adaptive filter fine-
tunes the extraction process, ensuring a clear and stable fetal electrocardiogram. This final stage is cru-
cial in creating a reliable and valid fetal ECS suitable for continuous monitoring and clinical diagnosis
[14].

The results of the proposed algorithm demonstrate a clear and successfully extracted fetal ECG
signal, with a marked improvement in signal clarity, reliability, and diagnostic accuracy. The sequential
approach, starting with maternal ECS identification, followed by targeted filtering, normalization, and
adaptive enhancement, effectively isolates the fetal signal from mixed maternal, fetal, and noise com-
ponents.

The isolated electrocardiogram shown in Fig. 3 displays prominent and distinguishable wave-
forms, including P waves, QRS complex, and T waves, which are important for assessing fetal heart
health. These features appear consistently throughout the signal, indicating that the algorithm steps,
especially the combination of high-pass and low-pass filters followed by adaptive filtering, have effec-
tively reduced interference from maternal ECS artifacts and ambient noise. Preserving these key wave-
forms supports accurate monitoring of fetal heart rate, rhythm, and variability-critical parameters for
detecting potential fetal distress, arrhythmias, or other heart-related problems.

Extracted Fetal ECG Signal

0.5 T

o ST o M *L

Amplitude

Time (s)
Fig. 3 — Extracted fetal ECG signal

Quantitative analysis further confirms the effectiveness of the algorithm, showing a high signal-
to-noise ratio (SNR) and reduced crosstalk from maternal signals. Compared to traditional methods, this
approach significantly improves the accuracy of fetal ECS by ensuring that the extracted signal main-
tains a stable amplitude and clear waveform morphology under different noise conditions. In addition,
the normalization step results in a constant amplitude, making fetal ECS more interpretable and ready
for comparison between different time points or sessions.
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Conclusions

The proposed methodology for fetal ECG signal extraction demonstrates significant advantages
over existing methods and has several innovative aspects that expand the possibilities of its application
in clinical and research settings. Unlike traditional methods, this approach uses an additive-multiplica-
tive model that takes into account both the independent contributions of maternal and fetal ECG signals
and their interaction. This model provides a more accurate representation of the physiological processes
occurring in the mother-fetus system, eliminating the limitations of simpler linear models that cannot
account for nonlinear dynamics.

The key advantage of the methodology is its advanced noise reduction capabilities. Adaptive fil-
tering techniques dynamically adjust to changes in noise caused by maternal movements or environ-
mental interference, ensuring reliable signal clarity even in challenging conditions. By utilizing spectral
techniques such as Wiener filtering and wavelet transforms, the methodology effectively isolates fetal
ECS even in the presence of strong maternal signals or noise. Innovative aspects of the methodology
include the integration of independent component analysis (ICA) with non-Gaussian optimization,
which exploits the statistical independence and non-Gaussian properties of the maternal and fetal signals
for better separation. The combination of bandpass filtering and adaptive wavelet transforms improves
fetal signal extraction, while normalization ensures signal consistency across different recording condi-
tions. These innovations increase diagnostic reliability and signal accuracy, which distinguishes this
methodology from traditional approaches.

The methodology also has the potential to be integrated with artificial intelligence-based systems,
such as machine learning algorithms, to further optimize signal processing and improve diagnostic ac-
curacy. Its adaptability makes it suitable for a variety of clinical and non-clinical settings, providing a
scalable solution for continuous and reliable fetal monitoring. Overall, this approach represents a trans-
formational advance in prenatal medicine that has the potential to significantly improve maternal and
fetal health outcomes through more accurate and reliable signal extraction methods.
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JAOCTYIIHE JIIKYBAHHA NIABETY:
CTPATETTI PO3POBKN EKOHOMIYHO EOEKTUBHUX
HEIHBA3ZUBHUX CUCTEM MOHITOPHUHI'Y PIBHA I'VIIOKO3U

Y ecmammi pozensdaemvcs po3podka onmuuHUX HEIH8AZUBHUX MEMOOi6 015l GUIHAYECHHS
piens enoxo3u 8 kposi y nayicumie 3 diabemom. OCHOBHA Mema 00CNIONCEHHSL NONA2AE Y
BUBYEHHI PI3HUX MEeMOOUK BUMIPIOBAHHS KOHYEHMPAYli 2110K03U, KIIOYAIOUY MPpaAoUuyiini
MeXHIKU, MAKi K XIMIYHULL AHATI3 KPOGI, AKA 3A0UPAEMbCA WAXOM NPOKOTIOBANHS NATbYS
abo 3 8eHU HA NepeOnIiYYl, A MAKONC ANbMEPHAMUBHI HEeIHBA3UBHI NIOX00uU. J{ocioxiceH s
CNPAMOBAHE HA BUSABNEHHA Nepesaz HeiH6A3UEHO20 MOHIMOPUHRY, AKI KAI0OUAIOMb YHUK-
HeHHs OO0 Ma PU3UKIG8, NOB'SI3AHUX (3 BUKOPUCTIAHHAM 2OCHPUX NPEOMemis, MOICIU-
gicmb 30LIbUEHHS YACMOMU Mecmie, wo 3a0e3neuye Oibl HCOPCMKULL KOHMPOJIb 34 Pig-
HeMm 2noko3u. Poboma maxodic 30cepedoicena na onuci nomeHyiiHux KoMepyiiuHux nepeeaz
HEIHBA3UGHUX NPUCTPOIE Ol MOHIMOPUH2Y 2110K03U. Memoou 00cniddicenHs 6KI04aomy
ONMUYHI MEXHONI02ii ma ananiz Haykoeoi nimepamypu. Ompumani pe3yibmamu 6KI0YA-
10Mb PO32150 MOACIUBOCIEL CINBOPEHHS HEIHBAZUGHUX ONMOENEKMPOHHUX NPUCMPOie ma
MemOOUK NiOGUWEHHS MOYHOCHIT GUMIPIOGAHHA KPOB'SHUX KOMNOHEHMIE. 3anponoHoeana
MeXHIKA Ma ONMUYHULL OAMYUK MOXNCYMb 3HAYHO NIOBUWUINY MOYHICMb HEIHBAUBHO20
BUMIDIOBAHHS KDOB SIHUX KOMNOHEHMIB, 8pAX08YI0YU GHYMPIUIHIO CIPYKIMYPY KANLIApIe ma
cman wikipu. Pexomendyemucsa kombinysamu yeii Memoo 3 iHuMU GUSHAHUMU MEMOO0aMU
HEIHBA3UBHO20 BUSHAYEHHSL KPOB STHUX KOMNOHEHMIE iN VIVO, MAKUMU SIK 2IH0K03a, OINipyOin
ma Kucewsv, adaice 8iH cam no cobi He MOodice NOGHICIIO GUPTUUMU NPOOLEM) HEIHBAZUBHO20
ananizy kposi y diabemuunux nayienmis. Bucnoexu docniodcenns niokpeciooms 3Hadu-
MICMb OCHOGHUX ONMUYHUX MEXHOA02IU OJi HEIHBA3UBHO20 MOHIMOPUH2Y 2NIOKO3U Md iX
EKOHOMIUHY eeKmUeHICms y NOPIGHAHHI 3 nepesazamu ma HedOIiKAMU.

Kniouogi cnosa: diabem, aymoimyntne 3ax80pr108anHs, 2n0K03d, HEIHBAZUGHI MemOodu, on-
MUYHI MEMOOU.
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