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Electrocardiogram (ECG) records the electrical activity of the heart and is the most significant diagnostic indi-
cator of health. The electrical activity propagates towards the skin and is typically measured using gel silver/
silver chloride (Ag/AgCl) electrodes. The quality of the measured signal depends on the amplitude of the elec-
trical activity, the conductivity of the tissues and skin, and that of the measuring electrode. Gel electrodes can
cause skin irritability and are not suitable for long-term measurements requiring the diagnosis of paroxysmal
arrhythmias. Dry electrodes are comparatively comfortable to wear but are highly dependent on body hair,
sweating, and movement. Non-contact electrodes on the other hand avoid ohmic contact with the skin by
providing a capacitive coupling between the skin and the electrode. They can be easily worn over clothing or can
be measured from a distance. However, motion artefact remains the biggest challenge in such systems. This study
proposes a novel two-channel circuitry for ECG acquisition along with a mathematical model to mitigate the
effect of changing sensor-electrode capacitance in non-contact sensors. This method was modeled and validated
at different sensor-electrode positions or air-gaps. The effect of change in mutual and parasitic capacitance
between the sensor’s channels, body tissue impedance, and the ratio of the areas of the two channels was also
analysed in terms of Signal to Noise Ratio (SNR). The highest SNRs were achieved with smaller air-gaps and
higher ratios of channels’ areas.

1. Introduction easily mistaken for symptoms of arrhythmia and the physiological ef-

fects of exercise, leading to misdiagnosis and false alarms.

Electrocardiography (ECG) occurs due to polarization and depolar-
ization of the heart due to the filling and emptying of the heart chambers
and is used to assess heart rate, interbeat interval, wave shape, and heart
rate variability. It is widely used in clinical practice, for example, to
diagnose coronary artery disease or the cause of chest pain during a
stress test, while the patient is running on a treadmill. Ambulatory ECG
monitoring is used for the long-term recording of ECG signals, while the
patient carries out his/her daily activities. Artefacts in ECG are caused
by the patient’s movement, moving cables, interference from outside
sources, electromyography (EMG) interference, and electrical contact
from elsewhere on the body. Most of these artefacts can be minimized by
using proper electrode design and ECG circuitry. However, artefacts due
to the subject’s movement are hard to identify and eliminate and can be
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Traditional adhesive sensor electrodes provide a stable, low-
impedance signal source that allows for the low noise measurement of
ECG signals, but the wires and adhesives are a considerable inconve-
nience and discomfort to the user, thereby causing longer-term personal
health monitoring with these traditional devices untenable [1-4].
Several studies have reported the use of dry and capacitive sensors for
ECG measurements. However, motion artefact remains to be a major
challenge in most of these studies. In one study, contactless capacitive
electrodes were developed to exclusively amplify differential bio-
potentials [5]. However, the study overlooked the potential conse-
quences of amplifying signals resulting from movements such as body
tremors, muscle contractions, or patient repositioning. Another inves-
tigation compared various technologies for ECG monitoring,
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Fig. 1. Artificial ECG (in yellow) and differentiation of ECG after passing through a capacitor (in green). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

highlighting challenges in signal accuracy due to motion when utilizing
capacitive sensing [6]. In a separate research project, an optimized
design for non-contact ECG recording was crafted, tailored specifically
for capturing small-amplitude ECGs in rats [7]. It is important to note
that motion was restricted by confining the rat within a cage.

Some techniques to track and eliminate motion artefact involve the
use of accelerometers [8-10], differential transformers [11], gradiom-
eters [12], or optical sensors [13]. However, these devices have only
been shown to remove baseline wander noise and are often coupled with
software filters that could remove important diagnostic information
from ECG signals [8,14-17]. Moreover, it is difficult to remove motion
artefact that has similar amplitude, frequency, and morphology to ECG
with software filtering. Noise removal techniques applied to mitigate
these artefacts can only improve the signal quality to some extent and do
not work in cases of extreme motion such as running or jumping.

An improvement in the ECG signal quality was observed by intro-
ducing foam padding to the electrode design [18], however, the signal
showed high susceptibility to motion at very high electrode-skin contact
pressures [19]. One of the recent works [20] proposed a new electrode
design to collect a reference signal from an electrode placed beside the
main electrode for ECG measurement. The study made an unverified
presumption that ECGs are smaller in amplitude than motion signals.

In this study, we propose a novel non-contact ECG sensor technology
that can be used for long-term monitoring and efficiently reject/elimi-
nate motion artefacts without the need for hard filtering or signal
smoothening. Integrating these sensors into emergency medical

equipment, examination tables, beds or other furniture is an attractive
option. A patent application was filed for this technology in May 2020
and full approval was granted in June 2022 (Title — A biopotential
sensor, device and process, Publication number 20220202336) [21].
Section II shows a simulation of the ECG signal at different
sensor-electrode distances to understand the effect of change in the
signal’s shape due to varying air-gap capacitances. An electronic circuit
was developed to retain the shape of the original signal, and results were
validated via a benchtop setup. Section III describes the mathematical
model relating the biological tissue (skin and fat), and the sensor/elec-
trode. The novel technique of signal reconstruction by rejecting the ef-
fect of motion/skin-electrode impedance using a two-channel electronic
circuit and a set of mathematical equations has been discussed in detail
while considering the effect of mutual and parasitic capacitances, lon-
gitudinal and cross-tissue impedances, and change in electrodes’ areas.

2. Sensor design
2.1. Simulation

Human skin can be modelled as a parallel Resistance-Capacitance (R
|| ©) circuit. The ECG signal on the skin’s surface depends on the size of
the skin’s pores, rate of perspiration, and impedance of blood, muscle,
fat, and skin. Gel electrodes work by inducing the electrolyte gel in the
pores of the skin and thereby shunting the epidermal cell membrane
impedance. In dry sensing, the electrode surface is conductive (more
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Fig. 2. Charge amplifier.
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Table 1
Range of circuit parameters of the charge amplifier.

Circuit parameters Desirable Range

Cs 22 pF-2nF

Rs 50Meg-100Meg
Rf 10G-50 G

cf 15 pF-22 pF

resistive than capacitive) and in direct contact with the skin without an
air-gap: the gap between the skin and the sensor). The presence of sweat
reduces the impedance of the stratum corneum to much extent.
Assuming V. as the signal that passes through an air gap with capaci-
tance Cg; has sensed as displacement current i; over a time t, as seen in
Eq. 1.

dve('g

ig = Cair dt

@

According to Eq. 1, as the air gap from the sensing site is increased,
capacitance C,; decreases, and the ECG signal gets differentiated and
attenuated. An artificial ECG signal with a primary frequency of 1 Hz
was created using MATLAB and fed through a capacitor to observe the
differentiation effect (Fig. 1). Air acts as a capacitor with a low dielectric
constante, = 1.

To trump the effect of signal differentiation and restore the ECG
wave shape, a circuit (Fig. 2) with a charge amplifier was designed in
TINA-TI (TEXAS instruments) software with input as ECG from Fig. 1.

C; is the series capacitance offered by the air-gap, and R, Ry, Cy,
andV,, are the series resistance, feedback resistance, feedback capaci-

-
o
(2]
-
7
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tance, and voltage output of the charge amplifier, respectively.
Signal restoration and integration are possible if Eq. 2 is satisfied.

Ry x C; >R, x Cy 2

The corner frequencies f,&f, are shown in Egs. 3 and 4.

X 1
fa= 2.pi.R;.Cy 3)
R E——— @
2.pi.R,.Cy

In cases where there is no series resistance in the circuit, there is only
one corner frequency (lower cut-off f,).

ECG frequency range is between 0.5 Hz to 150 Hz. Only those fea-
tures lying within the range of the corner frequencies will be integrated.
Opamp LMP7721MA was used in the circuit due to its ultra-low input
bias current characteristics. Chosen for its low-input bias current,
impressive Gain Band Width (GBW) of 17 MHz, and a high open-loop
gain of 120 dB facilitating precise signal conditioning, this amplifier
functions within a supply voltage range of 1.8 V to 5.5 V. A range of
passive components was selected keeping in mind the noise minimiza-
tion, better signal acquisition, filter’s cut-off values, and providing suf-
ficient gain without saturating the signal, as seen in Table 1.

2.2. Printed circuit board design
After finalizing the charge amplifier’s parameters, the design was

sketched in Altium Designer system engineering software (PCB design
and software tool, Australia) as seen in Fig. 3 and the Printed Circuit
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Fig. 3. a: Sketch of the charge-amp circuit with guarding in Altium software. b: PCB design view of the charge amplifier circuit.
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Fig. 4. Experimental set-up showing charge amp PCB clamped to Piezomotor.

Board was sent for manufacturing. A guarding circuit
(Guard, andGuard;)was implemented using the OpAmp LMP7715, to
prevent and minimize errors due to leakage currents (Fig. 3a and b). The
design used two channels to ensure repeatable outputs under the same
loading conditions. The outputs from Vo1 and Vo2 should be consistent
and repeatable with respect to inputs from Signal, andSignal,.

2.3. Results from experimental validation

An artificially created ECG signal (0.1 V in magnitude) was given to
the electrode sensor plate using a signal generator (Tektronix
AFG3102C, Oregon, United States). Air gap motion was controlled using
a micrometer piezo motor (Piezo legs LT20, Piezomotor, Sweden). The
designed charge amplifier PCB was clamped to the motor which was
displaced at different air-gaps (Fig. 4).

The input signal’s shape changed (as seen in Fig. 1) due to air-gap

capacitance. The shape was restored after passing the signal through
the charge amplifier of the PCB (V,y), but a variation in signal ampli-
tudes was observed as the air-gap was altered. In Fig. 5, d represents the
change in distance (in mm). A very slight change in ECG’s amplitudes is
observed when the air gap was between 0 mm and 0.2 mm. The
designed sensor was capable of sensing ECG signals in real conditions
from distances up to 20 mm. Practically, a reduction in the sensor-body
gap can be possible by using padding to secure the sensor in place.

The next sections entail the use of a novel air-gap rejection model to
restore both the shape and amplitude of the ECG signal at different air-
gaps and conditions.

3. Novel ECG air-gap rejection model

In capacitive ECG measurements employing textile/fabric sensing, it
has been observed that the signal coupling is mainly dominated by the
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Variation in capacitive ECG with air-gap
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Fig. 6. Tissue membrane with the non-contact measuring electrode.

resistive part of the electrodes causing large voltage noise at lower fre-
quencies of interest. Whereas in several cases, the dry contact sensors are
more capacitively than resistively dominated than non-contact sensors
[22,23].

Thus, introducing an intentional air-gap can actually mitigate these
problems by making the skin-electrode interface purely capacitive. The
intrinsic structure of any biological tissue defines its electrical properties
such as conductance and admittance. As mentioned earlier, the elec-
trical properties of tissue are subject to change to its thickness, age,
gender, sweat, and environmental conditions such as humidity and
temperature.

This section will first propose a model for a skin-electrode interface
considering the resistances and capacitances of the non-contact elec-
trode, epidermis, dermis, and fat. A transfer function of the above model
will be analysed to account for the combined effect of all the layers of the
tissues. The rest of the section will introduce a novel method to reject the
effect of air-gap capacitance and the collective impedance offered by
tissues for the action potential to reach the top of the skin’s surface.

3.1. Mathematical and electrical modelling of biological tissue and non-
contact electrode

A diagram representing the collective model of the tissue membrane
with the non-contact electrode can be seen in Fig. 6.

The impedance of biological tissue can be analysed in terms of
resistance and capacitance ignoring the inductive effects. Typically, the
impedance of biological tissues is represented by the Cole-Cole equation:

Ro - Reo

Z(0) =Ry +W 5
Where R, Ry, 7, and a are the Cole parameters defining the overall
impedance spectrum. The tissue behaves like a conductor for low fre-
quencies, but the capacitive effects become more pronounced at higher
frequencies. This type of variation in the distribution of tissue properties
into resistive and capacitive is known as dispersion. The lag between the
conduction and the displacement electric fields is identified through a
relaxation time or time constant t, where « is the coefficient of relaxa-
tion in the Cole-Cole equation and is dependent on the nature of the
material. @ depends on the property of the tissue layer and lies be-
tween 0 and 1. R, is the resistance measured at very high frequencies,
whereas R, is the resistance at low frequencies. The action potential
from the heart propagates as a spatially dynamic electric field gradient
across various tissue domains. Muscle, blood, and bone show high
conductivities and are highly perfused, whereas skin and fat are less
conductive and poorly perfused. In this study, ECG is represented by an
electric potential V,;; due to the dipole moment &p; subtended by each
layer L at an angle 0, where,

Vieg = Dp.0 ©

Since the signal of interest (ECG) lies in the lower frequency range
(0.1-150 Hz), Eq. 7 can be simplified as:

RU

A0 =T G

()
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Table 2

Conductivity, permittivity, and thicknesses of tissue layers.
Tissue Relative Measurement Conductivity Thickness

Permittivity(e;) frequency (Hz) at DC (6) (S/ (t) (mm)
m)

Blood 3x10% 1000 0.43-0.7 -
Muscle 1.5 x 106 10 0.3-0.8 20-50
Bone 3 x 108 10 0.5 2
Fat 107 10 0.02-0.04 4
Dermis 3700 10 0.0000125 1
Epidermis 10,000 2 0.00002 0.2

A summary of conductivities and permittivity of tissues in the lower
frequency range and their thicknesses are given in Table 2.

The electric field in skin and fat layers is relatively low and Vi, is
divided in these tissues depending upon their resistances and capaci-
tances. An equivalent circuit considering V., passing through fat, skin,
and air gap to the measurement channel can be seen in Fig. 7.

Based on the non-contact electrode dimensions (with radius
r = 5 mm) in Fig. 5 and permittivity and conductivity values in Table 2,
the resistances and capacitances of fat and skin are:

ta t.x in
R = ———— = 1.7k2, Ryt = ——— = 76.4k2, Cjui
T(r)” X O T(r)” X Gy
2 2
T €0E T €0 rskin
= M = 1.6yF, Cyin = (r)t# = 1.5nF (where €,
‘fat skin

Er_dermis X Er_epidermis 2700)

er,dermix + er,epidermis

In Fig. 7, the non-contact electrode has a dielectric cotton layer at the
bottom and a conductive metal on top. Cy; is calculated at a gap of 1 mm
and the measurement circuit is the same as in section II (Sensor Design).

Transfer function analysis of the system is done to relate the input
signal with the system’s response through the following set of equations
in Laplacian transform.

Rcotton 305MEG Rdry electrode 1.3MEG
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Ry
(H»SR/Cf) Veca(s)
Vo (s) = —
(1+.s-R\-C\ Rary Reotton 1 Rar Ry )

sCy 1+5Rary Cary 1+5Rcorton Ceotton $Cair 1+5R g Crar 1+5Rkin Coten

14

3.2. Air-gap cancellation technique

In this section, a novel technique to remove the effect of air-gap
capacitance from the measured ECG will be introduced.

The non-contact electrodes can be designed in a way to introduce
two different capacitances such that the ratio of their capacitances is
known (see Fig. 8).

The ratio of electrode, skin, and air-gap impedances for two elec-
trodes is the same as the ratio of their areas n = 2

Zry  Za _Zy _Area of electrode2

= = = =n=2
Zr, Zon Zp Area of electrodel "

The channel’s output for the second electrode can be expressed as:

Z
Van(s) = T Zin Vica(s) as
s n
Ry
<1+A-R/ C/) Vo (s)
Voo (s) = — (16
Riy R 1 Rw Ry
14+5R, Cy + TF5RryCary ' T5Reoon Ceotton ' Cair ' TT5Rpar Crar  1+5Rin Coten
5Cs n

From Egs. 14 and 16, the unknown impedance can be eliminated,
and the original ECG can be reconstructed (see Appendix A) in the fre-
quency domain as:

Venr (8) X Voo ()

o (n—1)(1 + sR,C,)(1 + sR;Cy)
(V(:hZ(s) —nVen (S)

17
SC,Ry an

Vice(s) =

As seen from Eq. 17, the ECG signal can be extracted by using outputs

Dry metal electrodes on bottom

Electrode 2 ‘ Electrode |

nsulation

Fig. 8. Proposed electrode design to cancel air-gap capacitance.
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Fig. 7. Combined electrical model considering impedance of fat, tissue, and air gap.
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Mutual capacitance

Cip = Cyy

Fig. 10. Three-dimensional model of fat and skin with transverse Zr, longitu-
dinal Z;, and cross impedance Zc.

and parametric component values from each channel (see Appendix C).
The next section will discuss the effect of mutual impedance between the
two concentric electrodes considered in this study.

1. Effect of mutual and parasitic impedance between channels

A Maxwell capacitance matrix C_maxwell provides a relation be-
tween voltages on a set of conductors to charges on the conductors. The
mutual and auto capacitances between two sets of conductors can be
represented in Fig. 9.

For a system with two sensors, placed r mm apart, where r = 2 mm
from Fig. 9, their auto (C;; and Cy) and mutual
(C12andCo; )capacitances can be calculated as

Cyy C12:|

18
Gy Cp (18)

Conaxwent = |:

The mutual capacitance between the electrodes can be calculated as
[24].

Sensors and Actuators: A. Physical 367 (2024) 114989

27[80L

Cp, =
12 11'1%

where L= 0.02 mm is the thickness of the solder mask in a PCB (or metal
electrode). In further section, the impact of parasitic capacitance on the
reconstructed ECG’s quality will be studied.

2. Effect of fat and skin’s longitudinal and cross impedance

The impedance of fat and skin can be modelled as a parallel RC
circuit, where only transverse impedance Zr between the layers is
considered. However, when another channel V, is added to the mea-
surement circuit, it is also important to consider the effects of longitu-
dinal (Z;) and cross impedances (Z¢) between the tissue layers. A three-
dimensional model of the fat and skin can be depicted in Fig. 10.

The transverse impedances of the tissues are inversely related to their
thickness, whereas the longitudinal and cross impedances on the tissue’s
surface depend on their surface resistivity and other factors such as level
of hydration, age, gender, hair, etc. Both Z; and Z are a function of the
distance between electrodes 1 and 2 and can be assumed as purely
resistive instead of parallel RC as the displacement currents on the
surface are much lower than their conduction currents. Surface re-
sistivity is measured using concentric electrodes based on assumption
that all current flows between the electrodes on the surface and does not
penetrate the deep layers. Since Vg is taken as a point voltage, we will
only consider Z; and not Z¢ here.

Resistances of skin and fat can be evaluated as a function of the radii
of the inner electrode and the distance between them (r from Fig. 9) from
the following equation, where surface resistivities of skin and fat at
lower values are approximately 107 and 10* respectively.

_ Pskin ( Radiusiuner  ctectrode

Ri—siin =—— - (20)
" 2 RadiuSimer  etecirode + T
RL—fat = /ﬁ ]n( Ra.diusirmer electrode (21)
2 "RadiuSimer  clectrode + T

The effect of change in Z; due to change in electrodes’ gap on ECG
reconstruction is shown in further sections.

3. Effect of change in area ratio

The effect of changing the area’s ratio ‘n’ (from 2 to 10) was
observed. The tolerance to + 20% deviation in n was also tested keeping
in mind that the effective area ratios can differ in practicality. The sta-
bility and gain of the transfer function at various ratios of series re-
sistances and capacitances of the channels can be evaluated to optimize
the ECG reconstruction. The current transfer (T.Fn) is defined by Eq. 22
(see Appendix A).

(n—1)(1+sR,C,)(1+5R;Cy)

sCRy
_ 8 (nR.CR Gy — R,CR;Cy) +5(nR,C, + nR G — R.Ci — Ry Gy) +n— 1
B sCiRy

T.Fn=

(22)

where Ry, Ry, and Cy;, Cspare series resistances and capacitances of the
first and second channel respectively. If we take separate feedback
values RrandCs for two channels, then ECG reconstruction using transfer
function analysis will not be possible. Therefore, RrandCs for both

channels are taken to be the same in this study.

. . . Ro _ Area of electrode2 __
Considering the ratios p2 = m, T oo rns =

following four cases can be implemented.

Case 1: m,n,and k are independent of one another (NON-
CAUSAL).

As shown in Eq. 22, the system will be non-causal, showing a

Ca _
n, g = k, the
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Bode Diagram

67

Magnitude (dB)

61
10° 10" 102 10°
Frequency (rad/s)

Fig. 11. Bode plot for T.Fn2 where number of poles=number of zeros.

dependence on input values from the future if m, n, and k are not related
to each other.
Case22m=nand k is not equal to m and n (CAUSAL).
In this case, the transfer function equation becomes T.Fn2 as seen in
Eq. 23 (see Appendix B).

S(anCfCﬁ - Cisfo) + anz - Csl
SCA-ICszRf

T.Fn2 = (23)

The above system is a causal system where the outputs depend on the
past and current inputs but not future inputs. The frequency response of
this system can be seen in Fig. 11.

Case 3: m= kand n is not equal to m and k (NON-
CAUSAL).

The system will be non-causal as seen from Eq. 22.

Case 4: n= kand m is independent of n and k (NON-
CAUSAL).

The transfer function will become a first-order equation, but the
system will be non-causal as the number of zeros> the number of poles

Input to
channel 1

Input to channel 2

By [HE EE

i £l
1
I

T

Sensors and Actuators: A. Physical 367 (2024) 114989

(see Eq. 24).

s(nR:CtRy — RoR;Cy) + nRyy — Ry,
Ry

T.Fn3 = 24

Case 5. m=n=k (TRANSFER FUNCTION = 0, THEREFORE
RECONSTRUCTION NOT POSSIBLE).

The transfer function, in this case, will be zero and therefore ECG
cannot be reconstructed.

The section below demonstrates the change in reconstructed ECG as
a function of all parameters in section III (b).

3.3. Results from experimental validation

This section is based on a modified PCB design with a matrix
configuration of the two-channel system. It has been assumed that the
input voltages to the 2 channels are similar (ECGs) due to a very small
gap between them, as seen in Fig. 12.

Simulated ECG was fed from the signal generator Vgcs ((Tektronix
AFG3102C, Oregon, United States), at five different air-gaps (1 mm,
2 mm, 3 mm, 4 mm, and 5 mm). This range was chosen keeping in mind
the motion or displacement that can occur between the skin-electrode
surface while performing day-to-day activities. Two output signals
were received and were reconstructed to retain the original signal. The
final signal Vrgc was reconstructed (see Fig. 13) from the two channels -
Ven and Vena.

Table 3 compares the Signal Noise Ratios (SNR) of reconstructed
ECGs with increasing air-gaps, where,

Vice :
SNR = 10log (VECG — VREC) (23)

The reconstruction was smoother at smaller air-gaps, as seen in
Table 3, and Fig. 14.

The relationship between inter-electrode distance and mutual
capacitance and SNR at a 1 mm air-gap can be seen in Table 4.

The effect of adding Z;s, and Z i, between two channels on ECG
reconstruction was investigated. A small resistor in parallel with a
capacitor was placed between the fat and skin layers of the two chan-

Ground

Fig. 12. Novel two-channel system to get ECG from the palms. The left side receives ECG signals while the right side is grounded.
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Table 3

Amplitude (mV)
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Time (s)

Fig. 13. Reconstruction of ECG by eliminating air-gap impedance.

Comparison of SNRs of reconstructed ECGs at

various air-gaps.

Air Gap (mm)

g s wWwN =

Amplitude (mV)

Table 4
SNR (dB) Relationship between inter-electrode distance, and mutual capacitance between
electrodes using Eq. 23.
50.40
38.88 Inter-electrode Distance (mm) Mutual capacitance (pF) SNR (dB)
82.49 1 0.019 48.28
25.47 2 0.016 49.405
21.6 3 0.014 49.87
4 0.012 49.93
5 0.011 50.01

T T T
VREC at air gap 5mm | 1

=

Time (s)

Fig. 14. Reconstructed ECG at 1 mm and 5 mm air gaps.
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Table 5
Relationship between interelectrode distance and longitudinal impedances of fat
and skin and SNRs.

Interelectrode distance (mm) 7, fat (Q) 7y, skin (Q) SNR (dB)
1 1.6 1.6k 50.40
2 3.1 3.1k 50.40
3 4.8 4.8k 49.89
4 6.3 6.3k 49.92
5 7.9 7.9k 49.39

nels. From Eqgs. 20 and 21, it can be noted that the longitudinal re-
sistances depend upon the inter-electrode distance (see Table 5).
Different combinations of ratios of electrode areas (n) were taken by
changing the diameters. SNRs with & 20% deviation at different values
of n (from 2 to 10) were calculated (see Fig. 15).
The conclusions derived from the results are discussed in detail in the
next section.

4. Discussion

In section II of the study, a simulation was carried out to show the
change in shape due to air gaps. A PCB with a charge amplifier and a
guarding circuit was designed and printed and circuit parameters were
optimized to ensure low noise and high gain without saturating the
output. The bench-top experiments conducted by changing the sensor-
electrode distance showed that ECG was best reconstructed (in terms
of amplitude and shape restoration) at air gaps of up to 0.2 mm. The
maximum air-gap of 20 mm produced the maximum distortion in
amplitude.

In section III, a mathematical model was developed to observe the
effect of the overall body tissue impedance offered by fat and skin, and
the electrode impedance due to a dry sensor and a cotton fabric. The
values of the impedances were calculated using the Cole-Cole equation,
and the existing values of permittivity and conductivities. The transfer
function equations were calculated for the two channels of the PCB. The
ECG was reconstructed from the transfer functions of the two channels,
and the overall impedance offered by the biological tissues and the
electrode was eliminated. This approach was verified via simulations
and experiments. The SNRs of the reconstructed ECGs were significantly
high (>20) for the air-gap ranges between 1-5 mm. However, Table 3
shows a significant reduction in SNR from 50.4 to 21.6 at air-gaps 1 and
5 mm, respectively. This indicates that the total effect of impedance on
the channels is dissimilar at higher air-gaps (see Fig. 14).

In the next section, steps were taken to optimize the sensor design
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such as the distance between the two electrode channels to ensure
minimum distortion due to the mutual and parasitic capacitance.
Maxwell capacitance matrix was calculated, and the results indicate an
increase in SNR and a reduction in mutual capacitance on increasing the
inter-electrode gap (Table 4). The effect of adding Z;z, and Z;4, was
also observed by using a set of parallel R and C combinational values at
different inter-electrode separations. Since Vgcg is taken as a point
voltage, we only considered the impact of longitudinal (Z;) and not Z¢
here. The SNRs were not affected by increasing the longitudinal tissue
impedances. Table 5 reveals that the Signal-to-Noise Ratio (SNR) rises
with a decrease in longitudinal impedances caused by fat and skin.
Therefore, from a design standpoint, it is advisable to opt for a smaller
inter-electrode distance.

The stability and gain of the transfer function at various ratios of
series resistances and capacitances of the channels can be evaluated to
optimize the ECG reconstruction. The values of feedback components
were kept the same across both channels to ensure a causal system. Four
cases with different relationships between the ratios of series re-
sistances, areas, and capacitances between the two channels (‘m/, ‘n’, and
‘K’ respectively) were considered. It was found that the ratio of the
channels’ series resistances and areas should be the same, and not equal
to the ratio of their series capacitances for the system to be stable. A
higher value of ‘n’ ensured la better SNR and less sensitivity to changes
(Fig. 15).

5. Conclusion

This study focuses on developing a non-contact sensor that can
produce reliable, noise-free ECG signals that are unaffected by motion or
displacement between the sensor and the body. A novel method using
two-channel electronics was simulated and validated under different
conditions. Sensor optimizations were performed by considering factors
like biological tissue impedance, mutual and parasitic capacitances, and
electrode areas. High-fidelity results were achieved and measured using
a benchtop setup. The SNRs were highest at smaller air-gaps, larger
interelectrode distances, and higher ratios of areas between the chan-
nels. For the system to work, and to ensure its stability, it was important
to have the ratio of the channels’ series resistances equal to the ratios of
their areas and unequal to the ratio of their series capacitances.
Currently, clinical trials using our novel sensor integrated into a vest are
being performed (see Appendix D for pilot testing results). Future work
will include deriving conclusions from those trials and optimizing the
system’s design and electronics.

Signal to Noise Ratios with changes in n

70
60

40

SNR (dB)
W
(=]

3o}
(=1

-10
2 3 4 5
W Nn+20% -2.59 6.5 19.7 36.81
mn--20%  -5.43 -0.67 6.5 16.2

. i II II Il II II
g m Hm= .
_-

6 7 8 9 10
38.79 38.75 52.2 57.45 57.5
16.2 16.15 33.11 33.66 37.8

n (Ratio of Electrode Areas)

mn+20%
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Fig. 15. Signal Noise Ratios with changes in n.
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