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Abstract

This thesis presents an analytical approach to some key issues related to the design of 
biopotential amplifiers for use in long-term ambulatory recording of the electrocardiogram 
(ECG) employing pasteless or dry electrodes. The two principal problems of low-frequency 
distortion and immunity to common-mode interfering signals are analysed in detail. There 
is also an algorithm for the identification of the model parameters of a group of systems 
simulated as a double-time-constant network in an attempt to characterise the interface 
composed of the skin and the sensing electrodes. In the case of low-frequency distortion, new 
input impedance specifications for dry-electrode electrocardiography are derived from the 
analysis of performance requirements issued in international standards and recommendations. 
This is necessary if the low-frequency components in the ECG that contain valuable clinical 
information about the condition of the cardiovascular system are to be faithfully reproduced. 
The factors defining the ability of the recording system to effectively reject external unwanted 
voltages are then determined to allow the suitability of a small number of amplifier circuit 
configurations to be assessed. The design of new instrumentation amplifiers is finally outlined 
and their performance evaluated in a worst-case scenario.

It is important to recognise that high fidelity in the reproduction of the ECG waveform 
requires a measurement system that preserves the ECG features and provides amplification 
selective to the physiological signal while rejecting external interference and noise. The most 
obvious implication is that the presence of a frequency-dependent skin-electrode interface in­
troduces distortion to the signal in its propagation from its source to the input of the recording 
amplifier, which may lead to misdiagnosis of serious cardiac conditions unless the front-end 
stage is adapted to the source impedance. Therefore, attention is given to investigating the 
close relationship between the low-frequency response of the skin-electrode-amplifier network 
and the input impedance characteristics of electrocardiographs.

A prototype was built and tested. Fourteen volunteers (4 females, 10 males) were recruited 
for actual ECG measurements acquired at rest and while subjects were moving and exercising. 
No noticeable difference existed between ECG tracings recorded using dry and wet electrodes. 
Semiconductor noise affected all waveforms but did not significantly degrade the signal. The 
common-mode rejection ratio (CMRR) was measured at 97 dB at mains frequency, 50 Hz, 
and 89 dB at 100 Hz for the amplifier alone, meeting current requirements.

Securing high immunity to external interference has been the subject of extensive research 
in instrumentation amplifier design in the last decade. Several novel circuit structures have 
been proposed in an attempt to enhance the performance of the “classical” circuit configura­
tion. Analysis of existing solutions indicates that improvement is not guaranteed in worst-case 
conditions without adjustment either manually or using automatic control circuits. Another 
contribution brought about by this thesis is the invention of a novel voltage amplifier struc-



turc that achieves enhanced immunity to external contaminating signals without requiring 
adjustment or high-precision passive components, therefore allowing high performance to be 
obtained at low cost. The new structure is ereated by revisiting the theory underlying the 
operation of the standard approach, identifying its limitations and proposing an alternative 
implementation that solves specific equations at critical nodes in the circuit. Worst-case 
simulation results indicate that the minimum CMRR obtainable can be 30 dB greater than 
that of the “classical” circuit structure, but this comes at the expense of increased power 
consumption. It is intended as part of future development to improve, construct and test the 
new circuit structure to assess performanee in real-life conditions.

There are several remaining issues in dry-electrode ECG recording not answered in this 
thesis. In particular, motion artefact and the problem of poor contact between electrode 
and skin are severe obstacles to the provision of high-quality ECG signals. Motion artefact 
that occupies the ECG spectrum cannot be detected successfully by the amplifiers presented 
and so cannot be removed efficiently. Motion detection requires the use of accelerometers at 
the electrode site to allow voltage changes associated with cardiac activity and those caused 
by movement of muscle and limbs to be distinguished. These difficulties provide ample 
opportunity for further research.
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Chapter 1

Introduction

Device-based methods are nowadays regarded by health care providers and public finance 
administrators as the foundation of the prevention and therapy of heart failure. In partic­
ular, the value of the information provided by ECGs is praised in the detection of cardiac 
abnormalities [1-4]. The ECG profile is obtained by recording the electrical activity of the 
heart from the surface of the body, enabling the detection of subtle physiological changes 
associated with aggravating conditions in the heart and impending cardiac failure. An ECG 
usually measures the regularity of the heart rate, the size and the position of the chambers, 
the presence of any damage to the muscles and tissues of the heart and the effect of drugs 
or devices used to regulate its function. As a result, the diagnosis and treatment of many 
cardiovascular diseases relies heavily upon an inspection of the recorded ECG signal profile.

1.1 A growing demand for ambulatory ECG monitor­
ing

Ambulatory electrocardiography has been available since the early 1950s, when Holter intro­
duced the first portable 24-h ECG monitor [5-7]. Ambulatory monitoring has the potential 
to considerably improve the management of heart diseases in terms of successful clinical 
outcomes and economic savings since more patients can be monitored and treated outside 
of the hospital [1, 8]. Studies of cardiac dysfunctions in the elderly tend to emphasise the 
importance of management of patients in their own environment because hospitals can be 
a disorientating experience for the very elderly. Responding to the substantial growth of 
ambulatory monitoring of outpatients in the past two or three decades, Holter monitors 
have decreased in size and weight and increased in sophistication. Furthermore, advances in 
miniaturisation of electronic instrumentation in recent times have extended EGG monitoring 
out of the conventional clinical environment into other areas such as cardiac rehabilitation, 
sports physiology, drug studies and monitoring of infants at risk of Sudden Infant Death
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Syndrome (SIDS) [3, 4, 9, 10]. For example, modern ambulatory methods make possible the 
monitoring of the performance of implantable electrical devices such as defibrillators or pace­
makers and the control of patient-device interaction. Regular verification of the operation of 
an implanted pacemaker and its leads allows the detection of lead failure and pulse generator 
exhaustion or malfunction [2].

The main advantage of continuous ECG recording is its ability to quantify and classify 
various physiological events over prolonged periods of time. It is therefore the preferred 
approach in the assessment of electrophysiological changes and the effectiveness of drugs and 
devices in the treatment of cardiac conditions. However, several problems associated with 
the standard methods of ECG monitoring remain unsolved.

1.2 The limitations of conventional ambulatory ECG 
monitoring

In conventional recording of the ECG, a coupling gel is used with sensing electrodes which 
must be placed correctly on the subject’s body by a professional medic. Many advances 
have been made in the quality and performance of disposable gelled electrodes or adhesive 
electrodes in everyday use [11]. Nevertheless, some patients develop allergic reaction and skin 
irritation because of the gel which also dries out over wearing time, reducing signal quality 
and the performance of the recording system [12]. While the lifetime of modern adhesive 
electrodes has improved substantially, this is still limited to several days after which the 
quality of the ECG signal obtained becomes unacceptable. Even in the event of monitoring 
for periods of days, it is usually impossible for patients to shower or bathe. Lack of hygiene 
may be clinically inadvisable in some eases, for example, where healing wounds need to be 
cleaned and dressed. Moreover, in many patients, particularly those having much body hair, 
the skin must be prepared by shaving or abrasion to get good electrical contact [13-15]. This 
in turn can lead to increased proneness to skin irritation or adverse reaction to prolonged 
contact with a coupling gel or adhesive.

1.3 Opportunities offered by dry electrodes

In more recent years, there has been a growing interest in the area of ambulatory ECG 
recording using dry or unjelled electrodes for long term physiological monitoring [16-40]. The 
key advantage of dry electrodes is the elimination of allergic reactions or other forms of skin 
irritation commonly associated with electrolyte gels [37-42]. It results in the improvement 
of patient comfort and compliance, allowing the recording technique to cater for a wider 
range of users such as elderly, the long-term ill, cardiac rehabilitation patients, paediatries



and neonates [43]. Furthermore, dry-electrode recording does not require preparation of the 
electrodes before or after application apart from cleaning and they can be re-used almost 
indefinitely. The durability of dry electrodes over gel-based ones permits their shelf-life to be 
extended and considerably increases the length of time for which they can be worn, allowing 
long-term ambulatory ECG recording at much lower cost. Embedded in remote telemetry 
systems, dry electrode ECG recording can thus contribute to the improvement of health care 
delivery [40].

1.4 Signal quality

Signal fidelity in the reproduction of the ECG waveform is of primary importance for accurate 
diagnosis and treatment of cardiovascular ailments. This requires the ability of the recording 
amplifier to reproduce the morphology of the detected signal with as high a degree of accuracy 
as possible. The frequency response and impedance characteristics of the ampliher used to 
interface with the electrodes can cause significant distortion of the recorded signal, which 
can have serious diagnostic implications [44]. Few EGG amplifiers arc suitable for interfacing 
with all adhesive or disposable electrodes. Very often the precise properties of the electrodes 
must be known when designing the front-end stages of the amplifier. Much is often assumed 
which is not known, and this can also have diagnostic implications if the overall performance 
requirements of the recording system do not meet the specifications of international standards 
[45].

The amount of published work in field of instrumentation amplification applied to ambu­
latory dry-electrode EGG recording is quite limited due to the difficulty of acquiring an EGG 
signal of diagnostic quality without a conductive gel and the much more stringent demands 
placed on the recording amplifier. Much higher performance requirements are needed in 
the case of dry-electrode EGG monitoring than in conventional recording to compensate the 
lower electrical conductivity and greater polarisation potential associated with dry electrodes 
as well as their vastly different electrical properties.

1.5 The aim of the project

This thesis concerns itself with the investigation of the primary issues associated with the 
design of such a recording amplifier. The dissertation aims to present a rigorous analyti­
cal strategy for designing a high-performance, low-power, low-cost portable instrumentation 
amplifier for use in ambulatory dry-electrode EGG recording. The focus is to utilise inter­
national standards defining the performance criteria for monitoring systems and to identify 
other requirements imposed by the recording environment in order to design an optimised



interfacing amplifier that ensures accurate ECG signal reproduction. In particular, criteria 
and recommendations published by the International Electrotechnical Commission (lEC), the 
American National Standards Institute (ANSI) and the American Heart Association (AHA) 
are used to establish and evaluate the requirements of the amplifier stages.

So far many dry-electrode ECG recorders have used identical instrumentation to that 
used in gel-based applications. Furthermore, much of the work in bio-potential recording 
has concentrated on the design of amplifiers the performance of which is based on standard 
working conditions. The approach taken in the work reported in this thesis considers worst- 
case scenarios and the harshest operating conditions. The thesis addresses the problems of 
a frequency dependent skin-electrode-amplifier interface, common-mode interference rejec­
tion, component mismatch, dc offset conditions, stability issues, and low-power design in 
physiological measurements.

There are generally several stages of amplification and these can be divided into three 
main blocks:

1. The front-end stage provides the high input impedance necessary to compensate the 
source impedance composed of the tissue, skin and electrodes. High input impedance 
prevents signal attenuation and distortion;

2. The fully differential amplification stages amplify the difference between the two elec­
trode potentials and suppress common-mode interference;

3. The differential-to-single-ended stage provides a single-ended output signal adequate 
for monitoring, further conditioning, processing or storage.

Because of mismatch in manufactured components and the limitation of common-mode rejec­
tion ratio (CMRR) of the operational amplifiers used in differential configurations, common­
mode signals cannot be completely suppressed. The thesis therefore spends some effort in 
assessing the effects of these imperfections on the single-ended output and presents a new 
circuit structure that dramatically improves performance while limiting cost. An important 
innovation resides therefore in a novel fully differential stage which surpasses the performance 
of traditional implementations and introduces an improved means of suppressing common­
mode interference.

1.6 Thesis outline

The two primary issues impacting on the design of amplifiers for dry-electrode recording 
addressed in this dissertation are:

1. the preservation of low-frequency components in the ECG signal in the presence of a 
frequency-dependent skin-electrode interface;



2. the provision of high immunity to external interference in the harshest recording con­
ditions.

In-depth analysis of the amplifier performance is carried out to establish the needs for dry- 
electrode recording and a review of the work of other researchers relevant to these key issues 
are incorporated to the discussions. The design of new instrumentation amplifiers is then 
presented in detail. The circuits are simulated using PSpice and their performance are evalu­
ated in a worst-case scenario. Bench testing and actual ECG recordings are then carried out 
on a constructed prototype of the ultra-low-power dry-electrode preamplifier. The following 
is a brief outline of each subsequent chapter.

Chapter 2: Requirements for a faithful reproduction of the ECG signal

This chapter outlines the source of the electrocardiogram signal and its measurement at the 
surface of the body. Several electrical models that relate the voltage sensed at the input of 
the recording amplifier to the biological signal generated within the heart are presented. A 
realistic representation of the ECG volume conductor is retained based on experimental re­
sults reported with dry electrodes. The importance of preserving the signal profile is pointed 
out and the major international standards and recommendations for ECG recording equip­
ment are reviewed. Performance requirements arc interpreted in the light of dry-electrode 
electrocardiography and their implications for the design of the front-end amplifier used for 
this measurement. It is concluded that international performance specifications have not 
been drawn up with dry-electrode recording in mind and therefore fall short of providing the 
standards needed in this scenario.

Chapter 3: Low-frequency response and the skin-electrode interface

The third chapter deals with the nature of the skin-electrode-amplifier interface and its effect 
on the low-frequency performance of dry-electrode recording. Analysis of previous related 
work suggests that high-pass filtering can affect the quality of the recorded EGG waveform 
and that the risk of distortion is exacerbated by the presence of a frequency-dependent skin- 
electrode impedance. New approaches for the determination of the model parameters of 
the skin-electrode interface and new input impedance requirements for dry-electrode EGG 
recording are then presented.

Chapter 4: Interference suppression and CMRR

Ghapter 4 concerns itself with the rejection of interfering signals and the requirements of 
common-mode rejection ratio of the amplifier and its resulting design constraints. The need 
for securing high immunity to common-mode signals is justified and a number of existing



amplifier structures designed with these issues in mind are examined and assessed in order 
to identify an appropriate circuit structure.

Chapter 5: Design of a very-low-power single-supply dry-electrode ECG pream­
plifier

This chapter presents the undertaken approach in designing an ultra-low power ECG pream­
plifier operating from a single-rail supply for use with the pasteless electrodes characterised in 
Chapter 3. An instrumentation amplifier structure optimised for high rejection of unwanted 
external voltages and enhanced low-frequency performance is proposed. Worst-case simu­
lation results suggest that the proposed amplifier features excellent performance in terms 
of input impedance, frequency response and CMRR value at the expense of an increase in 
power consumption. Practical test results suggest that the low-frequency performance of the 
constructed prototype is in accordance with simulation results. However, the amplifier’s re­
sponse at high frequency is limited by the presence of stray capacitance on the circuit board. 
Actual physiological measurements acquired using dry and wet electrodes return waveforms 
of satisfactory quality. No significant difference is noticeable between results obtained with 
wet and dry electrodes and the ECG signal can be clearly identified from the interference 
present in all recordings.

Chapter 6: A novel instrumentation amplifier circuit structure

In this chapter, a novel instrumentation amplifier circuit structure that allows enhanced 
CMRR performance without requiring trimming or high-precision resistors is presented. The 
solution is obtained by revisiting the fundamental equations that undcrly the operation of 
the “classical” instrumentation amplifier. The circuit configuration is then modified to allow 
common-mode voltages to be rejected further. Circuit simulations are run with PSpice 
to assess improvement when worst-case mismatches in resistor values are considered. The 
limitations imposed by imperfections in real op-amps are taken into account and two circuit 
implementations are then presented and simulated.

Chapter 7: Conclusion and Further Work

The conclusion summarises the main findings reported in this thesis. This chapter highlights 
the added knowledge in the field of instrumentation amplification applied to dry-electrode 
ECG recording. The limitations of the undertaken approach are pointed out and several 
problems that have not been addressed or solved in the dissertation are discussed as well as 
possible methods for investigating their solution in future research.
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Chapter 2

Requirements for a faithful 
reproduction of the ECG signal

2.1 Physiological background

2.1.1 Function and anatomy of the heart

Superior vena cava

Purkinje
fibres

Bundle of

Right bundle'-

(a) A cross section of the human heart (from [53]) (b) Conduction system of the heart (from [54]).

Figure 2.1: Schematics showing (a) a cross-section of the human heart and (b) its specialised 
conduction system.

The study reported in this Chapter has been published in part in [47 52]
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Fig. 2.1(a) illustrates the major anatomical parts of the human heart, from which we can 
clearly distinguish four chambers: two large thick-walled ventricles, and two small thin-walled 
atria. The heart muscle (myocardium) can be regarded as an electrically activated mechanical 
pump. Oxygenated blood arrives from the lungs into the left atrium via the pulmonary vein. 
This blood is then passed onto the left ventricle that pumps it into the systemic circulation, 
responsible for providing oxygen and nutrients to rest of the body. The right atrium receives 
deoxygenated blood from the systemic circulation, and then passes it on to the right ventricle. 
The ventricle on this side pumps deoxygenated blood into the pulmonary artery that will 
then be reoxygenated in the lungs and returned to the left atrium [55]. The resting or filling 
phase of the cardiac cycle is referred to as diastole while the contractile or ejecting phase 
is called systole [56]. During diastole, the inner electrochemical potential of the cardiac cell 
membranes is lower than the external potential, contributing to an overall resting potential 
of between —80 and —90 mV. Hence cardiac cells in the resting state are electrically polarised 
[56, 57].

The conduction of electrical excitation in the heart

The blood pumping mechanisms are accompanied by periodic electrical activity in the heart. 
More precisely, the origin of the heartbeat is an electrical event and each time the heart 
muscle contracts, electrical currents flow through it [55]. The specialised conduction system 
of the heart is depicted in Fig. 2.1(b).

Although the heart has four chambers, from an electrical point of view it can be regarded 
as having only two since both ventricles contract together, as do the two atria [58]. Systole is 
triggered spontaneously by electrical excitations generated regularly in the sino-atrial (SA) 
node. Because the SA node initiates the heartbeat, it is essentially a pacemaker and it 
sets the heart rate. Excitation quickly spreads through the tissues of atria, causing their 
contraction, and then reaches the atrio-ventricular (AV) node. The AV node conducts the 
impulse very slowly, imposing a delay between the excitation of the atria and that of the 
ventricles. This region is the sole electrical connection between atrium and ventricle. Beyond 
the AV node, currents spread to the Purkinje bundles, branches of large fibres that rapidly 
conduct the impulse to the muscle fibres in the walls of the two ventricles [53, 55].

Cardiac action potential

The flow of blood travelling through the heart causes certain cell membranes to become per­
meable at given times. Changes in membrane permittivity are accompanied by an inversion 
of the inner cell potential. Potentials can become -1-20 to -1-30 mV higher inside the cells, 
relative to the outside [57]. The change of membrane potential polarity is called depolari­
sation and the variations in transmembrane potential during cell activity are called action
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potentials. A typical action potential of a ventricular cell is shown in Fig. 2.2(a). The shape 
of the action potential is mainly dependent on the membrane permeability of the specific 
heart cell. Its amplitude can reach levels between 100 and 120 mV peak-to-pcak (p-p). A 
rapid depolarisation phase is followed by a steady state, the duration of which varies from cell 
to cell. Then, membrane potentials recover their resting levels in the repolarisation phase. In 
the resting condition, cells are in the passive state awaiting re-excitation [55]. The currents 
accompanying the depolarisation of a cell are generally large enough to excite neighbouring 
cells and their return path to the source normally involves the entire body. This yields cur­
rents and associated electric fields everywhere in the body [57, 59]. The resulting potential 
differences on the surface of the skin can therefore be measured and recorded. A close corre­
lation between the changes in cellular action potential and body surface potential exists in 
the case of ventricular cells, as shown in Fig. 2.2(b).

Max. rate Plateau 
of rise dV/dt^O

Max. rate 
of fall

Time
(ms)

Time
400 ("•*)

Figure 2.2: Schematic representation of (a) the action potential of a ventricular cell and 
(b) its first derivative against time (modified from [55]).

2.1.2 Electrocardiography

Electrocardiography refers to the recording of the changes in the electrical field resulting from 
cardiac activity with time. The most common form of electrocardiography is the surface 
electrocardiogram in which measurements are made using contact electrodes positioned at 
prescribed locations on the skin [53, 55, 56]. A dipole moment, known as the cardiac vector, 
resulting from the electrical activity of the heart can be represented along several axes made
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up of different permutations of electrodes.

A typical ECG profile

The potential measured between any two electrodes is termed an ECG lead. Three ECG 
leads make up the basis the cardiac vector on a frontal plane passing through the four 
limbs. Electrodes located on the left arm (LA), right arm (RA) and left leg (LL) form the 
Einthoven triangle, shown in Fig. 2.3. A ground electrode can be connected to the right 
leg (RL). However, very often the electrode placed on the right leg is connected to a circuit 
known as right-leg-drive that detects the common-mode signal and feeds it back to the body.

Figure 2.3: Three basic ECG leads (modified from [60, 61]).

As illustrated in Fig. 2.3, the Einthoven triangle is associated with three lead vectors: 
lead I is oriented from RA to LA, lead II goes from RA to LL and lead III is assigned to the 
direction LA to LL. Fig. 2.4 shows the profile and frequency spectrum of a typical lead II 
ECG recording.

Einthoven defined three successive waves in the ECG which he labelled “P”, “QRS” and 
“T” [55, 62, 63].

• The P wave corresponds to the depolarisation of atrial cells causing the contraction of 
the atria. The wave is about 90 ms in duration and its amplitude generally not greater 
than 0.2 mV;

• The QRS complex is assoeiated with ventricular depolarisation and lasts typically be­
tween 85 and 95 ms;

• The T wave occurs when ventricular cells repolarise and regain their resting potential 
levels. Its amplitude is normally a good deal lower than that of the QRS complex.

The repolarisation of the atria is masked by the large QRS complex and so is not identified 
by an individual wave. A small deflection, named “U”, can sometimes be detected following

12



the T wave. Several hypotheses have been proposed to explain the genesis of the U wave 
[64-66], but none of them have received universal acceptance and its physiological origin 
remains uncertain [67, 68].

Relative
Amplitude

(a) A normal ECG profile (from [69]).

Hz

(b) ECG frequency spectrum mesured experimentally by 
Burke ([70]).

Figure 2.4: Plots of (a) the time representation and (b) frequency spectrum of a typical 
lead II ECG signal.

What can be learnt from the ECG?

Despite the absence of consensus on the interpretation of the U wave, essential physiological 
information can be obtained from a study of the PQ and QT intervals of the electrocardio­
gram. Surface electrocardiography therefore offers a powerful and affordable diagnostic tool, 
combining three major advantages: it is rapid, non-invasive and non-traumatic [57, 59, 71]. 
When longer recording periods are required, ECGs are adapted and integrated into ambula­
tory systems.

Changes in the ECG of cardiac origin having diagnostic implications may be categorised 
as follows.

• Injury to regions of the heart may be observed in the ECG as a shift away from the 
baseline level of the ST segment [44, 45, 59];

• Changes in the shape or position of the heart may be deduced from the amplitude and 
duration of the P wave, the QRS complex and the length of the ST segment [36].
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• Disease of any of the structures comprising the specialised conduction system may be 
associated with several ECG patterns. For example, studies reported in [72] relate 
conduction defects in the muscle fibres to changes in the duration and amplitude of 
the QRS complex. Other evidence may include anomalies in the P wave such as delay, 
change of shape and the presence of an additional wave [36].

• Significant changes in the number of ECG cycles per minute infer irregularities of the 
heart rhythm.

• Ionic and drug effects may alter segments and interval durations, as well as wave mor­
phology [73, 74].

2.2 An electrical model of the ECG

The ability to detect and measure electrical events occurring within the heart relics primarily 
on the conductive properties of the volume surrounding it. The bioelectric current produced 
during ventricular activation may then be measured at the outer surface of the medium 
as shown in Fig. 2.5. Hence, a complete electrical model of the electrocardiogram defines 
two independent parts: the generator and its electrical load. For this purpose the electrical 
properties of cardiac muscle and other body tissue must be considered.

Figure 2.5: A simple lumped electrical model of the electrocardiogram between two arbi­
trary points on the torso (modified from [56]). Z\ and Z2 are the impedances between the 
source and points A and B respectively. Zab is the impedance seen between A and B. Vab 
is the bipolar ECG lead voltage Va — Vb-

2.2.1 The bioelectric source

In the electrocardiogram model, the heart is viewed as an electrical equivalent generator 
At any given time, the combined effect of all active cells generates an electrical field
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the strength and direetion of which depend on the potential difference and distance between 
the excited and resting cells of the myocardium. Einthoven postulated that, at least to a 
first approximation, the distribution of sources throughout the heart during the cardiac cycle 
could be represented by a single lumped time-varying dipole source at a fixed location, as 
shown in Fig. 2.6 [56, 59, 62, 75].

Figure 2.6: Representation of the heart as a dipole source having the positive pole located 
at lower end of the ventriclcs’wall (point A) and the negative pole at the SA node (point B) 
[75]. The thick line gives the approximate position of the heart, curves (a) show the positive 
isopotential lines, curves (b) give the negative lines and curves (c) represent the current flux 
lines.

More accurate computational models that include the inhomogencity of the cardiac muscle 
and its motion have been considered for several decades. In the mid-1950s, Brody analysed 
the effect of the blood mass inside the heart in relation to the field generated by single current 
source in the myocardium. He concluded that dipoles whose poles are oriented tangentially 
to the internal blood mass are reduced by it but not perpendicular poles [57, 76]. Later, 
Appleton et al. presented a computer model of the heart incorporating real geometry and 
motion obtained from magnetic resonance imaging [77]. The simulated ECG demonstrated 
that the motion of the heart shifts the onset of the T wave to the left. More recently, Norian 
offered a two-dimension model of cardiac cells that accounts for deflections of electrical fields 
within the myocardium. The model, designed for educational purposes, allows atrial and 
ventricular activity at cellular level to be distinguished [78]. In the early 1980s, Spach and 
Kootsey studied the effects of discontinuity in axial resistance associated with inhomogeneity 
and electrical interconnections between cells in cardiac muscles [79]. On a microscopic scale, 
they discovered that conduction discontinuities can modify the shape of the intracellular 
action potential. However, at macroscopic level, the application of continuous models that 
do not include discontinuity, but rather consider an average representation of cardiac muscle 
bundles, returned valid and valuable information. Their conclusion confirmed that the simple
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electrical representation proposed by Einthoven is an excellent approximation of the heart, 
at a macroscopic scale.

2.2.2 The impedance of body tissue

The strength of the electric field generated in the myocardium gradually decreases with 
increasing distance from the source. A simple model of the volume conductor approximates 
the thoracic medium as a homogeneous, linear and purely passive conductor, free of electrical 
sources or sinks. This model represents the thorax as a resistive load on the equivalent cardiac 
generator [56, 80]. Fig. 2.7 shows a schematic representation of the electrical equivalent of 
the human body and gives typical resistance values measured at the torso and the four limbs.

Figure 2.7: Simplified schematic diagram for the lumped internal resistance of the human 
body (modified from [81, 82]).

A more detailed representation of body tissue models cell membranes as leaky insulators, 
introducing capacitive effects to the impedance of the volume conductor [59]. In the mid- 
1950s, experiments led by Schwan and Kay demonstrated that in the frequency range up to 
1000 Hz, an electromagnetic plane wave moving in the thoracic medium from the heart to 
the body surface would undergo negligible attenuation and phase shift [80]. They concluded 
that at frequencies of interest for bioelectric phenomena the reactive components of the 
model could be neglected. The average thoracic impedance was confirmed to an excellent 
approximation as being resistive [59].
At the time, little importance was attached to the impedance of the skin which was generally 
reduced by abrasion for ECG measurement. Such aggressive techniques of dealing with 
this are not ideal for patient populations such as elderly, allergenic and paediatric subjects. 
Results obtained from ECG measurement, without preliminary skin preparation, suggested 
that the assumption of linearity of the electrical model must be reconsidered at the skin-
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electrode interface [44, 45]. Moreover, recent experiments have confirmed that the skin- 
electrode interface is a major contributor to the overall source impedance in dry-electrode 
ECG recording [47, 48, 83, 84],

2.2.3 The skin-electrode interface

Surface electrodes convert the ionic current within the body into electronic current in metal 
connecting leads. Experiments of Swanson & Webster in the mid-1970s demonstrated a 
dominant effect of the skin layers on the skin-electrode impedance [85]. 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. However, experimental results obtained by the 
research group of which the author is a member indicate that the three element model is not 
applicable in the case of dry electrodes [47-49, 52, 83, 84].

Stratum comeum

(a) Anatomy of the skin.

1,
Electrode

Sweat/
Electrolyte

} Stratum Corneum/. X
E^ermis

Dermis and 
subcutaneous layer Uu

(b) Equivalent electrical model of the skin- 
electrode interface.

Figure 2.8: Schematics of (a) the anatomy of the skin and (b) the electrical model of 
the skin-electrode interface (modified from [86]). The half-cell potential of the electrode is 
labelled E^e- Rie and Cie constitute the impedance associated with the interface between 
electrode and electrolyte. The series resistance i?3e is the effective resistance due to electrolyte 
between the electrode and the skin (largely perspiration in the case of dry electrodes). E^s 
represents the potential difference across the membrane of the stratum corneum, and i?2s 
and C2s make up the impedance of the epidermal layer. The dermis, subcutaneous layer and 
deeper tissues are generally purely resistive and modeled by a lumped resistance Ru-

A more accurate model, proposed by Kaezmarek & Webster in 1989, was considered. 
The skin-electrode interface is described as a double-time-constant system with probably 
time-varying parameters [86, 87]. Because of complex current-dependent voltage sources, 
capacitances, and ohmic resistances, the interface acts as a non-linear second-order high-pass

17



filter. Neumann has given an electrical equivalent circuit of an eight-element skin-electrode 
interface model, shown in Fig. 2.8. Wet and dry electrodes have the same electrical model 
but the parameter values are significantly different [48, 83, 88, 89].

2.3 Principle of ECG signal amplification

ECG monitoring involves the measurement of low-level voltages as small as 0.1 mV, that 
must be amplified before their display and processing. However, the associated high source 
impedance and superimposed high-level interfering signals and noise tend to degrade the 
quality of the recorded ECG waveform.

2.3.1 Measurement of a lead II ECG

The characterisation of the equivalent electrical properties of the cardiac muscle, its volume 
conductor and the recording electrodes allows a complete model of the ECG that relates 
the voltage measured at the inputs of a biopotential amplifier to the signal generated within 
the heart to be established. A set-up, showing the detection of an ECG signal from the 
body surface using a pair of identical electrodes and a differential amplifier is schematically 
illustrated in Fig. 2.9.

Figure 2.9: Principle of ECG measurement with identical electrodes and a differential 
amplifier.

The common-mode input resistances, Rc, are the equivalent resistances of both inputs of 
the differential amplifier with respect to ground (or analogue common) while the differential 
input resistance, R^, is the equivalent resistance between the two inputs. The dc polarisation 
potential of dry electrodes can be much higher than is the case with conventional electrodes
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[12] and is best eliminated by using dc-blocking capacitors, Ci and C2, in scries with the 
electrodes. In addition, resistors Ri and R2 are inserted to limit transient current spikes 
or the current due to fault conditions which may reach the subject. The intensity of direct 
current is generally limited to 0.1 p.A for any patient-electrode connection that serves as an 
amplifier input.
If i?c and R^ are taken as purely resistive, the transfer function of the combined skin-electrode- 
amplifier network as measured at the amplifier input is given as:

H{s) = Rm
Rin + 2 ^Ze + Ri +

with

Ze — Rls + Rss +

Rm = ■Rd//(2i?c)
R2s R.•4e

(2.1)

(2.2)

(2.3)
1 -f si?2sC'2s 1 + sR4eC4e 

The ideal biopotential amplifier represented schematically in Fig. 2.9 should exactly repro­
duce the differential voltage, as sensed by the two electrodes. In practice, deviation from 
an exact representation of the ECG occurs due to several sources of interference caused by 
unwanted external voltages.

2.3.2 Sources of interference

Motion artefact

Movement of the subject during exercise induces stretch variations at the skin-electrode 
interface, which generates artefact in the signal present at the amplifier input [90, 91]. In 
addition, changes in the skin-electrode impedance and its polarisation potential are generated 
by triboelectric effect from electrode and skin friction [13, 14, 92]. Tam k. Webster have 
observed variations in offset potential of about 20 mV when the skin stretches and shown that 
motion artefact is significantly reduced by skin abrasion with about 20 strokes of sandpaper
[13] . However skin irritation and occasionally some bleeding were observed after abrasion
[14] .

Slow changes in the skin-electrode polarisation potential do not cause noticeable variation 
of the ECG base line because they are suppressed by the use of ac coupling as described 
above. However, high-rate changes in offset potential produce artefacts within the ECG 
bandwidth that cannot be removed by filtering. Motion artefact is therefore best minimised 
when electrode movement is prevented by the use of an elasticated belt or vest that holds 
them on the skin [36, 93].
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Electrical interference

Other sources of electrical interference exist which occupy the spectrum of the signal. These 
include ac wiring and outlets, industrial and medical equipment operating in the vicinity of 
the electrocardiograph and domestic appliances [36, 81, 94], Unwanted in-band signals can 
be superimposed on the wanted ECG signal at the amplifier input by means of electrical 
interference, particularly that caused by the mains power supply [95]. Mains hum can be 
introduced into the ECG by two means, namely electromagnetic induction and electrostatic 
induction [60]. In the case of electromagnetic induction, the magnetic field associated with 
mains supply current flowing in nearby electrical equipment cuts the loop enclosed by the 
subject, the electrode leads and the amplifier and induces an electromotive force in the leads, 
as shown in Fig. 2.10. The induced emf is directly proportional to the area of the loop, which 
can be minimised by twisting the leads or using coaxial cables [60]. In the case of electrodes 
and a preamplifier mounted in a belt or vest worn by the subject, there is little or no loop 
area present and hence this type of interference is not prevalent.

(b) Miiiiiiiising the effect of electromagnetic in­
duction.

Figure 2.10: Diagram showing (a) the principle of electromagnetic induction and (b) its 
minimisation in ECG measurement (modified from [60]).

In the case of electrostatic induction, the electric field associated with the mains supply 
is capacitively coupled to the subject who is also coupled to ground via their body capac­
itance [60, 96, 97]. With battery-operated instruments, when the common supply line of 
the amplifler is not at true earth potential, there is also an isolation capacitance present 
[36, 96, 97]. A displacement current then flows through the subject to ground, developing 
an interfering signal at the input to the recording amplifler, as shown in Fig. 2.11. When 
the electrodes are mounted close together on the subject, the interference is predominantly 
common-mode. Displacement currents of the order of 0.5 p.A have been measured generating 
a typical interfering signal level of 40 mV [34, 35]. Measurement error due to common-mode 
interference is a major problem in electrocardiography and the common-mode rejection ratio
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(CMRR) of the amplifier must be relied upon to suppress it [34, 35, 50, 51].

Power line

Figure 2.11: Diagram showing how the electric field from the power line can be coupled to 
the body (modified from [36, 60, 97]). Zgi, Ze2 and Zes represcnte the electrode impedances.

2.4 Essential performance requirements

Lack of fidelity in the reproduction of the ECG limits the ability of the cardiologist or an au­
tomated interpreter to faithfully measure signal amplitudes, time relationships and waveform 
characteristics, and may have serious clinical consequences. To ensure that the amplifier func­
tions well in this regard, international standards dictate essential performance requirements 
[69, 82, 98-114]. The International Electrotechnical Commission (lEC) is the source of the 
majority of standards in electrocardiography applied world-wide. The most recent documents 
specifying the performance requirements of electrocardiographic monitoring equipment were 
approved as European standards without modification in 2001 for ambulatory ECG (AECG) 
[102] and in 2005 for non-ambulatory diagnostic ECG and heart monitors [101]. Despite the 
fact that standards in place in the U.S.A. are initially based on lEC documents, American 
standards generally consider the recommendations of the American Heart Association (AHA) 
for their final texts [104, 105]. This explains why differences appear between criteria endorsed 
by the American National Standards Institute (ANSI) and these followed in Europe, for ex­
ample. The standards and recommendations considered in this thesis have been issued by 
the three organisations cited above:

the International Electrotechnical Commission (lEC)

• the American Heart Association (AHA);

• and the American National Standards Institute (ANSI).
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2.4.1 Safe current limits

Specification limits related to patient’s safety relevant in a low-voltage battery-powered ap­
plication are listed in Table 2.1. International standards specify the safe current limit that 
can flow through patient-connected leads under normal condition as 10 |xA rms from dc to 
1 kHz [82, 103, 106]. Under single-fault conditions, the maximum current is defined as 50 
pA rms over the same frequency range. However, the more relaxed limit under single-fault 
conditions is not supported by the AHA which recommends that the “ECG apparatus shall 
be designed so that no more than 10 pA root mean square, from direct current to the tenth 
harmonic of power line frequency, shall flow through any patient-connected lead under either 
normal or single-fault conditions” [115]. The more stringent requirement issued by the AHA 
is justified by studies reporting dangerous physiological changes for patients connected to a 
50 pA rms signal at 60 Hz over 5 s [115].

Table 2.1: Safe current limits flowing through patient-connected leads.

Ambulatory k. non-ambulatory ECG 
AHA ANSI & lEC

Max. current under normal condition 10 pA rms 
Max. current under single-fault condition 10 pA rms

10 pA rms 
50 pA rms

The presence of multilayer ceramic capacitors in series with the sensing electrodes prevent 
dc current from reaching the patient’s body. In addition, the current-limiting resistors, Ri 

and i?2 in Fig. 2.9, can be selected so that no more than 10 pA rms, or 28 pA pp, reach the 
body in a worst-case scenario. Operating from a 3 V single-supply, patient safety is secured 
with Ri — R2 — 100 kfl.

2.4.2 ECG input dynamic range

Knowledge of the input signal dynamic range is of primary importance for appropriate design 
of the amplification stages of an electrocardiograph. The differential input signal range, its 
maximum rate of variation and the level of dc offset voltage specifications are given in table
2.2 for both ambulatory and non-ambulatory ECG recording.

Table 2.2: Input dynamic range and differential offset voltage requirements.

Ambulatory ECG Non-ambulatory ECG 
ANSI & lEC ANSI & lEC

input range ± 3 mV ± 5 mV
min. feature size 50 pV p-p @ 10 Hz N.A.
slew rate 125 mVs“^ 320 mVs-i
dc offset voltage ± 300 mV ± 300 mV
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Considering the most stringent requirements, a new dry-electrode ECG amplifier must 
be capable of recording differential input signal voltages of ±5 mV varying at rates of up 
320 mVs“^ in the presence of dc offset voltage in the range ±300 mV. For ambulatory 
electrocardiography, a minimum feature size of 50 pV p-p at 10 Hz shall be detected to ensure 
that low-amplitude P waves are reproduced. However, this specification is not included in 
the more recent standards for non-ambulatory ECG issued in 2005 by the lEG [101] and in 
2007 by the ANSI [104].

Gonsequently, if the preamplifier is to provide a 1-V p-p output to the subsequent am­
plification stages, the required voltage gain in the frequency bandwidth of the signal must 
be 100, or 40 dB. In addition, the maximum input variation rate must be considered for the 
selection of operational amplifiers having sufficient slew-rate performance. It also gives an 
indication of the level of transient current that may arise through capacitors. Finally, the 
presence of a significant skin-electrode polarisation voltage justifies the need for inserting 
dc-blocking capacitors, Ci and C2 in Fig. 2.9, in series with the dry contact electrodes as 
suggested in [34-36]. The dc-blocking capacitors have been placed in some amplifier designs 
after moderate amplification [116, 117]. However, such configuration allows op-amps bias 
current to flow back to the subject body, which is inadvisable in dry-electrode ECG record­
ing due to the nature of the skin-electrodc-interface, as discussed in detail in Section 4.3.2, 
page 88.

It can be noted that reduced dynamic range requirements are specified for AECG because 
it was assumed that AECG interpretations do not ordinarily involve analysis of the QRS in 
fine morphological detail [102].

2.4.3 System noise

Noise is arguably the most challenging obstacle to the detection of a diagnostic quality ECG 
signal. The main sources of interference were identified in the previous section, yet noise is 
also generated internally by recording systems and prevents the observation of small signals. 
Thus, biopotential amplifiers must keep intrinsic noise to a minimum and provide the ability 
to reject unwanted external voltages which appear simultaneously at both inputs. However, 
this ability is often limited by the finite value of the common-mode impedance seen at the 
amplifier’s input and the imbalance of skin-to-electrode impedance, allowing the conversion 
of common-mode input signals into differential signals. A 51 kfl resistor in parallel with 
a 47-nF capacitor simulate skin-to-electrode impedance imbalance in all international ECG 
standards considered. Under this condition, intrinsic noise shall not exceed 30 p.V p-p referred 
to the amplifier input. The equivalent common-mode rejection ratio requirements are given 
in Table 2.3 for ambulatory and non-ambulatory ECG.

Measurements of bioelectric signals using Nasicon ceramic dry electrodes have proven the
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Table 2.3: System noise requirements.

Ambulatory ECG 
ANSI k lEC

Non-ambulatory ECG 
ANSI lEC

max. intrinsic noise 50 pV ptp 30 pV ptp 30 pV ptp
min. CMRR @ mains freq. 60 dB 95 dB 89 dB
min. CMRR @ twice mains freq. 45 dB N.A. N.A.

existence of significant noise attributable to electrochemical features of the skin-electrode 
interface [118]. The noise in the bandwidth 1 Hz - 100 Hz 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. Since the published ECG standards apply to measurement equipment after 
the signal is sensed by the electrodes, the criteria regarding the rejection of common-mode 
signals shown in Table 2.3 do not account for the additional noise associated with the elec­
trodes. As a result, the design of a new dry-electrode ECG amplifier shall target a minimum 
value CMRR of 95 dB, not restricted to the power supply frequency but extending to over 
100 Hz, the noise bandwidth.

2.4.4 Input impedance requirement

All standards reviewed specify a single-ended input impedance magnitude at the amplifier’s 
front-end greater than 2.5 MQ for non-ambulatory ECG and 10 Mfl for AECG. This common­
mode input impedance, in Fig. 2.9, must be large enough to compensate the effective 
skin-to-electrode impedance over the frequency range of the signal and to guarantee that all 
subjects will be monitored with minimum attenuation and reproduction error. The effect of 
the skin-electrode interface is simulated by means of a 620 kil resistor connected in parallel 
with a 4.7 nF capacitor. To reduce the skin-electrode impedance, preferably below 2 kfl 
at 10 Hz, the AHA recommends the removal of hair from electrode sites and skin abrasion 
with sandpaper [109, 112]. At 10 Hz, the impedance of the combination should not cause 
significant attenuation of the ECG signal. The maximum level of signal attenuation is deter­
mined relative to the amplitude obtained without the simulated impedance. A 20% signal 
reduction is tolerated for non-ambulatory monitoring while only 6% attenuation is accepted 
in ambulatory recording, leading to the values shown in Table 2.4. As part of the design of 
the dry-electrode ECG amplifier, the input impedance requirements will be reviewed to suit 
the more realistic ECG model illustrated in Fig. 2.9.

2.4.5 Frequency response

Requirements for reproduction accuracy, summarised in Table 2.5, must be considered at 
every stage of the design of an ECG amplifier. It has been proven that inadequate high-
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Table 2.4: Input impedance requirements.

Ambulatory ECG 
ANSI k lEC

Non-ambulatory ECG 
ANSI k lEC

assumed skin-to-electrode impedance 4.7 nE capacitor // 620 kfl resistor
max. attenuation @ 10 Hz 6 % 20 %
min. single-ended input impedance 10 un 2.5 un

frequency response rounds off the sharp features of the ECG waveform and diminishes the 
amplitude of the QRS complex while distortion in the slow varying detail such as the T wave 
occurs due to poor low-frequency performance, degrading the reproduction of the ST segment 
[44, 45, 119]. Therefore, reproduction fidelity necessitates sufficient frequency bandwidth and 
adequate phase characteristic to prevent signal distortion.

Table 2.5: Accuracy of input signal reproduction.

Ambulatory ECG 
AHA ANSI k lEC

Non-ambulatory ECG 
AHA ANSI lEC

max. output error:
max. % error ±10 % ±10 % ±5 % ±5 % ±20 %

max. absolute error ±50 pV N.A. ±25 pV ±40 pV ±100 pV
3-dB bandwidth:

upper cut-off freq. 60 Hz 55 Hz 250 Hz 150 Hz 40 Hz
lower cut-off freq. 0.05 Hz 0.05 Hz 0.05 Hz 0.67 Hz 0.67 Hz

impulse response:
rectangular test input 1 mVs 0.3 mVs 1 mVs 0.3 mVs 0.3 mVs

max. undershoot 0.3 mV 0.1 mV 0.3 mV 0.1 mV 0.1 mV
max. slope 1 mVs“^ 0.3 mVs“^ 1 mVs“^ 0.3 mVs“^ 0.3 mVs-^

Maximum output error

The maximum overall output error tolerated in the reproduction of input signals varying at 
rates of up to 125 mVs“^ are given in Table 2.5. The AHA recommends the highest repro­
duction accuracy, limiting the error at the output to the greater of ±5% or ±25 pV, relative 
to a ±5 mV input signal level [108, 110]. The ANSI restricts the maximum reproduction 
error to below ±5 % but accepts absolute errors of up ±40 pV, obtained by adding one 
half of the maximum system noise (±15 pV) to the limit recommended by the AHA. The 
precision requirement is relaxed to ±10 % when errors due to electrode impedance imbalance 
are included [104].
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High-frequency response

lEC standards for AECG require that the 3 dB high-frequency cut-off be greater than 40 Hz 
and extend it to 55 Hz for infants weighing less than 10 kg. A 40 Hz bandwidth is selected by 
the lEC for non-ambulatory ECG, assuming that the primary purpose of monitoring the EGG 
is the identification of the heart rate, which can be accomplished with this bandwidth [101]. 
Besides, the 40-Hz cut-off reduces interference from mains power-lines and high-frequency 
muscle artefact. However, this cut-off frequency is not endorsed by the AHA that stresses the 
need for reproducing more accurately the higher frequency features in the signal [108, 110]. 
American standards aim for a higher cut-off frequency of 150 Hz for adults, adolescents and 
children in non-ambulatory ECG and an even higher bandwidth of 250 Hz when applied to 
infants [108]. A novel high-performance dry-electrode ECG amplifier should therefore provide 
a 3-dB bandwidth greater than 250 Hz, as recommended by the AHA.

Low-frequency response

A 0.67-Hz low-frequency cut-off is the current standard for nou-ambulatory ECG. It finds its 
justification in the results of studies led by Simmonson [120, 121] suggesting a lower heart 
rate of 40 bits per minute (equivalent to 0.67 Hz) for over 99 % of resting adults, for more 
than 99 % of the time. However, the AHA insists upon 3-dB cut-off frequency lower than 
0.05 Hz in AECG to accurately measure ST segments and recommends that the amplitude 
response should be fiat to within ±6 % (0.5 dB) over the range 0.14 to 30 Hz [102, 112].

Frequency response recommendations have been traditionally completed with phase dis­
tortion criteria, particularly important in the low-frequency response. The AHA have rec­
ommended that ECG amplifiers should introduce no more phase shift into the signal than 
that which would be introduced by a 0.05-Hz, single-pole high-pass filter [108, 110]. More 
recently, low-frequency criteria have been more precisely defined in terms of the system im­
pulse response, as suggested by the AHA since 1990. As shown in Fig. 2.12, lEC and ANSI 
standards state that a 300-m.Vs impulse shall not yield an offset on the ECG record from the 
isoelectric line of greater than 100 pV, and shall not produce a recovery slope of greater than 
300 pVs“^ following the end of the impulse [98, 101, 102, 104]. The AHA recommended that 
a 1-mVs input impulse should not generate a displacement greater than 300 pV. The slope 
of the response outside the region of the impulse should nowhere exceed 1 mVs“^ [HO]-

The amplifier front-end shall therefore be adapted to prevent dc-blocking capacitors in 
series with the electrodes from giving rise to significant phase distortion on the ECG signal.
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Figure 2.12: Plots of the impulse response requirements (from [98, 101, 102, 104]).

2.5 Discussion

The model of the skin-electrode interface and the associated parameter values utilised in the 
international standards reviewed rely on results obtained with wet electrodes, for which signal 
sensing is facilitated by the presence of a conductive gel. Therefore, wet electrodes exhibit 
relatively small resistance to current, allowing a single-timc-constant RC network to simulate 
the effect of the skin-to-electrode impedance. New versions of the standards for ambulatory 
and non-ambulatory electrocardiographic equipment arc due to be published before the end 
of 2010 by the lEC. Drafts, made available in advance for public review do not, however, 
address issues specific to dry electrodes and minimum requirements for input impedance 
and rejection of common-mode signals are not expected to change [98-100]. As indicated 
in section 2.2.3, a single-time-constant model is not suitable for dry electrode recording 
because the absence of electrolytic gel reduces electrode conductivity and therefore increases 
its resistance to current. This yields higher voltage drops at the skin-electrode interface and 
hence greater signal attenuation, unless the magnitude of the amplifier’s input impedance 
is significantly increased. Furthermore, since the model for dry electrodes simulates the 
skin-electrode interface as a second-order high-pass filter, the ECG may suffer low-frequency 
distortion in a different manner than predicted by the simpler model. The overall input 
impedance, R\n in Fig. 2.9, provided by the amplifier front-end must be chosen so that 
amplitude, phase and impulse response criteria are fulfilled. In an effort to design a new 
dry-electrode, low-power, ECG pre-amplifier suitable for operating in ambulatory and non­
ambulatory environments, the most stringent requirements among all reviewed standards are 
retained. A target performance specification for the amplifier to be designed is given in table 
2.6.
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Table 2.6: Target performance specification.

Input signal:
signal amplitude 0.05 mV - 10 mV p-p 

max. rate of variation 320 ms“^ 
dc offset voltage ± 300 mV

Output signal:
Output signal amplitude 1 Vp-p

max. output error the greater of ±10 % or 50 pV 

System noise:
intrinsic noise 30 pV max. (referred to input)

CMRR 95 dB min, in 0.5 - 100 Hz bandwidth

Input impedance: TO BE DETERMINED

Frequency response:
3-dB bandwidth 
Differential gain 

amplitude response 
phase response 

impulse response 
recovery slope

0.05 - 2500 Hz (1 decade above the max. frequency in ECG) 
>40 dB
flat to within ±0.5 dB over the range 0.14 to 30 Hz 
phase characteristic of 0.05 Hz single-pole high-pass filter 
0.1 mV max. undershoot after 0.3 mVs impulse 
0.3 mVs~^ max.

Power supply:
Supply voltage 
Supply current

3 V nominal single supply 
50 pA max.

Considering recommendations issued by the AHA for infant weighing less than 10 kg, 
the target 3-dB bandwidth is extended to 0.05 - 2500 Hz in order to keep the phase shift 
introduced by the pre-amplifier below 6° within an ECG signal bandwidth of 0.5 - 250 Hz.

As for all battery-powered equipment, an acceptable compromise must be found between 
performance and power consumption. Low-cost 3 V lithium coin cell batteries providing 1 
Ah capacity are available today and therefore a portable ECG system that draws 100 pA in 
current would operate continuously for up to 10,000 h. Despite not being rechargeable, these 
batteries offer, at 3 V, excellent shelf-life for relatively small sizes [122], If only 50% of the 
power is allocated to the preamplifier, physiological monitoring can be safely performed over
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several years without changing the battery. Signal conditioning stages after filtering may then 
be implemented digitally using an embedded microcontroller. For example, Microchip has 
recently applied their nanoWatt Technology to Programmable Interface Controllers (PICs) 
operating from less than 3 pA at 32 kHz and costing less than 1 euro [123].

2.6 Conclusion

In this chapter the principles of ECG reproduction were examined. The electrocardiographic 
problem was shown to involve bioelectrical currents generated within the heart and the 
creation of electrical fields that can be measured on the surface of the skin using sensing 
electrodes. The volume conductor surrounding the heart is composed of body tissues the 
impedance of which is mainly resistive. However, the skin-electrode interface acts as an high- 
pass filter and is therefore a potential source of distortion of the low-frequency components 
in the ECG signal. Other factors limiting the ability of the recorder to faithfully reproduce 
the ECG waveform include interfering signals caused by external unwanted voltages, motion 
artefact and additional perturbation intrinsic to the amplifier.

International standards and recommendations provide essential performance requirements 
for ECG recorders, although the absence of criteria adapted to dry electrodes makes current 
specifications regarding input impedance and common-mode-rejection inadequate. The au­
thor will therefore review some key issues that dictate the quality of the ECG signal at the 
output of the dry-electrode preamplifier in the following chapters.
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Chapter 3

Low-frequency response and the 
skin-electrode interface

Initiated during the space-age era of the 1960s, the investigation of the use of dry electrodes 
for ECG monitoring has led to the development of several pasteless electrode systems which 
overcome the disadvantages associated with traditional approaches employing wet electrodes. 
The following question, however, was immediately raised: how should the recording amplifier 
be adapted to the high source impedance commonly associated with dry electrodes? Opti­
mised designs of the amplifier front-end have usually involved measuring the impedance of 
the skin-electrode interface [19-39, 124-134]. Some solutions have then inserted resistors in 
series with unbalanced electrodes to match the effective impedance seen at each input of the 
recording amplifier [30, 31]. Others have fabricated dry electrodes having impedances lower 
in magnitude than those of conventional Ag/AgCl wet electrodes [19, 20, 134]. Commercial 
dry-electrode Holter monitors providing diagnostic quality ECGs are, however, not available 
to date. The recent development in 2009 of a wearable two channel dry electrode ECG system 
called care.mon has shown some prospects in the realisation of long-term telemetric appli­
cation in the near future [18]. The designers have admitted, however, that their prototype 
cannot get a signal of the same quality as that of a standard electrode Holter system.
A critical source of error was soon identified as low-frequency distortion introduced at the 
amplifier’s front-end. In this chapter, the author shows how high-pass filtering can affect the 
quality of the recorded EGG waveform and demonstrates that the risk of distortion is exacer­
bated by the presence of a frequency dependent skin-electrode impedance. New approaches 
for the determination of the model parameters of the skin-electrode interface and new input 
impedance requirements for dry-electrode ECG recording are then presented.

Results from this chapter have been published in [46 49, 52]
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3.1 Importance of the recorder’s low-frequency response 

in diagnostic quality electrocardiography

To ensure that the electrocardiograph’s output signal is an accurate representation of the 
physiological input waveform, the amplifier must faithfully reproduce all frequency compo­
nents of the ECG signal. Out-of-band high frequency interfering signals are normally removed 
from the preamplifier’s output by implementing linear-phase low-pass filters [36]. However, 
distortion introduced by an inadequate low-frequency response cannot generally be corrected 
in real time by simple filtering in the subsequent amplification stages [45]. The quality of the 
recorder’s low-frequency response relies therefore on the performance of the preamplifier’s 
front-end. To prevent recording error caused by the electrocardiograph, the preamplifier 
must preserve the ECG signal by providing flat amplitude response and linear or zero phase 
within the ECG bandwidth [44, 45]. Failure to fulfil these requirements can have serious 
clinical implications.

3.1.1 Diagnostic implications of a poor low-frequency response

Berson &: Pipberger have demonstrated that ECG preamplifiers implementing high-pass fil­
ters with a poor low-frequency amplitude response are a potential source of recording error 
that may lead to misdiagnosis of serious cardiac conditions [44]. They concluded that an 
increase of the filter’s cutoff frequency above 0.05 Hz or a roll-off greater than 6 dB per 
octave causes distortion of the S-T segment and the T wave of the ECG waveform. Yet, 
accurate measurement of slow deflections, especially in the first quarter of the ST-T com­
plex, is usually crucial for assessing the condition of the heart and its response to therapy 
[59, 73, 74, 135]. For example, acute myocardial infarction, commonly known as heart attack, 
is frequently accompanied by an elevation of the ST segment but inadequate low-frequency 
response reduces this elevation and can produce an inversion of the terminal part of the T 
wave, as shown in Fig. 3.1(a). In addition, it was reported that the ECG of patients who 
had suffered damage to the surface of the heart, referred to as an old infarct, usually shows a 
downward sloping S-T segment [44]. Fig. 3.1(b) illustrates how poor high-pass filtering can 
modify the S-T segment by converting a downward slope into an upward slope, which has a 
different clinical interpretation.
It was found that low-frequency distortion is generally greater for abnormal than for normal 
ECG waveforms and for records having essentially monophasic QRS patterns than for those 
having biphasic QRS complexes. Besides, it was observed that the increase in heart rate 
associated with exercise can alter recording error in an unpredictable manner [44].
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(a) Acute infarct record. (b) Old infarct record.

Figure 3.1: Oscilloscope photographs of the electrocardiogram of patients suffering from (a) 
acute myocardial infarction and (b) an old infarct (from [44]). In both pictures, the upper 
record, labelled (i), is obtained with a simulated dc amplifier system while the lower record 
, (ii), is the output of a high-pass filter having a 0.5-Hz cutoff and 24-dB-per-octave roll-off.
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(i) ECG on a high quality electrocardiograph. (i) synthesised ECG waveform.

(ii) The same signal on an recorder with nonlinear 
phase response in the ECG bandwidth.

Output waveform after an all-pass network 
with a breaking point near the fundamental 
frequency of the input waveform.

(a) Effect of phase distortion on a patient’s (b) Effect of an all-pass network with nonlin- 
ECG. ear phase response.

Figure 3.2: Electrocardiograms showing the effect of low-frequency distortion caused by 
nonlinear phase response in the bandwidth of the ECG signal from (a) a patient’s record 
and (b) a synthesised ECG waveform (modified from [45]). In (b), the input waveform is 
filtered by an all-pass network with flat amplitude response from dc to 10 kHz (± 1 dB), but 
a nonlinear phase response with a breaking point approaching the fundamental frequency of 
the input waveform.
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The works of Berson & Pipberger were followed by studies led by Tayler & Vincent on 
the low-frequency phase response of filters used in ECG recording [45]. They concluded 
that phase nonlinearity is also a major source of recording error and misdiagnosis. For 
example, myocardial ischaemia is a disease that reduces the supply of blood to the heart 
muscle and normally manifests itself in the ECG record as elevation or depression of ST 
segments [59, 135]. However, false ST segment shifts such as those depicted in Fig. 3.2(a) 
have been noted with ambulatory ECG recorders exhibiting a nonlinear phase response at 
low frequency. Results revealed that the ST segment is more readily affected by distortion 
when the point of maximum phase nonlinearity approaches the fundamental frequency of 
the ECG signal, as shown in Fig. 3.2(b). Once phase nonlinearity is introduced at the 
preamplifier front stage, its effects on the ST-T complex cannot be corrected subsequently 
without distorting other portions of the ECG waveform [45].

3.1.2 Low-frequency performance requirements of ECG recorders

The empirical findings reported in [44] and [45] have played a key role in defining the frequency 
response requirements of ECG recorders utilised today and can be considered as part of the 
classical publications in ECG signal conditioning. As reviewed in chapter 2, the traditional 
performance criteria have been enhanced by the addition of specifications in the time domain. 
The evolution of the low-frequency performance requirements in electrocardiography can be 
summarised as follows:

1. In the mid 1960s, to ensure that recording errors are kept under 50 pV in the early por­
tion of the ST-T complex, Berson & Pipberger recommended that ECG preamplifiers 
provide a 0.05-Hz low-frequency cutoff with a 6-dB-per-octave roll-off [44], as achieved 
for example by a single-pole high-pass filter. The AHA has endorsed this low-frequency 
cutoff since 1967 [113, 114] and added in 1985 that the amplitude response should be 
flat to within ±6 % (0.5 dB) over the range 0.14 to 30 Hz [112], as shown in Fig. 3.3(a).

2. In the early 1980s, Tayler & Vincent recommended that phase linearity must be main­
tained down to the fundamental frequency of the physiological signal to allow high 
fidelity in the reproduction of the ECG waveform [45]. The AHA has adopted this rec­
ommendation since 1985 by specifying that the phase shift introduced by the amplifier 
should not be greater than that introduced by a 0.05-Hz, single-pole high-pass filter 
[112], as depicted in Fig. 3.3(b).

3. In more recent years, specification of the low-frequency performance of electrocardio­
graphs based on the system’s impulse response have been introduced. The Interna­
tional Electrotechnical Committee (lEC) and the American National Standard Insti­
tute (ANSI) have indicated that a 300-pVs impulse shall not yield an undershoot on
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the ECG record from the isoelectric line of greater than 100 ^V, and shall not produce 
a recovery slope of greater than 300 p.Vs“^ following the end of the impulse [102, 104], 
as illustrated in Fig. 3.4.

0.05 10 0.14 10
Frequency [Hz]

10’ 30

(a) Amplitude response criterion

10" 10“ 
Frequency [Hz]

(b) Phase response criterion

Figure 3.3: Plots of the low-frequency (a) amplitude and (b) phase criteria illustrated with 
a 0.05-Hz single-pole high-pass filter. The shaded areas indicate the “forbidden” areas as 
specified by the AHA [112].

Figure 3.4: Plots of the impulse response requirements (from [101, 102, 104]).

3.1.3 The effect of high-pass filtering on the ECG signal

The performance requirements can be explained from a simple mathematical model of the 
physiological signal and the recording system. From a signal viewpoint, the ECG waveform
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may be regarded as a periodic time function represented by the following Fourier series:

/27rnA , (2Tmt
fit) = 2^ flncos ( -— 1 + b^sin I -—

n=0 ^ ^ ^ ^ ^ ^

/ 27rn^
(3.1)

where Tr.r is the R—R interval or cardiac cycle time and and are the Fourier coefficients. 
The fundamental frequency of the ECG signal is therefore determined by I/Tr.r and defines 
the heart rate while its dc component is given by uq.

If ^(s) represents the preamplifier’s transfer function, its response to the ECG signal 
defined in eq. (3.1) can then be modelled in the Laplace domain by the following product:

lout('5) — ^(s
roo

)
Jo

-St dt (3.2)

lout(01 lliG preamplifier’s response to f{t) in the time domain, is obtained from the inverse 
Laplace transform of eq. (3.2) by convolution once j4(s) is known.

Taking s = ju, the preamplifier response may also be specified in the frequency domain 
as follows:

A{ju) = \G{u)\e^^^^^ (3.3)

with |G(u;)| its amplitude response and 9(u}) its phase response. An ideal amplitude response 
is achieved when |G'(a;)| is frequency-independent, which in practice would require the ECG 
recorder to be dc-coupled to the source signal. This approach is, however, inadvisable due 
to excessive base-line wander and artefacts commonly associated with dc-coupled recording 
equipment. In addition, the large dc offset inherently present with dry electrodes would 
quickly limit the obtainable gain of the amplification stages due to saturation. AC-coupling 
is therefore unavoidable in diagnostic quality ECG recording but it comes at the cost of 
potential amplitude and phase distortion as experienced in [44] and [45]. Because of phase 
nonlinearity, a non-constant group delay is introduced into the ECG waveform. Consequently 
the low-frequency components of the QRS complex are affected by a greater time delay than 
its high-frequency components and can therefore become superimposed on the ST complex 
[45]. Low-frequency phase distortion is avoided if the phase shift or the group delay is made 
negligible. For example, the phase shift introduced by a first order high-pass filter is less 
than 6° from a decade above the cutoff frequency, fc- Therefore, if frequencies in the vicinity 
of the fundamental ECG frequency are to be reproduced, the 3-dB low-frequency point must 
be about 10 times lower than 1/Tr.r. Considering a lower limit heart rate of 30 beats per 
minute gives 1/Tr.r = 0.5 Hz and thus fc — 0.05 Hz.

The impulse response requirements complement the frequency response specifications to 
ensure that the fast varying signals in the ECG, such as the QRS complex and P wave, do not 
generate noticeable depressions as result of filtering. A visible undershoot could, in fact, be
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misinterpreted as an additional ECG component. The Common Standards for Quantitative 
Electrocardiography (CSE) issued by the European Union defines the presence of a QRS 
deflection as a waveform having an amplitude greater than or equal to 20 pV and a duration 
greater than or equal to 6 ms [104], Moreover, the slope of the response after the end of the 
input impulse must be minimised to preserve base line stability and allow accurate amplitude 
measurement of the P wave and the QRS complex.

Ur

pulse R\ V,out

Figure 3.5: Test set up for the measurement of the impulse response of a passive single-pole 
high-pass filter.

Fig. 3.5 shows a passive single-pole high-pass filter connected to a generator supplying a 
rectangular pulse, Upuise, of amplitude and duration T. Considering Vc) the potential 
across the capacitor (7, and 14ut the output voltage across the resistor R, Kirchhoff’s law 
allows Upuise to be expressed as follows:

Upulse(0 — Uc (t) + Uout (t)

The current i(€) that flows through the RC network is defined as

(3.4)

i{t) = C-
dt (3.5)

The output voltage is therefore given by 14ut(t) = Ri{t) as:

.dVcit)
Uout (t) = RC- dt (3.6)

The time origin, t = 0, is taken as the instant when Upuise reaches its maximum amplitude, 14,- 
The input impulse is then given for 0 < t < T by Upuise = Um. It can be shown that during 
this time interval, the voltage across the capacitor in its charging phase is characterised by:

Vc{t)\ 0<t<T = 14 1 - e ()

and
dVc (t)

dt 0<t<T

bm —(= ------ e V RC )
RC

(3.7)

(3.8)

The output voltage, 14ut, and its slope, 14uti can therefore be deduced from eqs. (3.6) to
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(3.8) as:

and

Kut (^)l 0<t<T = V" e ~{rc)

CtWIc dVoutit)
dt 0<t<T

=-------e yuc)
RC'out \0<t<T

After the end of the pulse, t > T with Impulse = 0, Kirchhoff’s law gives;

.dVcit)
0 = Kc {t) + K>ut it) = 1/c (t) + RC- dt

Solving eq. (3.11) yields:
Fc(t)Ur = /^e-(^)

(3.9)

(3.10)

(3.11)

(3.12)

where A' is a constant. Continuity in the charge and discharge characterisctics of the capacitor 
requires that at t = T, Vq must simultaneously satisfy eqs. (3.7) and (3.12), allowing K to 
be cvalutated as:

K=Vrr. (3.13)

Taking /c = 2^c' filter’s response and its recovery slope after the end of the input 
impulse can therefore be expressed as follows:

^Ut (OloT — K 1 iic) = _v;„ [e(2-A^) _ 1] e-(2-/ct) (3.14)

and

Ct(0lt>T = dVoutit) - e(flc) — 1
dt t>T

-(27r/ct)

(3.15)
Eqs. (3.14) and (3.15) indicate that for 14ut {t) and 17^^ (t) to approach zero after the end 
of the input impulse, /c should also tend towards zero, supporting the call for low-frequency 
cut-off at 0.05 Hz or below. It must be noted that the slope of the response after the end of 
the impulse is a function of the pulse duration, T. Eqs. (3.8) and (3.10) indicate, however, 
that during the charging phase of the capacitor the rate at which energy is dissipated in the 
resistor is independent of T. The energy stored in the capacitor at the end of the charging 
phase at time t — T is given by:

WVYrr

1 2

(3.16)

For T « RC, this energy is dissipated during the recovery phase at a much lower rate than 
the rate at which it was accumulated during the pulse. The slope of the impulse response 
before and after the end of impulse are therefore expected to be significantly different, as
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depicted in Fig. 3.6 for T = 0.1 s and RC = 3.2 s, corresponding to fc — 0.05 Hz. Fig. 3.6 
shows that there is a very slow recovery slope after the pulse.

Time

Figure 3.6: Impulse response of a 0.05-Hz single-pole high-pass filter simulated wih PSpice. 
The pulse is repeated after two seconds to simulate a lower limit heart rate of 0.5 Hz. Kn = 3 
mV, T = 0.1 s, = 10 Un and C = 0.33 pF.

3.2 Effect of the skin-electrode interface on the low- 
frequency performance of ECG recording systems

High pass-filtering is commonly achieved in dry-electrode ECG recording by inserting a de­
blocking capacitor, Cin, in series with each sensing electrode as shown in Fig. 3.7. Ze simulates 
the skin-electrode impedance and Rm is the input impedance of the recording amplifier. Two 
electrical models of have been principally used to simulate the skin-electrode interface at 
the preamplifier’s input: a simple single-time-constant RC network and a more complete 
doublc-time-constant model.

Figure 3.7: Schematic representation of a simple high-pass filter at the amplifier’s front-end. 
AC-coupling achieved this way allows dc offset voltages associated with polarisation effects 
at the skin-electrode interface to be blocked from the amplifier input.
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3.2.1 Non-intrusive biopotential measurement using capacitive dry 
electrodes

Since the beginning of research in dry electrode biopotential recording, it was suggested that 
the input stage of the recording amplifier is ideally designed when the source impedance of 
the electrodes in combination with the human body is determined. Several researchers there­
fore investigated the opportunities offered by impedance transforming capacitive dry active 
electrodes for long-term biopotential recording. Fig. 3.8 shows the principle of operation of 
an active capacitive electrode.

Impedance matching issues have then not been limited to ECG recording but have rather 
extended to applications measuring other bio signals without the use of a conductive gel 
[26, 125, 129]. For example, experiences in electroencephalography (EEG) have shown how 
the effect of changing skin impedance can be minimised by inserting an insulating electrode 
the capacitance of which should be at least two orders of magnitude less than that of the 
skin. The effective capacitance of a thin dielectric layer at the surface of the electrodes was 
reduced to 150 pF which required an recording amplifier having an input impedance of 10^® 
Q to preserve the low-frequency components of the EEG signal [129]. When applied to ECG 
recording, capacitive electrodes ranging from 50 nF to 1 fF (lf= 10~^^) have been coupled 
to buffer amplifiers having 10® Q to 10^® input impedance [128, 130-133, 136-140].

Figure 3.8: Schematic representation of an active insulating electrode for capacitively cou­
pled ECG measurement. Ce represents the electrode capacitance, i?2s and C2s make up the 
impedance of the epidermal skin layer and deeper tissues are modeled by a lumped resistance 
i?is. An impedance transforming unity-gain buffer is incorporated at the electrode site, with 
resistor providing a path for the op-amp bias current.

Lim et al. have recently demonstrated the feasibility of long-term physiological monitor­
ing using non-intrusive sensors embedded in everyday equipment [136-138]. In 2006, Lim, 
Kim & Park presented a recording system for ECG measurement without conductive contact 
while subjects sit on a chair wearing normal clothes [136]. Two active insulating electrodes 
sensed the potential variation on the subject’s body relative to a conductive ground plane, 
also capacitively coupled to the body. The electrode capacitance was estimated at 30 pF
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and a 3 Gfi-input-impedanco preamplifier was inserted at the electrode site. The proposed 
method had the advantage of easy use on a daily basis. However, excessive sensitivity to 
motion artefact resulted in signal quality classified as poorer than that obtained with con­
ventional wet electrodes [136]. They later published in 2007 a revised method for monitoring 
ECG during sleep relying on an array of high-input-impcdance capacitive active electrodes 
fixed on a mattress [137]. The value for Rin was reduced to 1.6 Gf2 to prevent output sat­
uration caused by large motion artefact when coupled to the same electrodes as used in 
[136]. The selection of the value of R\n was reported as intuitive with observation in [136] 
and yielded ECG recordings affected by noticeable low-frequency distortion. In February 
2011, Lim et al. reported results of ECG measurements carried out using active insulated 
electrodes equipped with 50 Gfl-input-impedance buffer amplifiers embedded in chairs, beds, 
belts and toilet seats. The recorded bio signals were not affected by low-frequency distor­
tion but the authors admitted that capacitively coupled ECG measurement presents higher 
sensitivity to motion artefact and lower signal to noise-ratio compared to Ag/AgCl ECG 
electrodes that require direct skin contact [138]. Similar experiments were reported in 2008 
by Beak et al. who assessed the efficacy and practicality of ECG measurement on a toilet 
scat using capacitively coupled electrodes [139]. It was concluded that clear R peaks could be 
detected allowing the heart rate to be calculated but large common-mode noise and motion 
artefact limited the ability of the recording system to provide an ECG signal of diagnostic 
quality. In September 2010, results published by Spinelli & Habcrman demonstrated that an 
amplifier having a bias resistor of 3 Tfl coupled to capacitive electrodes of 10 pF can be used 
to acquire an ECG signal with a similar quality to that of wet electrodes when applied to 
bare skin [140]. Unfortunately breathing artefacts of capacitive electrodes placed over clothes 
were much higher than in the case of Ag/AgCl contact electrodes [140].
The results reported in [136-140] show some prospects in the provision of non-intrusive ubiq­
uitous health monitoring relying on non-contact capacitive electrodes in the near future. 
However, the method currently presents serious limitations. Insulating electrodes having ex­
tremely low coupling capacitance require ultra-high input impedance amplifiers, which are 
highly susceptible to external electrostatic and electromagnetic interference unless shielding 
is used around the electrodes [12, 127]. Their reported lack of robustness has thus made in­
sulated electrodes unsuitable for functional clothes [39]. Therefore, wearable long-term ECG 
applications have generally employed dry flexible contact electrodes that rely on perspiration 
built on the surface of the skin to facilitate electrical conduction [39, 93].
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3.2.2 A single-time-constant model of the skin-electrode interface 
for contact electrodes

Fig. 3.9 shows the general form of the single-time-constant skin-electrode model for contact 
electrodes which represents the impedance of the electrode with a resistor, R^, in parallel 
with a capacitor, Ce, while the lumped resistance of the skin and body tissue is simulated 
by a resistor, Rg. However, because of its relatively low value, Rg is often omitted. The 
electrode polarisation potential is modelled with a dc voltage source, Vbc-

o-CD-' |l—o

1/,DC

Figure 3.9: A standard single-time-constant representation of the skin-electrode inter­
face. The half-cell potential, Foe, introduces a dc offset but does not contribute to the 
ac impedance of the interface.

The parameter values stipulated in international standards issued by both lEC and ANSI 
are Re =0.62 MO and Ce=4.7 nF [82, 98-102, 104, 105]. In all standards, including the most 
recent documents dating from 2009 [98-100], it is stated that the skin-electrode impedance 
in series with any patient-electrode connection must not result in a signal reduction of more 
than 6% of that obtained without the simulated impedance. The standards specify that 
the preamplifier must provide an input impedance of at least 10 MO at 10 Hz, since the 
magnitude of the simulated source impedance would be equal to 0.6 MO at this frequency 
[102]. In addition, a low-frequency cutoff at 0.05 Hz or lower must be achieved by the 
amplifier, with the simulated skin-electrode impedance disconnected. Given Rin = 10 MO, 
an input capacitance Cin = 0.33 pF is required to implement a 0.05-Hz single-pole high-pass 
filter at the amplifier input. It must be noted, however, that the input impedance specification 
does not take into account phase response, impulse response or attenuation below 10 Hz.

In 2004, considering the amplitude and phase criteria recommended by the AHA [110], 
the relationship between input impedance requirement and source impedance was analyti­
cally studied by Valverde et al [25] who suggested that for frequencies below 100 Hz, the 
interface can be approximated by the electrode resistance. Re- It was concluded that an 
amplifier having a low-frequency input impedance R\n > 17Re would not cause more than 
6% attenuation at 0.14 Hz nor introduce a phase shift of greater than 6° at 0.5 Hz. Based on 
electrode resistance Re = 150 kfl, i?in was estimated at 2.4 Mfl at 0.14 Hz and the de-blocking 
capacitor was chosen as Cin = 2.2 pF.

In 2000, Burke & Gleeson [34, 35] estimated the component values of the skin-electrode
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interface as /?s = 10 kQ, = lA Mfl and Ce= 20 nF. The preamplifier front-end was de­
signed so that its input impedance would be significantly larger than that of the skin-electrode 
impedance to minimise interference caused by motion artefact and unwanted common-mode 
voltages. It was reported that the attenuation caused by Rg is limited to 1% for i?in > 100/?^ 
and the phase shift introduced by R^ and Cg is kept below 1° in the bandwidth of the ECG 
signal for R\n > 60/?e- The designed low-power preamplifier achieved an input impedance of 
260 Mfl and was coupled with a 1 pF dc-blocking capacitor.

Emphasis must be placed on the fact that input impedance requirements have not tradition­
ally included impulse response criteria. The author has therefore evaluated the performance 
of simulated high-pass filters based on the models outlined above to assess whether or not 
amplitude, phase and impulse response criteria would be simultaneously met when the elec­
trode impedance is taken into account. A program was written in MATLAB to determine 
and plot the low-frequency response of the skin-electrode-amplifier networks based on the 
provided skin-electrode model and the amplifier’s front-end design. Plots of the simulated 
amplitude, phase and impulse responses, together with the recovery slope are shown in Fig. 
3.10. Results are compared with the response of a 0.05-Hz single-pole high-pass filter equiv­
alent to the amplifier operating with a dc-blocking capacitor but omitting the skin-electrode 
impedance, as previously discussed in Section 3.1.3. A summary is given in Table 3.1.

Table 3.1: Low-frequency performance of simulated skin-electrode-amplifier networks com­
pared to that of a single-pole 0.05-Hz high-pass filter. Bold case indicates that performance 
requirement is not mot.

max. phase max. max.
magitude @ undershoot slope

0.14-30 Hz 0.5 Hz after impulse
[dB] [1 [mV] [mVs

specification limit -0.5 6 -0.1 0.3
0.5-Hz single-pole high-pass filter -0.5 5.8 -0.093 0.03
lEC minimum input impedance requirements -0.96 5.3 -0.25 53.6
solution proposed by Valverde et al -0.5 4.1 -0.11 0.49
solution proposed by Burke & Gleeson -0.05 0.1 -0.02 0.55

Columns 2 and 3 indicate the maximum attenuation in the frequency range 0.14 to 30 Hz 
and the phase shift at 0.5 Hz, respectively. Plots of the frequency response are presented in 
Figs. 3.10(a) and 3.10(b), which suggest that the amplitude and phase criteria would not be 
met if the lEC minimum input impedance requirement was applied with the electrodes used 
in international standards. It can be observed that the capacitive component of the simulated
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skin-clectrode introduces additional phase shift into the signal for frequencies above 10 Hz. 
However, these criteria are fulfilled in the case of designs suggested by Valverde et al. and 
Burke &: Gleeson.

(a) Amplitude response (b) Phase response

Figure 3.10: Plots of (a) the amplitude response, (b) phase response, (c) impulse response 
and (d) recovery slope of the simulated skin-electrode-amplifier networks compared to that 
of a single-pole 0.05-Hz high-pass filter.
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3.2.3 A double-time-constant model of the skin-electrode interface 
for dry contact electrodes

(a) A double-time-constant model equivalent to (b) Sample ECG recording with dry electrodes 
that presented in Section 2.2.3. in equilibrium.

Figure 3.11: Figures showing (a) the equivalent electrical representation of the skin- 
electrode assumed by Miihlsteff et al and (b) a sample ECG recording (from [39]).

Using the double-time-constant model depicted in Fig. 3.11(a), Miihlsteff et al. investigated 
in 2004 the complex impedance of the skin-electrode interface of silicone rubber dry electrodes 
[39]. Measurements, taken in the frequency range 0.1 to 1000 Hz indicated that the ac 
behaviour of the skin-electrode contact interface is not accurately simulated by a single 
parallel RC-modcl. They proposed a double RC model with parameter values in equilibrium 
estimated as: i?is-l-i?3e = 8 kfl, /?2s = 140 kfi, C2s = 3p.F, — ISOkfl and = 180 nF. An
instrumentation amplifier having 10 Mfl input impedance was then used by Miihlsteff et al. 
for recording the ECG shown in Fig. 3.11(b). The record clearly displays the QRS complex 
and the T wave. The P wave can also be identified despite its low amplitude. However, it 
can be observed that the baseline is not horizontal, especially immediately following abrupt 
voltage variations associated with the QRS complex and the T wave. Such effects can be 
attributed to low-frequency distortion similar to that reported by Tayler & Vincent [45].

The author has investigated the origin of the observed distortion by reproducing the low- 
frequency response of the dry-electrode design suggested Miihlsteff et al. Several different 
input capacitance values available in non-electrolytic form were used, ranging from 0.33 to 
3.3 pF. Given = 10 Mfl, the 3-dB point of the simulated high-pass filters varies between 
0.05 and 0.005 Hz, and therefore meets AHA recommendations. This allows assessment of 
whether or not the low-frequency distortion suspected on the ECG recording of Fig. 3.11(b) 
might be caused by a degradation of the frequency response due to the presence of the 
double-time-constant skin-electrode interface.
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Table 3.2: Low-frequency performance of simulated transfer functions based on the design 
model by Miihlsteff et al. compared to that of a single-pole 0.05-Hz high-pass filter: R\n = 10 
Mf2, Ris + /?3e = 8 kfl, i?2s = 140 kn, C2s = 3 pF, = 0.18 pF. Bold case indicates that 
the requirement is not met.

max. phase max. max.
magnitude @ undershoot slope
0.14-30 Hz 0.5 Hz after impulse

[dB] [1 [mV] [mVs
specification limit -0.5 6 -0.1 0.3
0.5-■Hz single-pole high-pass filter -0.5 5.8 -0.093 0.03
C„ =0.33 pF -0.72 5.9 -0.14 1.68
Cn =0.47 pF -0.49 4.3 -0.11 1.65
Cin =1 pF -0.29 2.3 -0.08 1.63
Cin'=2.2 pF -0.25 1.3 -0.07 1.62

Cn^=3.3 pF -0.25 1 -0.06 1.62

Results are presented in Fig. 3.12 and Table 3.2. Results from the simulated skin- 
electrode-amplifier network using the double-time-constant model indicate that for R^n = 10 
Mfl, a cutoff frequency of about 0.03 Hz or lower is needed to fulfil both amplitude and phase 
requirements (Cin > 0.47 pF). It suggests that the presence of the modelled skin-electrode 
interface impedance has increased the effective 3-dB point of the skin-electrode-amplifier 
network. However, this increase alone cannot explain the level of distortion observed on 
the ECG of Fig. 3.11(b). Frequency response plots shown in Figs. 3.12(a) and 3.12(b) 
suggest that the amplitude and phase response would remain very close to that of a 0.05-Hz 
single-pole high-pass filter if Cin was equal to 0.33 pF.

Fig. 3.12(c) gives plots of the systems’ response to a 3-mV pulse of 100-ms duration. As 
Rin remains constant, the offset following the input impulse is less than 0.1 mV for Cin > 1 
pF, suggesting that in the presence of the skin-electrode impedance defined above, a lower 
3-dB point of about 16 mHz is needed to meet the requirement of maximum undershoot. 
Fig. 3.12(d) is a graph of the recovery slope after the 300-mVs input impulse. The maximum 
slope of the response immediately after the impulse is about 1.6 mVs“\ five times the allowed 
limit, and shows little variation when Cin is increased from 0.33 pF to 3.3 pF. In comparison, 
the recovery slope exhibited by a 0.05 Hz high-pass filter is not greater than 0.03 mVs~^. 
Consequently, the slope of the impulse response is not satisfactory for the range of input 
capacitances simulated. Excessively high recovery slope therefore explains why the baseline 
of the ECG recording of Fig. 3.11(b) is not horizontal, immediately following abrupt voltage 
variations.
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(b) Phase response
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(d) Recovery slope

Figure 3.12: Plots of (a) the amplitude response, (b) phase response, (c) impulse response 
and (d) reeovery slope of simulated transfer functions based on the design suggested by 
Miihlsteff et al. compared to that of a 0.05-Hz single-pole high-pass filter.

These results confirm that amplitude and phase requirements provide necessary conditions 
for the reproduction of low-frequency components of the ECG but they are not sufficient to 
prevent distortion and possible clinical misinterpretation of the waveform.
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3.2.4 Discussion

Simulation results have shown that the input impedance specification stated in international 
standards is not consistent with the accompanying low-frequency performance requirements.
In addition, despite fulfilling both amplitude and phase criteria, some designs may fall short 
of meeting the impulse response requirements when the skin-electrode impedance is taken 
into account for dry-electrode recording. For the range of input capacitance values used, 
simulations based on the double-time-constant skin-electrode model indicate that the recovery 
slope is not significantly affected by a change of Cm- This can be explained by the presence 
of capacitive elements as small as 0.18 p.F in the skin-electrode interface. The reactance of 
the electrode impedance is therefore considerably greater than that of Cin and dominates the 
reactance of the skin-electrode-amplifier network. It can therefore be concluded that:

1. Impulse response considerations must be included as an inherent part of the design 
strategy of new dry-electrode preamplifiers.

2. A complete characterisation of the skin-electrode interface is fundamental for the ap­
propriate design of the amplifier front-end.

3. Meeting the impulse response specifications implies tighter requirements than compli­
ance with the amplitude and phase criteria when the electrode impedance is taken into 
account.

4. The optimum values of R[n and Cm must be determined in relation to the param­
eter values of the skin-electrode interface so that all low-frequency requirements are 
simultaneously fulfilled.

3.3 New methods of characterisation of the skin-electrode 

interface

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 electrodes permittivity, ac measurement is needed to obtain 
an accurate estimate of the skin-electrode impedance [124]. The research group of which the 
author is a member has attempted to measure the resistive and capacitive properties of wet 
and dry electrodes using two experimental approaches, namely frequency-domain based and 
time-domain based measurement. Several identification algorithms were also considered by 
the group: an asymptotic method requiring only five points extracted from the frequency 
response and curve fitting based on least squares error minimisation algorithms.
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3.3.1 Instrumentation set-up

signal analyser 

(Agilent 3S670A)

i r"MA(—I I ii t-WV—I , i

^tissue §

^2. E„
ii rW\r-| I ii ^3. <-^Wv-| I

C..

Figure 3.13: Schematic representation of the measurement set-up assuming a double-time- 
constant model.

Impedance spectroscopy is generally the method applied to characterise the skin-electrode 
interface in the frequency range 0.05 Hz to 1 MHz [19-39, 88, 124-134]. The measured 
impedance is then fitted to an equivalent electrical model to identify the resistive and capac­
itive elements of the interface. Fig. 3.13 shows the instrumentation set-up considered by the 
author for measuring the frequency response of the skin-electrode interface which consists of 
a dual electrode configuration connected to a resistive load, i?in. 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. The selected signal analyser can generate sinusoidal signals in the frequency 
range 15 mHz to 51 kHz.

3.3.2 The proposed identification method

Fig. 3.14 shows the asymptotic bode diagram and the simulated frequency response of the 
interface based on the parameter values reported by Miihlsteff et al. (i?is -t- R^e = 8 kfl, 
i?2s = 140 kn, C2s = 3 pF, i?4e = 150 kn , Qe = 180 nF and Ri^ = 10 Mfl) [39]. For the 
model provided, the phase response exhibits three local extrema at fi = 0.45 Hz, /2 = 1.40 
Hz and /s = 5.26 Hz. The author has published a novel method for the characterisation 
of the interface that relies upon knowledge of these three frequencies, and the attenuation 
introduced by the interface at low and high frequency.
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(a) Amplitude response (b) Phase response

Figure 3.14: Plots of (a) the magnitude response and (b) the phase response of the skin- 
electrode interface as defined by Miihlsteff et al. for Ri„ = 10 MQ.

Taking T2s = R2sC2s and R^g = RigC^e, the phase measured at the amplifier input and its 
first derivative with respect to the angular frequency u are given in eqs. (3.17) and (3.18) as:

if (cu) = tan
U1-,

________^2s'^2s + ^4e-^e__________ i a ________ ^4e^2+-K28^e________ \
___________________ Rxn+2{Ris + R2s + Rze + RAe) ^ ^ fljn+2(flis + fl28 + fi3e + H4e)__________________  |
1 I .2 '^2sl^in~t~^(-^ls+-ft3e+fi4e)] + -R4e [-ftin+2(/?is + H3e + fi4e)] , 4 [^in+2(J?is + H3e)]T2s^4e j

Rin^2(Ris + R2s~hR3e-hR4e) /^in+2(^ls + R2s + ^3e + ^4e) /

(3.17)

dip{uj)
du

1 -l- aiLO -|- a2a> -|- a^co

1 + '^2B[^in+2(/ils4-/i3e + fl4e)] + fi4d^in+2(fll5+.R2s + .R3e)]
fiin +2( His +fl2s + Hse +H4e )

-b ______ 2fl2s'P2s+2/^46-^e______
iii n + 2 ( 1 s +/?2s +-Rse + i?4e ) U} +

■^in+2(/lls+il3e
■Rin+2(ili8 + /i2s + -R3e + ^4e)

2 z?2

2/?2s R4e + 2R4e T2s
^in+2(i?is + /?2s + H3e+^4t rT2s -^46

UJ
■ 2 

l2
CJ"

(3.18)

where

ai _ 3 (7?4e'^2s + R2sR4e) '^28-^46
R2sT2s + 7?4ei?4e

_ T2s [-^in + 2 {Ris + Rse + i?4e)] + R^g [i?in + 2 {Rjs + R2s + 7^4e)] /g
R'm + 2 [Ris + R2s + -Rse + Rie)
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02
'^2sRie [t2s [-^in + 2 {Rls + Rse + -^46)] + Rie [-^in + 2 {Rls + R2s + Rse)]] ('^28-^46 + RieR2s)

[/?in + 2 {Rls + R2s + Rse + -^46)] (-^28"^28 + R/leRie)
^'^2sR\e [-^in + 2 {Rls + Rse)]

as = -

Rin + 2 (i?is + i?2s + -Rse + ^4e)

’^isRfe [-^in + 2 (i?ls + Rse + -^46)] {R4eT2s + R2sR4e)

(3.20)

(3.21)
[-Rin + 2 (jRis + R2s + Rse + -R4e)] (-R2s'^2s + RieRie)

The three frequencies /i, /2 and /s identified in Fig. 3.14(b) are associated with three 
angular frequencies Ui — 2T:fi, U2 — 2t:f2 and W3 = 27r/s that correspond to the positive and

0. The following system of equations is then obtained:real solutions of aw

1 + UiUj^ + (i2^i T 030^1 — 0

1 + CI1CO2 4“ 02^2 T asCJ^ ~ 0

1 + UlCJg + 02023 + asCJg : 0

(3.22)

(3.23)

(3.24)

It can be shown that the system defined in eqs. (3.22) to (3.24) can be rearranged to give 
the coefficients as:

1
Ol =

02 =

CJt UJf) LUo

cuf + CJ2 “1" ^3
/ ,2, ,2, ,2Cvi Cv2 ^3

1
^3 2 2 2

(3.25)

(3.26)

(3.27)

In addition, the magnitude response shown in Fig. 3.14(a) exhibits two asymptotes at 
low and high frequency corresponding to:

04

and

limo;—>0

05

Mn(a;)
K{cu)

lim
W—^OO

Rir
Rin + 2 (Rls + R2S + Rse + R^e)

vu^)
Vs{u)

Ri.

(3.28)

(3.29)
Rin + 2 (Rls + Rse)

It can be noted that the magnitude response reaches more than 99.99% of its asymptotic 
values at 15 mHz and 1 kHz, giving good estimates of 04 and a^. The coefficients defined in 
eqs. (3.25) to (3.29) provide sufficient information for the identification oi q = T2sR4e as the 
positive and real solution of the following polynomial equation:

3alal
W + —q +-q^ = Q0-4 O5

(3.30)

After solving eq. (3.30), the time constants are obtained from the positive solutions of the
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following equation:

(01049^ + Sasas) (0305 - a^q^) 05 - (a4 - 05) {aiq^ + asOs) 04 2 , 2_ 4
04 (asa^ - a|g3) g4 ^2'^ 0 (3.31)

Two valid solutions are then available for r. In previous literature the skin contribution is 
considered to be dominant, therefore the larger of the two solutions can be allocated to T2s, 
the second one being i?4e. Eqs. (3.25) to (3.31) arc then utilised to determine the model 
parameters as:

Rao
R\n {cib - 04) {caq^ + asasriJ (3.32)
2 (0305 - a^q^) - q)

^ Rin {0,5 ~ 0,4) j~,
^2s — r, -^46 (3.33)

Z 0,4(15
ri 72s(^2s -

ri2s
(3.34)

c - ^04e — D
^2s-^4e

(3.35)

n 1 p ...  “ “5)
■O-ls + 7l3e —

2 as
(3.36)

Only solutions that are real and positive are relevant for the purpose of parameter identi­
fication. For example, the five reference points indicated in the bode plot of Fig. 3.14 suggest 
the following coefficient values:

ai = —O.Ms^rad"^ (3.37)

02 = 1.7s^rad“^ (3.38)

03 = — 1.48s^rad“^ (3.39)

04 = 0.998 (3.40)

Os = 0.944 (3.41)

Applying theses values to eq. (3.30) yields:

-7.78 X 10“^2 - 2.30 X 10"V + 1-8 x 10"^^^ + 3g® = 0 (3.42)

Eq. (3.42) has a unique positive real solution sX q = r2s7?4e = 0.0114 s^. This value is then 
inserted into eq. (3.31) to solve the following equation:

1 - 1.39 X lOV + 7.71 X lOV = 0 (3.43)

The two positive solutions are: t^s = 0.423 s and i?4e = 0.027 s. Taking R\n = 10 MQ, the
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model parameters can then be deduced from eqs. (3.32) to (3.36) as;

/?4e ~ 148 kfl, i?2s — 139 kfl, C2s — 3 pF, 6746 182 nF and Ris + -Rse — 10 kfl.

The small discrepancy observed between the estimated values and the simulated param­
eters is due to floating point approximation error in solving eqs. (3.30) and (3.31) and the 
limited precision with which 04 and 05 can be measured. The resolution method is described 
in more detail by the author in [50] and [52] and detailed derivations are given in Appendix 
A.

3.3.3 Measurement results

(b) Phase response

Figure 3.15: Comparison between the measured data ((a) magnitude and (b) phase) and 
data obtained as a result of the novel identification procedure for a constructed hardware 
model defined in Table 3.3.

A hardware model of the skin-electrode interface was constructed using actual resistors 
and capacitors, based on the model provided by Miihlsteff et al. to assess the ability of the 
signal analyser to reproduce the simulated results shown in Fig. 3.14. A pair of 3.3-pF and 
220-nF multi-layer ceramic capacitors simulated the effects of C2S and C4e, respectively, the 
original capacitance values (3 pF and 180 nF) being unavailable. Fig. 3.15 compares the 
measurement of magnitude and phase to that obtained as a result of the new identification 
method. Raw measurement data are Altered to remove measurement noise and to facilitate 
the detection of the two peaks and the trough in the phase response. The frequency of the 
three local extrema in the phase response and the two extremum values in the magnitude 
response allow the five identification coefficients to be estimated and and the frequency 
response of the network to be simulated. A theoretical curve is included to assess the precision
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of the measurement and the accuracy of the fitted model. The accuracy of the method can 
be appreciated from the results shown in Table 3.3, which suggest that if the skin-electrode 
interface in equilibrium behaves in a similar way as that measured by Miihlsteff et ah, the 
proposed method would then provide a fast and accurate identification tool.

Table 3.3: Accuracy of the new identification method assessed from a constructed hardware 
model.

actual component value estimated value % error
Rls + Rse [kf4] 8.20 8.47 +3.3 %

R2s [kf^] 140.00 141.21 +0.9%
Rie [kQ] 150.45 157.99 +5.1 %
C2s [PF] 3.340 3.395 +1.6%
C4e [PF] 0.219 0.218 -0.4 %

In 1988, Rosell et al. reported values of skin impedance ranging from 10 kfl to 1 Mfi 
at 1 Hz when measured using standard Ag/AgCl electrodes [141]. The skin resistance value 
indicated in Table 3.3 is therefore in accordance with these previous measurements.
Two conductive silicon rubber dry electrodes of 2.56 cm in diameter (Pro Carbone, C5005PF) 
were connected to one another to estimate their dc impedance using an ohmmetcr. Electrode 
resistance was measured at 4 kfl, which is well under the value of 150 kfl reported in [39]. 
This suggests that a speculative model that consists of a double-time-constant RC network 
for the skin and a lumped resistance for the electrode may be considered. In addition, as 
pointed out by Kaezmarek &: Webster in 1989, an accurate model of the skin-electrode in­
terface is likely to have time-varying parameters [87].

Fig. 3.16(a) shows sample phase characteristics of the skin-electrode interface using wet 
and dry electrodes measured on a female subject. It was observed that very often the phase 
response did not display two distinct peaks but only a single peak. This means that the 
polynomial f{uj) = 1-1- aiu^ -I- a2u;^ -I- a^uj^ has one real and positive root (w,), one real and 
negative root (—Wj) and four complex conjugate roots (cjj, —cuj and —w]*). Similar results
have been obtained from simulation when the time constant T2s and R4e differ by less than 
one order of magnitude, as shown in Fig. 3.17.
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Figure 3.16: Typical phase response measurements obtained in vivo from (a) wet electrodes 
and (b) dry electrodes on the same subject (female, aged 26).

Figure 3.17: Plot of the phase against frequency for different values of the ratio oc = ^ 
when R\n = 10 MQ, + Rse — 8 kfl, i?2s = 140 kfi and i?4e = 150 kfl.

3.3.4 Alternative approaches

Alternative approaches have been investigated to solve the parameter estimation problem in 
situations where the phase response does not display the expected double-peak behaviour. 
Dozio and Baba considered different fitting algorithms and measurement set-ups and con­
cluded that time-domain measurements combined with least squares error minimisation were 
the most appropriate [48, 49, 52, 83, 84].
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Fitting magnitude and phase

Dozio et al. first developed a least squares error minimisation program for fitting both the 
magnitude and phase response [50, 52], The algorithm successfully converged when applied 
to a pair of adhesive electrodes (Wandy, E-50mm Hydrogel) placed on the lower abdomen 
and returned the the following model parameters:

Ris + Rse = 3.6 kQ, R2s = 35.2 kQ, Cas = 0.9 pF, = 29.5 kQ, Cie = 5.8 pF.

The experiment also confirmed that a simple 3-parameter model is not suitable for de­
scribing the skin-electrode impedance. The curve fitting algorithm did not however converge 
in the case of dry, pasteless electrodes (WANDY, W-45) for which the phase response exhib­
ited no peak in the frequency range 0.05 to 30 Hz, as shown in Fig. 3.16(b). This was thought 
to be because the peak existed at a frequency below the minimum range of the analyser.

Time-based measurement

Frequency-based measurements have been unsuccessful when applied to dry electrodes since 
the characteristic frequencies are too low to allow reliable steady state measurement. To over­
come this limitation time-based measurements have been developed. Baba ct al. implemented 
a novel measurement technique that relies upon the time response of the skin-electrode in­
terface to a current source [48, 52, 83, 84]. A constant current is fed through the body while 
measuring the skin-electrode impedance and a high frequency sine wave input current is used 
to determine Ris -I- R^e- The knowledge of i?is -I- R^e reduces the complexity of the fitting 
procedure to only four parameters and improves the accuracy of the results. Measurements 
were taken on seven subjects, using seven different types of dry electrodes, under variable 
conditions of contact pressure, electrode settling time and current level. Dozio developed 
a curve fitting program for the time-based data acquired. The time-domain measurement 
procedure and the results obtained are discussed in detail in references [83] and [84].

Table 3.4 gives a summary of values for each component, measured across all subjects, 
electrodes, locations and contact pressures as published by Baba & Burke [83]. The identi­
fication of the skin-electrode interface model parameters from two hundred and sixty eight 
measurements returned values of resistance ranging from 23 kD to 1.85 Mf2 and of capac­
itance ranging from 0.1 pF to 65 pF, while values of the time constants T2s = C2sR2s and 
/?4e = CieRie Varied from 0.02 s to 7.2 s. It was also discovered that there were substan­
tial differences in the component values and the time constants between the rise and the 
fall phases in the step response of the skin-electrode interface. Worst-case parameter values 
obtained can now be used in the design of the input differential amplifier in ECG recording 
equipment to prevent low-frequency distortion of the ECG signal.
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Table 3.4: Summary of parameter values published by Baba & Burke from 268 measure­
ments [83].

Current
min.

rise phase
max.

Current fall phase
min. max.

Rls + -Rse [kfl] 0.64 12 0.64 12
/?2s [kO] 4.94 1760.24 23.87 2540.93
i?4e [kn] 23.26 1840.52 84.78 1380.00
C2s [hF] 0.01 21.51 0.04 21.88
C4e [^F] 0.10 432.35 0.69 65.15

Rls + /?2s + Rse + ^4e [kf^j 161.24 3616.83 125.82 3326.10
T2s [s] 0.02 1.84 0.06 1.17
/?4e [s] 0.18 31.29 0.77 7.19

3.4 New amplifier input impedance requirements for 

dry-electrode ECG recording

As seen in previous sections, the front-end amplifier plays a crucial role in the ability of the 
ECG recorder to preserve the low-frequency components of the signal. The low-frequency 
performance achieved by the amplifier in the presence of the electrode impedance is princi­
pally determined by the magnitude of the input impedance of the recording system. Fig. 2.9 
shows the equivalent impedance seen at the amplifier input when the skin-electrode interface, 
the current limiting resistance and the dc-blocking capacitors arc taken into account.

r R->. A

Figure 3.18: Schematic representation of the equivalent impedance seen at the amplifier 
input.
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The transfer function of the skin-electrode-amplifier network in this configuration is de­
fined as follows:

Ki(s)-K2(5) “ 2
'^2sRieS^ + ('^2s + Rie) 5^ -|- S 

-|- 6^25^ d\S -j-1

where:
On

dl — [-ffin + 2 (i?i -|- i?is + /?2s + Rse + -^46)] ----1" 7'2s + -^46

Q.

^2 = [[R\n + 2 {Ri -k -Ris + ^3e)] {t2s + Rie) + 2R2sR4e + 2i?4e'^2s] --- k T2sR4e

ds = [Rin + 2 (i?! + i?ls + Rse)] -^'^28-^46

(3.44)

(3.45)

(3.46)

(3.47)

In the following sections, the author establishes new input impedance requirements for 
use in dry-electrode ECG recording.

3.4.1 Frequency response criteria

Amplitude response

The equivalent skin-electrode impedance, shown in Fig. 3.18, is responsible for a reduction in 
the signal amplitude before reaching the amplifier input. Minimum attenuation is obtained at 
high frequencies for which the impedance of capacitive elements in the electrode impedance 
tends toward zero, ensuring:

\H,{u)\ < Rh
Rin + 2 (i?l -k i?ls + 7?3e)

At low frequencies, the source impedance is given by:

7^2s , 7?4e

< 1 (3.48)

Ze(cu) — Ris + Rss + + H—^—k Ri
1 -k ju)R2sC2s 1 + jwi?4eC4e jA’C'i

(3.49)

The AHA recommends a maximum attenuation of 0.5 dB (or 6%) at 0.14 Hz, which estab­
lishes the requirement:

> 0.94 (3.50)
\Rin + 2Ze (Wo.l4)|

where cjq.u = 0.287r.

It can be shown that the condition specified in eq. (3.50) implies the following relationship
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between R\n and the parameters of the skin-electrode interface:

R2s , -^46
0.942

i?l + Ris + i?3e + +
1 + '^2Vai4 1 + Rl^^nAe^O.U

-4
D , r, , n , ■^2sT'2s<^0.14 , .^46.^46^0.14 , 1
ill + nis + itse + ^—o—o---- ' ::—^—7^—o-----r

1 2

- 4

1 + ^ R\e'^Q.li <^0.14C'in.

/?2s , R^e
Rl + Rls + R^e + +

l + rluh, 1 + RLu?,'2s'^0.14

The amplitude response criterion is then fulfilled for Rin selected as follows

- 2

46^0.14.
>0 (3.51)

R\n ^ 1 - 0.94^ ^ + (1 _ 0,94^) + R,. + ii3. +

2*0.942 „ i?2s i?46
-k 1 - 0.942 Rl + .Rls + Rse + 1 + 1 + R4»W^46^0.14

(3.52)

Phase response

The transfer function defined in eq. (3.44) can be rearranged so that real and imaginary 
parts are more easily identified:

Hdioo) = Ri
C.

[(dl — r2s — i?4e) u;2 -|- [^2 {t2s + Ras) ~ ^^3] + did3r2sR4e^^]

+4 + (cfl'^2s + diR^e — T2sR4e) + [<^2'^2sR46 “ {t2s + R46)]
(1 — d2u;2)2 -I- — dsLO^)^

(3.53)
Replacing di, d2 and ds by their expressions as given in eq.(3.45) to (3.47) yields the following:

H^iu) = Rin^CU

where

Rt^UJ + [Rt%*- (t'Is + Rle) + 2r2sR4e (R2s + Rab) 

+Ri3%^7-2sR46^^

+j[l + [2 {R2sT2s + RabRab) %^ + "^Is + '^Is]
+j ['f2sR46 [2 {R2sRab + R4eT'2s) ^ + T'2sR4<

UJ

UJ
LO

[1 — [[Ri3 (7'2s + Rab) + 2i?2sR4e + 2R4eT2s] ^ + T2sR46]

-f [{Rt^ + T2s + Rab) ^ — Rl3^T'2sR4eW^]

(3.54)

Rt — Rin + 2 (Rl -|- Rls + R2S + Rse + Rab)
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and
Ri3 — Rin + 2 {Ri + Ris + /?3e) (3.56)

Since both imaginary and real parts of H^{u)) are positive, an expression for the phase 
response can then be extracted from (3.54) as;

(/Pd(w)

= tan
-1 / 1 + [(f?2s'r2s + RieRie) C\n + T|g + T^g] U?' + T2sRie [(-^28.^46 + RieT2s) C'in + T2si?4e]

Rt^O! + {t2s + -^4e) + '^2sRAe (f^2s + Rie) C'in] + Riz^T^gR^e^^

(3.57)

Eq. (3.57) indicates that all positive frequencies:

0 < (/Jd(w) < 90° , Vw G 5R+* (3.58)

The phase introduced by a single-pole high-pass filter having a cutoff frequency /c is given 
by:

'l>(a;) = tan~^ (̂3.59)

The AHA recommends that the amplifier should introduce no more phase shift into the signal 
than that which would be introduced by a linear 0.05-Hz, single-pole filter. This condition 
is respected for (piu) < $(a;), therefore :

tan
-1(1 + [(■R2s'r2s + RacRab) Cn -|- + r|g] -|- T2sRAe [{R2sRAe + RAe'^2s) Cn + T2sRAe\

Rt^LU + [Rt^ (rIs + 7?4g) + T2sRAe {R2s + Rab) Cn] + RlS^T^gRl^

< tan -1 27r/e
u

(3.60)

Both phase shifts belong to the interval ]0,|[, in which the function tan is strictly increasing. 
The condition specified in eq. (3.60) is therefore equivalent to:

1 + [(i?2s'^2s + RabRab) Cn + T|g -|- r|g] -|- T2sRab [(•R2s'R4e + Rab^^s) Cn + 'r2s.f^4e] ^

Rt^UJ + [Rt^ (tIs + /?4e) -I- T2sRab {R2s + Rab) Cn] UJ^ + Ris^T^gR-lgLU^ LO
(3.61)
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Taking Uc — 2nfc, the phase criterion is met for:

(j.
^C^13 2 ^2s'^4e ^2sf^4e [(■^2s-^4e T ■fi4e’^2s) C'in T T2s^4e\

Ci,

LJ

+ LUr {t2s + -^D + '^28-^46 (-^28 + -^46) C*!:! ~ [(-^28"^28 + ^4e-R4e) C^in + ^Is + T OJ

+ lUcRt^ - 1 > 0 (3.62)

The polynomial function of eq. (3.62) is positive when two conditions are satisfied: (i) 
the coefficient of the highest power of co is positive and (ii) there is no positive root. All roots 
must therefore be negative or complex. Both conditions are simultaneously met when:

~ T2sR4e [(^28-^46 + R4eT2s) C^in + T'2s.R4e] > 0 (3.63)

UcRt^ - 1 > 0 (3.64)

Substituting T2s — R2sC2si Rie — RieCiei jRi3 — R'm T 2 (i?i + R\s T ^3e) &nd R'Y — 
/?i3 + 2 (i?28 + Rie) , eqs. (3.63) and (3.64) become:

R'm > — (y;—f 7;—!■ 7^1 ~ ^ ^3e) (3.65)
\^2s ^4e ^in/

R\n >
Cin^c

— 2 (/?! + Ris + /?2s + Rse + Rie) (3.66)

Eq. (3.66) establishes the phase criterion at low frequency, when the reactance of the 
capacitive effects in the skin-electrode interface tends towards infinity. At these frequencies 
C2S and Cie are equivalent to open switches making the skin-electrode impedance purely 
resistive. Phase shift is therefore solely introduced by the input capacitance C\n- This result 
is consistent with traditional design strategies which state that low-frequency distortion can 
be prevented if RmCm > l/wc, since other capacitive effects are neglected [25, 127].
As frequency increases, the effects of C2S and C^e must be considered and eq. (3.65) ensures 
that the phase of the combined skin-electrode-amplifier network will not be greater than that 
introduced by a high-pass filter having a single pole at fc = cjc/27r. As seen in Section 3.2.1, 
the effect of changing skin impedance have be minimised by making the coupling capacitance 
of insulating electrodes at least two orders of magnitude smaller than those of the skin. 
Coupling capacitance values ranging from 50 nF to 1 fF have thus been used with buffer 
amplifiers having 10* to 10^* Q input impedance [128-133, 136-140]. Eq. (3.65) confirms 
that for C\n « {(728, C^e}, the reactance of the skin-electrode interface can be neglected, and 
therefore selecting i?in(7in > l/ojc would prevent distortion. However, this approach involves 
the use of ultra-high input impedance amplifiers, whereas, the input impedance requirement 
can be relaxed if eq. (3.65) is applied instead.
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With fc = 0.05 Hz, the phase requirement is satisfied at all frequeneies when the input 
impedance is chosen such that for the worst-case values of skin-electrode parameters:

Rin >
20/1 1 1

aTT
(3.67)

3.4.2 Impulse response requirements

In more recent years, the lEC have defined more precisely the low-frequency criteria for ECG 
signal reproduction in terms of the system impulse response. The response to a rectangular 
pulse x{t) of amplitude and duration T is limited to a maximum offset, Al/nax) and a 
maximum slope, s^ax- Fig- 3.19 shows in a generic form the impulse response requirement 
defined by the international standards reviewed in Chapter 2.

Figure 3.19: Schematic illustrating the impulse response requirements.

The rectangular pulse x{t) is ideally modelled using the Heaviside unit step function u
as:

x{t) = 14, [u(t) - u{t - T)] 

The Laplace transform of x{t) is therefore given by:

X(s) = — (1 - 
s

(3.68)

(3.69)

Using the transfer function Hd{s) defined in eq. (3.44), the frequency response yd{s) of the 
skin-electrode-amplifier network to the pulse X(s) is:

yd(s) = X{s)Hd{s) = Kn (1 - e-^*) i?in^r2si?4e
-I- d2S^ + dis + 1

(3.70)
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Y(s) can then be expanded by partial fractions as:

yd(s) = Kn (1 - i?in^r2si?4e A.Q Ai A2

+ 7-------- r +
_(s-po) {s-pi) {S-P2)

(3.71)

where po, Pi and p2 are the poles of Hd{s). The three poles and three coefficients Aq, Ai and 
yl2 are functions of the parameters of the skin-electrode-amplifier network. Eqs. (3.70) and 
(3.71) imply:

yd{s){s - Po) = Kn (1 - e ^^) ilin^T2s/?4e ^ / V -^1 / X Ao
Ao + (s-po)-,--------r + (S-Po)

= V;„ (1 - e-^^) i?i„^T2si?4e

(s-pi) (S-P2).

(s -pi)(s -P2)
(3.72)

Evaluating eq. (3.72) at s = po yields:

° (Po - Pi) (Po - P2)

A similar approach leads to expressions for Ai and A2 as follows:

(3.73)

Ai —
(”' + i) (

Pi + y
(Pi - Po) (Pi -P2)

(^2 + (P2 +

(3.74)

(3.75)
(P2 - Po) (P2 -Pl)

The inverse Laplace transform of Pd(s) gives the corresponding response in time yd(t) as:

yd(t) = VmRin~PT2sR4e [(^06"?’''* + + ^26-^’=*) u(t)

- (Aoe-pof^-^) + + ^26-^^*-^)) u(t - T)] (3.76)

If x{t) is an ideal pulse, the amplitude of the response following the end of the impulse is 
given by:

ayd{t)\t>T = -Kn7?in^T2si?4e5] [Ak(e-">'^ - l)e-^’‘‘*] (3.77)
fe=0

The derivative of y{t) att > T defines the slope of the impulse response following the impulse:

2

Pd(^)lf>r —
dyd{t)

dt
= VmRin^T2sr4e'^ [pkAk(e - l)e'

t>T

Pktl
2
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The poles po, pi and p2 are obtained by solving the polynomial + d2s‘^ + dis + 1 = 0. 
Computing the equation with Mathematica returns the following solutions:

Po - -3ds -
2l/3(-d2^3d,d3)

3^3 -2dl+9did2d3-27dl+yj4[-d'^+3did3f+{-2dl+9did2d3-27diy

-2dl+9did2d3-27dl + yJi{-d:^+3did3Y+{-2d3+9did2d3-27d'^^y

321/3^3

1/3

1/3

(3.79)

Pi = d2
3d3

(l+jV3)(-d^+3did3)
321/3^3 -2dl+9dld2d3-27dl+^Ji[-dl+3dld3y+{-2dl+9did2d3-27diy

1/3

1/3

(l-jVs) -2dl+9did2d3-27ii^ + y/4{-dl+3did3y+{-2dl+9did2d3-27diy

- -3d3 ~

621/3^3

{l-jV3){-(f^+3did3)

(3.80)

321/3^3 -2dl+9did2d3-27dl+y/4{-dl+3did3y + (^-2dl+9did2d3-27diy

1/3

1/3

(l+jVs) -2d:^+9did2d3-27(i^ + y/4{-dl+3did3Y+{-2dl+9did2d3-27(qy

621/3^3

(3.81)

The terms di, d2 and d^ may be substituted with their expressions given in eqs. (3.45) to 
(3.47) to evaluate po, pi and p2- This would allow yd{t) and y(i(t) to be represented in terms of 
the parameters of the skin-elcctrode-ampliher network and the input impedance requirement 
to be identified. However, this method involves solving non-linear functions in the complex 
domain for which analytical solutions are not available. An alternative approach consists of 
implementing a numerical algorithm to find the minimum value of for which the recording 
system meets the impulse response requirements. An algorithm was developed in MAT LAB 
to test the maximum undershoot and recovery slope for a range of values of R\n-

3.4.3 Results

Data collected from two hundred and sixty eight measurements of the skin-electrode interface 
are analysed using the proposed methods. Measurements were taken on seven subjects, 
using seven different types of dry electrodes, under variable conditions of contact pressure, 
electrode settling time and current level. As for simulations referred to in Section 3.1.1, the 
input capacitance is initially set at Cm = 0.33 pF. The current limiting resistor was chosen 
as Ri = 100 kQ, as recommended in previous literature [34-36].

Amplitude and phase criteria

Fig. 3.20(a) shows the frequency response of the skin-electrode interface when the input 
impedance is selected following the amplitude response criterion defined in eq. (3.52). For 
all measurements, the minimum input impedance that fulfils the amplitude response recom­
mendation varies from 21 Mfl to 115 MD. Fig. 3.20(b) gives the corresponding results when
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the front-end is designed according to the phase response requirement indicated in eq. (3.67). 
Meeting the phase criterion requires an input impedance between 21 Mfl and 750 MQ.

specification limit

,,,,, 0.05-Hz single-pole 
high-pass filter

___ skin-electrode-amplifier
network

0.05-Hz single-pole high-pass filter 
— skin-electrode-amplifier network

0.01 0.05 0.14 1
Frequency [Hz]

10 30 100 10 ' 10“ 

Frequency [Hz]

(a) Amplitude response with i?in as defined by eq. (b) Phase response with i?i„ as defined by eq. (3.67). 
(3.52).

10 180M 10'
Rin [Ohm]

(c) Maximum undershoot vs. fli,

Rin [Ohm]

(d) Maximum slope absolute value vs. Ri„.

Figure 3.20: Plots of (a) the amplitude response, (b) phase response, (c) the maximum 
undershoot and (d) the maximum recovery slope for 268 measurements of skin-electrode 
interfaee impedance with Qn = 0.33 pF and Ri = 100 kfl.

Impulse response criteria

Results from the analysis of the impulse response for all measurements are presented in Fig. 
3.20. A rectangular wave of amplitude 3 mV and duration 100 ms is used as input. The 
response is analysed over a 2 s period. Fig. 3.20(c) shows a plot of the maximum offset
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produced for a range of input impedance values between 10 Mfl and 10 Gfl. In Fig. 3.20(d), 
the maximum absolute values of the slope of the responses following the impulse are shown 
over the same range of input impedance values. With Cin = 0.33 pF, the required minimum 
input impedance varies between 20 MQ and 2 Gf2.

Influence of the coupling capacitance

Tables 3.5 and 3.6 compare the values of input impedance suggested by the frequency re­
sponse and impulse response criteria. The values of R\„ are given in both tables for a range 
of non-electrolytic capacitance values of Cin varying from 0.1 pF to 3.3 pF, available in mul­
tilayer ceramic forms. Table 3.5 gives the maximum values of input impedance suggested 
by all measurements. When one pair of outlying values is removed from the results, the 
requirements suggested by 99.2% of the data are shown in Table 3.6.

Table 3.5: Worst-case input impedance requirements as a function of the capacitance of the 
dc-blocking capacitor Cin for all 268 measurements.

Ci,>[hF] 0.1 0.22 0.33 0.47 1 2.2 3.3
amplitude response: Rin [MG] 139 119 115 114 112 112 112

phase response: Rin [MG] 764 730 720 714 707 704 703
impulse response: Rin [MG] 2040 2040 2040 2040 2040 2040 2040

Table 3.6: Worst-case input impedance requirements as a function of the capacitance of the 
dc-blocking capacitor Cin for 99.2% of measurements.

Gir. [l^F] 0.1 0.22 0.33 0.47 1 2.2 3.3
amplitude response: Rin [MG] 120 96 91 89 87 86 86

phase response: Rin [MG] 236 201 192 185 180 175 174
impulse response: Rin [MG] 429 429 429 429 429 429 429

Results for both tables indicate that the value of i?in levels out at around a value of 
Cin = 1 M-F- As suggested by eq. (3.67), with increasing dc-blocking capacitance value, the 
parameters of the skin-electrode interface become the limiting factor. All results confirm 
that meeting the impulse response involves the highest values of input impedance, which are 
selected as the target design value. This is seen to be 2 GQ, well above the lEG specification 
value of 10 Mil. This again highlights the inappropriateness of this impedance specification 
for dry electrodes.
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3.5 Conclusion

In this chapter, poor low-frcquency response was shown to be a primary souree of measure­
ment error that jeopardises the ability of the ECG recording to provide reliable diagnostie 
clinical information. Despite being necessary to prevent base line wander, high-pass filtering 
can also cause distortion in the ECG signal if implemented inadequately. A numerical tool 
was developed by the author to assess the performance of passive high-pass filters up to fourth 
order against standards requirements. Simulation results have highlighted the lack of con­
sistency between minimum input impedance requirement and low-frequency specifications in 
ECG standards. It was also demonstrated that the input impulse criteria imply more strin­
gent requirements than the traditional amplitude and phase specifications. In particular, it 
was shown that recording systems for which the impulse response exhibits an unsatisfactory 
recovery slope may distort the ECG waveform despite providing acceptable amplitude and 
phase characteristics in the signal bandwidth. The need for new input impedance require­
ments that rely upon a complete characterisation of the skin-electrode interface was therefore 
identified.

Different approaches have been undertaken to model the skin-electrode interface. Ex­
periences with self-adhesive electrodes confirmed that an early model which describes the 
interface as a single-time-constant RC network is inadequate. A model involving two time 
constants proves more accurate. Based on the latter model, an algorithm has been imple­
mented to identify the parameters of any double-time-constant system the phase response 
of which displays a double-peak. Simulations returned highly accurate results when the two 
time constants forming the system are in a ratio of 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 becomes too small to be accurately measured 
by the instruments available. Time-domain measurements were employed to obtain param­
eter values for dry, pasteless electrodes. The fitting procedure converged when the rise and 
fall phases of the response were analysed separately, producing two estimates of the model 
parameters. The author has then derived, using a combination of analytical and numerical 
methods, a set of input impedance requirements which ensure that performance specifications 
are met in dry-electrode recording. The minimum requirement for the input resistance of 
the amplifier is determined as 2 GD over a range of electrodes, measurement conditions and 
the value of dc-blocking capacitors used. However, 99.2% of measurements suggested that a 
value of Rin of 500 MD would meet requirements.
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Chapter 4

Interference suppression and CMRR

Early biopotential amplification was performed using single op-amp configurations because 
op-amps were expensive [142]. Single-ended biopotential amplifiers are used today in earth- 
ground-free recording and offer the advantage of simplicity. However, lack of immunity 
to common-mode interference requires other means of reducing external unwanted voltages 
[142, 143]. Notch filters are commonly inserted to suppress interference at the power line 
frequency but this comes at the cost of introducing amplitude and phase distortion into 
the physiological signal [144]. Single op-amp biopotential differential amplifiers generally 
exhibit better immunity to surrounding noise. This requires the gain defining resistors to be 
perfectly matched. Nevertheless, imbalance at the skin-electrode interface causes a gain error 
and rapidly reduces the ability of the recording system to suppress external contaminating 
signals. In addition, single op-amp difference amplifiers suffer severe restrictions on the input 
impedance, which is limited by the input resistors, also responsible for setting the gain of the 
circuit. Practical circuit considerations therefore limit the range of value for these resistors. 
That is why the use of instrumentation amplifier circuits proves to be a more suitable solution.

In this chapter, the author explains the need for securing high immunity to common-mode 
signals and analyses the performance of existing instrumentation amplifier circuits, in light 
of the actual measurements of skin-electrode impedance presented in Chapter 3.

4.1 Importance of common-mode rejection in diagnos­
tic quality ECG recording

The ECG waveform is recorded as a potential difference between sensing electrodes. If the 
distance between two measuring electrodes is small, the amplitude and phase characteristics 
of power line signals are identical on both sides, resulting in a voltage common to the two 
input terminals of the recording system. The amplitude of the biosignal, ranging from 100 
p.V to 10 mV, is far smaller than that of the interfering common voltage and must be
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augmented above the interfering signal before display or further proeessing. It is the role of 
the instrumentation amplifier to carry out amplification selective to the physiological signal 
while at the same time suppressing common voltages.

4.1.1 Common-mode signal as a source of interference

(a) Voltages at the input of an EGG recording (b) Gonversion of Cc into a differential component 
system. e = Vini — Vin2 due to impedance mismatch.

Figure 4.1: Schematics showing (a) the electrical potentials at the input of an ECG record­
ing system and (b) the mechanism of conversion of a common-mode interfering voltage into 
a differential signal.

Fig. 4.1(a) is a schematic representation of the potentials sensed by two bioelectrodes. 
These potentials can be expressed in terms of the voltages, Vi and V2, at the input of the 
recording system as:

ea = - G2 (4.1)
V1 + V2

fir = (4.2)

Physiological information is contained in the differential signal, e^, while the common-mode 
voltage, Cc, is associated with unwanted external interference principally originating from 
power lines connected to electrical equipment and appliances. However, mismatch in the 
impedances on either side of the amplifier allows a common-mode signal to be converted 
into a differential component at the amplifier input, as shown in Fig. 4.1(b). The effect 
of common-mode interference on a recorded ECG waveform is illustrated in Fig. 4.2. The 
QRS complex is visible on the ECG record, but accurate measurement of the amplitude of 
the P wave and ST segments is not possible due to poor signal-to-noise ratio. Securing a 
high level of immunity to common-mode interference is therefore crucial in diagnostic quality 
ECG recording.
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Figure 4.2: Sample ECG recording affected by mains interference (from [29]).

4.1.2 The Common-Mode Rejection Ratio

If Ad and Ac represent the differential gain and common-mode gain of the instrumentation 
amplifier, respectively, the voltage at its single-ended output can be written as:

Vq — Ad^d -j- AqCq (4.3)

The right-hand term of cq. (4.3) is an error introduced at the output by the conversion 
of common-mode voltages into a differential signal. The ability of the amplifier to suppress 
common-mode interference is measured by its common-mode rejection ratio (CMRR) as “the 
ratio of the output voltage produced by a differential voltage compared to the output voltage 
produced by a common-mode signal of equal amplitude” [143, 145]:

CMRR = (4.4)

There are three primary factors which limit the CMRR obtainable, namely: common-mode 
impedance mismatch at the amplifier input, CMRRaz; manufacturing tolerances in the gain­
determining resistors, CMRRar; and the finite CMRRop of the op-amps used for implement­
ing the circuit. The overall CMRR of the amplifier is determined by the combination of these 
effects as:

1 1 1 1
CMRR CMRRaz CMRRar CMRR,

(4.5)
op

CMRR specifications have been issued by international standards in variable forms that can 
be summarised as follows:
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• For ambulatory ECG, the International Electrotechnical Commission (lEC) defines the 
common-mode rejection capability of an ECG recording system as “the ratio of the 
peak-to-valley value of the interfering supply mains frequency to the peak-to-valley 
value of the resulting signal in any ECG input channel, referred to input” [102], The 
CMRR as defined must exceed 60 dB at mains frequency and 45 dB at twice the mains 
frequency [102],

• When applied in a non-ambulatory context, the lEC indicates that a 10 V rms ( or 28.28 
V peak-to-pcak) common-mode input signal at mains frequency must not produce an 
output signal greater than 1 mV peak-to-valley referred to the input [101]. Considering 
the peak-to-valley and peak-to-peak voltages as being equivalent over a short period of 
time allows the minimum CMRR requirement to be expressed in dB as CMRRmin = 
l^dMcldB = jed/ecortildB = 89 dB, where 6^ = 28.28 V p-p is the common-mode input 
voltage and eco„i = l mV p-p is the resulting common-mode output voltage, referred-to- 
input.

• American standards for non-ambulatory ECG are more stringent since the common­
mode test signal is taken as 20 V rms (or 56.57 V p-p) and shall not result in an output 
signal exceeding 1 mV p-p referred-to-input [104]. This requirement is equivalent to 
CMRR > 95 dB.

As previously indicated in section 2.4.3 of Chapter 2, to take into account additional noise 
in the bandwidth 1 - 100 Hz inherent with the use of dry electrodes, the author has targeted 
a CMRR greater than 95 dB in this frequency range.

4.1.3 Interference rejection capability of popular biopotential in­
strumentation amplifier structures

Fig. 4.3 shows three different realisations of ac-coupled instrumentation amplifiers com­
monly found in ECG recording. The instrumentation amplifier shown in Fig. 4.3(a) utilises 
impedance transforming unity-gain buffers at the input terminals of a difference amplifier. 
This configuration is mainly implemented on recording systems equipped with active elec­
trodes [23-26, 125-133, 146]. The chief advantage of the voltage follower input stage over a 
single op-amp approach resides in the fact that its input impedance is independent of the dif­
ferential gain of the circuit. However, due to the finite values for Rd and Rc2, common-mode 
signals are present at the input of the second stage. The absence of differential amplification 
at the front-end stage means that the overall CMRR heavily relies upon the use of very 
precise resistors in the differential-to-single-end stage.

Fig. 4.3(b) presents a standard instrumentation amplifier configuration that constitutes 
an improved, and very popular, version of the three-op-amp implementation of Fig. 4.3(a).
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The front-end op-amps, Ai and A2, ensure high differential amplification while keeping 
common-mode gain to unity, despite any mismatch due to manufacturing tolerances in the 
gain-defining resistors i?2A and i?2B- The differential signal is therefore augmented at the 
output of the first stage, relative to the common-mode signal. Common-mode components 
are further rejected by the second stage built around the output op-amp, A3. It can be shown 
that the CMRR of op-amp ^3 and the precision with which resistors are matched are not 
as critical in this circuit as in the case of the follower type instrumentation amplifier of Fig. 
4.3(a).

Fig. 4.3(c) shows an alternative configuration based on only two op-amps. This solution 
is attractive in amplifier designs interested in a minimum number of components [147]. How­
ever, the overall CMRR is more dependent on precise resistor matching than in the case of 
the standard three-op-amp structure of Fig. 4.3(b).

(a) Voltage follower input stage, (b) The “classical” three-op-amp (c) A standard two-op-amp lA.
lA.

Figure 4.3: Circuit diagram of three different implementations of ac-coupled instrumenta­
tion amplifiers (lAs) utilised in ECG recording including (a) the voltage follower input stage, 
(b) the improved “classical” amplifying input stage and (c) its two-op-amp version (modified 
from [148]).

It can be concluded that the “classical” instrumentation amplifier arrangement exhibits 
superior immunity to common-mode interference when compared to the voltage follower and 
the two-op-amp configurations.

4.2 Analysis of the CMRR of the standard three op- 
amp instrumentation amplifier

A schematic diagram of the standard three-op-amp instrumentation amplifier coupled to 
imbalanced electrode impedances, Z^i and Ze2, is shown in Fig. 4.4. Several analyses of 
the CMRR of this “classical” structure have been published [34-36, 149-158], but a study
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that considers actual measurements of skin-electrode impedance and includes a rigorous 
assessment of the worst-case scenario is a shortfall of the work in this area.

Figure 4.4: Schematic modelling the mechanisms of common-mode to differential-mode 
conversion in a standard three-op-amp instrumentation amplifier. The voltage sources e^fyrni, 
eecm2 and Cfcma represent the equivalent input common-mode error voltages duo to the limited 
CMRR of op-amps Ai, A2 and A3, respectively, modelled as differential sources.

4.2.1 CMRR due to common-mode impedance mismatch at the 
amplifier input

In the absence of a differential input signal, the voltages at the input terminals of the recording 
system are equal (l/i = — Cc), resulting ideally in I4 = 0 V at the output. However,
imbalanced electrode impedances, Zei and Ze2, and finite values of input impedance, R\n = 
Rd// {Rci + Rc2), generate a differential signal, Vid, that can be expressed as:

Md binl bin2 (^c -^elfl) (^c ^e2^2) (4.6)

with
. _ . ^ _ Mnl Md
H — *ci + *d — "5--------1” "5“

•n-ci rtd

I2 — *c2 — *d —
R,

in2

■c2 Rd

(4.7)

(4.8)
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Therefore, cq. 4.6 can be written as:

Md = ______ flcl
1 I Zal +Ze2 

Hd
(4.9)

where

Mnl — Cc [Zell!Rcl// (-^d + ■^62//■ffc2)] 

Mn2 = Gc [Ze2l/-^02// (-Rd + -^el//.Rcl)]

+ R,c2
.^el (■2’e2 + Rc2) (Rd + Rc2//■^e2).

+ Rcl
..^e2 (.^el + Rcl) (Rd + Rcl//.^el).

For |Rin| >> {|^ei|, 1-^621}, eq. (4.9) can be approximated by:

1/ (-^el ^

The CMRR due to impedance mismatch is then given by:

CMRRaz

(4.10)

(4.11)

(4.12)

(4.13)

The minimum value for CMRRaz is obtained when the impedance mismatch is maximum. 
If Ae and Ac arc the variations in and Rc respectively, the worst-case scenario occurs for:

Rcl — Rc (1 — Ac) (4.14)

Rc2 = Rc (1 + Ac) (4.15)

^el = (1 + Ag) (4.16)

.^e2 = (1 “ Ag) (4.17)

Assuming a purely resistive input impedance, CMRRaz can hence be expressed in terms of 
the nominal impedances and their variation as follows:

CMRRazI dB 201og10
RciRc2

RclZe2 — Rc2Zel
- 201ogio ( 7^ 1 + 201og 1-Ag

''°V2(Ac + Ae),
(4.18)
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where jZgj is defined as:

l^el =

1 2
Is -n-Se T i+(e^^C2.u^)2 -r-Rl e + Rse + fl2.s + + Rl

1 , m..c2s^
Cin<x, l + {fi2sC2saj)2

^4e‘‘
^4e^4p‘^

l + {/i4eC4gl^)2

(4.19)

4.2.2 CMRR due to manufacturing tolerances in the gain-determining 
resistors

The amplification stages of the “classical” three op-amp configuration are shown in Fig. 4.5.

Figure 4.5: Simplified circuit schematic of the “classical” three-op-amp lA considering 
exclusively the conversion of common-mode signal to differential component due to manu­
facturing tolerances in the gain-determining resistors.

Referring to Fig. 4.5, potential Vo\ is equal to Vini augmented by the voltage drop across 
resistor i?6A while Vo2 is Vin2 reduced by the voltage drop across resistor /?6b, so that:

Vol — Finl + R&xHk 

Vo2 = Vm2 — Ren *66

Under the assumption of ideal op-amps, it can be said that:

Mm - Mn2
^6A — ^6B — ^5 — R,6

(4.20)

(4.21)

(4.22)

Eqs. (4.20) to (4.22) yield the following expressions for the differential and common-mode
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voltages at the output of the cross-coupled stage:

•ReA + RsbKol - ^2 = 1 (Mnl - Vin2)

(fol + K2) (f^nl + Vin2) , {RqA — Rqb) ^

H---------“ ym2)

(4.23)

(4.24)
2 2 ' 2R5

Eqs. (4.23) and (4.24) demonstrate an important feature of the standard lA structure that 
resides in the absence of conversion of common-mode input into differential output at the 
front-end stage. This allows the common-mode gain of the differential-input-differential- 
output stage to be unity while its nominal differential gain, when the corresponding A and 
B values are matched, is set by;

(4.25)

The final amplification stage transforms and V02 into a single-ended signal Vo defined as 
follows:

Rjb + Rsb Rsa , r Rsb 1K, -V^n
Rya + Rsa Ryb Ryb 

The nominal differential gain of the output stage is then given as:

G2 = ^
Ry

02 (4.26)

(4.27)

Imbalance introduced in the circuit by mismatch in the values of the gain-defining resistors 
is considered by expressing each paired resistor, /?xy, in terms of its nominal value, Rj;, and 
an error due to manufacturing tolerances, Axy, so that:

Rxy — 7?x (1 + 'i^xy)|j.={6,7,8},y={A,B} (4.28)

Eqs. (4.23) to (4.24) can be rewritten as follows;

Kl - K,2 =
Re

1 + -5- (2 -l- AgA + Age) 
-0-5

(V^nl - VIn2)

(Ki + K2) (Mni + Vira) , Re (AgA — Age)
-f-

2i?5 (V^nl - M„2)

and

Ry
1 + Ry (Asa + Ass — Aya — Ayb) -I- 2Rg, (Ags — Ayb)

-h

{Rj + Rs
Rs

Ry + Rs
(Ayb — Aya -I- Asa — A

(Ki - K2)

v;i + K2
8B

(4.29)

(4.30)

(4.31)
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The worst-case scenario corresponds to the mismatch in resistor values that yields the 
largest common-mode voltage at the single-ended output. Referring to cqs. (4.29) to (4.31), 
this situation occurs with the following configuration:

RqA — Re (1 + -^Rmax)

Ree = Re (1 - ^Rmax)

RtA = Rt (1 - ^Rmax) 

RtB = Rt (1 + Ar^^^) 

Rsa = Rs (1 + Ar^^J 

RsB = Rs (1 - ^Rmax)

where Ar^^^ is the manufacturing tolerance. The final output voltage can therefore 
expressed as:

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37) 

be

1/VC, —
Rt

1 + 2A Rs
Rn

‘ (Rr + Rs 
R

‘ Rj + Rg

1 + ) (M„i - Mn2)

, Rs (Vinl + V;n2) , Rn Rs n/ TA N
+ 4Ar„^^ ^ „---------- ----------- h 4Ar__^_^^— — - [Vinl - Vin2) (4.38)

Eq. (4.38) is an expression of Vo in terms of a differential component, Vid = Mni — Vin2, and 
a common-mode component, Vic = (f^ni + Vin2) /2, each respectively scaled by a multiplying 
factor ,Ad and ylc, defined as follows:

= ( 1 + 2^1') ^
Rs / R?

and

1 -t- 2Ar„

A.=

Rs
' (Ry -I- Rg) 

Rs

+ 4(5 Rg
Rs/ (R? + Rs)

(4Ar^^J

(4.39)

(4.40)
R? + Rs

Considering Ar^^^ << 1 and Rj < Rg, the minimum common-mode rejection ratio due to 
manufacturing tolerances in the gain-determining resistors can be closely approximated by:

CMRRar„^„ —
4Af

(4.41)

Referring to eqs. (4.25) and (4.27), the nominal differential gain of the circuit is given by:

.Re\ Rg
idO (4.42)
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Eq. (4.41) can therefore be rewritten as:

CMRR^p G\ (1 + G2) Gi + A,do
4Af 4Adi\,rr

(4.43)

The CMRR of the three-op-amp lA can also be defined as the product of the CMRRs 
provided by the two amplification stages and is commonly approximated by Ado/4AR^^^. 
Consequently, the use of high gain in both stages of the circuit is often recommended for 
achieving high CMRR performance [34, 35]. For a given nominal gain A^o — G1G2, with 
1 < Gi < Afjo and 1 < G2 < Ajo, cq. (4.41) indicates, however, that an optimal value 
for CMRRa/? is obtained with Gi = Ado and G2 = 1. This result suggests therefore that 
the differential gain should be allocated exclusively to the diffcrcntial-to-differential stage 
when possible. The gain of differential-to-single-ended stage is then made unity by selecting 
R7 = Rs-

It can be concluded that the worst-case common-mode rejection ratio due to manufac­
turing tolerances in the gain-determining resistors is given by:

CMRRAR„.i„ = Ado
2Af

(4.44)
Gl—>ld0iG^2 —1

Similar results have been reported by Chcvallicr [150] and Frangais [151].

4.2.3 Limitation due to the finite CMRR of op-amps

Ideally, a differential op-amp should only respond to the differential potential applied at its 
input terminals and reject all common voltages. In practice, the suppression of common­
mode signals is restricted by the finite value of the CMMR of real op-amps. The limitation is 
due to a slight mismatch in the gains of the inverting and non-inverting channels, resulting in 
a common-mode error for op-amps used in a differential configuration [159, 160]. The CMRR 
of an op-amp is defined as the ratio of its differential gain to the common-mode gain. Fig. 4.6 
is a circuit diagram of the standard lA structure modelling the effect of the limited CMRR 
of the three op-amps. The effect of resistors mismatch and imbalanced electrode impedances 
arc ignored in this model, since they have been investigated earlier.

The common-mode ouput error signal is generally referred to the op-amp input as an 
equivalent voltage source e^cm, as shown in Fig. 4.6. For a given op-amp, Aj, a common­
mode voltage Cemi applied to its input terminals results in a common-mode error Ctemi referred 
to its non-inverting input as:

(4.45)^fcxrxx —

CMRR,opi
The front-end stage of the circuit shown in Fig. 4.6 is designed to provide high differen-
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Figure 4.6: Circuit diagram of the standard lA structure modelling the effect of limited 
CMRR of the three op-amps.

tial gain while maintaining the common-mode gain at unity. However, the introduction of 
common-mode error voltages at the op-amp input makes the common-mode output voltage 
dependent on the op-amps’ finite CMRRii. Consequently, a differential signal is produced due 
to imbalanced common-mode error voltages present at op-amps Ai and A2. The resulting 
differential component is subject to the differential gain of the circuit, leading to:

K)1 ~ K)2 — ( 1 + i^ecml — ^tcm2) ~ Ki

Roi + Ko2 I ^ecml ^€cm2 ___

^ci I T — Vri 1+1

CMRRopi CMRRop2

1 1
-k

(4.46)

. . , (4.47)2 VCMRRopi CMRR0P2/ ’

where Vc\ is the common-mode input voltage of the circuit as depicted in Fig. 4.6. It can be
shown that the potential at the output of the differential-to-single-ended stage built around
op-amp A3 is given by:

Ceo =
— ^ (K)l — K)2)+ — G1G2 ^ Ki_____________ Rei \ (1 + G2)(^^^)

CMRRopi CMRRop2y CMRRopa
(4.48)

where Gi and G2 refer to the resistor ratios previously defined in Section 4.2.2. Eqs. (4.45) 
to (4.48) allow the common-mode gain to be expressed in terms of the CMRRs as:

Ar
Kr

G1G2
1 1

CMRRopi CMRRop2 + (1 + G2)
1 + -k2CMRRopi ' 2CMRRop2

CMRRopS
(4.49)

Taking CMRRopi >> 1 and A^o = G1G2, the Common-Mode Rejection Ratio due to the
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finite CMRR of the three op-amps is closely approximated by:

IdO
Ar

1
±1 -h (1+G2)^

ICMRRopil ' |CMRRop2l ' ^do ICMRRopsI 

For G2 — the worst-case CMRR is therefore identified as:

111 1

(4.50)

CMRRop ICMRRopil |CMRRop2|

4.2.4 Results

ICMRRopsI
(4.51)

CQ
2,
61a:a:

(a) CMRRaz vs. frequency. (b) CMRRaa vs. Ar„

Figure 4.7: Plots of (a) CMRRaz and (b) CMPRaa for the “classical” three op-amp lA 
structure. CMRRaz is plotted against frequency for 268 measurements of skin-electrode 
impedance assuming Ae = 0.33, Ac = 0.03, Rc = 2 Gfl, Ri = 100 kfl and Cm — 0.33 pF. 
CMRRa/j is simulated for Ajo = Gi = 40 dB using ideal op-amps and different resistor 
tolerances. The theoretical worst-case value defined in eq. (4.44) is compared with Monte 
Carlo simulation results compiled from 150 runs using PSpice.

Measurements of skin-electrode impedance on seven subjects, using seven different types 
of dry electrodes, under variable conditions of contact pressure, electrode settling time and 
current level presented in Chapter 3 have allowed the minimum input impedance requirement 
for preventing low-frequency distortion to be identified as = Rd//{2Rc) = 2 GQ. This 
can be achieved by selecting R^ = 2 Gfl and Rj = 4 Gf2. The dominant variation in the 
impedances seen at the amplifier input is that of the skin-electrode which, if considered to 
be mismatched by a factor of 2:1 between electrodes gives Ae = 0.33 and with Ac = 0.03, as
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reported in [34-36], yields the plots of CMRRaz shown in Fig. 4.7(a), for all two hundred 
and sixty eight measurements of skin-electrode impedance. Results suggest a minimum 
CMRRaz at 58 dB considering the worst-case electrode impedance magnitude |.^e|= 3.8 
MQ and mismatch Ae = 33%.

Fig. 4.7(b) shows the predicted CMRRaa simulated with PSpice for different values of 
resistor tolerance varying in the range 0.01% to 10%. Results indicate that if 1% manufac­
turing tolerance is assumed for all resistors, a differential mid-band gain of 43 dB guarantees 
in the worst-case scenario CMRRah > 77 dB.

Table 4.1: CMRR and gain bandwidth product (GBP) performance of low-power op-amps 
suitable for the implementation of the standard three-op-amp instrumentation amplifier cir­
cuit shown in Fig. 4.6.

Manufacturer part supply current [pA] CMRR [dB] GBP [kHz]
number typical max. typical min.

Analog Devices OP281 3 4 90 65 100
73&a

(N Linear Technology LT2178 13 18 103 93 60
03A Maxim MAX409A 1 1.2 80 70 1500 Maxim MAX9910 4 5.5 80 70 200

Texas Instruments OPA2379 2.9 5.5 100 55 90

a. Analog Devices AD8500 0.75 1 90 75 7a03A0
<n Linear Technology

Maxim
LT6003

MAX406A
1
1

1.2
1.2

115
80

88
70

2
8

Texas Instruments OPA369 0.8 1.2 no 75 12

Table 4.1 presents a list of suitable low-power op-amps, selected for their CMRR and 
gain-bandwidth product (GBP) performance. Since the front-end op-amps, Ai and A2, are 
responsible for setting the gain of the circuit, gain-bandwidth product characteristics must be 
taken into account to secure amplification without phase distortion over the entire frequency 
bandwidth of the ECG signal. CMRR and GBP requirements are less stringent for the 
unity-gain output stage built around A3, as indicated by eq. (4.51).

Table 4.1 indicates that the MAX409A and AD8500 provide the best low-power perfor­
mance while the two op-amps from Linear Technology, LT2178 and LT6003, offer the highest 
GMRR values. Assuming a mid-band differential gain of 43 dB, eq. (4.51) allows the min­
imum CMRRop to be estimated at 64 dB for an ultra-low power design requiring a total 
quiescent current of 3.4 pA. Values for CMRRop exceeding 86 dB can be expected by using 
op-amps LT2178 and LT6003, but this comes at the cost of a significant increase in power 
consumption, since up to 37.2 pA may be drawn from the supply.
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Considering a design aiming for ultra-low power consumption, the overall CMRR of 
the standard three-op lA is obtained by combining the effects of CMRRaz, CMRRaa and 
CMRRop, as follows:

1
CMRR^j„ CMRRaz

2 jZel (Ac -|- Ag
Rc(l-A2)

CMRRa/j 
2Ar,

1
CMRR,op

1
-h

idO ICMRRopil |CMRRop2| -h ^ ICMRRopsI
(4.52)

Evaluating (4.52) with CMRRAZmi„ = 58 dB, CMRRAfl„i„ = 77 dB and CMRRop^.^ = 64 
dB returns an overall CMRRmm of 54 dB, which is 41 dB below the minimum performance 
requirement specified by American standards. This result indicates that CMRRaz is the prin­
cipal limiting factor of the overall CMRR obtainable. Unless electrodes with lower impedance 
arc used or a higher input impedance can be provided by the amplifier, improving CMRRaa 
or CMRRop would have negligible effect on the overall CMRR. The standard three-op-amp 
lA structure must therefore be significantly improved if CMRR performance requirements 
are to be fulfilled.

4.3 A brief review of existing CMRR enhancement tech­
niques

Several schemes have been put forward for optimising the common-mode rejection perfor­
mance of instrumentation amplifiers. Some circuit designers have improved the CMRR due to 
impedance imbalance by enhancing the amplifier input impedance, others have concentrated 
their effort in correcting the effects of resistor mismatch and the limited CMRR provided 
by op-amps. A small number of circuits have been adapted to single-rail supply while high 
input impedance performance and low power consumption were maintained. The effective­
ness of body potential drivers in increasing the overall CMRR of instrumentation amplifiers 
has also been demonstrated in ECG recording performed in a three-electrode configuration. 
In this section, the author evaluates the performance of a selection of CMRR enhancement 
techniques found in ECG recording which are the most promising for use with dry electrodes.

4.3.1 Trimming techniques

Trimming mechanisms constitute a first-step approach in the compensation of imbalances 
caused by mismatched resistors and op-amps. CMRR performance of greater than 100 dB 
has been reported with instrumentation amplifiers employing an adjustment resistor trimmed 
either manually or via an active trim technique, without requiring either precision resistors

83



or high-CMRR op-amps. Figs. 4.8 and 4.9 present two examples in which the value of the 
adjustment resistor is optimised for cancelling the common-mode voltage at the amplifier 
output stage.

Introduction of a deliberate mismatch

Figure 4.8: Schematic showing a circuit including a potentiometer that can be adjusted to 
cancel the effect of common-mode interference on the output signal (modified from [143]).

The circuit shown in Fig. 4.8 comprises a potentiometer inserted into the non-inverting input 
side of a difference amplifier. Pallas-Areny and Webster [143] have shown that the CMRR 
of the circuit can be maximised by introducing a deliberate mismatch between the ratios 
Rsa/Raa and R^b/Rab so that:

R3B Rsa

R4B R'4A CMRR,
(4.53)

opla;=0

After adjusting the resistor ratio as indicated in eq. (4.53), the CMRR of the output stage 
becomes:

A, 1
(4.54)Ad

A.
CMRRop CMRRopb^o

Eq. (4.54) suggests that the CMRR of the amplifier is ideally infinite if CMRRop has no 
phase shift in the frequency bandwidth of interest. This adjustment thus simultaneously 
compensates the imbalance due to resistor tolerances and the limited CMRR of the op-amps. 
In practice, however, the dependency of CMRRop on frequency imposes an upper limit on the 
CMRR obtainable. Measurements of CMRR exceeding 106 dB at 100 Hz have been reported 
using 5% resistors and a 741 op-amp, known for the limited bandwidth characteristic of

84



its CMRR. CMRR performance increased to 126 dB with the use of op-amps with higher 
bandwidth. In both cases the measured CMRR exceeded the CMRR of the op-amp alone.

Solution proposed by Kellogg in 1980

Figure 4.9: Circuit diagram of an wide band instrumentation amplifier with high common­
mode rejection, patented by Kellogg in 1980 (modified from [161]).

Fig. 4.9 is the circuit diagram of an instrumentation amplifier adapted to provide high 
common-mode rejection while preserving the amplifier frequency bandwidth [161]. The tech­
nique, patented by Kellog in 1980, includes a compensation channel dedicated to the can­
cellation of common-mode components from the output voltage, which can be expressed as 
follows:

Co = (Mm - Mn2) + {Ac - A',)
(Mm + Mn2) (4.55)

where Ac and A'^ denote the common-mode gains of the amplification channel and the com­
pensation channel, respectively. The CMRR is optimised by adjusting a variable resistor, Rg, 
responsible for balancing the effective impedances at the inverting and non-inverting input 
terminals of op-amp A^ to yield Ac = A!^. If op-amps are built on the same chip, good 
matching between Ac and A!^ would allow high CMRR performance to be achieved over a 
wider bandwidth than that of the solution shown in Fig. 4.8. CMRR values as high as 160 
dB have been reported within the bandwidth over which the common-mode responses of the 
two channels track [161].
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Appraisal of trimming techniques

Trimming techniques present a simple means for improving the CMRR characteristics of a 
differential amplifier because they rely on a minimum number of parts and are effective with 
off-the shelf components [162, 163]. This approach is, however, time consuming and therefore 
involves additional cost and resources when implemented for very large scale production. 
Automatic trimming mechanisms are available, although their realisation usually requires 
the combination of analogue and digital circuits for conditioning the biopotential signal [164, 
165]. This comes at the expense of increased circuit complexity, additional cost and power 
consumption.

4.3.2 Amplification performed without input ground reference

The standard instrumentation amplifiers shown in Figs. 4.3 and 4.4 are ac-coupled at their 
input to eliminate large dc electrode polarisation potentials. The input capacitor also stops 
the op-amp bias current from flowing back to the electrode and the patient body. Resistors 
Rci and i?c2 must therefore be inserted to provide a path for bias current to ground, limiting 
the input impedance of the circuit and therefore degrading the common-mode rejection ratio 
due to impedance mismatch, as seen previously. Figs. 4.10 and 4.11 present two instrumen­
tation amplifier circuits that provide ac-coupling without requiring grounded input resistors. 
The common-mode input impedance of the circuit relics therefore upon the input resistance 
of the front-end op-amps, which can reach up to 2 Tfl for some low-power amplifiers con­
sidered in section 4.2.3. The obtainable CMRRaz would then be close to 100 dB, for the 
electrode impedances previously measured.

Instrumentation amplifiers providing amplification and integration at the output 
stage

Fig. 4.10 is an instrumentation amplifier that blocks low-frequency signals at the differential- 
to-single-ended stage [116]. An integrator built around op-amp A4 is inserted in THE positive 
feedback loop of the output stage to filter the output signal. In order to prevent saturation 
caused by large dc offset voltages, the gain of the differential-input-to-differential-output 
stage must therefore be limited to low values. To compensate the low gain of the front-end 
stage, the negative feedback loop of the output stage is modified so that its ac gain can be 
increased while unwanted dc offset is blocked.

Referring to Fig. 4.10, the potentials at the inputs of op-amp A3 are given by:

= Fa = ^
-f

Raa

R3A RiA

(4.56)
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Figure 4.10: Circuit schematic of an instrumentation amplifier that provides amplification 
and filtering at the diffcrential-to-single-cnded stage (modified from [116]).

where

and

T/— 1/ ^3B ' ^4B
~ ~ 1 1 1 

fisB fi-lB

(4.57)

V - V
" R5 +Re °

(4.58)

^ sRintCint
(4.59)

If resistor mismatch is neglected and the op-amps are taken as ideal, eqs. (4.56) to (4.59) 
would lead to:

Us /t5 1 + S / UJc

— (I + — 1 + 2

whore
1 + ^

{V2{s)-Vi{s))s/uj,
Ri) 1 + s/cjc

(4.60)

CUe = p - (4.61)

Eq. (4.60) demonstrates how the ac differential gain is increased while dc offset is elimi­
nated. Eq. (4.61) indicates however that the low-frequency cutoff is multiplied by the gain 
introduced by the negative feedback loop, which requires the time constant i?iNTC'iNT to be 
multiplied by the same ratio to prevent signal distortion. Assuming a mid-band gain of 43 
dB, a low-frequency cutoff below 0.05 Hz would suggest prohibitive values for i?iNT and Cint-

A differential amplifier having two ac-coupling stages

An alternative approach for obtaining large common-mode input impedance and large values 
of CMRRAz„,i„ is suggested in the circuit diagram given in Fig. 4.11. This solution, proposed
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Figure 4.11: Circuit drawing of an instrumentation amplifier having two ac-coupling stages: 
a passive input stage and an active dc suppression circuit (modified from [166]).

by Spinelli et al in 2004 [166], has two ac-couplcd stages and provides a bias path through 
the electrodes and the subject’s body without grounded a resistor. A common biopotential 
electrode then drains the bias current from the patient’s body to ground. The output voltage 
is therefore ideally given by:

= I(I SR2C1 s/JintC'int

1 + SR2C1 / \ 1 + si^iNxC]UNT
{V,{s)-V,{s)) (4.62)

Active dc offset removal is performed at the output stage while electrode polarisation po­
tentials are blocked at the input, enabling high differential gain to be implemented in the 
front-end stage. Because of the absence of grounded resistor, the fully differential passive net­
work exhibits little sensitivity to matching conditions allowing CMRR performance greater 
than 120 dB at 50 Hz to be measured [166].

Appraisal of differential amplifiers without input ground reference

Amplification performed without input grounded resistors allows dc offset voltages origi­
nating at the skin-electrode interface to be eliminated while the circuit input impedance is 
preserved [16, 162, 167-171]. In fact, allowing bias currents to flow through the patient’s 
body enables high CMRR values to be obtained, as is the case in dc-coupled ultra-high- 
input-impedance instrumentation amplifiers. Nevertheless, any bias current flowing through 
a subject’s body will cause a voltage drop across the skin-electrode impedance, the magni­
tude of which can attain several Mfl in the case of dry electrodes. This dc current, which 
varies from a fraction of pA to several nA for some low-power op-amps, can also charge the 
capacitance of the electrodes generating additional unwanted in-band noise associated with 
motion and changes in the skin-electrode interface [172]. Differential amplihers without input



ground resistors would therefore be difficult to implement with dry electrodes, considering 
the electrode characteristics previously measured.

4.3.3 Fully differential instrumentation amplifiers and differential 
ADCs

Fully differential instrumentation amplifiers are becoming increasing popular due to their high 
immunity to common-mode interference [117, 173-179]. Fully differential circuits provide a 
differential output that presents a higher dynamic range than their single-ended counterparts, 
which allows the differential gain to be doubled and results in further CMRR improvement. 
Pallas-Areny et al. have shown that the later the differential to single-ended stage is placed 
in the measurement chain, the higher the obtainable CMRR [152-155, 180]. A differential 
output can be obtained from a single-ended amplifier by creating a 180° out-of-phase copy 
of the single-ended output signal [181]. This strategy however requires multiple conversions 
that inevitably degrades signal quality and reduces dynamic range [117, 173]. The recent 
development of high-resolution analog-to-digital converters (ADCs) having differential inputs 
eliminates the need for single-ended conversion in the analogue signal processing chain. The 
following sections present two examples of fully differential amplifiers recently published by 
Spinelli ct al [117, 173].

A fully differential ECG amplifier with active dc suppression

Ac-coupling is inevitable in dry-electrode ECG recording in order to block large dc offset 
voltages generated at the skin-electrode interface. This is commonly achieved with input 
dc-blocking capacitors and grounded resistors. However, in order to preserve the high im­
munity to common-mode interference provided by fully differential amplifiers, unmatched 
grounded components should be avoided. In addition, input serial capacitors do not remove 
the output offset voltage arising from op-amp offset voltages and bias currents following the 
ac-coupling stage. The solution presented in Section 4.3.2 including an integrator in the 
feedback loop of a differential to single-ended stage cannot obviously be considered in a fully 
differential topology. Fig. 4.12(a) is a block diagram of a fully differential ECG amplifier 
proposed by Spinelli ct al. in 2004 that includes an active dc suppression circuit. The circuit 
implementation, given in Fig. 4.12(b) features a mechanism for fast recovery and startup.
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(a) Topology of a fully differential cir- (b) Implemented ECG amplifier based on the topoloy proposed 
cuit for dc suppression. by Spinelli ct al.

Figure 4.12: Schematic diagrams of (a) the circuit topology and (b) the implementation of 
a fully differential ac-coupled ECG amplifier optimised for high CMRR value [117]. When 
switch SWp is closed, the low resistance of R^aZ/Rfa and Rtb//Rfb allows operation in 
“fast-recovery” mode since a reduced time constant is achieved.

Referring to Fig. 4.12(a), the transfer function of the fully differential stage is given as:

K)d(s) aPsT

Vid(s) 1 + ST
(4.63)

The mid-band gain is determined by Ado — Oifi and the low frequency cutoff is given as 
Uc = 1/t. The circuit implementation shown in Fig. 4.12(b) allows a, /? and r to be 
identified as follows:

and

2Ri

2i?2 
Ri

T = RxCt

a = 1 -b 

^ = 1 +

(4.64)

(4.65)

(4.66)

where Ri = Ria — R\Bi R2 — R2A — R2B1 Ra — Raa — Rab-, Rt — Rta = Rtb and Cx = 
CxA = CxB under nominal condition. It is reported that, disregarding stray capacitance, 
the absence of connection to ground prevents common-mode voltages from being converted 
into differential components because the common-mode current is null. It results in a CMRR 
which is ideally infinite for the fully differential stage, despite passive component mismatch, as
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in the case of the cross-coupling stage of the “classical” three-op-amp lA. In practice, however, 
the CMRR of this stage is limited by the performance of the op-amps. The proposed circuit 
having unity common-mode gain, the overall CMRR is determined by the performance of the 
differential ADC. A circuit was implemented with a single 5-V power supply, 1% tolerance 
resistors for Ri to R4, 10% tolerance resistors for Rt and 10% tolerance eapacitors, aiming 
at a differential gain Ajo = 56 dB. The CMRR measured at the output of the differential 
ADC in the configuration shown in Fig. 4.12(b) was reported as 102 dB at 50 Hz.

A dual-mode conditioning circuit for differential ADCs

Fig. 4.13 shows the circuit diagram of a fully differential conditioning circuit that allows 
both common-mode and differential-mode eomponents to be adapted to the signal levels and 
bandwidth suitable for a selected differential ADC. The circuit, presented by Spinelli et al. 
in January 2010, comprises a non-inverting fully differential front-end stage that provides 
high input impedance and high differential gain, and a dual-mode processing stage [173]. 
The first stage amplifies differential voltages by a nominal gain A^o = 1 + 2R2/R1 but 
provides unity-gain for the common-mode components. The second stage maintains unity- 
gain for differential signals but attenuates common-mode signals. Capacitors Cia and C\b 
arc inserted to provide bandwidth limitation for both modes, thus securing circuit stability.

Figure 4.13: Schematic diagram of a dual-mode conditioning circuit for differential ADCs 
proposed by Spinelli et al. in 2010 [173]. Hd and Vic are the differential and common-mode 
input voltages, respectively. Vse is an auxilary dc source added to shift the dc common­
mode at the amplifier output to a level compatible with the input common-mode range of 
the differential ADC. Vse = 2.9 V for the published implementation.
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Referring to Fig. 4.13, the differential and common-mode voltages at the output of the 
second stage arc described as:

Vob{s) = V2h{s) - V2Lis)

2/^2^ f Ri + R5 + 2i?4i?5/i?6
= -VM 1 +

Ri R^ 1 + s (r4 + -R5 + 2^) Cl
(4.67)

and

, N y2H{s) + V2l{s) 
K,c(s) =--------- ^---------

Ri -f- /?;
R^ 1 -|- S (i?4 -f R5) Cl + Vse l + (4.68)

The mid-band common-mode gain of the second stage is determined by Aco = — ■
Making R3 >> {R4 + R5) therefore allows common-mode voltages to be attenuated, while 
adjusting Rq permits the differential gain to be controlled. However, residual common-mode 
signals arc reproduced at the output due to the conversion of common-mode signals into a 
differential component, limiting the overall CMRR obtainable. The worst-case CMRR of the 
dual-mode conditioning circuit is given as where is the manufacturing tol­
erance of the gain-determining resistors. A circuit providing A^o = 200 and Aco = —1/5 was 
constructed using 1% tolerance resistors and 5% tolerance capacitors. The CMRR measured 
at the output of the ADC was reported as 102 dB at 10 Hz and 106 dB at 1 Hz [173].

Appraisal of fully differential amplifiers and differential ADCs

Fully differential instrumentation amplifiers have been shown to exhibit higher CMRR per­
formance than single-ended amplifiers when employed with high-resolution differential ADCs 
and some examples of their use have been reported in the literature [117,173,179]. CMRRadc, 
the common-mode rejection ratio of a differential ADC, is generally greater than 90 dB. This 
is 56 dB higher than CMRRar provided by a difference amplifier at the output stage of 
the “classical” three-op-amp instrumentation amplifier analysed in Section 4.2.2, assuming 
1% tolerance resistors. Given a nominal differential gain Ajo provided by a fully differential 
amplifier, the CMRR obtainable at the output of a differential ADC is given by the prod­
uct AjoCMRRadc- Since higher differential gains can be implemented with fully differential 
amplifiers, ultra-high CMRR performance is theoretically conceivable. For similar CMRR 
performance to be obtained with the standard three-op-amp lA structure, manufacturing 
tolerance in the gain-defining resistors would need to be lower than 0.0001%.

In addition, low-cost high-resolution differential ADCs that operate at low voltage from a
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single-rail supply arc commonly available today, making them suitable for portable battery- 
powered applications. Nevertheless, several limitations to the performance of such techniques 
exist:

1. Securing high immunity to common-mode interference requires amplification without 
grounded resistors. As discussed in the previous section, this approach necessitates bias 
currents to flow back into the patient’s body, which is inadvisable in dry-electrode ECG 
recording due to the nature of the skin-electrode interface characterised in Chapter 3.

2. Single-supply operation without grounded resistors requires the body to be biased at 
half-rail. Consequently, any variation of the dc level on the subject will result in 
unwanted changes in the ECC base line.

3. High-resolution fully differential ADCs available today dissipate more power than their 
single-ended counterparts, which presents a major limitation for designs aiming at 
ultra-low power.

4.3.4 Bootstrapping techniques

Other circuit designs have allowed the amplifier’s input impedance to be increased by reducing 
the magnitude of the input current via positive feedback, as shown in Figs. 4.14 to 4.16. These 
techniques arc referred to as bootstrapping and can be achieved using capacitive or resistive 
feedback [33-36, 126, 143, 152, 156, 164, 182-190].

Composite instrumentation amplifiers

Figure 4.14: Circuit drawing of a composite amplifier [143, 156, 188].

Fig. 4.14 is the schematic diagram of a composite instrumentation amplifier presented by 
Pallas-Areny & Webster in 1990 [143]. Op-amps Ai and A2 operate as impedance transform-
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ing unity-gain buffers providing a frequency-dependent input impedance defined as:

Z\n{s) = Ri + R2 + SC1R1R2 (4.69)

Eq. (4.69) indicates that the magnitude of the input impedance increases linearly with 
frequency, allowing very large values to be obtained at 50 or 60 Hz. The conversion of 
common-mode signal into differential components due to electrode impedance imbalance is 
therefore significantly reduced at the power line frequency. Values of CMRR as high as 126 
dB at 60 Hz have been reported for this circuit, achieved by the adjustment of resistor R4B2, 
as outlined earlier in Section 4.3.1 [143].

It must be noted, however, that the input impedance is closely approximated by -f 
R2 at low-frequency. As discussed in Chapter 3, fulfilling the low-frequency performance 
requirements specified in international standards would therefore necessitate the resistance 
of each resistor to be greater than 1 GQ. Alternatively, the capacitance of feedback capacitor 
C2 can be increased, but this would quickly lead to prohibitive values, not available in non- 
clectrolytic form.

Dc bootstrapped amplifiers

(+)

(-)

Figure 4.15: Schematic showing an lA employing two bootstrapped buffers with biasing 
resistor at its front-end stage (modified from [185]).

The circuit diagram shown in Fig. 4.15 allows the input impedance to be increased at all 
frequencies, down to dc. It can be shown that impedance seen at each input of the amplifier 
is purely resistive and is given by:

Rh Ri R2 +
R1R2

(4.70)
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Taking yields ultra high values for i?in, allowing both the input impedance
and the CMRR to be significantly increased at all frequencies. Lanyi & Pisani reported values 
of input resistance as high as 350 Gfl with this structure [185]. The obtainable CMRR of the 
buffer stage was therefore principally limited by the finite CMRR of the op-ams employed.

A single-rail supply purely resistive bootstrapped amplifier

Burke &: Gleeson have presented a purely resistive bootstrapped amplifier operating from a 
single-rail supply, illustrated in Fig. 4.16 [34-36].

It can be shown that the nominal input impedance achieved by this circuit is closely 
approximated by:

Rin — Ri 1 +
R2// {R3 + R2//R4 

Ra
(4.71)

supply

Figure 4.16: Circuit diagram of the amplification channel of an lA implementing a purely 
resistive input resistance multiplication mechanism at its front-end stage. The circuit, oper­
ating from a single-rail supply, was presented by Burke & Gleeson in 1999 (modified from 
[34-36]).

The main advantage of this solution resides in the ability to define the dc-bias voltage at 
each input via the biasing resistors R2K, R3 and i?2B without degrading the amplifier’s input 
impedance, allowing CMRRa^ to be preserved. Another feature of the design suggested by 
Burke & Gleeson is the distribution of the differential gain over three amplification stages. 
The front-end stage, the second differential-to-differential stage and the final differential-to- 
single-ended stage provide gains of 13 dB, 25.6 dB and 6 dB, respectively. The overall mid­
band gain is therefore 44.6 dB. However, as suggested earlier in Section 4.2.2, the repartition 
of the differential gain over three stages degrades the CMRR due to manufacturer tolerances
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in the gain-determining resistors.

Appraisal of bootstrapping techniques

Several variations of the fundamental bootstrapping structures discussed above have been 
published [126, 182-184, 186, 187, 190]. In general, bootstrapping techniques offer the ad­
vantage of augmenting the amplifier input impedance without requiring excessively large 
resistor values and allow the effect of varying electrode impedance to be minimised. Ac 
bootstrapped amplifiers achieve high common-mode rejection at power-line frequency while 
the common-mode input impedance at dc remains small. This permits the effect of common­
mode displacement currents resulting from unwanted external voltages to be minimised at 
low frequency and the offset voltages due to op-amp bias currents to be limited to low val­
ues. However, performance related to the frequency response of the skin-electrode-amplifier 
network is difficult to fulfil with this arrangement, particularly with dry electrodes.

Bootstrapping which relies on positive resistive feedback facilitates compliance with both 
low-frequency performance requirements and CMRR specifications. Bootstrapped amplifiers 
with resistive feedback as shown in Fig. 4.15 can easily be implemented with circuits oper­
ating from symmetrical dual supply, while the solution proposed by Burke k, Gleeson offers 
the facility to operate at ultra-low power from a single-rail supply. The overall CMRR of 
the amplifier is limited by errors introduced by imbalanced electrodes and resistors. The 
recording system designed by Burke k Gleeson requires a driven-right-lcg circuit to enhance 
the rejection of common-mode voltages.

4.3.5 Driven-right-leg circuits

Because power line and other external unwanted voltages are capacitively coupled to the 
subject being monitored, they produce a displacement current that flows through the body. 
The conducting nature of the body causes a potential difference to appear at any two points 
on the surface of the skin. An effective method for improving the suppression of common­
mode contaminating signals in EGG recording consists therefore of using one or more CMRR 
enhancement techniques discussed above concurrently with a body potential driver. Driven- 
right-leg circuits are the most commonly employed body potential drivers in three-electrode 
EGG recording [34-36, 60, 147, 168, 191-194]. The common-mode voltage is sensed and 
fed back to the body via a third (common) electrode after inversion and amplification, as 
depicted in Fig. 4.17.
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(a) Right-leg-drive arrangement for minimising (b) Equivalent driven-right-leg circuit, 
common-mode interference.

Figure 4.17: Diagrams showing (a) the principle of operation of a driven-right-leg system 
and (b) its equivalent circuit (modified from [60]).

Referring to Fig. 4.17 the potential at the output of the driven-right-leg circuit is given 
in terms of the common-mode voltage, and the resulting displacement current, id, as;

K)C — Km ~ (4.72)

where Zes is the impedance of the common electrode. A second expression for Kc can be 
obtained as a function of the gain of the inverting amplifier:

Kr =----—V'RJ2 (4.73)

Equating eqs. (4.72) and (4.73) results in a definition of the amplitude of the common-mode 
voltage given by:

Ze3
Km \i + 2Ri/R, (4.74)

The method is therefore effective in improving the overall CMRR of the recording system 
by allowing the common-mode signal on the body, Kmi to be reduced by the gain of the 
driven-right-leg circuit compared to the common-mode voltage which exists without the 
right-leg-drive.
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4.3.6 CMRR enhancement of two-electrode instrumentation am­
plifiers

Ambulatory ECG recording obtained from two electrodes is attractive because of the sim­
plicity of electrode placement. A large number of ECG amplifiers have thus been designed to 
provide high CMRR performance in a two-electrode configuration [164, 184, 189, 195-198]. 
This approach, however, would be difficult to implement with most dry electrodes previously 
tested because of the inherently high electrode impedance that limits the CMRR obtainable. 
Two-electrode ECG amplifiers have therefore been reserved to recording systems employing 
wet electrodes which exhibit low resistance to current.

New prospects offered by the development of ultra-low-impedance dry electrodes

The recent development of ultra-low-impedance dry electrodes has shown new prospects 
in the realisation of long-term AECG monitoring in the near future. Measurement results 
published in May 2010 by Chang et al. [19] are shown in Fig. 4.18. ft is suggested that 
the magnitude of the skin-electrode impedance using the novel dry electrode without skin 
preparation (i) does not exceed 10 kQ in the frequency range 0.5 Hz to 10 kHz and (ii) is 
consistently lower than that measured from wet electrodes after skin abrasion.

Frequency(Hz)

Figure 4.18: Measurement of skin-electrode impedance published by Chang et al. using a 
novel microelectromcchanical dry electrodes compared with results obtained with standard 
wet electrodes [19].
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As previously derived in Seetion 4.2.1, the eommon-mode rejeetion ratio due to impedance 
imbalance is given by:

RcICMRRAzIdB - 201ogio ( j + 201ogio ^2 (A + A
A?

(4.75)

In ac-coupled ECG recording, the impedance of the de-blocking capacitor, Cjn, and the 
current limiting resistor, i?i, must be included in |Ze|. Two approaches are therefore possible 

for maximising CMRRaz:

1. The impedance associated with C\n and i?i can be made large to limit the variation Ae 
to component tolerances. For example, taking Ae = Ac = 3%, Rc = 2 Gfl and \Zc\ = 
500 kfl at 0.5 Hz would result in CMRRaz > 90 dB.

2. Alternatively, the impedance associated with C\n and Ri can be made small to reduce 
\Ze\. For example, assuming Ae = 10%, Ac = 3%, Rc = 2 Gfl and |Ze| = 50 kQ at 0.5 
Hz yields CMRRaz > 93 dB.

For safety reasons, the first solution is therefore preferable since Ri must be sufficiently 
large to protect the patient against electrical faults that might originate in the recording 
equipment. This can easily be achieved with Ri = 100 kfl and Cin = 0.47 pF, for example.

Using ultra-low-impedance electrodes is therefore an effective means of enhancing the 
CMRR due to impedance imbalance.

A two-electrode ECG amplifier circuit concept proposed by Dobrev

Fig. 4.19 shows the shematic diagram of a low-voltage, low-power, two-electrode instrumen­
tation amplifier, designed to achieve a differential gain in the range 46 to 60 dB and a CMRR 
greater than 60 dB from 0.05 Hz to 100 Hz using 1 % resistors.

The amplifier circuit concept, published in 2004 by Dobrev, includes a capacitor that 
prevents amplification of the electrode polarisation potential. The 3-dB response is deter­
mined by resistor R^ and capacitor Ci while the differential gain is essentially set by the ratio 

, as indicated in eq. (4.76):

Aa 1 + Ri 2R3CS 
R2I/Rz y 1 T 2RzCs

(4.76)

For /?2 << Rz, the nominal differential gain can be closely approximated by = \ + Rx/ R2. 
The minimum common-mode rejection ratio due to manufacturing tolerances in the gain­
determining resistors is given as:

CMRRar„,„ = 1.5
A,do

4A„
(4.77)
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Eq. (4.77) suggests that CMRRAR^i„ is 3.5 dB greater than that of a two-op-amp lA but 
2.5 dB less than what is achieved by the standard three-op-amp lA. The selected op-amps 
providing a minimum CMRR of 75 dB, the resulting CMRR of the constructed circuit was 
measured at 66 dB for a mid-band differential gain of 46 dB.

Figure 4.19: Schematic diagram of a two-electrode ECG amplifier proposed by Dobrev 
(modified from [197]).

Appraisal of two-electrode amplification

Two-electrode ECG recording is possible in dry-electrode AECG if low-impedance electrodes 
are employed, which ensures high values of CMRRaz- When op-amps with high CMRR 
performance are used, the limiting factor of the overall obtainable CMRR of the circuit 
resides in imbalance caused by mismatched resistors. The solution proposed by Dobrev 
includes an attractive ac-gain stage that effectively prevents the amplification of electrode 
polarisation potentials without requiring large capacitor values. Nevertheless, the following 
shortcomings must be ponited out:

1. This configuration permits bias current to flow through the subject’s body.

2. The solution presented suffers from a small reduction in CMRRar.

4.3.7 Discussion

Considering the contribution of the three factors responsible for the overall CMRR of the 
recording system (CMRRaz = 58 dB, CMRRar = 74 dB and CMRRop = 64 dB), the CMRR 
was estimated at 54 dB. Given the magnitude of the electrode impedance previously mea­
sured, the common-mode rejection ratio due to impedance mismatch has been identified as
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the principal limitation of the overall CMRR obtainable. Therefore employing high precision 
resistors, high CMRR op-amps or trimming techniques would provide little CMRR enhance­
ment at the expense of additional cost and power consumption, since the improvement would 
be limited to 4 dB if CMRRa/j and CMRRop were made infinite.

Bootstrapping mechanisms present a suitable solution for obtaining high values of input 
impedance without requiring prohibitive resistor values. An amplifier employing a boot­
strapped buffer with biasing resistors may exhibit input impedance performance in the order 
of hundreds of GQ if operating from dual supply-rail. The modification suggested by Burke 
& Glesson offers, however, a more attractive solution for a design aiming for low-power con­
sumption and operation from a single-rail supply. The allocation of the gain among the 
differential amplification stages must be revisited in order to prevent degradation of the 
CMRR due to resistor mismatch.

Although, ultra high input impedance is not advisable since it may result in large dc 
offsets due to the op-amps bias currents. For example, the maximum bias current is 10 pA in 
low-power op-amps from the MAX400 series. A maximum input offset current loSmax = 20 
pA may therefore result from imbalance between the two op-amps at the front-end, causing a 
resulting input offset voltage Vos^ax = ^mloSmax- Considering the input impedance require­
ment established in Chapter 3 (i?in > 2 GQ) yields VoSmax = practice, the input
offset current is reduced by having the two op-amps fabricated on the same chip. Neverthe­
less, any increase in the value of Rm increases the input offset voltage proportionally, which 
may then be amplified in the subsequent gain stages. It is therefore preferable to restrict 
to 2GQ and improve the CMRR of the recording system by implementing a driven-right-leg 
circuit so that:

CMRR = 201ogio (G) +
1

-f
CMRRaz CMRRar ^ CMRR,-h 1 (4.78)

where G is the gain of the inverting amplifier in the driven-right-leg circuit, which must 
exceed 41 dB if CMRR > 95 dB is to be obtained.

New opportunities will be made available in the near future with the development of 
low-impedance dry electrodes, constituting a very effective means of securing high CMRR 
values. Consequently, performance will no longer be dictated by impedance imbalance at 
the amplifier input but will reside to a greater extent in the circuit amplification channel. 
The use of op-amps having high CMRR performance together with low-tolerance resistors 
and capacitors will therefore have a noticeable impact on the rejection of common-mode 
interfering signals. This, however, shall involve increased power consumption and additional 
cost.
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4.4 Conclusion

This chapter has put the emphaais on the necessity for the recording amplifier to suppress 
contaminating common-mode components in order to obtain an ECG signal of diagnostic 
quality. The common-mode rejection ratio was defined as a measure of the performance of 
the recording system in this regard and several amplifier structures were considered. The 
analysis of the CMRR of the “classical” three-op-amp instrumentation amplifier has allowed 
limiting factors to be quantified based on previous measurements. It was concluded that 
modification of the standard structure is necessary for performance requirements to be met. 
A non-exhaustive review of existing circuits has allowed the effectiveness of a limited number 
of approaches that may be employed for enhancing the common-mode rejection performance 
of ECG preamplifiers to be evaluated. The following developments are therefore proposed 
by the author:

• A design aiming for ultra-low power consumption and single-rail supply operation will 
be based on the amplifier structure invented by Burke & Gleeson. The amplification 
stages will be modified and the driven-right-leg stage will be revisited to maximise the 
CMRR obtainable. This solution will target a mid-band differential gain of 40 dB and 
a CMRR of 95 dB when coupled with the dry electrodes previously tested.

• Taking into account recent developments in dry electrodes technology, alternative in­
strumentation amplifier structures that offer the possibility of operating in either two- 
or three-electrode configurations will be explored, in an effort to enhance the CMRR 
limited by manufacturing tolerances in the gain-determining resistors.
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Chapter 5

Design of a very-low-power 
single-supply dry-electrode ECG 
preamplifier

Despite the development of digital integrated circuits, op-amps remain the primary build­
ing block for the implementation of instrumentation amplifiers used in biopotential mea­
surements. Because op-amps arc conventionally intended for dual supply operation, dc-dc 
converters arc generally employed in battery-powered portable systems for providing a dual 
supply rail without requiring the use of an additional battery cell [199-203]. This solution 
is attractive for consumer devices because it eliminates the need for replacing or recharging 
multiple batteries. However, charge-pumps and other commonly used voltage converters and 
regulators require additional space on the circuit board and usually come at the expense 
of increased cost and power consumption, which presents major inconveniences for designs 
aiming at ultra-low power. The use of a single-rail supply therefore constitutes a more ef­
fective solution. Equipment operating from a single voltage supply allows cost and circuit 
complexity to be reduced, since a single supply source can provide power to all components 
of the system. The need for a dc-dc converter is hence eliminated, offering the opportu­
nity for additional savings in power consumption and reduction in circuit size. Battery life 
can be further extended by minimising the quiescent current drawn by the circuit. This is 
achieved by increasing the values of bias resistors and selecting ultra-low-powcr op-amps. In 
general, adapting op-amps designed for dual supply to operate from a single rail permits a 
lower supply voltage to be used, which further reduces power dissipation [202, 204, 205]. In 
addition, circuit reliability is improved because components operating at voltage levels much 
lower than the maximum rating generally last longer [204]. However, performance has occa­
sionally been sacrificed for the convenience of working from a single supply [199-205]. The

This work has been published in part in [50, 51]
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reduction of the operating supply voltage introduces additional design constraints caused by 
possible “headroom” problems limiting the op-amp input dynamic range. Furthermore, the 
input common-mode range becomes a more critical parameter when op-amps designed for 
dual rail operation are used in a single-supply configuration [204]. These limitations have 
been overcome by the development of op-amps designed and fabricated for a single supply 
that provide rail-to-rail input and output voltage swing [204, 205]. Nevertheless, performance 
related to bandwidth, slew rate and CMRR remain restricted in devices optimised for low 
supply voltage and ultra-low quiescent current.

This chapter presents the approach undertaken by the author in designing an ultra- 
low-power ECG preamplifier operating from a single-rail supply for use with the pasteless 
electrodes previously characterised in Chapter 3. The author proposes an instrumentation 
amplifier structure optimised for high rejection of unwanted external voltages and enhanced 
low-frequency performance. Op-amps are selected and component values determined on 
the basis of essential performance requirements related to frequency response considerations, 
input impedance, CMRR, dc bias conditions, power consumption and intrinsic noise discussed 
in previous chapters. The design strategy therefore comprises the following stages:

1. Selection of an instrumentation amplifier structure adapted for single-rail supply. The 
solution published by Burke & Glecson in 2000 combines high-input impedance and 
ultra-low power consumption [34-36].

2. Modification of the circuit structure and selection of op-amps. Redistribution of the 
differential gain allows common-mode to differential signal conversion to be minimised 
and dc offset variations to be reduced. Suitable low-cost ultra-low-power high-precision 
op-amps currently available are retained.

3. Determination of the input impedance characteristics of the circuit and identification 
of the required values of resistors at the front-end stage.

4. Establishment of the CMRR performance of the recording system coupled to imbal­
anced skin-electrode impedances.

5. Determination of the amplifier frequency response and implementation of a compensa­
tion scheme for preventing instability and ringing in the impulse response.

6. Estimation of the range of dc offset variation of the output voltage to assess the risk of 
saturation.

7. Validation: Simulation results using PSpice allow the performance of the recording 
system to be assessed considering worst-case operating conditions.
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5.1 Selection of a suitable amplifier circuit structure

5.1.1 A micropower dry-electrode ECG preamplifier proposed by 
Burke &; Gleeson

A number of instrumentation amplifier circuit structures were reviewed in Section 4.3 of 
Chapter 4 and a suitable solution for single-supply operation was identified as the circuit 
arrangement suggested by Burke & Gleeson, shown in detail in Fig. 5.1 [34-36].

Figure 5.1: Schematic diagram of the micropower dry-electrode ECG preamplifier designed 
and constructed by Burke &: Gleeson [34-36].

The ECG amplifier presented in Fig. 5.1 dissipates less than 30 |xW in power operating 
from a 3.3-V battery. Detailed description of the circuit structure is given in [34-36, 50, 51] 
and the main features are summarised below.
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The front-end stage

A key advantage of the front-end stage invented by Burke & Glccson over other bootstrap­
ping techniques reviewed in Section 4.3.4 of Chapter 4 resides in its ability to combine very 
high input impedance and single-supply operation without requiring unduly large values of 
resistors. Resistors R5, Rq and Rj allow the operating bias voltages at the input terminals 
of op-amps Ai and A2 to be defined as 1.826 V and 1.473 V, respectively [36]. Resistors R3 

and R4 are used to define the input resistance on each side of the amplifier. The lower ends 
of these resistors are connected to either side of resistor Re which receives positive feedback 
from the outputs of op-amps Ai and A2 via resistors Rg and Rg, respectively [34, 35, 50, 51]. 
This bootstrapping mechanism allows the magnitude of the currents flowing across R3 and 
R4 to be reduced, making their resistance appear much higher at the amplifier inputs. The 
common-mode input resistance is given as Rc — 260 MQ and the differential input resistance 
is set at R^ = 75 Mfl, obtained with standard off-the-shelf 1% resistors. Referring to Fig. 
5.1, the transfer function of this stage for a differential input Vid = Vi — V2 is determined by:

Vm{s)
1 +

R10

Rs + 2R5-\-Re

sCi( 2Ra + Rd')RcRd

1 + sC\ ^ RcRd
2Rc.-¥Rd J .

(5.1)

where Rc and Rj, given as follows:

Rr — R^
Rs + Rs{Rg-\-Rs)

R5-\~R^-\-Rs
Rr

1 +
R5

Re + Rr
(5.2)

and

Rd — R3

D I RbjRii-^^Rs)
^8 Rs+Re+Rs

R8
1 + Re + Rs

Re
(5.3)

This stage acts therefore as a high-pass filter providing a mid-band differential gain of 13 dB 
and a low-frequency cutoff at 0.002 Hz defined by:

1
^cl — (5.4)

The second fully diflferential stage

The second stage of the amplifier is a differential-input-differential-output stage that provides 
a differential mid-band gain of 25 dB. The presence of capacitor Cg in series with the gain 
defining resistor R14 limits the dc gain to unity, resulting in a transfer function given by:

Vo2{s)
Voi{s) 1 +

2SC3R13 (1 + S^)

(1 -|- sCgRie) (1 -|- ^

(5.5)
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Unwanted peaking in the frequency response within the amplifier 3-dB bandwidth was pre­
viously reported by Burke & Gleeson [34-36]. The problem was identified being caused by 
parasitic capacitances at the input of op-amps A3 and A4 introducing a zero in the amplifier 
transfer function. Capacitors Ce and Cy are added at the op-amp non-inverting inputs to 
define the zeros more reliably [34-36, 50, 51]. Capacitors C15 and Cie are then included in 
parallel with resistors R15 and Riq to introduce poles which cancel these zeros by making 
2C^Ri3 = 2CtRi^ = C3R14 = CiRu- This allows eq. (5.5) to be reduced to:

142(5) _ A 2i?i5

14i(5)

S +

R14

I + 2H15/H14 

S 4- UJc2
(5.6)

Where 02^2 is defined by:

Wc2 = 0.284 rad/s (5.7)
R14C5

Capacitors Ci, C2 and C5 are chosen to achieve Ud = Wc2/ (1 + ‘^Rib/Ru) which permits the 
low-frequency response of the combined first and second stages to be that of single-pole at 
0.05 Hz [34-36, 50, 51], resulting in a transfer function given by:

142(5) ( 2R,,\
V^<i{s) V ) 1 +

R10

2R^-\-Rq _ S + U)c2
(5.8)

The final output stage

A standard dc-coupled difference amplifier is built around op-amp A5 to provide a single- 
ended output signal to the subsequent conditioning stages. The gain of this final output 
stage is given by Rig/Rn = 6 dB. The output voltage resulting from a differential input Vid 
is determined by the combined effect of the three differential stages and is described as:

14(5) _ Ri9 a 2i?i5
Vid{s) Rn \ Ri4 1 +

R10

^ 2R5+R6 ' ^ ^ “
(5.9)

The driven-right-leg stage

The CMRR of the ECC recording system is enhanced by the use of a driven common elec­
trode, as previously demonstrated in Section 4.3.5 of Chapter 4. Resistors R\2 and R13 sense 
the common-mode output signal from the first stage of the amplifier. The common-mode 
voltage is inverted and amplified in the stage built around op-amp Aq and is then fed back to 
the right leg electrode via resistor i?2i and capacitor Cg. This signal is therefore effectively 
subtracted from the common-mode interfering signal present at the amplifier input and has 
the effect of increasing the rejection of common-mode input signals by a factor equal to the 
gain of the inverting stage, which is set at 30 dB [34-36]. The non-inverting input terminal
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of op-amp Aq is connected to a virtual ground defined as 1.65 V by resistors i?23 and i?24, 
enabling the amplifier to operate from a single-rail supply. Capacitor Cw blocks dc voltages 
present at the input of the inverting amplifier while capacitor Cg limits its bandwidth in 
order to prevent instability at high frequency.

5.1.2 Limitations of the original design

The recording system designed and constructed by Burke &: Gleeson was optimised for ultra- 
low power consumption and secured linear magnitude and phase response within the ECG 
bandwidth. However, performance related to the system impulse response was not considered, 
resulting in characteristics that fall short of meeting the recommendations issued by the 
AHA in 1990 [110]. In addition, a number of shortcomings related to the amplifier CMRR 
performance and dc offset variation under worst-case conditions must be addressed.

Limited input impedance characteristics

A new minimum input resistance requirement for dry-electrode electrocardiography was de­
rived in Chapter 3 as 2 G G for low-frequency components in the ECG signal to be preserved 
in the presence of the skin-electrode interface. Given Rc = 260 Mfl and R^, = 75 Mfi, it 
results in an overall resistance seen at the input of the circuit shown in Fig. 5.1 defined by 
Rd//{2Rc) 66 MG. It can be concluded that the original solution presented by Burke k,
Gleeson is not readily adapted to the dry electrodes previously characterised.

Limited worst-case CMRR

Limited common-mode input impedance results in reduced values for CMRR/^z, the common­
mode rejection ratio due to impedance imbalance at the amplifier input. Considering a 
worst-case magnitude of approximately 4 MG for the electrode impedance and a worst-case 
imbalance of 33% at the skin-electrode interface yields a minimum value for CMRRaz in­
ferior to 40 dB, given Rc = 260 MG. The right-leg-drive circuit should then provide a gain 
greater than 55 dB if an overall CMRR performance of 95 dB is to be achieved from 0.5 Hz 
to 100 Hz, as established in Chapter 4. Gains of this magnitude are difficult to implement 
because of the limited gain-bandwidth product of op-amp Aq which is given by the man­
ufacturer as 4 kHz (min.). The 3-dB bandwidth of the inverted amplifier would therefore 
be limited to 6.5 Hz with a gain of 55 dB. Moreover, such practice is not advisable since 
studies published by Winter and Webster suggest that instability may be experienced at the 
bandwidth limit of driven-right-leg circuits when large gains are implemented [194].

In addition, the allocation of the differential gain among three amplification stages di­
minishes CMRRar, the common-mode rejection ratio due to manufacturing tolerances in

108



the gain-defining resistors. Referring to Fig. (5.1), the differential voltage at the output of 
the front-end stage is described in eq. (5.10) by:

K,i - v^i 1 + -^10 [(.^5 + Rs) {Rj + R9) + + .Rll.R7.R9

R7R9 (R5 + Rs) + R5R8 (R7 + R9) + R3 (R5 + Rs) (R7 + R9)

1 + Rii [(R5 + Rs) (R7 + R9) + R7R9] + RiqRsRs

R7R9 (R5 + Rs) + RsRs (R7 + Rg) + R3 (R5 + Rs) (R7 + Rg

Rio1 +
Rs + 2il5+i26 _

+ (5-10)

where e (A/^^^^) is an error resulting from mismatch in resistor values. Eq. (5.10) suggests 
that imbalance on either side of the amplifier leads to the conversion of a common-mode 
voltage into a differential component. This interfering signal is then subject to the gain of 
the subsequent stages, which degrades the CMRR of the circuit. In addition, the differential 
gain achieved by the output stage comes at the cost of further loss of CMRR. The common­
mode gain is in fact augmented by 3 dB compared to a structure that allocates the full 
differential gain to the second fully differential stage built around and A^, as previously 
demonstrated by the author in Section ?? of Chapter 4.

Effect of the gain distribution on dc bias conditions

The original design published by Burke & Gleeson uses op-amps entirely from the MAX400 
series because they offered the best low-power characteristics available at the time, combined 
with low input offset voltages [34-36]. In addition, very small bias current, typically less than 
0.1 pA, means that the impedance multiplication effect accomplished by the bootstrapped 
front-end does not cause significant offset variation under nominal conditions. Minimising 
changes in the dc bias conditions is, in fact, particularly important for preventing dc levels 
from exceeding the input common-mode range [Vcm) of the op-amps, limited at 1.1 V below 
the positive supply voltage for the MAX400 series. Ideally, the output signal should sit 
at half-rail, 1.65 V, to maximise the differential output swing but because of the reduced 
common-mode input range of the op-amps, the bias output voltage was set instead at 0.7 V 
[36].

Furthermore, a differential offset voltage can result from the combined effects of the 
biasing resistors R5, Rg and i?7, the dc gain of the amplifier, and the difference in the op-amp 
input offset voltages and bias currents when the two sides of the amplifier are imbalanced. 
The circuit provides an overall dc gain of 19 dB, hence any differential variation in offset 
levels is amplified accordingly. It was reported that dc offset variation reaches ± 244 mV at 
the output, the contribution of op-amp’s bias currents being neglected [36].
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5.1.3 Modifications suggested by the author

3V

Figure 5.2: Schematic diagram of the new design proposed by the author.

Fig. 5.2 shows a new version of the instrumentation amplifier structure published by Burke 
& Gleeson, modified for enhanced CMRR and low-frequency performance. The difference 
between this and the original design resides essentially in the distribution of the gain within 
the amplification channel and the redesign of the circuit structure to improve input impedance 
characteristics and to cope with the effects of offsets. In light of results presented in Chapter 
4, the author has allocated the differential gain exclusively to the second fully differential 
amplification stage built around op-amps and A4. The front-end acts as an impedance 
defining unity-gain buffer stage. Input bias currents are blocked from reaching the patient 
body by capacitors Cqa, Cqb, Cqc and C2, and only a very small amount can enter the input 
pins of op-amps. Therefore, the dc-current that flows from the power supply to the analogue
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ground finds its path through resistors R2A1 R3 and R2B in series. Each resistor yields a 
constant voltage drop that defines the dc voltage levels at the input terminals of op-amps Ai 
and A2 at 3Kc/4 and Vec/^, respectively. This is achieved by selecting R2A = R2B — -^3/2, 
resulting in an input differential dc bias voltage equal to Kc/2 that is subject to unity-gain 
in all stages of the amplification channel, up to the final output. The final stage provides a 
single-ended output without amplification as R^a = Rsb = Rsc = Rsd = Rs- The principal 
limitation of the overall CMRR obtainable was identified in Chapter 4 as the magnitude 
of the skin-electrode impedance associated with the dry electrodes previously characterised. 
The circuit arrangement of the amplification stage and the right-leg-drive have therefore not 
been modified since they constitute two standard configurations proven effective in securing 
high immunity to common-mode interference in the presence of high source impedance [34- 
36, 60, 194, 206].

Table 5.1: Electrical characteristics of the selected op-amps.

Parameter

Unity-gain stages 
op-amps Ai, A2 Sz A^ 

OPA2369/OPA369 
Texas Instruments Inc.

Amplification stage 
op-amps A3 & A4

MAX9912
Maxim Inc.

Driven- Right- Leg 
op-amp Ae
MAX409A
Maxim Inc.

min typ- max. min. typ. max. min. typ. max.
Avol (dB) 114 134 95 120 106 120
GBP (kHz) 12 200 80 150
Slew rate (Vps“^) 0.005 0.1 0.08 0.04
Gain stability 1 1 10
VcM input range V- U+ V- U+ P- P+-1.1 V
GMRR @ dc (dB) 100 114 70 80 70 80
Gom. mode input res. 10^3 j)||3 pF 10^ Q undefined
Diff. mode input res. 10^^ n\\3 pF 10^° fi undefined
Bias current Ib (pA) 10 50 1 10 < 0.1 10
Offset current Rs (pA) 10 50 1 10 undefined
In. offset volt. V^o (mV) 0.25 0.75 0.2 1 0.25 0.5
Volt, noise density Vndo 220 nV\/Hz 400 nV\/Hz 150 nVv/Hz
Cur. noise density Indo liAy/Hz IfAv^ undefined
Quiescent cur. Re (pA) 0.8 1.2 3.5 4.5 1 1.2

Table 5.1 gives a summary of the essential electrical characteristics considered in the 
selection of suitable op-amps for implementing the single-supply instrumentation amplifier 
proposed by the author. In an effort to maintain the total dc current drawn by the circuit 
below 50 pA, the investigation has targeted ultra-low-power products currently available. The
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selection of op-amps for the proposed new design was then motivated by the performance 
criteria outlined below.

Common-mode input and output range

The circuit design presented by the author requires the dc bias voltage at the input of op-amps 
Ai and A3 to be set at 314c/4, which is outside the input common-mode range of op-amps 
from the MAX400 series. Alternatively the OPA369 series was chosen for op-amps Ai, A2 

and A5 and the MAX9912 was selected for op-amps A3 and A4 as they provide rail-to-rail 
input and output swing.

Gain and bandwidth characteristics

Because the two op-amps of the second stage provide the differential gain for the circuit, it is 
crucial that their open-loop gain {Ayoh) and gain-bandwidth product (GBP) are sufficiently 
large to secure amplification of the input signal without amplitude or phase distortion within 
the ECG bandwidth. Op-amps from the MAX9910 series were retained for this purpose since 
Avol > 95 dB and GBP = 200 kHz. A mid-band differential gain Ado = 40 dB for this stage 
offers the possibility of extending the 3-dB bandwidth of the amplifier to approximately 5.5 
kHz. The two unity-gain stages at the front-end and at the output arc built around op-amps 
from the OPA369 series for which the frequency characteristics exceed the bandwidth of 
interest given GBP = 12 kHz and Ayoi >114 dB.

Stability considerations

All five op-amps composing the differential amplification channel are unity-gain stable. Unity- 
gain stability is required at the front-end stage and the output stage for which the differential 
gain is one. In addition, as recommended by Gasulla et al. and White [180, 207], the second 
fully differential stage is also unity-gain stable as the common-mode gain is unity.

Input impedance and CMRR parameters

Immunity to external interfering signals relies on the ability of the amplifier to reject common­
mode voltages. This is achieved by securing high input impedance and selecting op-amps 
providing high CMRR performance. The front-end op-amps must therefore have sufficiently 
large input resistance and open loop gain characteristics so that the input impedance of the 
amplifier can be determined by the bootstrapping mechanism. With 10 Tfl common-mode 
and differential-mode input resistances and Avol > 114 dB, op-amps from the OPA369 series 
satisfy these requirements. Input resistance performance is less stringent at the second stage 
which is dc-coupled to the front-end stage.
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5.2 Characterisation of the proposed new amplifier cir­
cuit

5.2.1 Input impedance characteristics

Fig. 5.3 is a simplified representation of the impedances at the input of an instrumentation 
amplifier showing a differential input resistance, Rd, and two common-mode input resistances, 
Rc\ and i?c2- Rd is the equivalent resistance between the two input terminals while i?ci and 
Rc2 are the equivalent resistances of both inputs with respect to the analogue ground.

Figure 5.3: Schematic diagram of the equivalent impedances seen at the input of an instru­
mentation amplifier.

Referring to Fig. 5.3, differential and common-mode input resistances can be expressed 
in terms of the input voltages and input currents as follows:

Rd —
Vm - Kin2

Rc\ —

Rrl —

^tnl— ^n2

'^inl

^n2
^m2

Vinl=V;n2 = K

Vinl=V;n2 = V;:

(5.11)

(5.12)

(5.13)

Balancing both sides of the front-end stage yields Rci=Rc2=Rc- The overall input impedance 
of an instrumentation amplifier in a differential configuration is therefore given by:

R^n = Rd// {2Rc) = 2RdRc
Rd + 2i?c

(5.14)
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(a) The amplifier front-end stage. (b) Equivalent representation.

Figure 5.4: Simplified circuit schematics of (a) the amplifier front-end stage and (b) 
its equivalent representation assuming ideal op-amps and omitting the effects of the skin- 
electrode impedance, dc-blocking capacitance and current limiting resistance. These compo­
nents contribute to the electrode impedance Zg, considered in subsequent sections.

Fig. 5.4 shows a simplified equivalent model of the resistances seen at the input of op- 
amps Ai and A2 at the front-end stage. Referring to Figs. 5.4(a) and 5.4(b), the input 
currents iini and defined as:

and

^inl —

^m2

Km - 
Ria

V^n2 - Vb 
Rib

(5.15)

(5.16)

where Va and Vb are given by:

Va — [Ria//R2a//R4:a// [Ri + Rib//R2bI/-^45)] 

and

K? = [RibIIR2bI/Rab/I (Rs + Rxa//R2a//Raa)]

V, ____R2B____w
ini ^ R2B+R\b ! / Rab

R\a//Raa Ra + Rib//R2b//Rab

(5.i7)

1/ __________ y. ,
Kn2 R2A+RlAllRiA

R\b//Rab Ra + R\a//R2a//Raa

(5.i8)
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Single-ended input resistance

The single-ended input resistances seen at each input terminal of the instrumentation ampli­
fier are defined as follows:

= Rdl I Rcl = -^inl
^inl

RlA
Vin2—0 1

and
^in2 ~~ ^d//Rc2 — .

^in2
R\B

v;„j=o 1 — XL

(5.19)

(5.20)

where and Vg are given by:

and

-4Iv;„2=o
R-Ia//R2a//R4a// {Rs + RibIIR2b//Rab) 

R].a//Raa

Rib//R2b//Rab// {Rs + Ria//R2a//Raa)

Xinl

Rib//Rab

Eqs. (5.19) and (5.20) can therefore be rewritten as:

V,in2

and

Rini — Ria

Rin2 - Rib

1 +

1 +

R2a// {Rj + Rib//R2b//Rab)
Ria//Raa

R2b// (Rs + Ria//R2a//Raa)

(5.21)

(5.22)

(5.23)

(5.24)
Rib//Rab

In the ideal scenario of perfect matching at both sides of the amplifier, the nominal single- 
ended input impedance is determined by:

Kn - Rl R2//{Rz + Ri//R2//Ra)
Ri//Ra

(5.25)

where Ri = Ria = Rib, R2 — R2A = R2B and R^ = R^a = Rab- Eq- (5.25) demonstrates 
the resistance multiplication effect achieved by the bootstrapping mechanism at the amplifier 
front-end and indicates that if resistor values are selected such that Ri >> the
single-ended input resistance is then closely approximated by:

Kn - Rl 1 + R2// {R3 + R2//Ra) 
Ra

(5.26)
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Common-mode input resistance

The common-mode input resistances at each input of the amplifier are determined by applying 
a common-mode input voltage Vc—Vini—Vin2 as follows:

and

with

Rr\ —
^ml

_ R-IA

~ 1 yI
i4=v;„i=v,„2 1 - it

•Rr2 — A
^in2

RIB

v'c=Vi„i=K„2
V"

(5.27)

(5.28)

^4 - ^A\v,=Vi„i=Vi„2

= [Ria//R2a//Raa// (7?3 -I- Rib//7?2b//■R4b)] + R2B+R\B ! I
R\aI/7?3 -I- R\bI/7?2b//7?4B

v;

(5.29)

and

- '4|,4=vi„i=Vi„2

= [-Rib//7?2b//Rab// {Rs + Ria//R2a//7?42i)]
R2A

+ R'ZA+Ria! I RiA

Rib//Rab Ri + Ria//R2a//-R.■AA

(5.30)

Selecting Ria » {R2a,Raa] and Rib >> {R2b,R4b} as previously stated, allows Rd and 
Rc2 to be closely approximated by:

and

Rci — Ria

Rc2 — Rib

1 + R2A ( R2BR4B + R2BR3 + R3R44 + RaaR2b\ 
RaA \R2BR4B + R2BR3 + R3R4A + RabR2A )

R2B / R2AR4A + R2/4R3 + R^Rab + R4BR2yl^

(5.31)

(5.32)
Rab \R2aRaa + R2/1R3 + R^Rab + RaaR2B J _

Each paired resistor, R^y, can be expressed in terms of its nominal value, R^, and an error 
due to manufacturing tolerances, so that:

Rxy — Rx (1 + '^iy)lx€{l,2,4,5,6,7,8,10},ye{.4,B,C,B}
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Eqs. (5.31) and (5.32) can therefore be expanded as follows:

Rci = -Ri (1 ± A14) 1 + R2 (1 ± A2a)
(1 ± A4^)

R2 (1 ± A2b) R4 (1 i A^b) + i?2 (1 i A2b) i?3 
+ R3R4 (1 ± A4yi) + /?4 (1 ± A4/1) R2 (1 ± A2s) 

i?2 (1 i A2b) i?4 (1 i A4b) + /?2 (1 i A2b) R3 
+ R3R4 (1 ± A4^) + /?4 (1 ± A4b) i?2 (1 i A2a)

(5.34)

and

Rc2 — -^1 (1 i Aib) 1 + R2 (1 ib A2b) 
R4 (1 ± A4b)

R2 (1 ± A24) i?4 (1 ± A4^) + /?2 (1 i A2a) R3 
+ R3R4 (1 ± A4b) + /i4 (1 ± A4b) R2 (1 i A2>i) 

i?2 (1 i A2^) i?4 (1 ± A4^) + i?2 (1 i A2.4) R3 

+ R3R4 (1 ± A4b) + R4 (1 i A4yi) i?2 (1 i A2b)
(5.35)

It can be shown that the mismatch in the common-mode resistances seen on each side of the 
amplifier is maximum with the following combination of mismatches of individual resistors:

A lA A2A = AAB

and
A IB A2B — AAA

Rma

-A,

(5.36)

(5.37)

The common-mode resistance can then be expressed in terms of its nominal value, Rc, and 
an error, Ac, caused by manufacturing tolerances in the resistor values, as follows:

— .Ri ( 1 +

Ac
R4

i?2 + Ra
1 +

i?4

R4

2i?4 -|- 3723 (722 + Ra) 
2R2R4 R3 {R2 + Ra

A,

72ci and Rc2 are therefore given in the worst-case scenario as:

and

Rci — -Rc (1 — Ac)

Rc2 — 72c (1 -I- Ac)

(5.38)

(5.39)

(5.40)

(5.41)
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Differential input resistance

The single-ended input resistance being defined as R!^^ = R^jjRc.-, the differential input 
resistance can therefore be deduced as:

RcRinKd =
Rc - Rv:

(5.42)

Substituting the nominal expressions for R^ and given by eqs. (5.26) and (5.38) into cq. 
(5.42) yields the nominal value of R^ as:

Rd — ( 2 -h RA//R2J V R2 (5.43)

Selection of the resistor values at the amplifier front-end stage

The overall input resistance in a differential configuration is defined nominally as = 
Rd//{2Rc). It has been established in earlier chapters that must be greater than 2 Gfl 
for the frequency performance requirements of the skin-electrode-amplifier network to be 
fulfilled at low-frequencies. This can be achieved by selecting Rc = 2 Gfl and = 4 GQ. 
Low cost 1% resistors are currently available in surface mount form for resistance values up 
20 Mff, which is the value used for i?i. This requires the impedance multiplication factors 
to be 100 and 200 for Rc and Rd, respectively. Gonsidering the expression for Rc derived in 
cq. (5.38) leads to:

(5.44)Ro1 + > 100 
/t4

Taking R2 — 2.2 Mfl and R^ — 22 kfl satisfies the condition indicated in eq. (5.44) while 
ensuring i?i >> {R2,R4}, as previously indicated. The selection of large resistor values 
allows the quiescent current that flows in the dc path to be minimised. In addition, dc-bias 
conditions inherent in single-supply operation imply R3 = 2R2 in order to set the dc output 
voltage at half-rail. The closest normalised value available is R3 = 4.7 Mfl resulting in:

Rd — ( 2 -f-
Ra

~ 4.31 GQ

Ri^ -Ri ( 1 + 2.02 Gn
Ri,

Rin
2RdRc 

Rd + 2Rc
2.08 GO.

(5.45)

(5.46)

(5.47)
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Ac is estimated for = 1% using eq. (5.39) at 2.95%. Finally, the single-ended input
resistance seen at each input is given by:

=

RgRc

Rd + Rc
= 1.37 Gn (5.48)

5.2.2 CMRR performance

CMRR of the instrumentation amplifier alone

It can be shown that CMRRop, the common-mode rejection ratio contributed by op-amps 
Ai to A5 forming the differential amplification channel, is defined as:

1 1 1
-h

1
-h

1 1
CMRRop CMRRai CMRRa^ CMRRa, CMRRA, ^CMRRa,

(5.49)

In addition, the worst-case CMRR^r due to manufacturing tolerances in the gain-determining 
resistors is given by:

CMRRar^,„ -
Uo

2A Rrr
(5.50)

Evaluating eqs. (5.49) and (5.50) with Ado = 40 dB, Ar^^^ = 1% and the CMRR parameter 
values listed in Table 5.1 returns CMRRop^.^ = 63.7 dB and CMRRar^^^ = 74 dB. The 
minimum common-mode rejection ratio of the instrumentation amplifier considering only the 
effects of CMRRop and CMRRar is therefore given as:

1 1 1
CMRRja dB C M RRar CMRRop

= -61.4 dB (5.51)
dB

CMRR of the skin-electrode-interface network

We now consider the ECG preamplifier coupled to imbalanced electrode impedances, Z^\ = 
Zg (1 ± Ag) and Z02 = Zg (1 q: Ag). The common-mode rejection ratio due to impedance 
mismatch at the amplifier input has been previously derived as:

CMRRaz„ \dB 20 log10
Rr -I- 20 log10

1
2 (Ag + Ag)

(5.52)

Evaluating eq. (5.52) with |Ze^^^| = 4 MQ, R^ = 2 Gf2, Ag = 3% and Ag = 33% returns 
CMRR^Zmin — 58 dB. Given CMRRiA^in = 61.4 dB provided by the lA alone, a worst-case 
common-mode rejection ratio of 53.7 dB is achieved by the differential amplification channel 
at the output of the skin-electrode-amplifier network. The overall CMRR of the recording
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system is improved by adding the contribution of the right-leg-drivc, leading to:

1
CMRRl^s = 20 logio (Gdrl) +

+CMRRia CMRRi^z

(5.53)
dB

where Gdrl is the gain of the inverting amplifier in the driven-right-leg circuit, which must 
be greater than 42 dB if GMRRmin = 95 dB is to be achieved for frequencies ranging from 
/i = 0.5 Hz to /2 = 100 Hz. Selecting Rq = 20 Mfl and R^— 300 kfl secures a mid-band 
gain of 42.5 dB for the inverting amplifier. This implies the following values for capacitors 
C2 and C3:

= 2.12 qF (5.54)
Trfis/i 

1

= 2.12 [lF 

= 35 pF

As shown in Fig. 5.5, the selected capacitance values are G2 = 3.3 p.F and C3 = 33 pF. The 
capacitance of G2 is greater than the minimum required value to secure a high CMRR value 
at low frequencies, where the magnitude of the skin-electrode impedance is maximal.

Figure 5.5: Circuit schematic of driven-right-leg circuit including the selected component 
values.

5.2.3 Frequency response and bandwidth considerations

The amplifier transfer function

The transfer function of the proposed new amplifier is given by:

k^t(s)
Fi(s) - R2(s) = 1 +

2i?7
Rr s + w'i

s -I------------* ^ 1+2RT/Re

s Uj'
(5.56)

c2
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with

and

^cl =
\2Rr. + Rd. ) Co

1
^c2 — i?6Ci

(5.57)

(5.58)

Where Co is the capaeitance of the three de-blocking capacitors (Co^, Cos and Cqc) con­
nected in series with each electrode. The selection of the component values for and Ci 
must guarantee a low-frequency cutoff /c = cj'2/27r of less than 0.05 Hz to prevent ampli­
tude and phase distortion. This is achieved by making the time constant i?6Ci > 3.2 s, 
as discussed in previous chapters. Non-electrolytic, non-polarised multilayer ceramic chip 
capacitors providing capacitance of up to 100 pF are commonly available today [208]. Con­
sequently, selecting Rq — 200 kH allows the above condition on the time constant to be 
fulfilled with Ci = 22 pF. A mid-band gain of 100 or 40 dB is therefore obtained with R^ = 
10 Mfl. As suggested by Burke & Gleeson [34-36], the combined response of the first and 
second stages is equivalent to that of a single-pole by making = u'^2l (1 + This
yields the following value for the capacitance Cq of the de-blocking capacitors;

Cn — ( 1 -|- 2
Re

Re
( RcRd \
^ 2Rc-\-Rd J

Cl = 0.43 pF (5.59)

Co = 0.47 pF is selected because this is the closest normalised capacitance value available in 
ceramic form at low-cost. Thus, cq. (5.56) becomes:

Vi{s)-V2{s) = 1 +
2Rr
Re 1 ReCis (5.60)

Stability considerations and frequency compensation

Stray capacitances are present at the op-amp input terminals due to structural parasitics. 
They cause poles and zeros to occur in the amplifier frequency response which, if not neu­
tralised, can affect the performance of the system by reducing stability or causing peaking 
in the response [209]. At each stage of the amplification, it is important to assess whether 
or not the frequency locations of the poles and zeros affect the stability and phase margin of 
the circuit [210, 211].

Stray capacitances appear at the input of the amplifier in parallel with its input resis­
tances, as illustrated in Fig. 5.6. Input parasitic capacitances modify the amplifier frequency
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response as described in cq. (5.61). 

^711(5) ^n2('S) [Rd//{2Re)]// sC^I/ (a)
1

[Rd//{2Re)]// sCi!/ (sCc) + 2Ze 1 + fl4//(2flc) + ( 2 + Cd) S

(5.61)
Given Re = 2 Gll, Rd = 4 Gil and = 4 as previously established, eq. (5.61) can
be closely approximated in the EGG bandwidth by;

with

1binl(s) bin2(^) ^

E+(s) — l/“(s) 1 + TqS

Tq — 4 \ Ze\ ( — + Cd

(5.62)

(5.63)

3V

Figure 5.6: Circuit schematic of the front-end stage coupled to the skin-electrode interface 
that models the effect of the op-amp’s input stray capacitances.

The typical value of input capacitance for the front-end op-amps Ax and A2 is given in 
Table 5.1 as Cc = 6 pF. is associated with parasitic interconnect capacitance present on 
the printed circuit board between the two input terminals. The magnitude of Cd can be 
kept to much less than 1 pF with careful circuit layout and construction [212, 213], resulting 
in a break frequency /o = l/(27rro) = 2485 Hz. This indicates that stray capacitances 
at the amplifier front-end may limit the obtainable bandwidth to approximately 2.5 kHz, 
which is well outside the desired amplifier frequency bandwidth as specified by international 
standards but which covers the amplifier 3-dB bandwidth. The implementation of low-pass 
filters following the preamplifier allows the risk of instability to be eliminated.

In addition, as reported by Burke & Gleeson, parasitic capacitances at the input of op- 
amps >13 and >14 may also cause instability in the ampliher response [34-36, 50, 51]. Often,
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values of phase margin lower than 45° may eause the frequency response to peak up at 
the bandwidth limit before it rolls off [159]. Closed-loop gain peaking in the amplifier fre­
quency response is generally associated with undershoot and ringing in its impulse response. 
Since gain peaking increases with increasing closed-loop gain, the risk of instability must 
be considered in the stage providing amplification for the circuit [159]. Stability can be 
preserved if the poles and zeros generated by parasitic capacitances are maintained out­
side the amplifier closed-loop bandwidth. The compensation method suggested by Burke & 
Gleeson is implemented for preventing instability at the bandwidth limit [34-36] by making 
2CsaR7A = ‘^C^bRtb = C^aRq = C^sRe, as shown in Fig. 5.7. Capacitances C^a and C^b 
must be matched and limited to relatively small values to keep the poles outside of the am­
plifier’s operating bandwidth [50, 51]. With Rq = 200 kQ, selecting C^a = C^b = C'4 = 100 
pF results in a zero at 16 kHz. Given Rj = 10 Mfl as previously defined, C^a and C^b must 
be equal to 1 pF to create a pole that cancels the zero at 16 kHz. Frequency compensation 
implemented this way allows a more consistent fiat and stable response at high frequency.

Figure 5.7: Implemented frequency compensation based on the method suggested by Burke 
h Gleeson [34-36].

5.2.4 DC offset considerations

As previously discussed, the dc operating point at the output of the preamplifier is set at half­
rail, Kc/2, by selecting Rz=2Rc and keeping the dc-gain to unity in all stages. Nevertheless, 
the input offset voltage {Via), input bias current {Ib), finite CMRR and finite power supply 
rejection ratio (PSRR) of op-amps Ai to A5 can contribute to variations in the output 
bias voltage [36]. The PSRR is defined as the ratio of the change in supply voltage to the
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corresponding change of voltage at the output of the op-amp:

PSRR^
AVo

(5.64)

Fluctuations in the supply voltage of a single battery cell can generally be neglected compared 
to the other factors [36]. However, given the very high values of input resistances, the effect 
of bias currents must be taken into account since these may generate offset variations of 
similar magnitude as the error caused by the op-amp offset voltages.

3V

Figure 5.8: Modelling the dc offset sources at the input of each op-amp. and are the 
bias currents at the inverting and non-inverting input terminals of op-amp A)., Vio^ represents 
its input offset voltage and e^emk simulates the equivalent input common-mode error voltage 
due to its limited CMRR.

Fig. 5.8 is a schematic of the differential amplification channel modelling the effects of 
input offset voltages, bias currents and CMRR of each op-amp. Analysing the circuit of Fig. 
5.8, it can be shown that the worst-case error in the differential voltage at the output of the 
front-end stage resulting from the above effects is given by:

Cosl — hiol +
R3+R2 y

R3+2R'2
CMRR, - -

B2__y, n D. ^ nrR3+2R2 1 + R,
opl CMRRop2 ) \ R4

+ -^1 (-^Bi “ 1 + R2R3

Ri (2R2 + R3) _
(5.65)
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The dc-gain of the circuit is unity, preventing amplification of the differential offset error Cosb 
but small contributions from op-amps ^3, A4 and must also be considered, producing an 
overall dc voltage at the output given by:

^odc -I" 2i?2

where

^^odc — T
^ R3 + R2 Y

, R3+2R2
^os3 H-----------------CMRR, ho.'!4

Vcc ± AVodc

E2—Y1 O D* y CC/?3-4-2.R2
■ops CMRR,•op4

+ -^7 [Ib3 ~ -^54) + ( ^osb +
R3

R3+2R2

C M RRop5

(5.66)

+ Rs (/B5 Im) (5-67)

The front-end op-amps are the principal contributors to dc offset variation since offset 
voltages and bias currents arc multiplied in a similar fashion to the input resistance. The 
absence of dc gain in the version presented by the author allows variation due to the op-amp 
input offset voltages to be minimised. Attention must, however, be given to bias currents at 
the front-end stage due to the very large input resistance at each input. Considering Ri = 
20 Un, R2 = 2.2 Mil, R3 = 4.7 Mfl, R4 = 22 kf2, Tioi = -750 |xV and 1/^2 = 750 pV, and 
the worst-case variations in the bias currents as ±50 pA at the input of op-amps Ai and A2, 
results in a differential offset error Cosi of about ± 100 mV. Other stages contribute less 4 
mV to dc offset variations at the output, assuming the highest levels of imbalance.

It can be concluded that, despite the implementation of higher input impedance and the 
use of op-amps with larger bias current, the gain arrangement proposed by the author has 
reduced dc offset variation at the output, thus preventing the risk of saturation or clipping 
of the output signal level.

5.2.5 Semiconductor noise

In its passage through the amplifier, the signal quality is degraded by any added intrinsic 
noise. Fig. 5.9 is a schematic representation of the proposed single-supply instrumentation 
amplifier that includes the sources of noise internally generated by the circuit. The model 
comprises three types of noise generators Ey^,, and , referred to the input of noiseless 
op-amps. Ey^ and are the noise voltage and noise current generated by op-amp A^, 
while Er^. is the noise produced by its equivalent input resistance, [34, 35, 70, 159, 214]. 
The resulting mean square white thermal noise voltage generated by the input resistance is 
defined as:

El^^AkT{fH-h)Rink (5.68)
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where k = 1.38x10“^^ is Boltzmann’s constant, T is the temperature of operation, typically 
25 °C or 298 K, and //, and fn are, respectively, the low-frequency and high-frequency limits 
of the bandwidth of interest. High-frequency noise is normally eliminated by the low-pass 
filter following the preamplifier output and consequently noise analysis can be restricted to 
the ECG signal bandwidth.

Figure 5.9: Modelling the sources of noise intrinsic to the preamplifier. The r.m.s. value of 
the noise voltage, E^i^, noise current, Eii^, and the resistor noise, E^.^, are represented at the 
input of op-amp Ak by three voltage generators in series.

The noise generated by each op-amp is composed of a white thermal noise and a flicker 
or 1// noise component causing Vnd, the spectral density function of the noise voltage, and 
ind, the spectral density function of the noise current, of op-amps to vary with frequency 
[50, 51]. At very low frequencies, the noise amplitude is inversely proportional to frequency 
but at frequencies above the corner frequencies, /„, and fd, the noise amplitude is essentially 
flat [159]. Burke has derived expressions for E^^ and Ef^ by integrating and over the
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frequency range fi to fn as follows [34, 35, 70]:

Z?2 _= [ Vnddf^V;,,,
'fL

^ (///-/L) + 21n(^j/,,+ fu — fb \ r2
IhIl

rJ Cl (5.69)

and

K [ ^nd df = RtnJndO
JfL

" Uh - /l) + 2 In ( ^ J /,, +Ih\ f , (/tf ~ fb
fufb

(5.70)

The rms noise voltage referred to the input of op-amp Ak can therefore be estimated as:

Em. = jEl + + £?. (5.71)

The corner frequencies, fev and fd, usually lie within the ECG signal spectrum and 
knowledge of these is required as well as the white noise values, Vndo and Indoi to allow 
an accurate estimation of the input noise voltage [50]. Table 5.1 of Section 5.1.3 gives the 
noise specifications of the selected op-amps as published by the manufacturers. However, 
several essential characteristics are not disclosed, preventing the rms voltage noise generated 
internally by the recording system from being accurately estimated. Performance related to 
semiconductor noise was therefore assessed by measurement on a constructed prototype.

5.3 Results

The proposed ECG ampliher circuit was first simulated with PSpice to allow the predicted 
worst-case performance in terms of input impedance, frequency response and CMRR to be 
verified. A prototype was then built and tested using the following equipment:

• A signal analyser: Agilent 35670A;

• A dual channel arbitrary function generator: Tektronix AEG 3022;

• A battery-powered four-channel digital storage oscilloscope: Tektronix TPS 2014.

Fourteen reasonably healthy volunteers were recruited for actual ECG recordings using the 
wet and dry electrodes depicted in Fig. 5.10. There were 10 males and 4 females, aged 
between 22 and 41 years.
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(a) Standard Ag/AgCl pre-gelled electrode: (b) Conductive silicon rubber dry electrode: Pro 
Schiller Biotabs, 2.3 x 2.3 cm. Carbon C5005PF, 2.6 cm in diameter.

Figure 5.10: Photographs showing (a) the wet electrode and (b) dry electrode used for 
noise measurement and actual ECG recording.

5.3.1 Intrinsic noise measurement

Internally generated noise was evaluated under different configurations for both wet and dry 
electrodes:

• The input electrodes were connected to one another;

• The equivalent electrical models of the skin-electrode impedance, depicted in Fig. 5.11, 
were connected between each amplifier input and analogue ground;

• The inputs were connected directly to analogue ground.

Fig. 5.12 shows a sample noise measurement acquired using dry electrodes connected to one 
another. Table 5.2 lists the value of the peak-to-peak output noise voltage under different 
input configurations. Noise was measured at about 24 mV p-p in all cases, suggesting that 
the output noise level is not noticeably affected by the presence of the input electrodes. It 
can be concluded that the amplifier is the main contributor to the noise observed at the 
output. Reducing the level of internally generated noise will require the use of op-amps with 
enhanced noise performance at the expense of an increase in quiescent current.
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(a) Wet electrode model.
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(b) Dry electrode model.

Figure 5.11: Constructed skin-electrode interface models for (a) wet electrodes and (b) dry 
electrodes.

(a) Intrinsic noise level. (b) The same signal shown on the scale 
used for ECG recording.

Figure 5.12: Internally generated noise measured at the amplifier output using dry elec­
trodes connected to one another. The recording was acquired with the digital storage oscil­
loscope at a sampling rate of 5 kHz.

Table 5.2: Intrinsic noise measured at the amplifier output.

peak-to-peak 
output noise

specification limit 3 mV
dry electrodes connected to one another
wet electrodes connected to one another
constructed dry electrode models connected to ground 
constructed wet electrode models connected to ground 
inputs grounded via 100 kfl resistors and 0.47 pF capacitors

22 to 26 mV
22 to 26 mV
22 to 26 mV
22 to 26 mV
22 to 26 mV
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5.3.2 Input impedance performance

Simulation results

Fig. 5.13 presents simulation plots showing the input impedance characteristics of the pro­
posed new amplifier design compared to the performance of the original circuit.

Figure 5.13: Simulation plots of the magnitude of the input impedance in (a) single-ended, 
(b) common-mode, (c) differential configurations and (d) the resulting equivalent impedance 
seen at amplifier input for the proposed new design compared with the performance of the 
original design published by Burke & Gleeson.

The magnitude of the single-ended input impedanee, i?'„, and the common-mode input
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impedance, Re, were measured on the PSpice simulated circuits as the ratio of the potential 
at the non-inverting input terminal of the front-end op-amps to the current flowing through 
each input resistor. The differential input impedance is defined as Rd = RcR'in/ i^c — R'm) 
and the overall input impedance is given by Rin = Rd// (2/?c), indicated in eqs. (5.11) 
to (5.16). Simulation results, presented in detail in Table 5.3, validate the theoretical values 
derived in eqs. (5.45) to (5.48). The new circuit arrangement is thus expected to feature 
enhanced input impedance performance compared to the original solution published by Burke 
&; Gleeson.

Table 5.3: Input impedance characteristics of the proposed new circuit compared to results 
obtained with the original design simulated with PSpice. The minimum target value is 2 Gfl 
for Rd//{2Rc). Bold case indicates that target value is not met.

frequency [Hz]
proposed new design

0.5 10 50 100
original design

0.5 10 50 100
single-ended input resistance /?'„ [MH] 1386 1385 1367 1316 57 57 57 52

common-mode input resistance Rc [Mfl] 2022 2019 1965 1819 224 224 223 220
differential input resistance Rd [Mfl] 4404 4407 4495 4755 77 77 77 77

overall input resistance Rd//{2Rc) [Mfl] 2108 2108 2097 2061 66 66 66 66

Bench test results

(a) Measurement set-up for estimating Re- (b) Measurement set-up for estimating Rin-

Figure 5.14: Schematic representation of the measurement set-up used for estimating (a) 
the common-mode input impedance, Rc, and (b) the overall input impedance in a differential 
configuration Rin = Rd//{2Rc)- The attenuation caused by the additional series resistance 
is measured using the signal analyser.

The magnitude of the common-mode input impedance, R^ and the overall input impedance in 
a differential configuration, = Rd//{2Rc), were estimated from the constructed prototype
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in the frequency range 0.5 Hz - 10 kHz by measuring the attenuation caused by the insertion 
of a 10 Mfl resistor between the source signal and the amplifier inputs, as shown in Fig. 5.14. 
Measurement results, presented in Table 5.4 and Fig. 5.15, confirm that the bootstrapping 
mechanism at the amplifier front-end stage allows the target input impedance of 2 Gfl to 
be achieved at low frequency. However, as frequency increases the magnitude of the input 
impedance drops. This is believed to be caused by stray capacitance, the value of which is 
higher than that predicted in simulation. The presence of parasitic capacitance in parallel 
with Rc and Rd reduces the effective input impedance and limits the amplifier bandwidth.

Table 5.4: Input impedance measurement compared with simulation results.

measurement simulation
freq. [Hz] 0.5 10 50 100 1000 2000 0.5 10 50 100 1000 2000
R, [Mfl] 2060 1960 2270 1700 178 60 2022 2019 1967 1819 403 197

R.n [Mfl] 2140 2010 1750 1520 265 131 2108 2108 2097 2061 780 394

Figure 5.15: Measured input impedance characteristics compared with simulation plots.

5.3.3 Frequency response and impulse response performance

Simulation results

Plots of the simulated amplitude, phase and impulse responses, together with the recovery 
slope of the proposed new circuit are shown in Fig. 5.16. Results are compared with the 
responses obtained for the original design presented by Burke &: Gleeson considering first the
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instnimcntation amplifier alone. The simulated circuits are then coupled to the corresponding 
skin-electrode interface models to determine the effect of the worst-case source impedance 
on the response of both recording systems. A summary of the predicted frequency response 
performance is given in Table 5.5.

-input impulse 
.original design:

ampiifieraione 
_ proposed new design: 

amplifier alone 
original design: skin- 
electrode-amplifier network 
proposed new design:skin- 
electrode-amplifier network

10r

>E

'**’original design: amplifier alone
proposed new design; amplifier alone
original design;
skin-electrode-amplifier network
proposed new design;

* ^ skin-electrode-amplifier network

■'■v.

specification limit

0.2 
Time [s]

(c) Impulse response

0.26 0.28 0.3
Time [s]

(d) Recovery slope

Figure 5.16: Simulation plots of (a) the amplitude response, (b) phase response, (c) impulse 
response and (d) recovery slope of the proposed new amplifier and the skin-electrode-amplifier 
network compared with results obtained with the original design.
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The Common Standards for Quantitative Electrocardiography (CSE) issued by the Eu­
ropean Union defines the presence of a QRS deflection as a waveform having an amplitude 
greater than or equal to 20 pV and a duration greater than or equal to 6 ms [104], Con­
sequently deflections associated with an undershoot and a recovery slope greater than the 
specification limits after 6 ms following the end of the impulse might be falsely interpreted 
as valid QRS components. Impulse response characteristics are therefore presented in Table 
5.5 beginning at 6 ms after the input impulse.

Table 5.5: Simulated low-frequency response of the proposed new circuit compared to results 
obtained with the original design. Bold case indicates that performance requirement is not 
met.

max. variation phase max. max.
in magnitude resp. @ undershoot slope

from 0.14Hz to 30 Hz 0.5 Hz after 6 ms following impulse
[dB] [1 [mV] [mVs“^]

specification limit ±0.5 6 -0.1 0.3
Performance of the instrumentation amplifier alone:
proposed new design -0.29 4.1 -0.07 0.02

original design -0.42 5.3 -0.09 0.02
Performance with the skin-electrode-amplifier network:
proposed new design -0.30 4.2 -0.07 0.08

original design -0.77 5.4 -0.18 3.68

Table 5.6: Simulated amplitude and phase characteristics of the proposed new circuit com­
pared to results obtained with the original design. Bold case indicates that target value is 
not met.

mid-band gain 3-dB bandwidth ±6° phase bandwidth
typical low high low high

[dB] [Hz] [Hz] [Hz] [Hz]
target value > 40 < 0.05 > 2500 < 0.5 > 250
Performanee of the instrumentation amplifier alone:
proposed new design 40 0.04 5248 0.34 177

original design 43 0.04 2187 0.45 138
Performance of the skin-electrode-amplifier network:
proposed new design 40 0.04 5128 0.34 177

original design 43 0.04 2187 0.45 138
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As indicated in the summary given in Table 5.6, the mid-band gain of the new circuit is 40 
dB, compared to 43 dB for the solution presented by Burke & Gleeson. The 3-dB bandwidth 
of the proposed circuit extends from 0.04 Hz to 5.2 kHz while the magnitude response of the 
original design ranges from 0.04 Hz to 2.2 kHz. The increase in the bandwidth is mainly 
due to the use of op-amps with higher gain-bandwidth product and the implementation 
of a reduced differential gain. The phase shift introduced by the amplifier alone is within 
±6° from 0.34 Hz to 177 Hz for the new circuit design and from 0.45 Hz to 138 Hz for 
the original solution. There is no noticeable change in the bandwidth of the amplitude and 
phase response when the skin-electrode impedance is taken into account. The new circuit 
implementation falls short of meeting the target maximum phase shift of —6° at 250 Hz 
to secure linear amplification of ECG components within the bandwidth recommended by 
the AHA for monitoring infants in non-ambulatory conditions. Nonetheless, the phase shift 
within the less stringent bandwidth of 150 Hz required by the ANSI is within specification.

PSpice simulation results confirm previous findings reported in Chapter 3 which were 
obtained by implementing models of skin-electrodc-amplificr networks using MATLAB.

Bench test: frequency response results

(a) Amplitude response (b) Phase response

Figure 5.17: Measurement plots of (a) amplitude response and (b) phase response compared 
with simulation results.

Plots of the differential amplitude and phase response measured using the signal analyser 
are shown in Fig. 5.17 and data is given in Table 5.7. Bench test results confirm that the 
measured response is in accordance with simulation results at low frequencies. However, the
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performance of the amplifier is limited at high frequency by the effect of stray capacitance 
on the board, as seen previously.

Table 5.7: Measured amplitude and phase characteristics compared with simulation results.

mid-band gain 3-dB bandwidth ±6° phase bandwidth
typical low high low high

Performance of the instrumentation amplifier alone:
measurement 40 dB 0.04 Hz 1250 Hz 0.38 Hz 98 Hz

simulation 40 dB 0.04 Hz 5248 Hz 0.34 Hz 177 Hz
Performance of the skin-electrode-amplifier network:
measurement 40 dB 0.04 Hz 1200 Hz 0.38 Hz 94 Hz

simulation 40 dB 0.04 Hz 5128 Hz 0.34 Hz 177 Hz

Bench test: impulse response results

The impulse response was tested with an input pulse of 3 mV in amplitude and 100 ms in 
duration repeated every 2 s.

Figure 5.18: Circuit used for attenuating the signal produced by the dual-channel arbitrary 
function generator.

Table 5.8: Measured impulse response performance compared with simulation results.

max. undershoot referred to input max. recovery slope referred to input
specification limit -0.1 mV 0.3 mVs'
Performance of the instrumentation amplifier alone: 

measurement -0.09 mV
simulation -0.07 mV

0.04 mVs ^ 
0.02 mVs“^

Performance of the skin-electrode-amplifier network: 
measurement -0.09 mV

simulation -0.07 mV
0.06 mVs ^ 
0.08 mVs-i
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The dual-channel arbitrary function generator was used to generate two symmetrical 
pulses of 150 mV in amplitude, which were then attenuated by a factor of 100 using the 
circuit shown in Fig. 5.18. The resulting differential input signal is given in Fig. 5.19(a). 
Fig. 5.19(b) shows the response of the amplifier alone, while Fig. 5.19(c) gives the response of 
the worst-case skin-electrode-amplifier network. Measurement results, summarised in Table 
5.8, indicate that the maximum undershoot and recovery slope measured after the impulse 
are within the specification limits.
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(b) Impulse response of the amplifier alone.
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(c) Impulse response of the worst case skin-electrode-amplifier network.

Figure 5.19: Impulse response measurement acquired with the digital storage oscilloscope 
at 500 samples per s. An exponential trendline is superimposed to raw measurement data to 
allow the undershoot and recovery slope to be estimated in the presence of baseline noise.
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5.3.4 CMRR performance

Simulation results

Fig. 5.20 and Table 5.9 present the simulated CMRR response of the proposed circuit 
compared with that of the original design. The overall CMRR of the simulated new recording 
system is 114 dB at 10 Hz and 108 dB at 50 Hz. Performance greater than 100 dB is expected 
at 0.5 Hz and 100 Hz.

(a) Worst-case CMRR of the lA alone.

30
10

- - -original design 
----- proposed new design

10“ 10
Frequency [Hz]

10“ 10“

(b) Worst-case CMRR of the skin-electrode­
amplifier network.

(c) Magnitude response of the driven-right- 
leg circuit.

(d) Overall worst-case CMRR

Figure 5.20: Simulation plots of (a) the CMRR of the proposed amplifier alone, (b) the 
CMRR of the skin-electrode-amplifier network, (c) the gain of the driven-right-leg-circuit and 
(d) the overall worst-case CMRR of the recording system compared with results obtained 
with the original amplifier design.
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Table 5.9: Simulated worst-case CMRR performance of the proposed new circuit compared 
with results obtained from the original design. The minimum target value is 95 dB in the 
bandwidth 0.5 to 100 Hz. Bold case indicates that target value is not met.

frequency [Hz]
proposed new design
0.5 10 50 100

original design
0.5 10 50 100

CMRR of the amplifier alone [dB] 73 73 65 60 56 56 54 52
CMRR of the skin-clectrode-amplifier [dB] 60 71 65 60 44 48 52 51

CMRR provided by the right-leg-drive [dB] 41 42 42 42 33 33 32 29
CMRR of the overall recording system [dB] 101 114 108 102 77 82 84 80

Bench test results

Instability was experienced during actual ECG recording when the driven electrode was 
connected to the body. It was speculated that saturation of the driven-right-leg circuit may 
be the cause of the problem and its gain was progressively reduced from 41 dB down to 
approximately 17 dB for which stable ECG recordings were observed.

Figure 5.21: Set-up for measuring the common-mode gain of the skin-electrode-amplifier 
network assuming worst-case skin-electrode impedance and mismatch.

Fig. 5.21 shows the measurement set-up for measuring the common-mode gain of the skin- 
electrode-amplifier network. The elements of the skin-electrode impedance were mismatched 
in a 2:1 ratio. The CMRR was then calculated by adding the differential gain and the gain 
of the driven-right-leg circuit to the inverse of the common-mode gain in the frequency range 
0.5 Hz - 10 kHz.
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Table 5.10: CMRR measurement compared with simulation results. The mid-band gain of 
the driven-right-leg circuit is reduced from 41 dB to 17 dB. Bold case indicates that target 
value of 95 dB from 0.5 Hz to 100 Hz is not met.

freq. [Hz]
measured CMRR [dB]

0.5 10 50 100 1000
simulated CMRR [dB]

0.5 10 50 100 1000
amplifier alone 

skin-electrode-amplifier
108 103 97 89 79
78 86 74 82 73

86 89 81 76 56
73 73 87 81 56

Measurement results are shown in Fig. 5.22 and listed in Table 5.10. The CMRR response 
of the amplifier was measured at 97 dB at mains frequency, which fulfills the requirement 
specified by international standards. However, imbalance introduced at the skin-electrode 
interface makes the skin-electrode-amplifier network fall short of reaching the target value. 
A detailed analysis of the source of instability in the driven-right-lcg circuit is necessary to 
allow higher gain to be implemented.

Figure 5.22: Measured CMRR characteristics compared with worst case simulation plots.

5.3.5 Response to a test ECG waveform

Simulation results

Fig. 5.23(a) is a sample lead H ECG recording extracted from the Physionet database “Chal­
lenge 2010 Training Set B” (waveform b84) sampled at 250 Hz [215]. The ECG waveforn is
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used as a test signal connected at the input of the proposed skin-electrode-amplifier network 
simulated from a data file with PSpice in a two-electrode configuration. The signal probed 
at output of the amplifier does not show evidence of distortion, as depicted in Fig. 5.23(b). 
The differential gain is confirmed as 40 dB and the baseline is set at half-rail.

(a) EGG input waveform.

(b) EGG output waveform.

Figure 5.23: Sample ECG waveform shown (a) at the input and (b) at the output of the 
skin-electrode-amplifier network simulated for the proposed new design.

Bench test results

The arbitrary signal generator was used to generate two symmetrical waveforms of amplitude 
500 mV pp, repeated every 2 s. The waveforms were attenuated by 100 using the circuit 
depicted previously in Fig. 5.18 to produce a 10 mV differential input signal, illustrated in 
Fig. 5.24(a). The output signal recorded from the amplifier alone and the response acquired 
using the worst-case skin-electrode-amplifier network are shown in Figs. 5.24(b) and 5.24(c), 
respectively. The recordings confirm that the input signal features are preserved despite the 
presence of the simulated skin-electrode interface. This can be explained by the high input 
impedance implemented at the front-end stage. It must be noted, however, that the quality 
of the signals shown is limited by the low sampling frequency of 250 Hz used in the original 
Physionet recording.
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X 10

(a) Sample ECG waveform used as input test signal.

(b) Waveform recorded at the output of the amplifier alone.

(c) Waveform recorded at the output of the worst case skin-electrode­
amplifier network.

Figure 5.24: Waveforms showing (a) the input test ECG signal, (b) the signal at the output 
of the amplifier alone and (c) the signal at the output of the worst case skin-electrodc-amplifier 
network. The waveforms were acquired at different times using the digital storage oscilloscope 
at 500 samples per s.

5.3.6 Power dissipation

Simulation results

Power consumption from a 3 V supply was calculated at 43.45 pW in circuit simulation. The 
circuit implementation proposed by Burke k, Gleeson is more power-efficient since the total 
dissipated power was estimated at 27.15 pW using PSpice. Nonetheless, power consumption 
is well below the maximum target value of 150 pW specified in Section 2.6.
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Bench test results

The power dissipated by the circuit was measured on the constructed prototype by inserting 
a 100 n resistor between the 3 V battery and the amplifier. Initially, no signal was connected 
to the amplifier inputs and the voltage across the resistor was measured at 1.2 mV, suggesting 
a quiescent current of 12 p.A. With the 10 mV pp test ECG signal shown in Fig. 5.24(a) 
connected to the inputs, the voltage drop was measured at 1.5 mV, corresponding to a total 
quiescent current of 15 p.A drawn from the battery. Power dissipation for the preamplifier is 
therefore 45 pW, which is in accordance with the value returned from circuit simulation.

5.3.7 Actual ECG recordings

Practical tests were carried out in vivo by comparing ECG recordings obtained using dry 
and wet electrodes under the following conditions:

• Resting ECG (Fig. 5.26): the subject was sitting still and breathing normally.

• Pseudo-ambulatory ECG (Fig. 5.27): the subject was required to walk on the spot at 
a normal rhythm.

• Harvard step test (Fig. 5.28): the subject was required to step up onto and down from 
an 42-cm platform, 30 times per minute.

• Arms high up and down to knees (Fig. 5.29): the subject repeatedly raised both arms 
above the head and then lowered them down to the knees.

Electrodes were held in contact with the skin using surgical adhesive tape, as shown in Fig. 
5.25. The dry electrodes were disinfected with an alcohol wipe before being applied to the 
skin, but the skin was not cleaned, rubbed or prepared in any way.

(a) Male subject having a hairy chest. (b) Female subject.

Figure 5.25: Photographs showing the placement of electrodes for lead II ECG measurement 
for (a) a male subject and (b) a female subject.
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Resting ECG recording (sitting still)
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(a) Subject 1, dry electrodes. (b) Subject 1, wet electrodes.

(c) Subject 2, dry electrodes. (d) Subject 2, wet electrodes.

(e) Subject 3, dry electrodes. (f) Subject 3, wet electrodes.

Figure 5.26: Sample resting ECG recordings for three subjects using dry electrodes (left 
hand side waveforms) and wet electrodes (right hand side waveforms). Subject 1 is a male, 
aged 23, having no hair at the electrode sites. Subject 2 is a male, aged 40, having a hairy 
chest. Subject 3 is a female, aged 33. The waveforms were acquired with the digital storage 
oscilloscope at a rate of 1000 samples per s.
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Pseudo-ambulatory ECG (walking on spot)

(a) Subject 1, dry electrodes.
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Time [s]

(b) Subject 1, wet electrodes.

(c) Subject 2, dry electrodes. (d) Subject 2, wet electrodes.
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(e) Subject 3, dry electrodes. (f) Subject 3, wet electrodes.

Figure 5.27: Sample ECG recordings for three subjects measured while walking on the 
spot using dry electrodes (left hand side waveforms) and wet electrodes (right hand side 
waveforms). The waveforms were acquired with the digital storage oscilloscope at a rate of 
250 samples per s.
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Harvard step test

Time [s]

(a) Subject 1, dry electrodes.

Time [s]

(c) Subject 2, dry electrodes.

Time [s]

(b) Subject 1, wet electrodes.

Time [s]

(d) Subject 2, wet electrodes.

(e) Subject 3, dry electrodes. (f) Subject 3, wet electrodes.

Figure 5.28: Sample ECG recordings for three subjects measured during a step test using 
dry electrodes (left hand side waveforms) and wet electrodes (right hand side waveforms). 
The waveforms were acquired with the digital storage oscilloscope at a rate of 250 samples 
per s.
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Arms up high and down to knees

0)
■o
3

Q.

E<

<s>
■D 

Q.
E

2 4 6
Time [s]

(a) Subject 3, dry electrodes.

Time [s]

(b) Subject 3, wet electrodes.

Time [s]

(c) Subject 4, dry electrodes.

Time [s]

(d) Subject 4, wet electrodes.

(e) Subject 5, dry electrodes.

4
Time [s]

(f) Subject 5, wet electrodes.

Figure 5.29: Sample ECG recordings for three subjects measured while having their arms 
up high and down to knees using dry electrodes (left hand side waveforms) and wet electrodes 
(right hand side waveforms). Subject 3 female, aged 33. Subjects 4 and 5 are two males aged 
28 and 29, respectively, having no hair at the electrode sites. The waveforms were acquired 
with the digital storage oscilloscope at a rate of 250 samples per s.
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5.3.8 Discussion

ECG recordings for all fourteen subjects are shown in Appendix B. Figs. 5.26 to 5.29 
present sample results obtained from three male subjects having no hair at the electrode 
sites (subjects 1, 4 and 5), a male participant with hairy chest (subject 2) and a female 
volunteer (subject 3).

The quality of the recorded ECG waveforms is comparable for measurements taken with 
dry and wet electrodes. The ECG signal can be clearly identified apart from the interference 
present in recordings. Semiconductor noise affects all waveforms but does not occlude the 
signal. However, baseline variation and motion artefact can be observed in tracings recorded 
while the subjects were moving or exercising. The effect of baseline wander and motion 
artefact is expected to be reduced by having a complete recording system integrated in a 
body-fit vest securing good contact between skin and electrodes and preventing leads from 
moving.

5.4 Conclusion

The design procedure has concentrated on essential performance requirements related to 
frequency response, immunity to external interfering signals, dc conditions, power consump­
tion and intrinsic noise, as defined in previous chapters. A prior work published by Burke 
&: Gleeson in 2000 has allowed a suitable ultra-low-power instrumentation amplifier circuit 
structure operating from a single-rail supply to be selected. Simulation results indicated 
that the original recording system designed by Burke & Gleeson provides an overall input 
impedance of 66 Mfi and a worst-case GMRR greater than 77 dB in the frequency range 0.5 
to 100 Hz, for a power consumption of 27.15 p.W. However, the initial ECG amplifier falls 
short of meeting the new performance specifications defined in Chapters 2, 3 and 4. A new 
amplifier circuit dissipating 45 pW of power was designed, built and tested. The measured 
low-frequency characteristics are in accordance with simulation results and fulfil performance 
requirements. Performance at high frequency is, however, limited by the presence of parasitic 
capacitance on the circuit board. In addition, semiconductor noise was measured at levels 
above the specification limit. Nevertheless, improvement is possible if op-amps exhibiting 
enhanced noise performance are used, at the expense of increased power consumption. The 
common-mode rejection ratio (CMRR) was measured at 97 dB at mains frequency, 50 Hz, 
and 89 dB at 100 Hz for the amplifier alone, meeting requirements. Finally, real ECG signals 
were acquired using dry and wet electrodes, returning waveforms of similar quality.
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Chapter 6

A novel instrumentation amplifier 
circuit structure

The design strategy undertaken by the author began with the identification of the princi­
pal sources of recording error in Chapters 2, 3 and 4. New performance requirements for 
dry-electrode electrocardiography were then established, allowing the amplifier specifications 
in terms of input impedance and immunity to common-mode interference to be redefined. 
Consequently, the instrumentation amplifier presented in Chapter 5 has been designed to 
meet the requirements specified by international standards and to provide diagnostic quality 
ECG measurement with the dry electrodes characterised. CMRR performance was, however, 
limited by the magnitude of the skin-electrode impedance. New opportunities are expected in 
the near future with the development of ultra-low-impedance dry contact electrodes reported 
in May 2010 by Chang et al. [19]. Therefore, immunity to external unwanted voltages will no 
longer be dictated primarily by impedance imbalance at the amplifier input but will reside to 
a greater extent in the ability of the eircuit to deal with other sources of imbalance to reject 
more efficiently common-mode signals in the measurement chain.

In this chapter, the author presents a novel instrumentation amplifier circuit structure 
that allows enhanced CMRR performance without requiring trimming or high-precision re­
sistors. The solution is obtained by revisiting the fundamental theory that underlies the 
operation of the “classical” instrumentation amplifier. The circuit configuration is then 
modified to allow common-mode voltages to be rejected further. Circuit simulations are run 
with PSpice to assess improvement when worst-case mismatch in resistor values is considered. 
The limitations imposed by imperfections of real op-amps are taken into account and two 
circuit implementations arc then presented and simulated.
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6.1 Standard approaches

Figure 6.1: Cascaded amplifier network composed of n differential stages.

Fig. 6.1 is a generic representation of a differential measurement chain composed of n stages. 
For 1 < f < n, each stage i is characterised by a transfer function that comprises four 
parameters GoOi, GcCi, GoCi GcOi, defined in eqs. (6.1) to (6.4). The differential-to- 
differential gain GoOi is given by:

GoDi —
V^d

V,-i—ld
(6.1)

Vi ic=0

GcCi is the common-mode-to-common-mode gain determined as:

^CCi
i—Ic

(6.2)
Vi-i<i=0

The conversion of a common-mode input signal into a differential component is characterised 
by:

GoCi — Vii—lc
(6.3)

Vi-i<,=0

GcDi represents the gain associated with the conversion of a differential input signal into a 
common-mode component and is defined as:

Vic
^CDi =

i—Id
(6.4)

Vi-i.=0

Vkd and Vkc are differential and common-mode composite signals, respectively, defined in eqs. 
(6.5) and (6.6) for 0 < A: < n as:

Vkd = VkH - VkL (6.5)
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and
V^fcc =

VkH + VkL
(6.6)

Taking fc = 0, the composite signals at the input of front-stage are the differential input 
signal, usually reffered to as e^, and the common-mode interfering signal, generally labeled 

ec-
Pallas-Areny and Webster [153-155] have shown that the overall CMRR of the cascaded 

differential system is given by:

1
CMRRt

-E
i=l CMRR,

with

CMRR, = ^DD, 3<i Q
n DDi

GoCi GcCj

(6.7)

(6.8)

Eq. (6.7) suggests that for a given stage i, CMRR, is ideally infinite if any of the two 
following conditions is fulfilled:

1- GoCi — corresponding to the absence of conversion of input common-mode signals 
into a differential component at the output of stage i.

2. GcCj = 0 for at least one preceding stage j. This implies the cancellation the common­
mode component at the output of stage j.

Most CMRR enhancement techniques reviewed so far have relied on dedicated channels for 
dealing with common-mode signals. The cross-coupling mechanism specific to the “classical” 
instrumentation amplifier has, however, rarely been modified because a primary advantage 
of this structure is the ability of the fully differential stage to secure GdCi — 0- If® common­
mode gain is unity, Gcci = 1, thus the implementation of large differential gain and the 
use of high-precision resistors or trimming techniques is necessary to secure high CMRR 
performance at the single-ended output. There are, however, several factors limiting the 
differential gain obtainable including:

• the differential dynamic range of the ECG signal at the amplifier input, e^;

• the supply voltage, Vec',

• the gain-bandwidth product of the op-amps, GBP;

• the dynamic input range of the subsequent conditioning stages such as low-pass filters, 
automatic gain control circuits, threshold detectors and analogue-to-digital converters 
(ADCs).
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International standards specify an input dynamic range = 10 mV for non-ambulatory 
ECG recording. Therefore, for a low-power amplifier operating from a single supply voltage 
14c = 3 V, the maximum differential gain is determined by = Vec/ed — 300 or 49 dB. 
Variation in dc bias voltage prevents the maximum gain from being achieved since “head- 
room” problems may be experienced. Consequently, Ad is generally not much greater than 
200 or 46 dB for portable ECG recording systems powered from a 3-V battery. For ambula­
tory ECG monitoring, the International Electrotechnical Commission (lEC) specifies a lower 
signal input range as = 6 mV, which allows higher gain to be envisaged. This, however, 
comes at the expense of a reduction in the amplifier bandwidth due to the limited GBP 
of ultra-low-power op-amps. Nevertheless, the use of op-amps with extended bandwidth or 
the distribution of the differential gain among several amplification stages does not generally 
permit a significant increase in the overall differential gain since the dynamic signal range at 
the preamplifier output must be compatible with the input range of subsequent stages com­
posing the measurement chain. For example, several low-voltage ADCs have input dynamic 
ranges restricted to 1 V or less [216].

High-precision resistors are manufactured using laser trimming techniques requiring ad­
ditional resources in time, equipment and labour, which come with increased cost. Generally 
for high CMRR values to be obtained, fully differential ADCs are used because they allow 
the differential dynamic range to be doubled and they present superior immunity to common- 
mode signals compared to difference amplifiers relying on highly matched resistors. Spinelli 
ct al. proposed in January 2010 [173] a conditioning circuit that allows the common-mode 
voltage at the output of a fully differential amplifier to be attenuated so that it is compatible 
with differential ADCs having limited common-mode input range. The suggested circuit can 
be adjusted to achieve Gec << 1- However, residual common-mode elements arc reproduced 
at the output due to the conversion of common-mode signals into differential components, 
limiting the overall CMRR obtainable. In addition, high-resolution fully differential ADCs 
available today consume more power than their single-ended counterparts. Therefore single- 
ended circuits are preferred for designs aiming at ultra-low power consumption but mismatch 
in resistor values becomes a primary source of imbalance in the instrumentation amplifier 
circuit and degrades the CMRR.

Fig. 6.2 is a schematic diagram of the standard three-op-amp lA in which a switch is 
inserted in the feedback paths at the front-end stage and the gain-defining resistance at the 
input is separated into two resistances Ria and Rib to allow the common-mode input signal 
to be sensed. Referring to Fig. 6.2, the following potentials can be defined;

Vx — ^c + GdDi

ed
y — ^ DD\ 2K, = fie - G 
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Air — A lA fd
2, Ajb + Ai^^

where GdDi is the nominal differential gain of the standard IA circuit defined as;

r - 1 +^DDi ~ ^

(6.11)

(6.12)

Gdc”0

GcDl”(f^2^^^l)(^2A‘^2B ) ^CC“^

Gdd2“1 GdC2“ 0-5(^2D ' ^2C ^2E “^p)

^CD2”® GcC2“®

Figure 6.2: Circuit schematic of the “classical” three-op-amp lA that includes a switch in 
the feedback paths at the front-end stage. A measure of the common-mode input voltage 
can be obtained at the mid-point between resistors Ria and Rib-

Instead of connecting Vih to 14 and Vil to I4, as for the standard I A, a more effective 
solution should aim at feeding back at I4 a potential in the form iVin + and at I4 a 
potential such as ±14/, ± This would permit the common-mode component to be 
cancelled on both sides of the amplifier, as indicated in eqs. (6.9) and (6.10). Implementing 
such functions requires a circuit that senses the common-mode signal, sums it to the output 
voltages {14//, 14l} and feeds the resulting voltages back to the inverting input terminals of 
op-amps Ai and A2.
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6.2 The proposed instrumentation amplifier circuit struc­
ture

Several cireuit arrangements have been considered by the author for reducing the nominal 
common-mode voltage in a fully differential configuration, but imbalance on either side of the 
amplifier generally restricts the obtainable CMRR at the single-ended output. This can be 
explained by the fact that attenuation or subtraction of the common-mode signal normally 
relies on op-amp-based voltage amplifiers, the closed-loop gain of which is set by resistor 
ratios. Any difference in these ratios results in a conversion of the common-mode signal into 
a differential signal that is amplified in the differential channel and cannot be eliminated at 
output stage. To be successful in rejecting unwanted common-mode voltages, amplification 
must be achieved without introducing imbalance in the common-mode component seen on 
either side of the amplifier before it is cancelled or attenuated. This involves a structure 
that allows subtraction or attenuation without introducing an error in the common-mode 
voltage sensed. The following sections outline the design of such an instrumentation amplifier 
structure.

6.2.1 The novel circuit concept

Figure 6.3: Circuit schematic of the standard two-op-amp lA.

Fig. 6.3 is the circuit schematic of the standard two-op-amp instrumentation amplifier for 
which the output voltage 14 can be expressed as follows:

14 = ( 1 + 14r / R^cRaa Rsc , .. 
[RacRsa Rac ’

1 + (Km — 14if) + -^ (A3C — A4C') 14m+
/X4 / 1x4

1 + -^ ) (Aac — A4c) + Aa^ — A44
1X4

VlH

(6.13)
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Eq. (6.13) reveals a particular feature of the two-op-amp lA for which errors in the gain­
defining resistors do not affect both input terminals symmetrically. The error affecting the 
input signal Km is scaled by the resistor ratio R3/R4. Therefore making R4 » R3 allows 
the effect of resistor mismatch to be reduced proportionally.

Figure 6.4: Proposed circuit arrangement allowing the reduction of the common-mode gain 
at the output of a fully differential amplification stage. High CMRR value can be obtained 
by making R4 >> R3.

Fig. 6.4 is a schematic of the circuit arrangement proposed by the author that includes 
a two-op-amp instrumentation amplifier in the feedback paths of a fully differential cross- 
coupled stage, resulting in:

Cc -h CjDDi — Cc + 

+ 7^ - ^AC) Cc -f
it4

A lA

+ ^1.4 
Aib — Ai4\ erf

Aib -I- Ai^ ) 2

ed y

+ 1 + -5^ ) (A3C — A4c) + As^ — A4^
/14 VlH

(6.14)
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and

Cc — CrZ)£>iY ~ 

+ -^ {^3D — ^4d)
JL4

Aib - ^ia\ GdA.e + A.jT“'^“

Cc + Aib + Ai^
+

R.
1 + -5“ ) {A3D — A4b) + A3B — A4B

1X4
V,L

(6.15)

Neglecting second order differences, eqs. (6.14) and (6.15) allow the potentials at the output 
of op-amps Ai and A2 to be defined as:

Vf// ( 1 + ^ ~
1X4

^ Cd i?3 / A4^ — A3yi \

R4

/?2 (A2^ - Ai^ ^ ^ i?3
Ri

(A44 — A3^)
Ri J L (1 d R'^/R4) ^3C + A4C

and

T/ ( 1 , -^3^ /- , -^3 / 1 A4B — A3B ^

+ + - 1- )e.
/Li

-I- R2 (A2B - Aib - Aia) , r, a A , ^^3 ------------------------------ -F 2/\ia I 1 + -^itl \ 1X4

(A4B — Asb)
(1 + R3/R4)

— Asb -f A4B1

1 +
Ri 2

(6.16)

1 +
R2

fd
2

(6.17)

It can be deduced that the differential and common-mode components at the output of the 
fully differential stage presented in Fig. 6.4 are given by:

Vld = V4H - VlL =
rDDi Rs

'1 + *1"'' R,
R4 J

A, A3

fl2(A2yl+A2B)
2«i(l+sf) -f R2

Gdd^

4B — ^4A ~r AA32t — AA3B

(1 + ^)^

(Ai^ -I- Aib)

(A3^+A3B-A4B-A4^) ^ ^

ed
(i + g)

(6.18)
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and

14. = ViH +14IL

+

i?3 + /?4

+

Cd „ rC4
A4B + A4yi — As^ — A,3B

(i + ij)'

Gdd, (A3B-A3^-A4B + A.^) + ^
(1+4)

ed
(i + U)

(6.19)

Eqs. (6.18) and (6.19) suggest that the common-mode signal at the output of the cross- 
coupled stage is scaled by an attenuation factor equal to R^/ {R3 + R4) while the differential 
component is multiplied by 1/ (1 -|- i?3/i?4). This yields a transfer function characterised by 
the following parameters;

r" _
“ 17 ec=0

Ra

-h

f<-2i^2A+^2B) I

2«i(l + Sf)

i?3 + i?4 

1

1

R2

Ri

R (^m + Ajb)

(A3^+A3.-A,.-A.^) ^ ^
(1+4)

(>+g)
(6.20)

and

G'cdx ~

G'cc. = Ic
ed=0

/?3
/?3 -|- Ra Ra

A4R + A,AA ^3A A3B

> + t)'

_ 14d
^ 6^=0 Ra

A4R — A44 + A34 — A,̂3B

4®)'

1^
ed ec=0

R2{^2B-^2a) _j_ (Ai4+Aifl)
2«i(i+4)

I o
(A3B—A34—A4fl+A44)

FB
(A4£) — A4C — A30 + Asc)

(6.21)

(6.22)

(i + ij)

(6.23)
Eq. (6.20) indicates that the fully differential stage acts as an inverting amplifier, introducing 
180° phase shift into the differential response. To avoid inversion, the modification shown in 
Fig. 6.5 is proposed. The modified circuit is connected to a unity-gain difference amplifier
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providing a single-ended output given by:

/?4
out

i?3 -f Ra

1 ^2

(-Asyi — Asb -I- Ase -I- SAsb) + "T^TTT^f^ + M-

+

(Ai^ -t- Aib)

(A3^+A3B-A4^-A4^) ^ ^

(1+4)

ed

(l + si)

-h i?3
i?4 -f- i?3

(Asb — As^ -I- Asc — Asb) A4B — A4^ -h A,
-F 3^ A,3B

(i + t) ec (6.24)

Figure 6.5: Proposed seven-op-amp instrumentation amplifier with enhanced CMRR char­
acteristics providing a single-ended output.

The worst-case scenario corresponds to the mismatch in resistor values that yields the 
largest common-mode voltage at the single-ended output and is associated with the following 
combination:

A1.4 — A2B — As^ — A3B — A4B — A4C — As^ — Asb ^ ^Rma
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and
= ^^2^ = ^3B = Asc — A44 — A4£) — Ass — A5C — —A •^^ma (6.26)

where is the manufacturing tolerance for the resistors used. It results an overall
common-mode gain Ac and a differential gain Ad defined is eqs. (6.27) and (6.28) as:

Ra {Ra + 3/24)
(/?3 -f- Ri)^

A,

Ad ~
Ra

1 +
Ri

1 - 3 + R2

Ri + R2 R4
ARrr

(6.27)

(6.28)
, Ra + Ri,

It can then be concluded that the worst-case common-mode rejection ratio due to manufac­
turing tolerances in the gain-determining resistors is given by:

CMRRar^c

(1 + f) [1 - [3 + (it)

Ra

ARm a
(6.29)

For R4 >> R3, CMRRAR^i„ can be closely approximated as:

R4
C M RRar„

i + if
372.3 \ 2A,

(6.30)

Detailed derivations demonstrating the effect of manufacturing tolerances in the gain-determining 
resistors on the CMRR arc given in Appendix C.

Improvement compared to the classical three-op-amp lA is determined by the ratio a = 
724/3723. For example, making R4 — 1000723 results in an CMRR increased by 50 dB. The 
gain of the amplifiers built around op-amps A3 and A4 is given by R4/R3, which must be 
large for CMRR performance to be improved. Consequently, the dc bias voltage at the output 
of op-amps Ai and A2 is multiplied by the gain R4IR^. A common practice for preventing 
dc gain is the use of dc-blocking capacitors in series with R^a and 723b but imbalance in 
capacitance values on either side of the amplifier would degrade the CMRR. In fact, if high 
performance is to be achieved, R^ must be several orders of magnitude smaller than R4. 
Therefore, taking 724 = 10 MQ commonly available with 1% tolerance, R^ must be less than 
100 kD for a CMRR enhancement of 30 dB or higher. Preserving low-frequency components 
in the ECG signal would require capacitance values greater than 33 p.F, the manufacturing 
tolerance of which is generally not better than 10%. A capacitance of 330 pF would be 
required for the CMRR to be improved by 50 dB. The circuit must therefore operate from a 
dual-rail supply to provide zero dc bias at the output of the fully differential stage.
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6.2.2 Validation

In order to verify theoretical results and assess the effect of resistor mismatch on the con­
version of common-mode to differential signal at the output of a single-ended amplifier, a 
Monte Carlo analysis is performed assuming ideal-op-amps and 1% tolerance resistors in the 
frequency range 1 mHz to 100 kHz with PSpice. Simulation results arc shown in Fig. 6.6.

(b) Ac vs. R4/R3.

(c) CMRR vs. R4/R3.

Figure 6.6: Plots of (a) the differential gain Ad, (b) the common-mode gain Ac and (c) the 
CMRR of the proposed circuit structure compared with results obtained with the “classical” 
three op-amp lA structure.

160



The circuit is simulated using a ±5 V dual supply and with a differential input signal 
6^=100 pV in amplitude, because small signals are more noticeably affected by common­
mode interference. The amplitude of the common-mode input signal is 1 V. Simulations are 
carried out for R2 = R4 = R5 = 10 Mfl and i?i = 100 kfl, aiming at a differential gain of 40 
dB. Op-amps are powered from a ±5 V supply with the exception of A3 and A4 for which 
14c = ±6 V at R4/R3 = 1000 to prevent saturation. Monte Carlo simulations are run 255 
times considering = 1%. The theoretical worst-case configurations are defined in eqs.
(6.25) and (6.26).

The differential and common-mode responses of the new circuit concept are compared 
with results obtained with the standard three-op-amp lA, as depicted in Fig. 6.6. Simula­
tion results demonstrate that for >> /?3, no noticeable difference exists in the differential 
response of the two circuit structures. However, the amplitude of the common-mode signal 
measured at the single-ended output is systematically lower for the proposed circuit. The 
novel instrumentation ampliher circuit structure allows the CMRR due to mismatch in resis­
tor values to be improved by a factor approximately equal to the resistor ratio a = R4/3R3. 
When R4 < i?3, no improvement is observed in the common-mode response, however, the 
differential gain is reduced resulting in a decrease in CMRR value. All observations confirm 
the principle of operation of the novel circuit as described in eqs. (6.27) to (6.30)

6.3 Limitations imposed by op-amp imperfections

Simulations were previously performed assuming ideal op-amps to analyse to effect of toler­
ances in the gain-defining resistors exclusively. Having identified the worst-case mismatch in 
resistor values, we now consider some limitations inherent in the use of real op-amps.

6.3.1 Effect of limited CMRR provided by real op-amps

The circuit diagram shown in Fig. 6.7 represents the effects of the limited CMRR provided 
by real op-amps. For a given op-amp, Ai, a common-mode voltage eemi applied to its input 
terminals results in a common-mode error e^cmi referred to its non-inverting input as:

^Ecmi — CMRR
(6.31)

opt

The potential 14 at the output of the feedback op-amp A5 can be expressed in terms the 
input common-mode voltage Cc and the error introduced by op-amps Ai and A2 as follows:

lx ^ (^ecml ^€cm2) (6.32)

161



Considering the two-op-amp instrumentation amplifier built around op-amps A3 and A5, a 
second expression for I4 can be derived in terms of Vn, the gain of the two-op-amp IA and 
the associated common-mode error voltages:

U=|l + f
114

^ecml “b ^ecm2 jr
Cc I I ^ecmb ^IL ^ecmS (6.33)

®ecm1

Figure 6.7: Circuit diagram of the novel instrumentation amplifier proposed by the author 
modelling the effect of limited CMRR of the seven op-amps.

Equating eqs. (6.32) and (6.33) leads to the following expression for Vil\

(eecml-e.cm2) _ j"-I- lU
Stc.m\+Bicm2 _L p __ p ]

2 ' ^£cm5 ^eemSj

(i+t)

A similar approach allows an expression for Vih to be derived as:

ViH —
^4 ^ - (1 + t) (^ecml ^ecm2) (i+i;)[eecml+eccm2 \ p a — P aI 

2 ' ^eemo ^ecm4J

(i + l;)
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The common-mode error voltages are described in eqs. (6.36) to (6.42) as follows:

e.
^ccml

^ecm2 —

CMRRopi

6ccm4 —

C M RRop2 

Rs \ Cc
/?3 R4 J CMRRop'i

R3 \ &c.

(6.36)

(6.37) 

{6.S8)

(6.39)

(6.40)

(6.41)

^R3 +R4J CMRRopj

It can be shown that the potential at the output of the unity-gain difference amplifier built 
around op-amp Aj is given by:

/?3 -|- R4 J CMRRqp4

e.
^ecm5 —

('tcmG —

CMRRopi
ec

C M RRopG

and
^tcml —

R3

^out — VlH — ^lL + ‘̂ Secm7 —

(l+^](__ L
Hi M CMRICMRR„pi CMRR,op2

+

+
) (yCMRI

CMHRop6 CMRRops 
+ " ^

(6.43)

yH3+fi4 J yCMRRop/i CMRRops CMRRopi J 

The effect of the limited CMRR of the seven op-amps results at the single-ended output in:

CMRRop =

Vout

ed ec=0
K?uf

ec ed=0

1
CMRRopi CMRRop2

, CMRRppg) ^ {^)(^CMRI

I - Rn ^ T
^op5 

1+-^
CMRRpp3 CMRR„„i^ CMRR,

T+TT
op4 ^op7 .

(6.44)
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For » Rs, CMRRop can be closely approximated by: 

1 1 1 1

CMRRop CMRR.opX CMRR, + CMRRops CMRRop^

op2 1 + R2

+^ CMRRop:^ CMRRopi^ CMRRopj ^0 45^

R\
Rz (i+f)

As in the case of the “classical” lA circuit structure, the front-end op-amps Ai and 
must have the highest CMRR characteristics or be closely matched for high performance to 
be obtained. If i22 >> ^i, the CMRR of op-amps A5 and Ae are less critical. In addition, 
securing R4 » R^ allows the effect of the CMRR of op-amps A3, A4 and A7 to be minimised. 
In practice, it is advisable to select op-amps from the same series and preferably integrated 
on the same chip in order to obtain better matching in their common-mode responses.

6.3.2 Effect of the op-amp input offset voltages and bias currents

I v„

Figure 6.8: Modelling of the dc imperfections of the op-amps. Ig/. and Ig^. are the bias 
currents at the inverting and non-inverting input terminals of op-amp Afe, respectively. Vio^. 
represents its input offset voltage.
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The proposed circuit is dc-coupled, therefore dc components resulting from op-amp imper­
fections are amplified by the gain of both differential and common-mode channels. Fig. 6.8 
is a representation of the new lA circuit concept that includes the unwanted sources of dc 
signals. Input offset voltages are modelled as constant voltage sources and bias currents are 
shown as dc current sources at the input terminals of each op-amp.

In the worst-case scenario, input offset voltages and bias currents are imbalanced in a 
way that results in the highest differential voltage on each side of the amplifier. Following a 
similar approach as in section 6.3.1, this situation is identified as follows :

= K,io3 — ^io7 — ^ (6.46)

‘B2

^o2 — ^o4 — ^o6 ^ic

^B3 — — ^B5 ~ ^B6 “ ^B7 ~

^B1 ■“ ~ ^53 “ -^54 ~ ^B5 ~~ ^B6 ~ ^B7 ~

^max

Ir•Omax

(6.47)

(6.48)

(6.49)

The most critical sources of error are the offset voltages at the input of op-amps Ai and A2. 
In fact, the difference Vio^ — Vioj is amplified by the circuit differential gain at the output of 
op-amps Ai and A2, resulting in:

and
VlL,

1 -f R2/R1

1 + R3/R4

1 -|- R2/Ri

Koi - Kio2

- Kio2

(6.50)

(6.51)
, 1 + Rs/Ri,

Referring to Fig. 6.8, Vih^c amplified by a gain that is set by the resistor
ratio R4/R3, which produces a dc potential at the output of op-amps A3 and A4 described 
respectively in eqs. (6.52) and (6.53) as follows:

_ 1 + -^2/Ri

^ “ Y3 \1 + R3/R4

and
R.
773 '^^^ R3\1 + R3/R4.

For R2/R1 — R4/R3 = 100 and I4c = i5 V, the output of op-amps A3 and A4 shall saturate 
if Vio„„ >0.5 mV.

Theoretical results are verified by simulating the amplifier transient response with PSpice 
considering three differential input voltage levels: 100 pV, 6 mV and 10 mV. Simulation re­
sults are shown in Fig. 6.9, where a 1-V input common-mode signal at 50 Hz is superimposed

R4 /1 T 7?2 / Ri K.lOi

(6.52)

(6.53)
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on the differential input voltage at 1 Hz. The worst-case mismatch in resistor values is also 
considered so as the maximum variations in input offset voltages and bias currents. is
varied between 0.25 mV and 3 mV while Ismax ranges from 0.01 pA to 100 pA.

0.1

0.05

? 0

-0.05

-0.1 '

- standard lA structure 
proposed circuit structure : 
Vio„,,=0.25mV, U, =100pA -

proposed circuit structure :
ViO ma^=0.5mV, Umax =1pA 
proposed circuit structure : 
ViOmax=0.5mV, Umax =-0.01pA

_l____________ L_ _l____________ L_

(b) Bd = 6 mV, R4/R3 = 10 and 14c = ±5 V.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time [s]

(a) Bd = 100 1J.V, R4/R3 = 100 and 14c = ±5 V.

(c) Bd = 10 mV, R4/R3 = 10 and 14c = ±6 V.

Figure 6.9: Plots of simulated transient responses of the novel circuit proposed by the author 
compared with those obtained with the standard three-op-amp lA considering worst-case 
mismatch in resistor values. A 50-Hz common-mode input signal, Cc = 1 V, is superimposed 
on a 1-Hz differential input signal, e^, that takes three different values: (a) 100 |J.V, (b) 6 
mV and (c) 10 mV. In all cases R2/R1 — 100, aiming at a differential gain of 40 dB.

166



In Fig. 6.9(a), = 100 |a.V is chosen to assess the CMRR improvement under worst-case
conditions of signal-to-noisc ratio. The voltage at the output of the novel circuit concept, 
simulated for different maximum values of input offset voltage and bias current, is compared 
to the output obtained from the standard lA structure without any source of dc imperfection. 
The effect of the 50-Hz interfering common-mode voltage, prominent in the output of the 
standard lA, is highly attenuated on the signal produced by the novel circuit structure. 
Nevertheless, a dc-offset is clearly present due to the simulated op-amp imperfections. As 
expected, the circuit does not return a valid output for — 0.5 mV since op-amps A3
and A4 reach saturation.

To assess its input dynamic range, the circuit is then tested with = 6 mV in Fig. 6.9(b) 
and with = 10 mV in Fig. 6.9(c). The resistor ratio R4/R3 is reduced to 10 to prevent 
“headroom” problems. The simulated transient responses suggest that the circuit proposed 
by the author provides higher immunity to common-mode signal, however, improvement 
is less significant than previously because of the reduction in CMRR at the output stage 
associated with the reduction in R4/R3.

6.4 Suggested implementations

Two circuit implementations that target different applications are suggested. The first circuit 
design utilises op-amps from the MAX400 series that are attractive for their ultra-low power 
consumption, but op-amp characteristics must be closely matched for the overall CMRR 
performance to be improved. An alternative solution that secures high CMRR performance 
in worst-case conditions relies on high-precision, high-voltage op-amps from the OPA140 
family introduced by Texas Instruments in October 2010. However, improved performance 
comes at the expense of a significant increase in power consumption as suggested by the 
op-amps electrical characteristics summarised in Table 6.1.
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Table 6.1: Electrical characteristics of the selected op-amps.

Parameter

Ultra-high CMRR 
high precision 

high supply voltage
Ultra-low power consumption

op-amps Ai to Aj
OPA140

Texas Instruments Inc.

op-amps As to Ag
MAX406A
Maxim Inc.

op-amps Ai to A4
MAX409A
Maxim Inc.

min. typ. max. min. typ. max. min. typ. max.
Avol (dB) 120 126 106 120 106 120
GBP (kHz) 11000 4 8 80 150
Slew rate (Vms“^) 20000 3 5 40 80
Gain stability 1 1 10
VcM input range V- U+ V- 1/+ V- V+

-0.1 V -3.5 V -1.1 V -1.1 V
CMRR @ dc (dB) 120 140 70 80 70 80
Com. mode input res. lO^^ n||7 pF undefined undefined
Diff. mode input res. 1013 pF undefined undefined
Bias current Ib (pA) ±0.5 ±10 < 0.1 10 < 0.1 10
Offset current Iqs (pA) ±0.5 ±10 undefined undefined
In. offset volt. Vio (mV) 0.03 0.12 0.25 0.5 0.25 0.5
Volt, noise density Vndo 5.1 nVv/^ 150 nVy/Hz 150 nVy/Hz
Cur. noise density Indo 0.8 fA\^ undefined undefined
Quiescent cur. Ice (M-A) 1800 2000 1 1.2 1 1.2
Supply volt. to V~ 4.5 V 36 V 2.5 V 10 V 2.5 V 10 V

6.4.1 Application to ac-coupled ultra-low-power dry electrode ECG 
recording

Operating from a dual supply rail (14c = ±3.3 V), with common-mode input at dc of zero, 
a solution optimised for ultra low-power can therefore be implemented using op-amps from 
the MAX400 series, as shown in Fig. 6.10. The front-end amplifier is a bootstrapped unity- 
gain buffer stage which is ac-coupled to block large dc offsets generated at the skin-electrode 
interface. High input impedance can therefore be obtained without requiring unduly large 
values of resistors.
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Figure 6.10: Proposed implementation of the novel lA structure optimised for ultra-low- 
power dry-electrode ECG recording.

The bootstrapped input stage, reviewed in section 4.3.4 in Chapter 4, allows the differen­
tial input resistance to be ideally infinite while the common-mode input resistance is given 
by:

Rc — Rqa + Rec +
RqaR^c

Rta
(6.54)

Taking Rqa — Rqb ~ Re = ^0 Mfl and Rya = 50 kfl!, results in Rc = 2.02 Gf2. The second 
stage is built around the novel circuit concept. The differential gain is set at Gdd2 = 40 dB 
by selecting R2A = R2B = R2 = W Mfl and Ria = Rib = Ri = 100 kfi. The common-mode 
gain of the fully differential stage is designed to be —20 dB, which is achieved with R4 — 10 
MQ and R^ = 1 Mfl. The final stage is a standard unity-gain difference amplifier obtained 
with i?5 = 10 Mil. To prevent large dc bias variation caused by the input offset voltages 
of op-amps AI and A2 as well as the bias currents of the front-end op-amps As and Ag, 
the differential dc gain is limited to unity by inserting a single dc-blocking capacitor, Ci, 
in series with the gain-defining resistors Ria and Rib- The low-frequency cutoff of the gain
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stage is determined by /c = 1/ [AttRiCi), which must be lower than 0.05 Hz for low-frequency 
components in the ECG signal to be preserved. With i?i = 100 kfl, selecting Ci = 22 pF 
allows the performance requirements to be met.

(c) Common-mode gain vs. frequency. (d) CMRR vs frequency.

Figure 6.11: Plots of (a) the differential amplitude response, (b) differential phase response, 
(c) the common-mode gain and (d) the CMRR of the proposed circuit compared with results 
obtained from the standard lA structure implemented with op-amps from the MAX400 series.

Fig. 6.11 shows the differential response and common-mode response of the proposed 
implementation simulated for a differential input signal = 6 mV and a common-mode 
input voltage Cg = 1 V. Worst-case imbalance in resistor and capacitor values is considered. 
The 3-dB differential response ranges from 0.035 Hz to 2.5 kHz and the phase remains between
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6° and —6° in the frequency range 0.35 Hz - 117 Hz. The CMRR is greater than 84 dB in 
the bandwidth 0.2 Hz to 100 Hz and reaches a maximum of 86 dB between 1 Hz and 20 Hz. 
CMRR improvement is then limited by the performance of the op-amps at higher frequencies. 
Results confirm that in the frequency range for which the common-mode response of the op- 
amp is linear, the CMRR of the novel circuit structure is approximately 11 dB greater than 
that obtained with the standard lA configuration, as predicted by eq. (6.30).

6.4.2 Other applications

The focus of this thesis has concentrated so far on ultra-low-power dry electrode ECG record­
ing but the range of applications of the novel instrumentation amplifier circuit can be ex­
tended further. For example, several transducers such as load cells and pressure sensors, 
among others, provide differential outputs [173]. The small differential signal is generally 
superimposed on much larger unwanted or interfering common-mode voltages. An instru­
mentation amplifier is therefore required to carry out amplification selective to the differential 
signal while rejecting common-mode components.

OPA140

Figure 6.12: A possible utilisation of the novel instrumentation amplifier as a conditioning 
circuit for bridge sensors.
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(a) Differential gain vs. frequency. (b) Phase vs frequency (differential).

0.001 0.01 0.1 1 10 100 
Frequency [Hz]

(d) CMRR vs frequency.

1,000 10,000

Figure 6.13: Plots of (a) the differential amplitude response, (b) differential phase response, 
(c) the common-mode gain and (d) the CMRR of the proposed circuit compared with results 
obtained from standard lA structure implemented with op-amps from the OPA140 family.

To be effective in worst-case conditions, the novel instrumentation amplifier circuit pro­
posed by the author must employ high-precision op-amps that exhibit excellent CMRR char­
acteristics. The minimum CMRR of the front-end op-amps must be at least 6 dB higher 
than the minimum CMRR due to tolerances in the gain-determining resistors, in addition, 
input-offset voltages and bias currents must be as small as possible. In order to secure 
simultaneously satisfactory input dynamic range, differential gain and improved CMRR per­
formance, the supply voltage must also be raised. The OPA140 is therefore attractive for its
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superior CMRR performance (120 dB min.), ultra-low input offset voltage (0.12 mV max.), 
low bias current level (±10 pA max.) and large supply voltage range (±18 V). Fig. 6.12 is 
an implementation of the proposed circuit structure based on the OPA140. The circuit is 
simulated using the component Spice model and the simulation software (TINA-Tl) provided 
by the manufacturer.

Fig. 6.13 shows the differential response and common-mode response of the novel circuit 
concept compared with the result obtained from the standard three-op-amp structure when 
worst-case mismatch in the resistor values is assumed. Results arc presented for R4/R3 = 100 
and 10. Fig. 6.13(a) demonstrates that there is no significant difference in the differential 
gain response returned by both structures in frequencies ranging from dc to 3 kHz. Moreover, 
the phase shift measured at the output is no greater than -2.5° up to 1 kHz, as shown in 
Fig. 6.13(b). Fig. 6.13(c) indicates that in the linear operating range of the op-amps, 
the common-mode gain of the novel structure is systematically lower than that obtained 
from the standard three-op-amp configuration. As expected. Fig. 6.13(d) indicates that the 
CMRR improvement is 12 dB for R4/R3 = 10 and 30 dB when R4/R3 is increased to 100. 
Nevertheless, the advantage of the new arrangement is limited to the frequency bandwidth 
over which the phase of CMRR of the op-amps is small. For CMRR improvement to bo 
secured at higher frequencies, op-amps with extended bandwidth in their common-mode 
response arc required. To the best of the author’s knowledge, such components have not 
been found within the range of high-precision op-amps available.

6.5 Conclusion

In the light of recent development in dry-electrode technology a new circuit structure has been 
designed for increasing the CMRR performance of the traditional instrumentation amplifier. 
The proposed solution allows common-mode voltages at the fully differential output to be 
reduced and the rejection of interfering signals at the single-ended output to be improved 
without affecting the differential response. Implementations with real op-amps have demon­
strated the need to use high-performance amplifiers providing excellent bandwidth of their 
CMRR response for improvement to be maintained at high frequencies. Ultra-low-power op- 
amps are generally not designed for simultaneously large bandwidth and very large CMRR 
and therefore, in order for enhanced CMRR performance to be secured in the worst-case 
imbalance in component characteristics, op-amps with ultra-high CMRR value are required. 
A critical limitation exists, however, in the differential input dynamic range which cannot 
exceed the ratio VccGcci/Gddi for the revised fully differential stage. Therefore, considering 
a differential gain Gddi — 100, a common-mode gain Gcci = 1/100, and a maximum supply 
voltage Vec = ±18 V, the differential input dynamic range is limited to ±1.8 mV. In order 
to increase the dynamic range to ±5 mV, the level of ECG signals specified in international
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standards, Gddi or l/Gcci must be reduced. Nevertheless, the novel circuit concept is suit­
able for measuring extremely small differential signals contaminated by large common-mode 
interfering voltages as in the case of the signals sensed by many transducers.
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Chapter 7

Conclusion and further work

7.1 Summary

This thesis has presented a rigorous analytical approach to the design of high-performance 
instrumentation amplifiers with an emphasis on applications in dry-electrode long-term am­
bulatory ECG recording. The work has highlighted the need to take into account the effect 
of the time-varying doublc-timc-constant skin-electrode impedance in the model describing 
the ECG volume conductor in order to accurately relate the voltage sensed at the input 
of the biopotential amplifier to the signal generated within the heart. The review of in­
ternational standards and recommendations has allowed essential performance requirements 
for ECG recorders to be identified but current impedance specifications were shown to be 
inappropriate for dry electrodes. Performance requirements must therefore be revisited to 
consider practical recording conditions at the skin-eleetrode interface. Thus, it is suggested 
that standards should consider the performance of the recording system as a whole, including 
a model of the skin and the sensing electrodes in the response of the ECG amplifier. Con­
sequently, new methods of charaeterisation of the skin-electrode interface were investigated 
and new input impedance requirements for dry-electrode electrocardiography were derived 
by using a combination of analytical and numerical methods. This has allowed the abil­
ity of the “classical” instrumentation amplifier structure to reject common-mode interfering 
signals to be assessed. It was concluded that the standard structure must be modified in 
order to achieve high common-mode rejection ratio in the frequency bandwidth over which 
additional noise associated with dry electrodes has been measured. A brief review of existing 
CMRR enhancement techniques has allowed the identification of a suitable instrumentation 
amplifier structure operating from a single-rail supply that is optimised for ultra-low power 
consumption and that enables high input impedance and CMRR characteristics to be im­
plemented. In the light of results obtained from the analysis of the skin-electrode-amplifier 
network in the harshest conditions, a novel instrumentation amplifier circuit was designed,
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built and tested. Practical measurements give results which are in accordance with simu­
lation results at low-frequency, suggesting that the modifications presented by the author 
yield enhanced performance in terms of input impedance and low-frequency response when 
coupled to the dry electrodes characterised. Fourteen subjects were recruited for actual ECG 
measurements acquired at rest and while subjects were moving and exercising. No noticeable 
difference existed between ECG tracings recorded using dry and wet electrodes. Semicon­
ductor noise affected all waveforms but did not significantly degrade the signal. The CMRR 
was measured at 97 dB at mains frequency, 50 Hz, and 89 dB at 100 Hz for the amplifier 
alone, meeting requirements. CMRR performance was, however, limited by the magnitude 
of the skin-electrode impedance when worst-case values were considered. New opportunities 
are expected in the near future with the development of ultra-low-impedance dry contact 
electrodes that will offer the possibility of rejecting common-mode signals in the measure­
ment chain more efficiently. A novel instrumentation amplifier circuit structure that permits 
common-mode voltages at the fully differential output to be reduced and the rejection of 
interfering signals at the single-ended output to be improved, without affecting the differen­
tial response, is finally presented. Worst-case simulation results confirm that the minimum 
CMRR value obtainable can be augmented by 30 dB compared to that of the “classical” 
circuit structure without requiring trimming or high precision resistors, but this comes at 
the expense of increased power consumption. Table 7.1 lists some essential performance char­
acteristics of the three circuit implementations proposed by the author compared with the 
original dry-electrode amplifier design published by Burke & Gleeson in 2000 [34].

Table 7.1: Essential performance characteristics.

diff. low freq. high freq. input CMRR power approx.
gain cut-off cut-off impedance @ 50 Hz dissip. cost

spec, limits N.A. <0.05 Hz >250 Hz >10 MQ >95 dB N.A. N.A.
Burke & Gleeson 43 dB 0.04 Hz 2200 Hz 66 Mfi 84 dB 27 pW 20 euros
constructed 6 op-amps single-supply low-power design (Fig. 5.2):

40 dB 0.04 Hz 1250 Hz 2 cn 97 dB 45 pW 10 euros
simulated 9 op-amps dual-supply low-power design (Fig. 6.10):

40 dB 0.04 Hz 2500 Hz 2 Gn 85 dB 60 pW 20 euros
simulated dc-coupled 7 op-amps dual-supply design (Fig. 6.12):

40 dB N.A. 3000 Hz 10^3 n 95 dB 200 rnW 7 euros
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7.2 Limitations of the proposed approach

The work presented in this thesis has relied heavily on analytical models and numerical 
methods for the design and assessment of the proposed amplifiers. However, while the ap­
proach undertaken by the author has focused on low-frequency response and CMRR of the 
skin-electrode-arnpliher network, other problems inherent to the use of dry electrode in ECG 
recording remain unsolved.

To begin with, the implementation of an ultra-high input impedance of 2 GQ in magnitude 
in series with a dc-blocking capacitance of 0.47 pF yields a time constant of 940 s for the 
front-end stage, resulting in long time delay before an ECG can be recorded when the system 
is powered-up. A mechanism allowing “fast recovery” that consists of inserting a switch at 
the input stage allowing resistors having low value values to be connected in parallel with the 
impedance-defining input resistors was first considered. This approach, suggested by Spinelli 
et al. in 2004 [117], necessitates the switch to be manually operated by the patient, which 
may not be advisable in the case of the very elderly. The investigation of automatic switching 
mechanisms has not been possible within the duration of this project.

The approach taken has systematically aimed at the most stringent performance require­
ments under the worst-case scenario, while minimising cost and power consumption. How­
ever, emphasis must be placed on the fact that excellent CMRR response, wide bandwidth, 
low noise and exceptionally good dc performance are not commonly combined features found 
among commercially available op-amps designed for low supply voltage and ultra-low qui­
escent current. Enhanced performance is therefore generally accompanied by an increase 
in power consumption. The solution presented in Chapter 6 illustrates the need for com­
promise. However, the novel approach may not be suitable in applications for which power 
consumption is critical, as in the case of cardiac pacemakers and other implantable devices 
[217-219].

Finally, the standards and recommendations related to the low-frequency performance of 
ECG recorders consider ideal square waves that are not found in real ECG waveforms. The 
reference test signals used to represent fast changing components in the ECG signal should 
therefore be replaced by more realistic input waveforms.

7.3 Further work

It is intended as part of future development to improve, construct and test the circuits 
presented in Chapter 6 to assess performance in real-life conditions. In addition, the stages 
subsequent to the ECG preamplifier remain to be designed and implemented. These include: 
low-pass filtering, an automatic gain control stage, threshold detection and analogue-to- 
digital convertion. Further research is also needed in the design of an elasticated vest, the
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optimisation of electrode locations on the body and the development a communication unit 
for transmuting the ECG signal to a nearby PC-based substation or to a cellular based 
network.

Difficulties associated with the detection and suppression of motion artefacts will ulti­
mately limit the ability of dry-electrode electrocardiographs to produce a signal of the same 
diagnostic quality as that of a standard electrode Hotter system. The effect of artefacts 
within the signal bandwidth is generally exacerbated by poor contact between the skin and 
the electrodes due to the absence of a coupling gel. Extensive research is required in this 
area before dry-electrode-based recording systems replace traditional heart monitors cur­
rently commercialised. Future work might consider new possibilities for the identification of 
changes in contact due to motion in order to eliminate its effects on the recorded ECG signal. 
The opportunities offered by new generations of active electrodes that include accelerometers 
installed at the electrode site could be considered as a starting point [220, 221].

Accelerometers can also be used to convert body motion into energy for powering biomed­
ical devices [217-219]. Results published in August 2010 by Romero et al. indicate that up 
to 117 pW of power can be produced by a generator positioned on the ankle while walking 
[219]. These recent developments offer new prospects in long-term telemetric monitoring of 
physiological signals in the near future.

7.4 Closing remarks

The analytical methods and mathematical models applied in the thesis are applicable to many 
systems that can be represented in matrix form or as transfer functions. On a personal level, 
the experience gained during the course of this project has contributed to the development of 
a wide range of academic interests offering the opportunity to explore new research problems 
involving mathematical analysis and computational modeling.
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Appendix A

Identification of the model parameters 
of double-time-constant passive 
networks exhibiting three local 
extrema in their phase response

This study gives detail of the key derivations associated with the method presented in Section 
3.3 Chapter 3 for the identification of the model parameters of the skin-electrode interface 
based on values published by Miihlsteff et al. in 2004 [39].

Impedance model

Fig. A.l shows the electrical model of a double-time-constant passive network connected to 
a purely resistive impedance.

Figure A.l: Model respresenting a double-time-constant system connected to a resistive 
impedance Rin-
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Transfer function

The transfer funtion of the network shown in Fig. A.l is given by:

^2(s) RinT{s)^
^l(s) R^n + Rl + + ^3 + sR^i+l

We introduce the following new variables:

(A.l)

T2 — R2C2 (A.2)

T4 = R^Ci (A.3)

Ri3 = Rin + Rl + R3 (A.4)

Ri23 ~ Rin + Rl R2 b R3 (A.5)

Rl3i = Rin + Ai + A3 + A4 (A.6)

Rt = Rin + Ai + R2 + A3 + A4 (A.7)

A
Rin + Rl + A2 + A3 + A4

(A.8)

Eqs. (A.2) to (A.8) allow the transfer function to be expressed as follows:

(1 + ST2) (1 + STi)T{s) = Ac

Eq. (A.9) can be written as a function of the two poles, pi and p2, and the two 
22, associated with the double-timc-constant network so that:

T{s) = Ac

The poles and zeros of T{s) can be derived from eq. (A.9) as:

(A.9)

zeros, zi and

(A.IO)

Pi ^

P2

T2R1M + TiRl23 — \l[T2R1M + "^4.^123)^ “ 4Ari?13T'2'r4

2^13X2X4

T2Rlii + TiRui + \J (T2A134 + TiRi22,)^ — 4A7’Ai3r2T4 

2i?i3'r2r4 

1
= —

T2

(A.ll)

(A.12)

(A.13)
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and
22

T4
(A.14)

Step response

A step input X(t) is ideally modelled using the Heaviside unit step function as:

X(t) =
0 if t < 0 
1 if t > 0

(A.15)

Applying Laplace transform to X(t) leads to:

X(s) = £(X(t)) =
1

(A.16)

Using the transfer function T(s) defined in eq. (A.10), the frequency response U(s) of the 
the double-time-constant network shown in Fig. A.l to the pulse A(s) is:

K(s) can then be expanded by partial fractions as:

= Ko
P2 (Zl-Pl)(^2-Pl) Pi (21-P2}(Z2-P2}

■i I *1^2 (PI-P2) I ^1^2 (P2-Pl)

(A.17)

s + Pi S+P2
(A.18)

The inverse Laplace transform of y(s) gives the corresponding response in time, y{t), as:

y it) = = 1^0 [1 + ^ ~ '
L ZiZ2(j)l-p2)

(A.19)
Two asymptotic values can be extracted from the impulse response, y(t), as follows:

and

lim (y (t)) = lim {sY (s)) = lim \T (a;)| = Kq =
t—^00 s—►O uf—►O

lim (y (t)) = lim {sY (s)) = lim \T (cu)| = K^o = as
t—>0 5-^C» IjJ-YOO

(A.20)

(A.21)
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Magnitude response

The magnitude response of the system described in Fig. A.l is given by:

\PiP2\
\TUuj)\^\Ko\

1 + ^ l + 2i£
Z\ •22

1 + ^ 1 + ^
Pi P2

= \Ko
I2122I

(A.22)

It can be shown that the limits of |T (w) | at low and high frequencies are determined as:

and

lim \T (w)! = ^ = Ko = a4

lim \T (w)i ^ ^ = Koo =
w-foo /ti3

(A.23)

(A.24)

Phase response

The transfer function defined in eq. (A. 10) can be rearranged so that real and imaginary 
parts are more easily identified:

1-u^

T{ju) = Ko
+j u

_P1P2 ZiZ2 I 2122 

^1+^2 _ ^El±£2'^ +

+ —] 
2l22PlP2j

3_ _ _ _ L_ ( 5i±3i'\ 1_ _ _ L_ ( Pl+P2^
PIP2 y 2122 / 2122 \ PIP2 J

1 —
_2_ I (pi+P2y
P1P2 \ P1P2 / \P1P2

)■
(A.25)

It can be shown that the phase response of the double-time-constant nework considered 
can be expressed as:

/ \ 4 /m / \\ —1 (jJC “f" D \ip (w) = Arg (T {juj)) = tan f ------------------  '

where
A = -

1 1 
+

P1P2 Z1Z2

+ uj^A + uj^b) 

-21 + ^2 'i ( Pi +P2

B =

Z1Z2

1

'T9R134 + Td^l

P1P2

B.13 {T2Tiy

2 •'ri34T2_14T!2^
Rt

c =
Z1Z2P1P2 Rt

Zl Z2 f Pi P2\ R2'T2 + Ra^4

Z1Z2 P1P2 Rt

and
Q — ^ f 1 f Pi + P2 \ ^ ^ T2R4 + taR2

P1P2 V ^1^2 J Z1Z2 V P1P2 ) ^ ^ Rt
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Bode diagram

Fig. A.2 shows the asymptotic bode diagram of a double-time-constant network the phase 
response of which exhibits three local extrema, as suggested by parameter values reported 
by Miihlsteff et al [39].

Figure A.2: Bode diagram showing the assymptotic (a) magnitude reponse and (b) phase 
response of a double-time-constant network that exhibits three local extrama in its phase 
response.

Parameter Identification method

The the first derivative of the phase with respect to the angular frequency u is given as: 

d^{u)) C + (3D - AC) u? - {AD - 3BC) - BDuj^
(Bj (1 + Acj2 + + (Cw + Du^f

Eq. A.31 results in the following conditions:

(AD _

(A.31)

BD
^ _ 0 ^ 1 + (3^ - a) + (^^ - 3Bj u,* - - 0

1 -\- CLiuJ^ -\- 0,2!^^ -t" — 0

(A.32)

(A.33)

where ai, 02 and as are defined in eqs. A.34 to A.36 as:
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ai — 3
D

C

AD

A =

02 = — - SB ^

SRt iRiT2 + R2Ti) T2Ti - Riu + Rus) (^2^2 + R4T4)
Rt {R2T2 + RiU)

DTi {RiSA'^2 a -Ri23'^4 ) ('^2-^4 + '^4-^2) ~ SRiz {R2T2 + R4T4) {t2Ta)^

(A.34)

BD
03 = --

Rt {R2'T2 + Ra^a) 

Ri'i {RaD + ■R2T4)

C Rt {R2T2 + RaTa) {dtaT

(A.35)

(A.36)

Up to three local externa can be identified on the plot of phase from the frequency response 
of the double-timc-constant network. They occur at three frequencies Wi, U2 and 013, allowing 
the following system of equations to be obtained:

1 + Oitj^ + 02CJJ + 0360^ = 0 (A.37)

1 -l- 04W2 T 02W2 A 03W2 ~ 0 (A.38)
1 + O1W3 + O2CU3 + 03CJ3 = 0 (A.39)

It can be shown that the system defined in cqs. (A.37) to (A.39) can be rearranged to give
the coefficients as:

1 1
Ol =

Uo UJo

a2 =

03

“1” UJ2
2 2 2 UjfU^UJ^

r ,2, ,2Cc/i Cu^ ^3

(A.40)

(A.41)

(A.42)

Eqs. (A.40) to (A.42) indicate that the frequencies at which local extrema in the phase 
response occur provide valuable information for the characterisation of the double-time- 
constant network. This requires all three frequencies to be measurable. Considering the 
two points 04 and 05 extracted from the magnitude response, the following system of equa­
tions can therefore be derived:

CLiRt {R2D + RaTa) ~ SRtT2Ta {RaD a R2Ta) + (72-^134 A T^Ri23) (7?2T2 -|- RaTa) — 0

(A.43)
a2/?T {R2T2 + RaTa) ~ T2Ta {Ri3AT2 A Ri23Ta) {dRa A T4R2) 4- 3i?i3 {R2T2 + RaTa) {T2Ta)‘^ = 0

(A.44)

(^sRt {R2T2 + RaTa) + Ri3 {RaD + R2Ta) (72"^4)^ — 0 (A.45)

RraA — Rin = 0 (A.46)

(I5R13 ~ Rin — 0 (A.47)
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Tho identification problem is now equivalent to the resolution of a non-linear system of five 
equations with the following five unknowns:

X — Ri + R3 (A.48)

y = R2 (A.49)

Z — R4 (A.50)

0 = r2 (A.51)

V — T4 (A.52)

Eqs. (A.43) to (A.47) can therefore be rewritten as follows:

[Rin + x + z)v?'Rin .Rrai---- {yu zv) — 3----- uv {zu + yv) +
^4 (Z4

{yu -h zv) = 0 (A.53)

Q'2-^ {yu + zv) — uv 
<24

{Rin + X + Z) U^

+ {Rnn + X + y)v'^

+ {Rin + x + y)v‘^

{zu + yv) -h 3u^v^ {Rin -I- x) {yu + zv) = 0

(A.54) 

(A.55)

Ui {Rtn + X+ y + z) - Rin = 0 (A.56)

R
Us—— {yu -)- zv) -h u^v^ {Rin + x) {yv -I- zu) = 0

CI4

^5 (-^m “H 2^) ^in — 0

It can be shown that cq. (A.54) is equivalent to:

0305

(A.57)

Rin , 
a2------ h04

^ + z]u^+(^ + y]v^
as / V as u^v'^a^ + 3i?i,

2 2 u v
05

= 0

^0305 040305 2_2 , ^^.4,

O4
-3^V^---- n '"u'^v'^ -\—-f 3

02 at as
= 0

The following change of variable is then proposed:

q — uv

Eq. (A.59) is therefore reduced to that of a single variable q eis shown below:

30305 O1O3O5 2 I 4 3 g
------ 5-----------^------------ 7 -----1 = 0

04 04 04 05

Solving eq. A.61 in J?"*" allows the following systems of equation to be derived:
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(A.59)

(A.60)
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OD^1 I 2 9 I04 /J
■^in . \ 4 I ( ^in , d ^5 ^4 \ 2------ h 2 Ui^ + ----  + i?,„------------ 2 U
05 / V 05 04O5

05-04 , q\ „ 05 - 04 (j"* 2g^a4 ,
— O3O5 /tin------------- U — ZU + z— = Kin---------------------------------------h zua^q

04O5 u / u u

(A.62) 

3

(A.63)

■ffm

^5

■2^ -^ri

\aw)
oi------ f- 3/?i.

04

as M 04
[u (03O5 - 04^3) - I (03O5 - a4g^)]

2 I I - I n ^5 O4 12o +------ h /?in------------^ ] q\ 05 04O5 y
(A.64)

_ „ / 05 - 04 ^ 04g^ + 0503^^
*" V03O5 -q^J 0405 (u2 - q)

(A.65)

= 0

i?,
05

*" i \ 4 I + 2 +
^in , o r> ^ O.3O5 \

oi^ + 3i?4. 
04

o + ( Rin— - z] q = 0

(A.66)

^ P + ^3^^'0 ^ u. ( ^5-04 \ 04g'^ + 05030^
" a / g^(j.5{v?-q)

(A.67)
u (03O5 - g^) - ^ (03O5 - g3)]

Eqs. (A.66) and (A.67) are then combined to give the following;

05 - 04 4 04g'‘ + 0503^^ 4 , o
u +---- h 3^ , o f ^305 \

O5 xasa^ — aiq^J O4O5 (u^ - g) J [04 V«49^/
+

u

1 / 05 - 04 \ 04g^ +

04 \a3a5 — a^q^ J 04O5 (u^ — g)
g2 = 0 (A.68)

04 05 \ Q . 2
1 ----------------- 3 )-------

04 \a3a3 - a^q^ J
^ + 3 ^ 04 - 05 ^ g (o4g^ + 05O3)

04 \alq^J V“305 - 04g3y 0405

+ 0^
1 04^05 \ 03

CI5 \(lsCL5 — ^aQ / ^4

Eq. (A.69) permits the following quadratic equation to be established:

= 0 (A.69)

Po + Plf^ + P2U^ — 0 (A.70)

where
U = u^

g2 / 04 - 05 \ g^
Po =----- -----------------T —04 \a3a5 - a^q-^ J as

(A.71)

(A.72)
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Pi =
CH
04

+ 3 / 0305 \ 
\«49V 

1

04-05 \ q [a^q^ + 0503)

P2 =

O3O5 - 040^^

04 — O5

O4O5

O3

(A.73)

(A.74)
05 \a3as — a^q-^J 04

The solution of eq. (A.70) is the final step of the identification procedure, which returns the 
model parameters as follows:

Ra = z = Ri,

and

04^'^ +( 05 — 04

Vo305 - 04g3y aia^{u^-q)

r, r, “5-04
R2 y ^Hn ^(24(25

U
Co^-

uz

Rl + R3 — X — Rin
1 - 05 

O5

(A.75)

(A.76)

(A.77)

(A.78)

(A.79)
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Appendix B

ECG measurement obtained from the 
very-low-power single-supply 
dry-electrode ECG preamplifier 
outlined in Chapter 5

Table B.l: Subjects recruited for ECG recording.

subject num. gender age noticeable presence of hair at the electrode sites?
1 male 23 no
2 male 40 yes
3 female 33 no
4 male 28 no
5 male 29 no
6 female 33 no
7 male 23 no
8 male 22 no
9 male 39 yes
10 male 33 no
11 male 23 yes
12 female 31 no
13 male 41 yes
14 female 33 no
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(a) Resting ECG, dry electrodes (1 kSs (b) Resting ECG, wet electrodes (1 kSs'

E! 1.8

(c) Resting ECG, dry electrodes (250 Ss (d) Resting ECG, wet electrodes (250 Ss

Time [s] Time [s]

(e) Walking on the spot, dry electrodes (250 Ss"^). (f) Walking on the spot, wet electrodes (250 Ss“^)

3 1.5 "Hi*
_'

2|-----1
i 1'5'y 

•1

1 —

jilt'llj_1_
4

Time [s]
4

Time [s]

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss -11

Figure B.l: Sample ECG recordings for subject 1 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
braekets in samples per s (Ss“^).
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E 1.8
0)

1.6
E<

1.4

(a) Resting ECG, dry electrodes (1 kSs -i-i (b) Resting ECG, wet electrodes (1 kSs ^).

E 1.8

= 1.6

1.4

—_ A. - A.. —n A—f A

_______ 1________I_______ I______

-] 2

E 1.8 0)

. I- . <„
4

Time [s]
4

Time [s]

(c) Resting ECG, dry electrodes (250 Ss ^). (d) Resting ECG, wet electrodes (250 Ss ^).

E 1.8 - E 1.8

■|- ^ ® Ai#i A<m ^ ^ A«

(e) Walking on the spot, dry electrodes (250 Ss '). (f) Walking on the spot, wet electrodes (250 Ss-1-1

3 1.5

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss

Figure B.2: Sample ECG recordings for subject 2 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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Time [s]

(a) Resting EGG, dry electrodes (1 kSs“^)

Time [s]

(b) Resting EGG, wet electrodes (1 kSs“^)

2r

(c) Resting EGG, dry electrodes (250 Ss '). (d) Resting EGG, wet electrodes (250 Ss

2

E 1.8

t 1-6
E<

1.4

2

E 1.8 
0)

I 1-6 J4J.il.U 1.JJ 111
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

<
1.4

_____________________ I_____________________ 1 , _i_____________________

4
Time [s]

4
Time [s]

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^).

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.3: Sample ECG recordings for subject 3 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs

Time [s]

(b) Resting ECG, wet electrodes (1 kSs“^). 

2r

(c) Resting ECG, dry electrodes (250 Ss ^). 

2

(d) Resting ECG, wet electrodes (250 Ss ^ 

2

E] 1.8

t 1-6
E<

1.4

fj\

4
Time [s]

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss

2.2 

E 2 
•§ 1.8 

1,6
<

1.4

Time [s]

(g) Harvard step test, dry electrodes (250 Ss“^)

Time [s]

(h) Harvard step test, wet electrodes (250 Ss“^).

Figure B.4: Sample ECG recordings for subject 4 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs ^). (b) Resting ECG, wet electrodes (1 kSs

E 1.8

(c) Resting ECG, dry electrodes (250 Ss ^). (d) Resting ECG, wet electrodes (250 Ss ').

^ 1.8

= 1.6

1.4

(c) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^). 

2

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.5: Sample ECG recordings for subject 5 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss~^).
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Time [s]

(a) Resting ECG, dry electrodes (1 kSs“^).

Time [s]

(b) Resting ECG, wet electrodes (1 kSs“^).

(c) Resting ECG, dry electrodes (250 Ss ^). (d) Resting ECG, wet electrodes (250 Ss ').

E 1.8

4
Time [s]

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^).

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.6: Sample ECG recordings for subject 6 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs ^). (b) Resting ECG, wet electrodes (1 kSs ^).

E 1.8 E 1.8

(c) Resting ECG, dry electrodes (250 Ss ^).

2r

E 1.8 ■

(d) Resting ECG, wet electrodes (250 Ss"

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss

B 1.5

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.7: Sample ECG recordings for subject 7 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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2

E 1.8

t 1-6
E 
<

1.4

(a) Resting ECG, dry electrodes (1 kSs”

Time [s]

(c) Resting ECG, dry electrodes (250 Ss~^).

(b) Resting ECG, wet electrodes (1 kSs ^).

21--------------------------------- ■---------------------------------^ -̂---------------------------

|- ^ ^ Awii4 A^jj^tiaA Ai<|aa /

(d) Resting ECG, wet electrodes (250 Ss '). 

2

E 1.8

Time [s] Time [s]

(e) Walking on the spot, dry electrodes (250 Ss~^). (f) Walking on the spot, wot electrodes (250 Ss~^)

2r

= 1.5

E<

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.8: Sample ECG recordings for subject 8 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs ^).

0.5 1
Time [s]

(b) Resting ECG, wet electrodes (1 kSs“

E 1.8 E 1.8 ■

0 2 4 6
Time [s]

(c) Resting ECG, dry electrodes (250 Ss -11 (d) Resting ECG, wet electrodes (250 Ss ^).

E i.8 E 1.3

•s 1.1

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss

4'4M^|l444444^

2|------

1 1-8 •

f'-'.ASw Aw A* A«t Aj|a*» Aw a#

4
Time [s]

4
Time [s]

(g) Harvard step test, dry electrodes (250 Ss (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.9: Sample ECG recordings for subject 9 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).

198



(a) Resting ECG, dry electrodes (1 kSs

0.5 1 1.5
Time [s]

(b) Resting ECG, wet electrodes (1 kSs ^).

7 1-8x>
i 1.6
CL

J 1.4

aJa-Ia-L
r 1 ■ _ __ » - —

E 2
1.8

^ 1 1.6 
I.4I-

JaJ1aJaJaJaJaJa4iJa
■ ■ ■

0
Time [s]

(c) Resting ECG, dry electrodes (250 Ss“').

0
Time [s]

(d) Resting ECG, wet electrodes (250 Ss~^)

Time [s] Time [s]

(c) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^).

(D
•D

■q.
E<

0}
XJD
"5.
E<

Time [s] Time [s]

(g) Harward step test, dry electrodes (250 Ss ^). (h) Harward step test, wet electrodes (250 Ss ^).

Figure B.IO: Sample ECG recordings for subject 10 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs ^). (b) Resting ECG, wet electrodes (1 kSs ^).

4
Time [s]

(c) Resting ECG, dry electrodes (250 Ss ^). 

2

(d) Resting ECG, wet electrodes (250 Ss ^).

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^).

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.ll: Sample ECG recordings for subject 11 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^). Significantly higher level of perspiration was observed with 
subject 11 than with the other thirteen subjects investigated. While sweat can act as an 
electrolyte in the case of dry electrodes, it was observed that excessive perspiration caused 
sweat to penetrate pre-gelled electrodes which degraded signal quality.
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0 0.5 1 1.5 2
Time [s]

(a) Resting ECG, dry electrodes (1 kSs“^).

0 0.5 1 1.5 2
Time [s]

(b) Resting ECG, wet electrodes (1 kSs“^).

(c) Resting ECG, dry electrodes (250 Ss

0 2

(d) Resting ECG, wet electrodes (250 Ss“').

1 ■'■5
Q.
E<

0 2 4 6 1
Time [s]

(g) Harward step test, dry electrodes (250 Ss“^).

0 2 4 6 8
Time [s]

(h) Harward step test, wet electrodes (250 Ss~^).

Figure B.12: Sample ECG recordings for subject 12 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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(a) Resting ECG, dry electrodes (1 kSs ^). (b) Resting ECG, wet electrodes (1 kSs ^).

S 1.8

(c) Resting ECG, dry electrodes (250 Ss

E 1.8

= 1.6

(d) Resting ECG, wet electrodes (250 Ss ^).

E 1.8 ■

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wot electrodes (250 Ss

E 1-8 1 1

2

E
1 1 (a ,

0)
^ 1 5 Y V

1 ,
4

Time [s]
4

Time [s]

(g) Harvard step test, dry electrodes (250 Ss ^). (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.13: Sample ECG recordings for subject 13 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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2

S 1.8
(UTJ
I 1-6
E <

1.4

(a) Resting ECG, dry electrodes (1 kSs (b) Resting ECG, wet electrodes (1 kSs ^).

1.4

S 1.8

= i.e

E<

(c) Resting ECG, dry electrodes (250 Ss ^). (d) Resting ECG, wet electrodes (250 Ss ^).

S 1.8

(e) Walking on the spot, dry electrodes (250 Ss ^). (f) Walking on the spot, wet electrodes (250 Ss ^).

E 1-6

S 1-8 ■

(g) Harvard step test, dry electrodes (250 Ss-It (h) Harvard step test, wet electrodes (250 Ss ^).

Figure B.14: Sample ECG recordings for subject 14 using dry electrodes (left hand side 
waveforms) and wet electrodes (right hand side waveforms). The sampling rate is given in 
brackets in samples per s (Ss“^).
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Appendix C

Effect of manufacturing tolerances in 
the gain-determining resistors on the 
CMRR of the proposed novel lA 
structure presented in Chapter 6

Figure C.l: Circuit schematics of the proposed new instrumentation amplifier circuit con­
cept that features enhanced CMRR performance.
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Referring to Fig. C.l, the following voltages and currents can be defined;

*1^ — *1B — *2.4 — *2B

and

Ria + Rib

T/ _ ““ I D • I (Rib - Ria\- e, - - + - e, + I 1 yBd

^ + i?2>l*2A — Cc + f 1 + 2R2A Bd
Ria + Rib J 2

- (ec - I) - R2B*2B - ee - (1 + I

(C.l)

(C.2)

(C.3)

(C.4)

Considering the two-op-amp instrumentation amplifier built around and 2I5 in the 
feedback path of the fully differential stage, the following relationships can be established:

-Ril Ril - 14

R3A Raa

and
^cm ^ec Kr R3C

Q Q \ Q I Q^4C ^3C \ ^4C / ^4C
Eqs. (C.5) and (C.6) allow the following expression for I4 to be derived:

14

K = 1 +
Rsc Fi’m. Rsc
■ft4C / rt4C

Equating eqs. (C.3) and (C.7) yields:

, f-, , 2R2A \ Bd {^ ^ R3c\

i + ^IUb

R3C
Rac

1 +
Raa

Rsa
Fil

(C.5)

(C.6)

(C.7)

R3C , Raa Rsc , ,.
p ' p p I^AC ^SA J^AC

1 + ^A^!±^ + I + -^30 \ / Ria — Rib 
Ria + Rib V Rac) \Ria + Rib

(C.8)

fd _ Rsc
2 R4c‘''

(C.9)

Imbalance introduced in the circuit by mismatch in the values of the gain-defining resistors 
is considered by expressing each paired resistor, R^y, in terms of its nominal value, R^, and 
an error due to manufacturing tolerances, A^y, so that:

Rxy — 7?! (1 + ^x:y)\x^^i^2,3,A,3fi},y={A,B,C,D} 
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This results in an expression for Vil given by:

VlL^
- 1 + if + (^221 - Ai^ - Aib) + 2Aib (^1 + f+ f (1 +Aac-A4c)ec

1 ~ + (^1 + (Aac - A4c)

1 I ^ I fi2(A2/4-Ai^-AiB) 
rii Ri

+2A IB (l + sj)
I B3(1+A3c-A4c) 

2 Ri

I -t- El
^ ^ Ri

^AA —
+ (l + S) (^3C - A4c)

1 + t

(C.ll)

Neglecting second order terms allow cq. (C.ll) to be be closely approximated as:

C,

R2 { A2.4-A1.4-A1B--A3e+A4c

1 + ni +^ fli ^ Ri
+2Aib (1 + f) - - Aac + A4c

^ -L :5a / 1 _ A4/1 -A34 2 + B4 I ^

IL
1 + 5a

R/^
(C.12)

A similar approach yields the following expression for Vm'-

ViH ^

l + t +
^2! A2B-Aifl-Ai^--A30+A4P

+2Ala (i + t)-
Bi

-A3D “T i-lAD

5a I 1
2 ^ B4 '

A4B-A3B

1 -I- 5a
^ Ri

(C.13)

The differential and common-mode voltages at the output of the fully differential stage 
can be derived from eqs. (C.12) and (C.13) as:

= ViH - VlL

^Bi+B2 ^
Bi )

R\-\-R2
A4b+A4^-A3^-A3b I -A3P-A3C+A4C+A4D Cd

p- I ^4B-^4a+^3a-^3B•' "a
i?4

1 -p 5a 
^ B4

(C.14)
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and

ViH + KiL
Ic

i?3 + R4
A4B + A4^ — As^ — Ass \ 

----------------"

(«^)

+

R1+R2 R1 + R2
^iB-^iA+^3A-^3B 1 -A3J+A3C-A4C+A4J ed

1 +
(C.15)

Ra

The output stage transforms Vir and Vil into a single-ended signal Vout defined as follows:

out
i?6 1 +

R5 (“As^ — Asb + Ae^ -I- Aes) -I- 2Rq (Ags — Asb)
{ViH - V,l)

+

2 {R5 + Re)
Re (Asb — As^ -h Aqa — Aee) / Vih + ^il

Re + Re

Eqs. (C.14) to (C.16) allow Vout to be closely approxmatcd as:

(C.16)

V, Re
out

(' +1)
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-fi FLi

1 I fl5("A5^-A5fl+A6/t+A6fl)+2fl6(A6fl-A5B)
2(/l5 + ft6)

Ri-\-R2 Ri-^R2
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h'+s)

ed

■RslAsB-Asyt+Afidt-Aea) , A4n-A44+A34-A3n
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(C.17)

The CMRR measured at the single-ended output is therefore derived from eq. (C.17) as:

CM RR/^r

Ea.
R3 (i + t)

1 I fi5(-A54-A5fl+A64+A6B) + 2fl6(A6B-A5B) . R2 ( A24 +A2B \ 
2(fl5+^) R1+R2 V 2 )
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Ri +R2

-I- A4n+A44-A34-A.3fi I -A3D-A3f7+A4n+A4ri

■^5(^55—As^+Agy^-AfiB) 1 A4H-A4 4+A.q4—A.qfl
i?5+/?6 1+Ĥ4

(C.18)

The worst-case scenario corresponds to the mismatch in resistor values that yields the 
largest common-mode voltage at the single-ended output and is associated with the following 
combination:

Ai/i — A2B = A324 = A3B = A4B = Aic — Asyi — Asb — ^Rmai
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and
Aib — A2A — A3B — Asc — ^4^ — A4D — A^b — Aqa — —A fima (C.20)

where is the manufacturing tolerance for the resistors used. It can then be concluded
that the minimum common-mode rejection ratio due to manufacturing tolerances in the gain 
determining resistors is given by:

C M RR/^b. —

El
Rs (i + t) 2—5s____L V ^4/ I 2

^ R1+R2 ^ ^Rn

\ i?4

(C.21)

Taking R5 — R^ and R4 » R3, CMRR/2,Bmin closely approximated by:

C M RRa^b„
Ra 1 + fli

3/?.. \ 2A,
(C.22)
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