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Simulator of a Full Fetal Electrocardiogram
Measurement Chain by Multichannel

Capacitive Sensing
Lin Xu , Member, IEEE, Chiara Rabotti , Member, IEEE, Yijing Zhang , Rik Vullings , Member, IEEE,

Mohammed Meftah , Sotir Ouzounov , Pieter J. A. Harpe , Senior Member, IEEE,

and Massimo Mischi , Senior Member, IEEE

Abstract— Long-term ambulatory monitoring of the fetal heart
rate (fHR) can greatly increase insight into fetal well-being and
reduce pregnancy risks. Unfortunately, the existing solutions
using wet or dry electrodes are unsuitable for long-term fHR
monitoring due to the use of a gel or direct skin contact. Capac-
itive electrodes can measure an electrocardiographic (ECG)
signal through clothes and, therefore, are perfectly suitable for
long-term monitoring of the fHR. However, capacitive fetal
ECG (fECG) measurements are challenging due to the high
sensitivity of capacitive sensors to motion artifacts (MAs) and
the low amplitude of the fECG. This article aims at investi-
gating the feasibility of fECG measurements using capacitive
electrodes with dedicated postprocessing algorithms for signal-
to-noise ratio (SNR) improvement and MA reduction. To this
end, a novel simulator of the full measurement chain is realized
that generates multichannel capacitive fECG data with artificial
MAs and system noise. A dedicated blind source separation (BSS)
algorithm is then employed for MA removal and fECG extrac-
tion. The extracted fECG is evaluated by SNR calculation and
R-peak detection. Our results show that the BSS algorithm may
extract the fECG signal from noisy capacitive data. In addition,
lower system noise or higher number of channels may lead to
better fECG extraction. A maximum increase of 0.5 dB in the
SNR and decrease of 80.7 % in the R-peak detection error are
observed with increased electrode number from 8 to 20. Our
findings provide useful insights for the hardware design of a
capacitive fECG measurement system.

Index Terms— Ambulatory monitoring, blind source separa-
tion (BSS), capacitive electrode, fetal electrocardiography, motion
artifacts (MAs), simulation, unobtrusive.
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I. INTRODUCTION

DESPITE the rapid development in healthcare technology,
pregnancies still suffer from complications, such as fetal

growth restriction, preterm birth, or stillbirth [1]. Although
the origins of these pregnancy-related complications are still
poorly understood, the fetal heart rate (fHR) is among the most
important features used to assess the fetal well-being and the
progression of pregnancy. Doppler ultrasound is currently clin-
ically used to measure the fHR by placing a transducer on the
maternal abdomen, as part of a cardiotocograph [2]. The fetal
electrocardiogram (fECG), measured invasively during labor
by applying an electrode to the fetal scalp or noninvasively
by placing wet electrodes on the maternal abdomen, has also
been used to monitor the fHR. One of the main drawbacks of
these techniques is that none of these systems is suitable for
long-term ambulatory monitoring of fHR.

Capacitive electrodes have been introduced in ambulatory
ECG monitoring for adults a couple of decades ago and
further developed in recent years [3], [4]. Capacitive electrodes
enable ECG measurements through clothes, with signal quality
comparable to that measured by contact wet electrodes [5].
Furthermore, it is easy to integrate capacitive electrodes into
daily objects, such as a bed, a chair, a car seat, and even a
neonatal incubator [6]–[9]. The main challenge in a capacitive
ECG measurement system is the high sensitivity to motion
artifacts (MAs) [10]–[12].

MAs originate mainly from longitudinal and lateral move-
ments of the electrodes with respect to the body [10]. The
longitudinal movement produces variation in the coupling
distance and, therefore, changes the coupling capacitance.
Change in the coupling capacitance can modulate the desired
ECG signal and the voltage difference (dc) between the body
and the measurement system, introducing both multiplicative
and additive MAs [13]. The lateral movement causes friction at
the body-electrode interface, and thus, introduces triboelectric-
ity [11], [12]. The amplitude of triboelectricity can be as high
as several volts, and its occurrence is unpredictable [12]. As a
result, MAs may mask the signal of interest and, therefore,
should be addressed prior to adopting a capacitive ECG
measurement system for ambulatory monitoring.

The presence of these MAs makes capacitive ECG measure-
ments very challenging for adults; the significantly smaller
amplitude of the fECG as compared with adults further
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Fig. 1. Scheme of the simulator of the full capacitive measurement chain.

increases the complexity of capacitive fECG measurements.
As a consequence, no existing capacitive system has been
reported to be able to measure a fECG. The aim of this article
is, therefore, to investigate the feasibility of using capacitive
electrodes for fECG measurements by dedicated in − silico
simulation. To this end, a multichannel simulator of a full
capacitive fECG measurement chain is realized for the first
time by integrating existing models that have been individually
investigated by previous authors, such as the ECG model
and the model of the capacitive sensors [11], [14]–[17]. The
realized simulator generates multichannel capacitive fECG
data with artificial MAs and system noise. Varying electrode
number and system noise are separately simulated, enabling
the examination of the influence of system noise and number
of channels on the performance of the full capacitive fECG
measurement chain, and thus providing useful insights on the
hardware design of a capacitive fECG measurement system.

Dedicated algorithms are embedded in the simulator in
order to reduce the MAs, improve the signal-to-noise ratio
(SNR), and therefore, extract the fECG. Previous authors have
suggested several methods for MA reduction in capacitive
adult ECG measurements, such as the reconstruction of the
ECG signal by solving the inverse system function, estimation
of model parameters by signal injection, adaptive filtering,
and blind source separation (BSS) based on multichannel
recordings [8], [11], [13], [18], [19]. Among all the available
methods, BSS seems to produce robust ECG extraction in
adults [7], [8], [19] and is, therefore, adopted in our simulator
for MA reduction and fECG extraction. The performance of
the fECG extraction is quantitatively evaluated by calculating
the SNR and detecting the R-peaks on the extracted fECG
signal.

II. METHOD

A. Description of the Simulator

The simulator of the full capacitive fECG measurement
chain is realized by integrating existing individual models [11],
[14], [16], [17], whose scheme is shown in Fig. 1. First,
an ECG model is employed to generate the maternal and fetal
cardiac electrical activity, which is known as vectorcardiogram
(VCG). The generated VCG waveforms are then projected
onto the surface of the volume conductor. The potentials on
the surface of the volume conductor are detected by capacitive
electrodes and then amplified and digitized by the following
signal conditioning hardware. The aforementioned two types
of MAs are introduced in the capacitive electrode model, and

white Gaussian noise is added to mimic the system noise, e.g.,
thermal noise. A BSS algorithm is applied to the simulated
signals in order to extract the fECG. R-peaks of the extracted
fECG signal are then detected and evaluated.

1) ECG Model: The ECG model described in [20] is
adopted in this article in order to generate the maternal
and fetal VCG waveforms, which can be represented by a
time-varying dipole vector with its origin at the center of the
heart. In general, the heart dipole vector can be expressed as

d
¯
(t) = x(t)e

¯x + y(t)e
¯ y + z(t)e

¯z (1)

where e
¯ j , j ∈ {x, y, z}, are basis vectors of the body axis.

According to the dynamic ECG model described in [20],
the projection of one VCG cycle along each body axis can be
approximated by the summation of a set of Gaussian kernel
functions as

ECG j (θ) =
N∑

i=1

a j ie
− (θ−μ j i )

2

2σ j i
2
, −π ≤ θ ≤ π (2)

where N is the number of the Gaussian kernel functions and
a j i , μ j i , and σ j i correspond to the peak amplitude, peak
location, and standard deviation of the i th Gaussian kernel
function, respectively. By fitting this model to a set of existing
VCGs, i.e., all three channels of the VCGs, from an existing
database, the model parameters on each axis j , a j i , μ j i , and
σ j i , can be obtained.

After obtaining a j i , μ j i , and σ j i , the first derivatives of the
three coordinates of the time-varying heart dipole, d

¯
(t), can

then be calculated as [14], [20]

θ̇ = 2π fh (3)

ẋ = −
N∑

i=1

axi θ̇

(σxi )2
�θxiexp

[
− (�θxi)

2

2(σxi)2

]
(4)

ẏ = −
N∑

i=1

ayi θ̇

(σyi )2
�θyiexp

[
− (�θ yi)

2

2(σyi)2

]
(5)

ż = −
N∑

i=1

azi θ̇

(σzi )2
�θ ziexp

[
− (�θ zi)

2

2(σzi)2

]
(6)

with

�θ ji = (θ − μji) mod 2π, j ∈ {x, y, z} (7)

where fh is the beat-to-beat HR.
Furthermore, the normal sinus rhythm (NSR) modulation

described in [20] can be employed to introduce HR variabil-
ity (HRV) in this model, permitting to produce maternal and
fetal signals in both physiological and pathological scenar-
ios [14]. According to [20], the effect of the NSR modulation
on the spectrum of the RR-intervals can be modeled as the
sum of two Gaussian distributions

RR( f )= A1√
2πc2

1

exp

[
( f − f1)

2

2 c2
1

]
+ A2√

2πc2
2

exp

[
( f − f2)

2

2 c2
2

]

(8)

with means f1 and f2, amplitudes A1 and A2, and standard
deviations c1 and c2. The beat-to-beat HR fh in (6) is then
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replaced by a time-dependent HR as given by

f (t) = fh + 1

ifft{RR( f )} (9)

where ifft denotes the inverse Fourier transform.
2) Volume Conductor: The generated maternal and fetal

VCG waveforms are projected on the surface of a volume
conductor by a projection matrix H(t) and a rotation matrix
R(t), as given by

p
¯
(t) = H(t)× R(t)×

⎡
⎣x(t)

y(t)
z(t)

⎤
⎦ (10)

where p
¯
(t) is the potential detected at the electrode position

on the volume conductor,
[[x(t) y(t) z(t)

]T
contains the

three coordinates of the dipole vector generated by the model
described in (6), H(t) is the projection matrix representing the
volume conductor which is time varying in cases where the
dipole is translated [14], and R(t) is the rotation matrix of
the dipole vector.

The projection matrix H(t) is determined by the permittivity
of the volume conductor, the dipole origin, and the vector
going from the dipole center to the location of the detection
electrode, denoted as r

¯
(t). By assuming a constant permittivity,

ε0, the projection matrix H(t) can be rewritten as H(t) =[
hx(t) hy(t) hz(t)

]
, with h j (t) given as

h j (t) = 1

4πε0

r j (t)

|r
¯
(t)|3 , j ∈ {x, y, z}. (11)

Since respiration can influence the orientation of the cardiac
dipole and, therefore, the rotation matrix R(t), the respiration
model introduced by Stridh and Sörnmo [21] is considered
in the derivation of the rotation matrix R(t). In this model,
a sinusoid and two harmonics are employed to generate a
sawtooth-like signal γ (t) representing the respiration pattern.
Nonstationary behavior of the physiological process is intro-
duced by modulating both the amplitude and frequency of each
sinusoid, as given by

γ (t) = −
3∑

k=1

αk(t) · sin

[
k · 2π f0t + �f

fm
sin(2π fmt)

]
(12)

αk(t) = 2

kπ
(α +�α · sin(2π fα t)) (13)

with α the amplitude of each sinusoid and f0 the funda-
mental frequency corresponding to the breathing rate. fm

and (� f / fm) represent the frequency and strength for the
frequency modulation, respectively, while fα and �α the
frequency and strength for the amplitude modulation, respec-
tively.

By taking the respiration model into consideration, the rota-
tion matrix R(t) can be written as

R(t) = Rx(t) · Ry(t) · Rz(t) (14)

where

Rx(t) =
⎡
⎣1 0 0

0 cos[ϕx(t)] sin[ϕx(t)]
0 −sin[ϕx(t)] cos[ϕx(t)]

⎤
⎦ (15)

Ry(t) =
⎡
⎣ cos[ϕy(t)] 0 sin[ϕy(t)]

0 1 0
−sin[ϕy(t)] 0 cos[ϕy(t)]

⎤
⎦ (16)

Rz(t) =
⎡
⎣ cos[ϕz(t)] sin[ϕz(t)] 0

−sin[ϕz(t)] cos[ϕz(t)] 0
0 0 1

⎤
⎦ (17)

with

ϕ j (t) = ϕmax
j (t) · γ (t)+ ϕ0

j , j ∈ {x, y, z} (18)

where ϕ j (t) is the rotation angle in radians around the axis j ,
ϕ0

j is the the static orientation of the fetal heart with respect
to the maternal heart, which is assumed to be aligned with the
Cartesian basis, and ϕmax

j (t) is the maximum deviation of the
rotation angle ϕ j (t).

3) Capacitive System: The potential projected onto the
surface of the volume conductor is then detected by capacitive
electrodes. A capacitive electrode is typically composed of
a plate electrode followed by a buffer with very high-input
impedance for lower cutoff frequencies and a lower noise,
as shown in Fig. 2(a) [4]. Active guarding is applied to
prevent environmental electric field from coupling into the
measurement system, reducing the power-line interference in
the measured signal. A bias resistor is adapted to create a
current path to the ground [7]. In addition, an isolation layer
is placed on top of the electrode plate in order to create
a capacitive system. The coupling layer between body and
electrode can be air or cloth.

The isolation layer can be modeled as a capacitor in parallel
with a resistor [12]. The capacitance is in the order of pF,
e.g., 20 pF, and the resistance in the order of 1014 
 [12].
The impedance of the capacitor depends on the frequency of
the signal. Consider a capacitance of 20 pF [12] and a very
low frequency, e.g., 0.5 Hz, the impedance of the capacitor
is approximately 1.59 × 1010 
, which is much smaller than
the impedance of the resistor and is, therefore, dominant in
the insolation layer. Consequently, some studies simply model
the isolation layer as a pure capacitor and neglect this large
resistor [10]. This simplified model is adopted in this article.

The coupling layer, air or cloth, can also be modeled as a
capacitor in parallel with a resistor [10], [12]. The capacitance
Cc(t) is calculated as

Cc(t) = εr A

d(t)
(19)

where εr is the dielectric constant of the medium, A is the
area of the electrode surface, and d(t) is the distance between
body and electrode. Cc(t) is considered to be time varying due
to movement-induced variation in d(t).

Taking the triboelectric effect into consideration, the capaci-
tive system shown in Fig. 2(a) can be represented by an equiv-
alent circuit as shown in Fig. 2(b), where vfecg(t) and vmecg(t)
represent the fECG and maternal ECG (mECG), respectively.
Ri and Ci represent the input impedance of the buffer. RB is
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Fig. 2. Capacitive ECG measurement system: (a) physical model and
(b) equivalent circuit including the triboelectric effect.

the bias resistor. vpli models the power-line interference due to
displacement current coupled into the body, and vdc accounts
for the dc voltage difference between the body surface and
the measurement system ground. A charge transfer between
the body-electrode interface, d Q(t)/dt , is employed to model
the effect of triboelectricity, as suggested in [12].

Kirchhoff’s second law leads to

vc(t)=vfecg(t)+vmecg(t)+vpli+vdc−vo(t)−viso(t). (20)

And Kirchhoff’s first law results in

iCc(t)+ iRc (t)+ d Q(t)

dt
= iCiso(t) (21)

iCiso(t) = iCi (t)+ iRi (t)+ iRB (t). (22)

Then, we obtain

iCc(t)+iRc(t)+
d Q(t)

dt
= iCi (t)+iRi (t)+iRB (t). (23)

The equivalent circuit shown in Fig. 2(b) can then be described
by a differential equation describing the balance of electrical
currents as

d[Cc(t) vc(t)]
dt

+ vc(t)

Rc
+ d Q(t)

dt
= d[Ci vo(t)]

dt
+ vo(t)

Rcomb
(24)

where

Rcomb = Ri//RB ≈ RB , (Ri � RB). (25)

From (22), we have

d[Ciso(t) viso(t)]
dt

= d[Ci vo(t)]
dt

+ vo(t)

Rcomb
. (26)

Fig. 3. Scheme of the signal conditioning hardware.

Solving (26) and assuming initial vo(t) to be zero, viso(t) can
be derived as

viso(t) = Ci

Ciso
+ 1

Ciso Rcomb

∫
vo(t)dt . (27)

Substituting viso(t) into (20) with (27), we obtain

vc(t) = vfecg(t)+ vmecg(t)+ vpli + vdc

− vo(t)−
[

Ci

Ciso
+ 1

Ciso Rcomb

∫
vo(t)dt

]
. (28)

Finally, the output of the capacitive system vo(t) can be
derived by substituting vc(t) into (24) with (28), which allows
a numerical simulation and analysis of the capacitive system
in MATLAB.

4) Signal Conditioning: The signal detected by the
capacitive electrodes is amplified and digitized by the
signal-conditioning hardware. Since the focus of this article
is the full measurement chain of fECG using capacitive
electrodes, the adopted signal-conditioning hardware in the
simulator simply consists of a voltage amplifier and an analog-
to-digital converter (ADC), as shown in Fig. 3. White Gaussian
noise is added to the simulator to model the system noise
introduced by the conditioning hardware, e.g., the thermal
noise. The SNR between the fECG and the added system noise
is defined as

SNRin = 10 · log
Ps

Pn
(29)

where Ps is the signal power of the fECG and Pn the noise
power.

5) Blind Source Separation: BSS approaches, particularly
independent component analysis (ICA), have been used
for extracting the fECG measured by wet electrodes [19]
or extracting the adult ECG measured by capacitive elec-
trodes [8]. In this article, ICA is proposed for extracting the
fECG from noisy capacitive measurements. A typical way to
formulate the ICA approach is to assume the observed data
to be a linear combination of different independent sources,
as given by [22], [23]

x = As (30)

where x is the observed n-dimensional data, s is an
m-dimensional random vector with its components mutually
independent, and A is the n ×m mixing matrix. The objective
of ICA is to estimate the mixing matrix A, and thus, recon-
struct the independent sources by

s = Wx (31)

where W = A−1.
Non-Gaussianity of the independent components is neces-

sary for the identification of W [24], [25]. One measure of
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TABLE I

PARAMETERS FOR INTRODUCING HRV (8)

non-Gaussianity is the negentropy, defined by J (s) as [24],
[25]

J (s) = H (sGauss)− H (s)

H (s) = −
∫

p(s) log p(s)ds (32)

where p(s) is the probability density of the random variable
s and sGauss is a Gaussian random variable with the same
covariance matrix as s.

Based on the negentropy, one can define the mutual infor-
mation, I , between the m components si , i = 1, . . . ,m:

I (s1, s2, . . . , sm) = J (s)−
∑

i

J (si ). (33)

Mutual information is a natural measure of the dependence
between the m components [24], [25]. By minimizing the
mutual information between the m components si , the matrix
W can be estimated.

B. In-Silico Experiment

1) VCG Generation: A 60-s fetal VCG and maternal VCG
were first generated based on the ECG model described
in (6), whose parameters a j i , μ j i , and σ j i were derived
from five existing VCGs in the PTB diagnostic ECG database
records [26]. The SNR between the fECG and mECG was set
to −10 dB, in line with previous studies [14]. The mean HR
was 90 beats per minute (bpm) for the mother and 150 bpm
for the fetus. The parameters adopted in [14] and [20], shown
in Table I, were employed for the NSR modulation in order
to introduce HRV using (8).

2) Projection of VCG Waveforms: A cylinder with unit
diameter and height was employed to mimic the volume
conductor, as shown in Fig. 4. The maternal and fetal dipoles
were represented by three arrows that show the orientation
of the fetal and maternal body axis centered on each heart.
Initially, the maternal dipole was assumed to be aligned with
the maternal body axis while the fetal dipole was modeled to
have a rotation of −3π/4 along the x-axis and −π/2 along
the z-axis with respect the maternal dipole. Twenty capacitive
electrodes were placed on the surface of the cylinder to detect
the projection of the fetal and maternal dipoles. An additional
capacitive electrode (no. 21) was placed far from both hearts
to detect a reference signal. The positions of the electrodes
are reported in Table II together with the position of the fetal
and maternal hearts.

Equation (10) was used to project the fetal and maternal
dipole vectors (VCG) to the detection position of the elec-
trodes, in which the rotation matrix R(t) was calculated by
taking the respiration pattern γ (t) into consideration (13).
For γ (t), the fetal and maternal breathing rate were set to
0.8 and 0.25 Hz, respectively [14]. Other parameters were:

Fig. 4. Volume conductor. (a) Three-dimensional view. (b) Top view.

TABLE II

ELECTRODES AND HEART POSITIONS;ψ THE ANGLE (IN rad),
ρ THE RADIUS, AND h THE HEIGHT

�α = 0.3, fα = 0.1 Hz, � f = 0.05 Hz, and fm = 0.1 Hz,
as adopted in [14] and [20].

3) Capacitive Sensing: The differential equation, (24),
describing the dynamic behavior of the capacitive electrodes
was implemented in Simulink (MathWorks, Natick, MA,
USA). The capacitance of the isolation layer was set to
20 pF [12]. A cotton cloth with a resistance of 200 M

was assumed between body and electrode [10]. A circular
surface with diameter of 2 cm was assumed for the capacitive
electrode [11], and a chirp motion from 0.2 to 10 Hz, which
covers the full frequency range of body movement [27],
was employed to mimic the longitudinal movement between
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TABLE III

PARAMETERS USED TO MODEL A CAPACITIVE
ELECTRODE INCLUDING MAS

Fig. 5. Mixture of maternal and fetal ECG appearing on the surface of the
cylinder that models the body.

electrode and body. For each channel, the frequency range
of the chirp motion was the same, but the amplitude varied
randomly. In addition, a pulse current starting at 30 s and
lasting for 5 ms [12] was introduced to mimic the effect of
triboelectricity. The occurrence and duration of the pulse cur-
rent were the same for different channels while the amplitudes
varied randomly. No MAs were added to the reference channel.
The parameters adopted in the present simulator are shown
in Table III. All these parameters were chosen to be either in
line with literature [7], [10], [11], [13], or close to reality.

4) Signal Conditioning and Blind Source Separation: The
signal conditioning circuit consisted of a voltage amplifier
and an ADC and was simulated in Simulink. The gain of the
amplifier was 100, and the resolution of the ADC was 20 b.
By including the ADC, quantization noise was considered in
our simulator. Furthermore, white Gaussian noise was added
to each channel to mimic the system noise, e.g., the thermal
noise. The fixed-point fast ICA described in [25] was applied
to the output of the conditioning hardware in order to extract
the fECG. Monopolar configurations were considered by tak-
ing the difference between the active electrodes (1–20) and
the reference electrode.

C. Evaluation

For each component obtained from the fast ICA decompo-
sition, the locations of the fetal R-peaks were detected by a
low-complexity R-peak detection algorithm described in [28].

Fig. 6. Time-varying HRs of the mother and fetus.

To assess the detectability of the fECG R-peaks, a modified
SNR was defined as [28]

SNRout =
P∑

i=1

20 · log
vppi

vni
(34)

where P is the number of fECG R-peaks, vppi is the maximum
value of the i th R peak, and vni is the maximum value in two
surrounding intervals of the i th R-peak. For the i th R-peak,
the surrounding two intervals were defined as [t (i − 1) +
300 ms, t (i)− 75 ms] and [t (i) + 75 ms, t (i) + 250 ms] [28].
This is the maximum-length segment without QRS complex,
considering a maximum HR of 200 bpm [28].

The component representing the fECG was then automat-
ically selected by maximizing the SNRout while minimizing
the difference between the estimated HR and the expected
value, i.e., 150 bpm. The ground truth of the R-peak locations
was detected by applying the same algorithm on the simulated
fECG signals before mixing them with mECG and noise. The
detection error is then calculated by

Detection error = FP + FN

Npeaks
(35)

where FP denotes false positive indicating wrongly detected
peaks, FN denotes the false negative indicating missing peaks,
and Npeaks is the total number of peaks.

Different levels of system noise, SNRin from −12 to 2 dB
in steps of 2 dB, were simulated to examine the influence of
system noise on the performance of the whole measurement
chain. For each noise level, a varying number of capacitive
electrodes, from 8 (the first two columns in Fig. 4) to 20 in
steps of 4 (one adjacent column), were also simulated. The
effects of the number of channels on the performance of
the proposed ICA and R-peak detection algorithms were then
investigated. In order to have only one independent variable,
the MAs did not change for different SNRin and the number of
channels. For each condition, the simulator was independently
tested ten times, and the average SNRout and detection error
were considered.
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Fig. 7. Simulated signals (a)–(d) before and (e)–(h) after ICA. The signal amplitude after ICA is normalized with respect to its standard deviation. Eight
channel recordings are used as the input of the ICA, and, for better visibility, only four input channels and four ICA components are shown here.

III. RESULTS

Fig. 5 shows a mixture of maternal and fetal ECG appearing
on the surface of the volume conductor (Fig. 4). The peak-
to-peak amplitude of the fECG is around 5 μV, in line
with previous studies [29]. The time-varying HRs for the
mother and the fetus introduced by (9) are shown in Fig. 6.
The maternal HR varies over time around an average value
of 90 bpm while the fetal HR varies around 150 bpm.

Fig. 7(a)–(d) shows four examples of the simulated signals
before applying ICA. Each signal contains the fetal and
maternal ECG, MAs due to longitudinal sensor movement
modeled by a chirp motion and static charge modeled by a
short current pulse, system noise modeled by white Gaussian
noise, and the quantization noise introduced by the ADC.
The fetal and maternal ECG signals are not visible due to
their small amplitudes as compared to the simulated MAs.
Fig. 7(e)–(h) shows four outputs of ICA, in which two
components representing the fetal and maternal ECG signals
can be identified, as shown in Fig. 7(g) and (f), respectively.
Furthermore, the R-peaks in the fECG component are clearly
visible and can be detected by the low complexity R-peak
detection algorithm [28].

The influence of the number of channels and hardware-
introduced system noise, SNRin, on ICA performance and
R-peak detection has also been investigated. For a fixed level
of system noise, increase in the number of channels leads to
increased SNR of the extracted fECG, SNRout, and, therefore,
better R-peak detection, as shown in Fig. 8. In addition, for
a fixed number of channels, higher SNRout and better R-peak
detection are observed with decreased system noise (increased
SNRin), as shown in Fig. 9. The overall results showing the
influence of different system-noise and number of channels on
the SNR of the extracted fECG is given in Fig. 10, while the
influence of different system noise and the number of channels
on R-peak detection error is shown in Fig. 11.

IV. DISCUSSION

A multichannel simulator modeling the full fECG mea-
surement chain using capacitive sensors has been realized
in this article. The main factors that may affect fECG mea-
surements, such as the position of the fetus, the number and
position of the detecting electrodes, MAs, and the noise of
the recording hardware [30], have been modeled and can be
independently adjusted in the realized simulator. The realized
simulator provides a suitable platform to develop dedicated
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Fig. 8. R-peak detection on the extracted fECG with varying number
of channels but fixed MAs and system noise SNRin −10 dB. The signal
amplitude is normalized with respect to its standard deviation.

Fig. 9. R-peak detection on the extracted fECG with varying system noise,
SNRin from −12 to 2 dB, but fixed MAs and number of channels at 12. The
signal amplitude is normalized with respect to its standard deviation.

algorithms for MA reduction and fECG extraction in capaci-
tive measurements.

In fact, capacitive electrodes have been extensively sug-
gested for adult ECG measurements [6]–[9]. However, fECG
measurement systems using capacitive electrodes have been
rarely reported in the literature. MAs pose the main challenges
hampering the realization of a robust capacitive ECG mea-
surement system [11]. The significantly smaller amplitude of
the fECG further increases the complexity of capacitive fECG
measurements. In one of our previous studies, an adaptive
filtering method was proposed for MA reduction in single-lead
capacitive ECG recorded on adults [17]. This article builds
on the same capacitive sensing principle as proposed in [17].
However, considering the significantly smaller amplitude of
the fECG, the single-lead capacitive sensor in [17] has been
extended to a multichannel sensor matrix in this article in
order to record the spatial information of the signals. This
extension enables the possibility of applying BSS algorithms,
i.e., ICA, to extract the fECG by exploring the spatial relation
of the signals. Our results suggest that the ICA algorithm has

Fig. 10. SNR of the extracted fECG with varying system noise and number
of channels but fixed MAs for each channel.

Fig. 11. Detection errors for varying system noise and number of channels
but fixed MAs for each channel.

the potential to extract a fECG signal such that accurate fHR
detection is feasible.

In general, the amplitude of an fECG signal is very small,
i.e., in the order of few μV [29]. Consequently, fECG measure-
ments require a recording system with very low system noise.
In our simulator, white Gaussian noise is introduced to mimic
the system noise of the recording hardware. The effects of
different levels of system noise on the performance of fECG
extraction and R-peak detection has also been investigated.
Our results suggest lower system noise produce higher SNRout
in the extracted fECG and, therefore, lower R-peak detection
error. Furthermore, our results show that, by using ICA, it is
possible to extract the fECG from multichannel capacitive
recordings with a negative SNRin, relaxing noise requirements
for hardware design.

In theory, the number of sources should be less than
the number of channels in order for an ICA algorithm to
work properly. Considering the number of sources, i.e., six,
simulated in this article, six channels are sufficient for recon-
structing different sources. Given the electrode configuration
in the simulator, 4 × 5 matrix (Fig. 4), a minimum of eight
channels (two columns) was adopted in order to take a square
matrix. Moreover, our results indicate that a larger number of
electrodes lead to better fECG extraction and R-peak detection.
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However, increasing the number of recording electrodes may
increase the complexity and power consumption of the record-
ing hardware, which may become unsuitable for ambulatory
monitoring. As a consequence, a tradeoff between the fetal HR
detection accuracy and hardware complexity should be taken
into account in different applications.

Furthermore, it should be noticed that the maternal and fetal
ECG signals on the body surface are the projection of the
VCG waveforms through the volume conductor (10), which
depends mainly on the relative position between the detecting
electrode and the VCG sources. As a result, the position of
the recording electrodes can influence the quality of the whole
capacitive measurement system [30]. Therefore, the effects
of electrode position should be addressed in future studies.
Moreover, the projection matrix in (10) is assumed to be
uniform, and the variation in the permittivity of the volume
conductor due, for instance, to the presence of the vernix
caseosa has not been considered. This is the main limitation
of the adopted ECG model and should also be addressed in
future studies.

In the present simulator, two main MAs originating from
longitudinal and lateral movement of the electrodes are con-
sidered. A chirp motion ranging between 0.2 and 10 Hz is
adapted to mimic the longitudinal movement by assuming
movement of the human body to be limited below 10 Hz [27].
In the meantime, the effects of the lateral movement of the
electrodes, e.g., the triboelectricity, are modeled by a charge
transfer between the body-electrode interface, as suggested
in [12]. However, MAs in real measurements can be more
complicated and cannot be fully modeled in our simulator. In
vivo validation remains needed in future studies for a complete
evaluation of MA effects.

In addition to MAs, power-line interference has also been
considered in the multichannel simulator. The amplitudes of
both MAs and power-line interference adopted in the simulator
are in the dynamic range of the recording hardware, avoiding
saturation in the amplifier. Therefore, most of the power-line
interference can be removed by subtracting the reference
(channel 21) from each active channel. However, the subtrac-
tion does not reduce differential-mode interference. Further-
more, large power-line interference and MAs may present in
extreme measurement circumstances, which may saturate the
front-end amplifier. Since no signal processing algorithm can
correct the effects of amplifier saturation, the dynamic range of
the front-end amplifier should be carefully considered during
hardware design in order to prevent saturation. Furthermore,
other noise sources, such as the electromyographic noise,
from the mother should also be considered in future studies.
Moreover, the dc offset of the amplifier and its time and
temperature drift are not considered in the simulator since their
frequency is very slow and can, therefore, be easily filtered out
in the digital domain.

It is important to notice that the realized multichannel
simulator in this article comprises of existing individual mod-
els, such as the ECG model, the capacitive electrode model,
the FastICA, and the R-peak detection algorithm. Each of
these models has been analyzed and evaluated by previous
works [11], [14], [20], [25], [28]. The main novelty of this

article is to integrate these well-established models in order
to realize a full fECG measurement chain by multichannel
capacitive sensors. Based on the realized simulator, we demon-
strate, for the first time, the feasibility of extracting the fECG
signals from noisy capacitive measurements using ICA. The
main focus of this article is the full fECG measurement
chain rather than the individual model. In fact, dedicated
algorithms for mECG cancellation and fECG enhancement
after ICA are available in the literature [31], [32]. By inte-
grating those algorithms into our simulator, it is reasonable to
expect further improvement in the fECG extraction and R-peak
detection.

V. CONCLUSION

A dedicated simulator modeling the full fECG measure-
ment chain by capacitive sensors is realized in this article.
A BSS algorithm is proposed for capacitive fECG extraction
from a noisy measurement, including both MAs and system
noise. Our results predict good fECG extraction and R-peak
detection by the proposed BSS algorithm. In addition, lower
system noise and higher number of channels lead to better
fECG extraction and R-peak detection. A maximum increase
of 0.5 dB in the SNR and decrease of 80.7 % in the R-peak
detection error are observed with increased electrode number
from 8 to 20. Our results provide useful insights for the
hardware design of a capacitive fECG measurement system.
Dedicated algorithms for fECG enhancement are available and
can be easily integrated into the simulator, possibly leading
to improved fECG extraction and R-peak detection. Finally,
in vivo evaluation is required before introducing a capacitive
system for real applications.
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