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Abstract 

Fetal ECG is the leading tool to analyze and detect abnormalities during fetal development. For example, to 

identify fetal distress and intrauterine hypoxia. Currently, the most common method to monitor a fetus, especially 

during labor is through fetal monitoring, which is based on auscultation, though there are more accurate methods, 

based on the electrical signal of the fetus (the fetal ECG or FECG). There are currently two methods for obtaining 

FECG. One is an invasive scalp electrode technique that is invasive and used during labor, while the other is 

based on electrode patches that are placed on the monther’s abdomen to collect the signals. However, the signals 

from the maternal abdominal are highly noisy and include the mixture of maternal ECG and a weak FECG on top 

of maternal breath sound and increased level of noise. In practice the extraction of the FECG is done using long 

sampling cycles, with high computational cost and with limited success which depends on the magnitude of the 

fetal source. This is the most accurate method of objective fetal monitoring currently available, however, all 

electrical methods of acquiring a reliable fetal signal have not proven to be accurate.  

In this work we propose a new approach to extract the FECG from the joined maternal-fetal data by sampling the 

joined ECG from at-least two sources and training a deep learning model to split the two in real-time. Since this 

is a hard task, we present a patient specific tailored personalized self-supervised network. This method is trained 

per patient (maternal and fetal) and can extract the maternal ECG in real-time and with high-quality. Based on 

preliminary results on real data, we demonstrate that the hypothesis and solution are applicable and feasible.  

 

The Fetal monitoring market is increasing rapidly and accelerated after the recent pandemic. According to the 

insight partners market review, we accept to see a rise from $3.8b 2021 to $6.4b by 2028.  
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1. Introduction 

An electrocardiogram (ECG) is a non-invasive test that records the electrical activity of the heart to assess its 

health and detect any abnormalities [1]. It is also used to monitor fetal heart activity during pregnancy to prevent 

neonatal morbidity and mortality [2][3]. During the test, electrodes are placed on the mother's thorax and 

abdomen, and an ECG machine records the reflected voltage changes produced by both the maternal and the fetal 

hearts as a mixture of signals. Although ECG tests are convenient and easy to perform, they can be challenging 

to analyze fetal ECG (FECG) signals because they are mixed with maternal ECG signals with much higher 

amplitudes, in addition to other sources of noise, including respiratory noise, muscle artifacts, electrode motion, 

or baseline wander [2]. Furthermore, the distinct morphological differences between these signals, such as the 

smaller amplitude and shorter cardiac cycle of FECG, can make it difficult to discern the FECG in the presence 

of the larger and slower cycle MECG, making it challenging to accurately analyze the raw FECG signals. 

Therefore, an effective process for extracting FECG signals is important and in demand [4]. 

 

2. Related work 

There are several techniques in the literature for extracting FECG signals, including correlation techniques, 

matched filtering, wavelet transform, and Blind Source Separation (BSS).  

An example of a classical signal processing approach is described in Lima Herrera et al. [5], which proposes the 

use of wavelet decomposition and an adaptive filter with the least mean square algorithm for noise cancellation 

to extract FECG signals. Another study by Ghaffari et al. [6] proposed a new method for selecting the best channel 

for detecting fetal QRS complexes from FECG signals, using a combination of geometric features and wavelet-

based techniques. Among the techniques above, BSS tends to perform better than most of the other signal 

processing techniques [7]. In one study [2], the Joint BSS (JBSS) algorithm was evaluated for its effectiveness in 

separating the mixed signals, and it was found that the JBSS-CUM4 algorithm performed well for FECG 

extraction. In Zhongliang et al. [8] a comparison between artificial neural networks (ANN), BSS and adaptive 

filtering for separating FECG and MECG was conducted. The results showed that BSS techniques based on 

empirical mode decomposition (EMD) were the most effective in extracting FECG. Ramli et al. [9] also examined 

BSS techniques, specifically the Degenerate Unmixing Estimation Technique (DUET) algorithm, for extracting 

FECG in situations where the number of sources is greater than the number of mixtures, such as in the case of 

twins or triplets' pregnancies. Other studies employ Independent Component Analysis (ICA), a subtype of BSS 

techniques, to separate mixed signals. ICA is a computational method for decomposing a multivariate signal into 

its additive subcomponents. The authors in [10] studied the use of the FastICA algorithm with maternal R-peak 

suppression for FECG signal extraction, and [11] reported on an improved FastICA method that incorporated an 
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over relaxation factor into Newton's iterative algorithm to process the initial weight vector randomly. This 

improved FastICA was able to separate the source component by selecting the best maternal MECG and removing 

it using singular value decomposition (SVD). 

Deep learning approaches to FECG extraction were also useful for understanding the various preprocessing 

techniques and datasets used in the field and provided useful information when planning the current network. One 

example of a deep learning method is [12] by Fang-Wen et al., which uses the simulated PhysioNet [13] dataset 

to detect FECG peaks. However, this work only uses simulated data and does not perform a full BSS as intended 

in the current project.  

All methods described above require high computational costs, long sampling and cannot perform real 

time separation of the signals. In this work we show for the first time that a personalized (per maternal-

fetal) deep network can be trained to solve this task in real-time and is feasible to be the next generation 

baby monitoring. 

 

3. Methods 

3.1 Main idea 

 

While deep learning has shown its superiority on probably any signal processing task it requires visibility to large 

amount of labeled data. Only in the problem we face the amount of data we poses is limited, hardly any labeled 

data exists, and the variance between different couples (mother and fetus) are substantial. For that we suggest to  

• Train low layers of filters using simulated data (Figure 1: Encoder). We generate data and train fully 

supervised. 

• Freeze the trained encoder. 

• Construct two separate decoders for mother and fetus using self-supervised cost function on the 

summation (Figure 1: Decoders) 

• Train the mother decoder to find only the gap from the thoracic pipeline and the joined pipeline. 

The first training done on large amount of data, while the second self-supervised is done without the labeled 

data and conducted for a specific mother and fetus for about 30sec of data. After that we hold in our hands a 

personal source separation network that can extract the fetus ECG in real time out of the joined signal. 

 

 

 

 

 



Zimin Institute   Dan Raviv  
 
 

 

 

3.2 Suggested architecture 

 

 

 
Figure 1: Proposed architecture. Two signals originated from two body locations on the mother. A mixed encoder 

processes the signals follows by a split into two decoders. We merge the first decoder with one of the signals (to 

learn a delta function) and join again with the second decoder. The outcome is mixture ECG that should match 

the joined source. 

 

3.3 Data 

3.3.2 Simulated data 

 

After a deep and through research, the Fetal ECG Synthetic (FECGSyn) [14] database was chosen to be the 

simulated data for our model. This database is created by using the FECG simulator by Behar et al. [14]. The 

simulator simulates a 3D pregnant woman. In this model the maternal-fetal heart are punctual dipoles with 

different magnitudes and spatial positions so that maternal-fetal-noise signals can be treated as singular 

component. These individual sources propagate their signals towards observational point (electrodes) that are 

placed on the 3D model in different 34 positions (channels) on her abdomen.  The dataset consists of 10 simulated 

pregnancies, with 6 different physiological events simulated for each pregnancy. For each event, there are 5 

Signal-to-Noise Ratio (SNR) levels of additive noise. Each combination of event and noise level has 5 repetitions. 

Each signal has a duration of 5 minutes and a sampling rate of 250 Hz with 16-bit resolution. The dataset includes 

3 signals (FECG, MECG, and Noise) that are provided separately. In order to get a standardized input size, the 

simulated data was also divided into windows of size 1024. 
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3.3.3 Real data 

 

The Non-Invasive Fetal ECG Arrhythmia (NIFEA) [14] database was chosen to be the real-world data for our 

model. This database provides 12 fetal arrhythmias recordings and 14 normal rhythm recordings performed using 

the Non-Invasive Fetal ECG (NI-FECG) [15] technique. For each recording, a set of four or five abdominal 

channels and one chest maternal channel were recorded. The sampling frequency was 500 Hz or 1 kHz.  

 

4. Preliminary results 

5.1 Simulated ECG Data 

Our model succeeds in an optimal and precise way to separate simulated ECG Data. The model was able to 

reconstruct correctly 94% of the overall datasets. The supervised setting helped to extract the critical features 

presents in both FECG and MECG. As shown in Figure 2, the model succeeds in both predicting the time 

positions, that it is the most important aspect of the signal, and the PQRST morphology.  

 

 

Figure 2: Source separation of simulated joined 

ECG signal (first row), the extracted Fetal data 

(second row), the true (label) ECG (third row), the 

extracted maternal ECG (fourth row) and the true 

(label) maternal ECG (fifth row). Note different 

scale axes for maternal and fetal data. 

 

 

 

 

5.2 Real-World ECG Data 

Our model was able to separate mixed ECG signals from the NIFEA database in multiple cases and noise levels. 

As shown in Figure 3, one key success of the model is its ability to accurately predict the time positions of the 

fetal ECG (FECG) signals, which is a crucial aspect of the project. In addition, the model was able to effectively 

process FECG signals with small amplitudes and not treat them as noise, which can be a common issue in these 

types of analyses. Furthermore, the model was able to reconstruct the majority of the PQRST morphology features 

of the FECG signals, which provide important information about the function of the fetal heart. 
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Please notice in Figure 3, that the extracted FECG signal has different y-axis scale due to a smaller amplitude, as 

expected and stretched for visual aid. 

 

 
Figure 3: Source separation of real joined ECG signals. First and Third rows are the joined sampling from two 

sources. Second row is the maternal ECG and Fourth is the Fetal ECG. Note different scale axes for maternal 

and fetal data. 

 

 

 

 

5. Objectives 

 

Objective 1: Build a real-time ECG source separation deep learning code – improve preliminary results and 

experiment with different architectures and training models.  (Software only) 

 

Objective 2: Build an ECG baby monitor with the generated ECG split (following Obj 1 algorithm). (Hardware 

and software) 
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Budget 

 

Equipment 

 Year 1 

Cloud Computing resources $20K 

 

Personnel (including tuition) 

 Year 1 

PhD (150%) $43K 

MSc (150%) $37K 

 

 

Summary 

 Year 1 

Zimin $75K 

Matching from university $25K 
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Budget justification 

 

Today cutting-edge research in deep learning field requires computational resources and skilled personal. 

Computing:  

Deep neural networks average training takes between several days to several weeks on today’s clusters. A local 

desktop per researcher allows us to get proof-of-concept but the final models must be trained on a mini-cluster. 

The pricing provided relates to a standard 8 GPU (Nvidia A3090 or higher) with 256Gb memory, and a dual Xeon 

processor with 16cores. Pricing refers to 3 months of training on university resources. 

 

Personnel: 

No research can be done without great students. I believe that students should be full time in the lab. The 

research should be the last thing they think when they go to sleep and the first think that goes through their 

head when they wake up. For that I need to be able to fully support my students. I wish to hire for this project 

one M.Sc. and one Ph.D. student. The request amount is the standard of CV/AI students in the campus. 
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January 08, 2023 

 
 
The Zimin Institute for Engineering Solutions  
 
 
Dear committee members, 
 
It is my great pleasure to provide my endorsement for Dr. Dan Raviv for The Zimin Institute 2023 grant in bioengineering. 
Dan holds a tenure-track position as a Senior Lecturer at the School of Electrical Engineering at Tel-Aviv University. He 
joined our department after spending 4 years at MIT, where he worked as a postdoc on cutting edge problems in the 
field of Machine Learning, Computer Vision, and Geometry. He is an expert in geometric deep learning on high-
dimensional data and is well known and appreciated by his peers. He has an impressive publication record of more than 
45 journals and peer-reviewed conferences as well as several book chapters.  
 
In his short academic career, Dan has been an invited speaker on multiple occasions, and received the prestigious SIAM 
biennial award for Imaging Sciences, granted to top scientists in his field. 
 
Since Dan joined the School of Electrical Engineering, he has established a strong research group composed of ten 
graduate student and he is sought-after advisor. He is working closely with multiple companies and medical centers and 
knows how to leverage his work also for industry needs. He participated in two industry-supported consortia in 
autonomous driving and soft robotics, securing $500K in research funds, and currently part of a new smart-material 
initiative. 
 
Dan’s ambition to use Machine Learning techniques for biomedical problems is highly promising. I find the suggested 
project original and innovative, and I am confident it will lead to a long-term impactful research program in his lab. 
 
Given the above, I highly recommend Dan and his project for funding by the Zimin institute. 
 
Best regards, 
Rami 
 
------------------------------------------------------ 
Rami Zamir, Professor 
Head of the School of Electrical Engineering 
Tel Aviv University 
Tel Aviv 69978, ISRAEL 
TEL: +972-3-640 5905 
FAX: +972-3-642 3508 
  

 

     



 
 
 
 
 
25 Jan 2023 
 
Dear Zimin Foundation 

I hereby confirm my ongoing research with Dr. Dan Raviv for building the next generation ECG fetal 

monitoring. The fetal ECG (FECG) reflects the electrophysiological activity of the fetal heart. 
Using FECG waveform analysis, fetal abnormal heart rates, such as fetal arrhythmias or abnormal 

cardiac rhythm which may reflect fetal distress and intrauterine hypoxia, may be detected and 

treated apropriatly. Today traditional fetal monitoring tools are limited yet practical for pre-birth 

examination, including the maternal monitor which uses old fashion auscultation for real time 

monitoring. We are eager to replace the current method with FECG monitor as it may become a 

much easier, more accurate and reliable method for analysis both in the hospital and in community 

practice. As the there is no easy solution for separating the joined maternal-fetal signal, extracted 

today from the abdominal ECG monitors, the work done in Dr. Raviv’s lab may show great 

potential in revolutionizing the pre-birth monitoring, allow much wider fetal observation and thus 

save lives and reduce costs as the monitoring may be performed in early stages by the community 

healthcare provider. As head of the medical device Hub in the Sheba ARC innovation center I 

value the transformation this tool can make in large communities helping reducing the visits to the 

maternity emergency departments in one hand and detecting real fetal distress on the other – 

reducing undetected fetal stress. 

  

Shai Tejman-Yarden, M.D. 

Dr. Taejman-Yarden graduated from the Hebrew University Medical School in 1995 and Joined the IDF 

Air force, later to become a base clinic commander. As part of his military service he joined the pediatric 

service in Soroka University Medical Center where he completed his residency in 2007.  In 2012 he 

completed his fellowship in Pediatric cardiology and Electrophysiology in UC San Diego CA and started 

serving as an attending physician In the Edmund and Lily Safra Congenital Heart Center in Sheba Medical 

Center. In 2008 Dr. Tejman-Yarden completed a Masters degree in BioMedical Engineering 

in Ben Gurion University. Since 2015 heads the lab for Engineering Medical Research in the Safra Cong. 

Heart Center leading research in various fields of biomedical engineering. Dr. Tajmen-Yarden dual  



 
 

 

expertise in engineering and medicine put him in the direct track to understand the needs, limitation and 

optional solutions that appear in the intersection between medical care and modern technological tools. In 

2022 Shai was invited to Join the ARC innovation center as the head of the Medical Device Hub, 

responsible for assisting the Sheba inventors martialize their dreams in this field. 
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