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Abstract: - Medical practitioners rely heavily upon the information obtained from electrocardiography. Some
seriously ill hospital patients have their ECG constantly monitored throughout their stay, where accuracy in
monitoring is essential to maintaining a high level of patient care. Fidelity in the measurement of the electrical
activity of the heart is of primary importance for accurate diagnosis and treatment. This requires the ability of
a monitoring system to reproduce the morphology of the measured signal with as high a degree of accuracy as
possible. It is well known that the skin-electrode interface can be the cause of a large degree of distortion in
the ECG signal that can lead to misinterpretation of the signal if the amplifier is not suitably matched to it. To
allow this it is important to be able to model the properties of this interface. This has become more difficult for
dry, pasteless electrodes, which are becoming increasingly popular for long-term ECG monitoring. We present
a technique for measuring the model parameters of the skin-electrode interface based on dc and ac
measurements, which yields values for the resistive and capacitive elements.
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1 Introduction Experience of measurements during bioelectric
signal recording using Nasicon ceramic semi-dry
electrodes proved the existence of significant noise
allocated to electrochemical features of the skin-
electrode interface [4]. The noise in the bandwidth
1Hz-100Hz was found to be more intense than the
thermal noise of the resistive part of the electrode
plus the amplifier voltage and current noise
combined. Therefore, knowledge of the skin-
electrode impedance becomes essential in order to
ensure correct amplifier matching to avoid
distortion.

Previous studies have demonstrated that
measurement of the dc skin-electrode impedance
does not provide sufficient information. Because of
the capacitive components, corresponding to the
epidermal layer and the electrode’s permittivity, ac
measurement is needed to obtain an accurate
estimate of the skin-electrode impedance [5]. The
authors have attempted to measure the resistive and
capacitive properties of wet and dry electrodes using
the step response of the electrode system to a small
dc current and an analysis of the magnitude and
phase of the frequency response in the range 0.015 —
10 Hz. Measurement results provide valuable
information for the design of the input stage of the
ECG amplifier according to criteria published by
The American Heart Association.

The Electrocardiogram (ECG) measures the
electrical activity of the heart and provides the
physiological information necessary to evaluate the
condition and performance of the cardiovascular
system and to detect cardiac abnormalities. In
addition, the ECG can provide valuable information
on the regularity of the heart rate as well as the size
and the position of the chambers, the presence of
any damage and the effect of drugs or devices used
to regulate its function. The contraction of the heart
muscle is associated with electrical changes called
‘depolarisation’ that can be detected by electrodes
attached to the surface of the body. Surface
electrodes convert the ionic current within the body
into electronic current in metal connecting leads. In
practice, skin, tissue, electrodes and recording
amplifiers limit the capacity of the measurement
system to reproduce the physiological signal with
perfect fidelity [1, 2]. The nature of the skin-
electrode interface and its mismatch with the
amplifier input impedance can introduce serious
distortion in the recording of physiological signals.
The impedance of the skin may be reduced by
abrasion with sand paper [3]. However, such
aggressive techniques are not applicable to patient
populations such as elderly, allergenic and paediatric
subjects.



2 Models
interface

for the skin-electrode

2.1 The single time constant model

Experiments of Swanson & Webster have
demonstrated a dominant contribution of the skin
layer to the skin-electrode impedance [6]. They
originally proposed a model of the skin-electrode
interface as a parallel combination of a resistor and a
capacitor in series with a second resistor. Using this
model, the authors attempted to measure the skin-
electrode impedance using a pair of Ag/AgCI self
adhesive electrodes with a diameter of Scm.

We considered a dual electrode configuration
connected to a resistive load impedance. One
electrode is fed with a sinusoidal voltage from a
signal analyser (Agilent 35670A) and connected to
the body. A second electrode is used to detect the
resulting signal from the skin and feeds it to the
input of the analyser. Fig.l. illustrates the
instrumentation set up for measuring the frequency
response of the skin-electrode interface.
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Fig. 1 Experimental set-up for electrode impedance
measurement.

Extracting the magnitude at the lowest and the
highest frequencies (0.1Hz and 30Hz respectively),
we estimated the series resistors at SkQ and the
shunt resistance at 70kQ. The plot of the phase vs.
frequency indicated a peak at 2.6Hz. The capacitive
element was then evaluated at just under 1pF. Fig. 2
compares the measured phase response with a curve
fit obtained using MatLab for a three-element RC
model.

The fitted curve matches the measurements in
the region of 1 to 5Hz, centred on the peak but
outside of this frequency range the match is
unacceptably poor. This indicates that the three-
element model is not adequate for use in
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establishing the requirements of a recording
amplifier of high performance.
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Fig. 2 Plot (a) represents the measured phase
response of the skin-electrode interface. Plot (b)
shows the phase of the three element RC circuit fit to
the data.

2.2 The double time constant model

Kaczmarek & Webster presented a more
accurate model which describes the skin-electrode
interface as a double time constant system with
probably time-varying parameters [7]. Because of
complex current dependent voltage sources,
capacitances, and ohmic resistors, the skin electrode
interface is seen as a non-linear second-order filter.
The electrical equivalent circuit of a six-element
skin-electrode interface model is shown in Fig. 3.
Wet and dry electrodes are expected to have the
same electrical model but the parameter values will
be significantly different.
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Fig. 3 Skin-electrode
equivalent circuit [8].
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The experimental set-up used to evaluate the
electrode parameters of the six-element model is
shown in Fig. 4.
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Fig. 4. Schematic representation of the measurement
set up assuming a double time constant model.

3 Determination of the parameters of
a double time constant model

3.1 Information extracted from the phase

The phase of the system measured at the
load in the set-up of Fig. 4 can be shown to be

equal to:
wR2r2 + R4r4 + a)3r214 R4rz + R2r4
o(w)= Arg(%) =tan”' ZRT 5 Ry 0]
! lror 2 Pat i Ry Risleyry f
RT RT
With
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The solutions of Eq. (9) yield three frequencies

w;, w; and w; (as well as -w;, -w; and -w;). These
solutions correspond to the frequencies that make
the first derivative of the phase equal to zero. From
this the following system of equations can be built:

1 1 1
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The phase response contains three local extrema
having corresponding frequencies which can be
extracted. In this case w;, w, and w; are three
distinguished real and positive frequencies as shown
in Fig. 5.
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Fig. 5. Plot of the phase vs. frequency for t1,=120ms
and t©,=9ms.

3.2 The step response

The step response was measured by switching a
dc current /, through the skin-electrode interface at a
very low frequency. The transient voltage V, was
used to determine the series resistance and the value
of the overall resistive component was evaluated

using the steady state voltage V; as shown in Fig. 6.
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Fig. 6 Plot of the voltage across the skin-electrode
interface in response to an impulse current

1,=0.8uA.
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3.3 Identification

We introduce the following variables, computed
from the step response:

R
a, =—* (1 8)
RT
R{)
“TR 4R (19)

The combination and rearrangement of equations
(10), (11), (12), (18) and (19) yield the following
system of equations:
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We then introduce ¢, the product of the two time
constants and its square Q, so that:
q =717 (25)
0=4° (26)
Equation (21) can then be reduced to that of a single
variable. Q is obtained by computing the roots of the
following third order polynomial:
3a;"ay” _a1a52a5 Q+“72QJ +iQ3 -0 (27)
a, a

3
a, a, 5

Equations (20) and (22) are combined with the
solutions of equation (27) to obtain an expression for
R, in terms of ¢ and T
R4:&( as—a, ]\a4q4+a§a3r7z (28)
2 \aa;-aq J a4a5(rz —-q
This expression is then substituted into equation (18)
to obtain 7, as a function of the input parameters.
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Once 7, is obtained, the other unknown parameters
are easily deduced.

R, =R, - - R, (33)
2a,a;

C,=1,/R, (34)

7, =q/r, (35)

C,=7,/R, (36)

3.4 Simulation results

An algorithm was written which, given the five
parameters ay, a5, w;, @, and w; as input obtained
from the experimental data, computes the values of
all of the components of the six-element model to a
reasonable degree of accuracy. In the case of
measurements carried out on a constructed hardware
electrical model the component values were
reproduced with a maximum error less than 10%.
The error is due to the limited accuracy in
determining the frequencies of the peaks and trough
in the phase response, which can be difficult due to
the low values of absolute phase.

3.5 Limitation of the method

It was observed that very often the phase
response did may not display two distinct peaks but
only a single peak. This means that the third order
polynomial represented in equation (9) has one
distinct, real and positive solution. This situation
occurs when the two time constants 7, and 7, are
relatively close to each other. Fig. 7 illustrates the
correlation between the plot of the phase and the
ratio 7, over 7.
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Fig. 7 Plot of the phase against frequency for
different values of the ratio a=t,ry0 R,=10MQ,
Rieies=10kQ, Ry=35kQ and R,=30kQ.

The load resistor needs to be much larger than the
impedance of the electrodes to obtain two adequate
peaks in the phase response. Consequently,
measurements provide very small values of absolute
phase and only minute differences in phase at the
two peaks when present. These can be extremely
difficult to resolve.
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4 Fitting magnitude and phase

Improved results have been obtained by using
both the magnitude and phase response in a skin-
electrode impedance fitting algorithm. For the
purpose, a least squares error minimization program
has been developed in MATLAB, based on the
function Isgcurvefit.

The procedure has been applied to measurements
on a pair of adhesive electrodes, Scm in diameter
(Wandy, E-50mm Hydrogel). The algorithm was
first used to fit a single time constant model, as in
the measurement set up in Fig. 1. The result of the
curve fitting is depicted in Fig. 8 for the phase data
and again underlines how a simple 3-parameter
model is not suitable for describing the skin-
electrode impedance.
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Fig. 8 Comparison between the measured phase and
that obtained as a result of the single time constant

fitting.

When the curve fitting is based on a double time
constant model, the results shown in Fig. 9 are
obtained. The slight discrepancy between the
measured phase data and the fitted curve can be
attributed to the fact that the two skin-electrode
interfaces involved in the measurement, as in Fig.4,
are assumed to be identical but will differ a little in
practice. The values of model parameters determined
through the fitting procedure are given in Table 1.
The higher resistive value has been assigned to the
skin as in previous literature the skin contribution is
considered to be dominant [7,9].

Table 1. Model parameter values

RARs+Rijssue/2 | 3.6 KQ
R, 352 KQ
G 0.9 uF
Ry 29.5KQ
Cy 5.8 uF
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Fig. 9 Comparison between the measured data
(phase and magnitude) and data obtained as a result
of the double time constant fitting for adhesive

electrodes.

The experiment was repeated with a pair of dry,
pasteless electrodes (WANDY, W-45). Fig. 10
presents a plot of phase vs frequency in the range
0.05 — 30Hz., which exhibits no peak as this occurs
at a frequency below the measurement range of the
signal analyser. The curve fitting algorithm did not
converge to give results for the parameter values in
this case.
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Fig. 10 Plot of the phase response for dry electrodes
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5 Discussion

Different approaches have been undertaken to
model the skin-electrode interface. Experiences with
self-adhesive electrodes show that an early model
that describes the interface as a single time constant
RC network is inadequate. A model involving two
time constants proves more accurate. Based on this
model, an algorithm has been implemented to
identify the parameters of any double time constant
system whose phase displays a double peak.
Simulations returned highly accurate results when
the two time constants forming the system are in a
ratio greater than 10 to 1. The method reaches its
limits, however, when the time constants are close
to each other and the difference in the phase of the
two peaks in the response is too small to be
accurately measured by the instruments available.

A technique involving simultaneous fitting of
the magnitude and phase responses returned
satisfactory results when the double time constant
model was used. However, this technique did not
converge to give practical results when used with
dry electrodes. Work is continuing to try to employ
time-domain measurements to obtain parameter
values for pasteless electrodes.

The information obtained with self-adhesive
electrodes can be used to design the front end of the
ECG amplifier. Recommendations published by the
American Heart Association require a phase shift
less than the phase introduced by an analog 0.05Hz
single-pole high pass filter in order to preserve the
T-wave and ST segments of the ECG waveform
[10]. With 1uF input capacitors added to block the
dc polarization voltage, the minimum differential
input impedance necessary to fulfill this criterion
can be shown to be given by:

R R
R >t g 2,4, T (37)
27 *0.05 T T C.
4 2 in

For the model parameter values given in Table 1, a
minimum input impedance of 14MQ is required to
fulfil the requirements.
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