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Abstract

Modeling and Attenuation of Motion Artifacts in Capacitive ECG

Vinicius Grando Sirtoli, Ph.D.

Concordia University, 2024

To reduce the burden on the health system and democratize access to health care, cur-

rent research is aimed at embedding medical devices in daily-life objects with autonomous

diagnostic algorithms. In the case of popular tools such as the electrocardiogram (ECG),

electroencephalogram (EEG), and electromyography (EMG), one of the scientific challenges

is replacing the standard wet Ag/AgCl electrode. A strong candidate is the capacitive elec-

trode, which can be seamlessly integrated into chairs, beds, car seats and wearable devices.

This is a dry and active kind of electrode, fabricated on a rigid or flexible printed circuit

board. Although in ideal conditions capacitive electrodes can provide high-quality biopoten-

tial measurements, they are prone to motion artifacts (MAs) because they do not stick to the

patient’s body. A MA is a large interference that can render the ExG analysis impossible. Of-

ten, it is much larger than the targeted signal and it can even saturate the analog front-end’s

input. MAs are often described as random or unpredictable events, however, in this disser-

tation they were modeled based on triboelectric nanogenerator theory. The proposed model

uses information on displacement and speed to mimic the MA behavior. It also supports

existing bibliography that MA comprises two main phenomena, a change in electrode capac-

itance (capacitance between electrode and patient) and generation of triboelectricity. The

electrode capacitance variation can cause voltage division with the input capacitance (reduce

signal to noise ratio), low cut-off frequency fluctuation (common-mode signals converted into

differential artifacts) and modulation of DC voltages across the electrode capacitance (volt-

age spikes). To attenuate the effects of electrode capacitance variation, three topologies of

capacitive electrode are proposed: i) a through-body negative feedback is applied to stabilize

the electrode’s gain; ii) the input resistance is boosted with a positive feedback so a series

capacitance can be inserted; iii) a control system detects the electrode capacitance change

and modifies the input resistance.
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Chapter 1

Introduction

1.1 The Electrocardiogram

Cardiovascular diseases (CVDs) are the number one cause of death globally according

to the World Health Organization (WHO) [1]. The American Heart Association (AHA)

estimates that 19 million people died from CVD worldwide in 2020, accounting for 37% of

deaths in people less than 70 years old [2]. At the individual level, for prevention of heart

attacks and strokes, interventions need to be targeted at those with high cardiovascular risks.

Hence, a crucial part of this strategy is the early detection in patients who are at risk due

to factors such as hypertension, diabetes and hyperlipidemia [3].

The electrocardiogram (ECG) is one of the most important diagnostic tools in modern

medicine [4]. It allows physicians to monitor, in a non-invasive and safe manner, the cardiac

activity of people within all age groups. The ECG is widely applied to detect arrhythmia

(abnormal heart rhythm), coronary artery disease (damaged/blocked artery), and heart at-

tack [5]. The ECG itself does not provide any treatment to the patient. It is only a way of

displaying the heart’s health.

The standard ECG measurement requires electrodes connected to the patient’s skin, with

each being attached to a medical-grade device. The combinations of signals from different

electrodes are referred to as leads. The leads can be unipolar or bipolar and are displayed

on a monitor for medical interpretation. The 3-lead ECG requires 3 measurement electrodes

and one reference electrode, while the 12-lead ECG uses 9 measurement electrodes and a

reference one. There are pre-defined positions on the body for each electrode as shown in

Fig. 1.1. Thus, the ECG preparation requires a trained professional. The standard clinical

ECG uses 12 leads.

Leads I, II and III (or “limb leads”) are bipolar. This means that they are obtained

by combining the signals from electrodes LA, RA and LL. The electrode RL is used as a
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reference and not as a lead. The augmented limb leads are unipolar, and thus they use the

signal of one limb electrode and a reference point with zero potential. The precordial/chest

leads (V1-V6) are also unipolar and provide assessment of the heart’s electrical activity from

another plane of view. Having multiple leads aids in identifying/confirming pathologies.

The choice and placement of leads depends on the targeted application [6]. For example,

telemetry monitors often use a three-electrodes system, where two are measuring electrodes

and one is a reference. The measuring electrodes can be placed on the human body to obtain

the leads needed. In this dissertation, the three-electrodes technique is the chosen method

due to its simplicity.

Figure 1.1: Electrode placement for an ECG

An ECG waveform can be seen in Figure 1.2. Different leads will render unique wave-

forms, but the main characteristics are present in most of them. The shape of the P-wave,

QRS-complex, and T-wave are normally the characteristics assessed by physicians when read-

ing an ECG. Each one of the PQRST waves are related to a physical phenomenon occurring

during the heartbeat [7]:

� P-wave: This is the first little bump; it is related to the atrial depolarization (atria

contraction). It precedes the QRS complex and should keep the same form with time.

� PQ/PR-interval: Time interval from the start of the P-wave to the start of the QRS-

complex. It should have a constant duration between heart beats and should align

with the baseline.

� QRS-complex: It is the area of the larger peaks, and represents ventricle depolarization.

It is measured from the start of the Q-wave to the end of the S-wave. It does not look

the same for all leads.
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� T-wave: After the QRS-complex, there is a small bump called the T-wave, which

is caused by the ventricle’s relaxation. It is normally asymmetric, and its height or

polarity can indicate pathological findings.

� ST-segment: Delay between depolarization (cells contract) and repolarization (cells

relax) of the heart’s ventricle. It comprises the region where the S-wave ends and

the T-wave starts. It should be flat and overlapping with the baseline. An abnormal

ST-segment is common indicator of diseases.

� QT-interval: It accounts for the time interval from the start of the QRS-complex to

the end of the T-wave. It represents the time needed by the ventricle to depolarize and

repolarize.

Baseline QT Interval

PR Interval

QRS
Complex

P

Q

R

S

T

Figure 1.2: Example of an ECG waveform and its main characteristics

From an instrumentation point of view, the measuring device must present high gain and

low-noise to cope with the ECG’s low amplitude, typically in the order of 1mV [8]. The

bandwidth needed varies from one application to another, yet the low cut-off frequency can
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be as low as tenths of mHz and the high cut-off frequency is in the range of hundreds of Hz.

A guideline for standardization of the ECG was created by a committee of specialists [9].

Some of their recommendations are:

� A low cut-off frequency of 0.5Hz is a regular choice because it complies with a minimum

heart rate of 30 beats/min and filters out artifacts from respiration. However, this cut-

off frequency can introduce distortion on the T-waves and the ST-segment due to phase

nonlinearities when amplitude versus frequency response varies abruptly. Therefore,

the AHA recommends a low cut-off frequency of 0.05Hz, although it does not filter

breathing artifacts.

� The QRS fundamental frequencies lie between 1Hz and 30Hz; and this is the band

where distortion should be avoided the most. Thus, a flat gain over this frequency

range, a low cut-off frequency of 0.67Hz and a high cut-off frequency of 150Hz is

usually accepted.

� A high cut-off frequency between 50Hz and 100Hz is also accepted by many electro-

cardiographers, as it allows visual diagnostics of routine recordings. However, most

devices aim for cut-off frequencies above 100Hz.

� If only the R-wave is necessary, such as for heartbeat detection, a high cut-off frequency

of 40 Hz is enough [10].

The digitization of the signal is also a matter of concern, yet the current technology

easily achieves analog-to-digital converters (ADCs) with 12 or 16 bits of resolution and with

sampling frequencies higher than 500 Sa/s.

1.2 Capacitive Electrodes

Telemedicine applications will most likely play a major role in reducing CVD-related

mortality. We can therefore expect a tremendous increase in the usage of remote medical

applications, with doctors ultimately diagnosing the disease with the help of machine learning

algorithms. However, the widespread adoption of telemedicine involves providing patients

with sensors that can work remotely, without the assistance of a specially trained technician.

A major challenge consists of developing sensors that provide the same degree of confidence

as conventional medical-grade instruments.

For instance, many consumer heart rate monitoring sensors, either stand-alone or in-

cluded in smart devices, are currently being marketed. Although the use of these devices
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for sports-related activities or limited medical monitoring has been demonstrated as viable,

much remains to be done to produce sensors that offer a reliable, accurate and diagnostically

useful ECG signal that can be used for medical purposes. This is especially the case when the

designed system must provide the same diagnostic value as a hospital-grade 12-lead system.

Although the conventional Ag/AgCl electrode provides high quality and reliable biopo-

tential readings, it requires the application of an electrically conductive gel, which dries out

over long-term monitoring (reducing the signal quality) or leads to discomfort and skin ir-

ritation [11]. Moreover, the increased ion conductivity between skin and electrode creates a

half-cell potential in wet electrodes (offsets the signal), which does not happen in non-contact

electrodes [12]. Therefore, capacitive sensing is increasingly seen as one viable alternative

to monitor biopotentials [13]. It allows for the acquisition of cardiac biopotentials using dry

electrodes, either in direct contact with the skin or with a layer of air, hair or cloth. It thus

gives the option of monitoring patients in the absence of a qualified technician. Further, ca-

pacitive sensors can easily be integrated into wearables or objects of daily use such as chairs

[14], [15], beds [16], [17] or car seats [18], [19], giving this technology an obvious advantage

over conventional wet electrodes. The acquisition of an ECG using capacitive electrodes is

commonly referred as capacitive ECG or cECG.

Electrodes can be divided into two categories, passive or active, which relate to the

presence or absence of electronic components. The standard wet Ag/AgCl electrode is an

example of a passive electrode, yet many other types of passive electrodes have been proposed.

However, dry electrodes usually present very high coupling impedance, with capacitances

ranging from units of pF to tenths of nF and resistances in the order of GΩ, depending

on the insulator material and the existence of air gaps [8]. Active electrodes are used to

solve this issue. A commonly reported way of designing active electrodes is to mount an

amplifier on the same substrate as the sensing element. This way, the amplifier’s high input

impedance avoids voltage division with the coupling impedance, while the amplifier’s low

output impedance protects the signal from picking up noise when driven through cables.

Figure 1.3 shows one possible stack-up of a capacitive electrode.

In the example stack-up, four layers are present, where the copper and insulator can be

related to a printed circuit board (PCB). The copper represents a conductive sensing area

and is the standard conductor used in PCBs. The insulator forces a capacitive interface and

can be implemented by the PCB’s solder mask. The presence of cloth (e.g. cotton) and

air gaps (I-C and C-S gaps in Fig. 1.3) depends on the system and operating conditions.

Hence, the skin and copper can be considered as the plates of a parallel plate capacitor,

while the other layers act as dielectrics. Strictly speaking, some authors may not consider

a system with copper-cloth-skin as capacitive because most fabrics present a significant
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Figure 1.3: Stack-up of a capacitive electrode

resistive component. Therefore, a purely capacitive sensor must have an insulating layer.

1.3 Motion Artifacts

To supply the desired measurement confidence, a major challenge that capacitive sensing

has to achieve is the mitigation of motion artifacts (MAs). These artifacts come from the

relative motion of the electrode against the skin and impact the quality of the recorded

signal. Although MAs impact all types of electrodes, they are more severe in the case of

contactless dry electrodes, as these are unattached and more prone to movement [20], [21].

The MA signal can be hundreds of times greater than the proper ECG signal [8] and could

saturate the amplifier’s input [22]. Additionally, MAs occur in a wide range of frequencies

that can overlap with ECG frequencies, thus preventing mitigation through simple filtering

techniques.

In practice, MAs can have many causes. For example, they can be related to changes of

position on a chair/bed or be caused by breathing. In the case of wearables, MAs can be

related to daily activities such as walking, sports-related movements or driving. Regardless of

the initial cause, slow and short-reach movements, such as breathing, result in what is known

as baseline wander or drift (see Fig. 1.4). In this case, it is possible to distinguish what is

typically the most central and visible feature of an ECG, the QRS complex. However, the

signal is shifted from the baseline by a low-frequency noise of comparable or higher amplitude

than the ECG amplitude itself.
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Figure 1.4: Example of a capacitive ECG waveform with artifacts. a) baseline wander causes
an elevation of the cECG baseline; b) the QRS complex wave; c) signal is saturated due to
a large MA

Larger amplitude movements can saturate the signal and make signal detection impos-

sible, as depicted in region c) of Fig. 1.4. This situation is worsened by the system’s need

of a large interval of time to recover from such an artifact because of the amplifier’s high

input impedance. MAs are sometimes considered as unpredictable phenomena, and current

knowledge cannot satisfactorily explain, model, or eliminate them.

A combination of approaches might be needed when trying to rid an ECG of MAs. MA

suppression techniques have been proposed through material selection, analog electronics

and digital signal processing. Carefully evaluating the materials to be used is of high impor-

tance. For example, the mechanical properties of the materials influence the geometry of the

sensor/skin interface. Analog solutions have the advantage of reducing MAs without impact-

ing the processing time; however, they involve adding electronic components that translate

into added cost and size for the analog front-end. Digital signal processing and artificial

intelligence are the trending solutions to MAs; however, they require powerful computing

units, and the digitized signal must not be saturated or highly attenuated.

1.4 Proposed Research and Objectives

While MAs remain a poorly understood problem, it is generally accepted that they stem

from two main sources: capacitance variation and triboelectric voltages. The first occurs as a
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result of relative movements of the electrode with respect to the skin that induce variations

in the dielectric layer width (air gap, Y-direction in Fig. 1.3). The triboelectric voltage

occurs because of the separation of two surfaces previously in contact, which takes place in

the Y-direction (formation of an air gap) and also in the X and Z-directions (as defined in

Fig. 1.3) from movements such as rubbing and sliding [12].

The modeling of MAs in current literature is limited and the subject is generally treated

either as an unpredictable event [23] or modeled based on statistics rather than physics [21].

A common choice of model used to represent MAs is a time-varying capacitance in series

with a voltage source [10], [24] (or parallel to a current source [25], [26]). A mathematical

function describing the triboelectric generator was finally proposed by Li et al in [12], but

it has not yet been verified against real motion artifacts.

The equations developed in [12] to describe MAs are similar to the ones presented in [27]

for triboelectric nanogenerators (TENGs), which are thoroughly studied and well-modeled

devices, suggesting a close relationship between the two physical phenomena. TENGs are

energy-harvesting devices able to generate electricity from the repetitive contact and sep-

aration (or rubbing) of different objects. They usually consist of two metallic electrodes

separated by one or more dielectric layers. Then, equivalently to capacitive electrodes,

TENGs comprise contact electrification and varying capacitances.

In Chapter 3, an improved model for MAs in capacitive biopotential measurement is

proposed, which includes both the effects of varying capacitance and triboelectric voltages

for transverse motion (e.g. electrode losing contact with the body) and for longitudinal

motion (e.g. electrode sliding over the body). Numerical simulations show the generated

triboelectric voltage and the capacitance change separately, as well as the resulting artifact

in a simplified capacitive electrode. The simulation results are finally compared to practical

measurements of MAs in a capacitive electrode.

In a simplified manner, the electrode’s coupling capacitance Ce and the electrode’s input

resistance Rin form a high-pass RC filter with a low cut-off frequency given by 1/2πCeRin.

Therefore, as Ce changes, due to different layers of clothing, pressure, and MA, so does the

cut-off frequency. Assuming that Ce ranges from 1nF and 1 pF, the required input resistance

can be as high as 3.2TΩ for diagnostic ECG.

The constraint of ultra-high input resistance is not easy to comply with and adds other

challenges. In discrete designs, ultra-high resistors exist and can properly bias the amplifier’s

input. However, they are expensive and inaccurate. The bootstrapped bias circuit can boost

the bias resistance and has been widely reported. In integrated designs, pseudo-resistors

provide ultra-high resistances, and if needed, they can be included within a bootstrapped

bias circuit. However, the bootstrapped bias circuit cannot compensate for the operational
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amplifier’s input resistance and the short-channel gate leakage in short-channel transistors.

According to [28], low-frequency common-mode signals lead to artifacts many times larger

than the ECG signal for electrodes with mismatched low cut-off frequencies (e.g. 0.25Hz and

0.4Hz). A common design strategy in capacitive electrodes is selecting the input resistance

according to the minimum Ce expected to ensure enough bandwidth. Then, each channel (or

the differential signal) passes through a high-pass filter to remove artifacts in the extra/ex-

cessive frequency band. However, in this design technique, the input node possesses a slow

time constant when the electrode capacitance is high. For example, if Ce is 1 nF and Rin is

320GΩ, the time constant τ is 320 s. To quickly discharge the input node, two options are

available: adding a controlled switch to the input node (adds an extra I/O) or diode-based

circuits (clipping for signals greater than the forward voltage). In this dissertation, three

manners of stabilizing the electrode’s low cut-off frequency are proposed.

In Chapter 4, a MA suppression technique based on negative feedback is developed to

compensate for the effects of electrode capacitance changes. Looking at the input node as a

voltage divider between the electrode impedance and the input impedance, one can realize

that it is a time-varying gain; and in electronics, negative feedback is known to stabilize

gains. The proposed technique consists of applying a large gain to the measured signal and

feeding it back through another set of electrodes. Two topologies are assessed, a single-ended

version and a differential version. The simulations show that both the mid-band gain and

the low cut-off frequencies become less dependent on the electrode capacitance.

Chapter 5 presents the design of an analog front-end (AFE) for capacitive electrodes

with optimized cut-off frequency stability. The input resistance is boosted by a negative

impedance converter (NIC). The design is demonstrated in TSMC 65nm technology to

compensate for the gate leakage and verified through discrete design. The boosted input

resistance allows the inclusion of a small capacitor (Cs) in series with Ce to reduce the

fluctuations of the low cut-off frequency. Furthermore, the bootstrapped bias circuit was

modified to reduce the MA detection/clipping range and to improve linearity.

Lastly, an all-analog integrated front-end that compensates for cut-off frequency fluctu-

ations is designed in Chapter 6. It comprises an ultra-low input capacitance buffer with

automatic control of the input resistance. The work of Chi [29] introduced the bootstrapped

buffer, which allows values of Ce as low as 1 pF. Here, this buffer’s bias circuit is replaced

with a controllable pseudo-resistor, and a control loop is added. The circuit tracks capac-

itance variation and adjusts the input resistance to stabilize the low cut-off frequency and

minimize the discharging time. The design focuses on an ECG system with a low cut-off

frequency of 0.5Hz and Ce between 1 pF and 100 pF. The circuit is designed in TSMC 65nm

technology and the results are obtained through Spectre simulation of a (C+CC) layout
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extraction and experimental measurements.

1.5 Dissertation Structure and Publications

This dissertation is expected to lead to 4 journal publications and a conference paper, and

each of the following chapters relates to one of the articles. This introduction uses fragments

from all of them, while Chapter 2 (State of the Art) reviews the relevant aspects of MA and

capacitive ECG, and is mostly composed of paper “B”. As mentioned previously, Chapter

3 proposes an MA model based on TENG models (paper “C”); Chapter 4 applies negative

feedback for MA compensation (paper “A”); Chapter 5 designs an electrode with boosted in-

put resistance, fast-discharging loop and series capacitance for cut-off frequency stabilization

(Paper “D”), Chapter 6 demonstrates an integrated circuit with low input capacitance and

adaptive input resistance that automatically corrects the low cut-off frequency (Paper “E”).

In addition to the core chapters, Appendix A shows the implementation and performance of

boosting circuits reviewed in Chapter 2. Appendix B describes the development of the ECG

acquisition board, which is used in Chapters 5 and 6. Papers “A” to “E” are summarized

in the list below following a chronological submission order.

� A - V. Sirtoli, G. Gagnon, G. Cowan, “Motion Artifact Mitigation Using Negative

Feedback in Capacitively-Coupled ECG”, published in 2020 18th IEEE International

New Circuits and Systems Conference (NEWCAS), IEEE 2020, pp 323-326.

� B - V. Sirtoli, M. Liamini, L.T. Lins, M. Lessard-Tremblay, G. Cowan, R. Zednik,

and G. Gagnon, “Removal of Motion Artifacts in Capacitive Electrocardiogram Ac-

quisition: A Review”, published in IEEE Transactions on Biomedical Circuits and

Systems, April 26th, 2023, pp 394-412.

� C - V. Sirtoli, L. Morelli, R. Zednik, G. Cowan, and G. Gagnon, “Motion Artifact

Modeling of Capacitive Electrodes Based on Triboelectric Nanogenerators”, accepted

in IEEE Transaction on Instrumentation and Measurements.

� D - V. Sirtoli, S. Granata, G. Gagnon, and G. Cowan, “Input Resistance Boosting for

Capacitive Biosignal Acquisition Electrodes”, published in IEEE Sensors, December

19th, 2023, pp 3004-3014.

� E - V. Sirtoli, S. Granata, G. Gagnon, and G. Cowan, “A Capacitive Electrode with

Low Cut-off Frequency Stabilization for Biopotential Acquisition”, in preparation.
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Chapter 2

State of the Art

2.1 Skin-Electrode Interface

To understand the process of reading a biopotential with a capacitive electrode, one must

be aware of the phenomena taking place at the contact interface layer. As with most dry

electrodes, capacitive electrodes present a high coupling impedance, that is, the impedance

seen from the human skin to the sensing element on the electrode. Fig. 1.3 showed the

stack-up of layers that are normally present in a capacitive electrode. Further, each one of

these layers contributes to the overall coupling impedance. Next, the most important layers

and their impedance models are discussed.

2.1.1 Body Impedance

Although often ignored, there is an impedance from the ECG signal source (heart) to the

section of skin with which the electrode is in contact. It has been modeled as a resistor in

series with a voltage source (ECG signal), whereas this resistor corresponds to the resistance

from soft internal tissues and contact resistance [30], [31]. The resistor value is dependent

on the distance from the ECG source to the section of skin, in other words, the closer the

electrode is to the source, the smaller the resistor is. The model for a complete and a

simplified source impedance can be seen in Fig. 2.1.

Yoshiwaki et al [30] used the impedance voltage division principle to estimate the value

of the equivalent source resistance. By controlling the AFE’s input resistance they found

the resistor value that attenuated the signal by 50%, meaning that this controllable resistor

and the body internal resistance are equally valued. The reported range of resistance was

from 2.88 kΩ to 4.12 kΩ. However, it is not clear whether the contact impedance between

electrode and skin was accounted for. Sakaue et al [31] included the contact impedance in
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Figure 2.1: Model for the internal body resistance, where Vs is the biosignal generator and the
different points in the human body are separated by a resistor R (a) and a simplified model
(single source resistance) seen from the human skin (b) [31]. All resistor are represented
with R, however, the actual resistance of each resistor may differ.

their analysis, which was 1 kΩ, and also prepared the skin. The measured values of internal

body resistance ranged from 0.2 kΩ to 1 kΩ, depending on the electrode position and moment

of QRS wave.

Additionally, the skin impedance can be modeled into multiple sections: sweat, stratum

corneum and dermis [32], as shown in Fig. 2.2. The component values are extracted by

fitting the contact impedance’s response curves to different inputs into the model’s governing

equation. In [32], the range of measured values was: 0.64 kΩ< R1+3 <12 kΩ, 4.94 kΩ<

R2 <2500 kΩ, and 0.01 µF< C2 <21.88µF. Therefore, the total impedance seen from the

source to the electrode can vary from hundreds of ohms to millions of ohms depending on

skin preparation.

The DC voltage source in Fig. 2.2 is the consequence of a double layer potential. This

phenomenon derives from the oxidation and reduction between a metal and an electrolyte.

In other words, the ionic current in the body is transformed into an electron current in the

electronic circuit [33]. Usually it is not present in cECG, which is one of the advantages of

cECG compared to the traditional ECG system.

2.1.2 Modeling the Coupling Impedance

Figure 2.2 models the electrode as a single layer, however, this may not be accurate for

capacitive electrodes. A common approach is to model each layer of a different material by

a capacitor in parallel with a resistor [20]. Thus, the total coupling impedance (Zeq) is their
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Figure 2.2: Source impedance model by Baba e Burke [32].

series combination as described by (2.1) [13].

Zeq(jω) = R +
n∑

layer=1

Rx||
1

jωCx

(2.1)

where, R is the resistance of the conductive path (negligible) and Rx and Cx are the resis-

tance and capacitance of each of the n layers. In cECG, the coupling impedance is often

dominated by the insulator, clothing and air. Table 2.1 summarizes values of coupling ca-

pacitance/impedance found in the literature.

[Ref] Elements Value
[34] Ce tens of pF
[35] Ce 0.5 to 8 pF (0 to 20 Hz)
[36] Ce 2.4 to 19.4 pF (0 to 25 mm air gap, area ≈ 78.5 cm2)
[37] Ce 110 pF (5 Hz, area ≈ 33mm x 33mm)
[38] Rclo//Cclo +Rins//Cins Variable//113 pF + 3.1 TΩ//3.2 nF
[39] Ce 0.1 to 10 pF (0.1 to 100 Hz)
[14] Ce 92 pF
[40] Ce 20 pF
[8] Ce 10 pF to 200 nF
[41] Ce 4 to 29 pF (0.5 to 3.5 mm, area = 12.7 cm2)
[42] Rins//Cins + Cair 200 MΩ//20 pF + 1pF to 1nF

Table 2.1: Values of coupling impedance reported in the literature. Ce is the single electrode
capacitance, Rclo and Cclo are the clothing’s resistance and capacitance, Rins and Cins are
the insulator’s resistance and capacitance, Cair is the capacitance introduced by the air
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The values reported in Table 2.1 consider different layers and compositions of electrodes.

When a single capacitance is reported, it was named as electrode capacitance Ce. Some

reported the impedance of more layers such as the clothing’s resistance and capacitance (Rclo

and Cclo) and the insulator’s resistance and capacitance (Rins and Cins). The capacitance

imposed by air gaps Cair was also reported. In general, when the electrode is dominantly

capacitive, Ce lies between 1 pF and 100 pF. However, if the resistive part of the coupling

impedance is relevant, it can introduce large amounts of noise [43].

2.1.3 Materials and Geometry of Capacitive Electrodes

If the capacitive electrode is modeled as a single capacitor, the resulting Ce is described

by (2.2). Where ε is the dielectric constant, A is the electrode area in meters and d is the

dielectric thickness in meters.

C = ε
A

d
(2.2)

2.1.3.1 Electrode Area

Increasing the electrode’s area A leads to a higher electrode capacitance which eases the

ultra-high input impedance constraints for the AFE. However, large electrode area reduces

the resolution and is more likely to pick power line interference [28]. Smaller electrodes

suffer less from relative capacitance changes because the probability of being affected by

a motion is smaller, however, they demand higher AFE’s input impedance and thus may

present insufficient bandwidth [44].

2.1.3.2 Dielectric Thickness

The dielectric thickness and the electrode capacitance are inversely proportional. There-

fore, thinner dielectrics lead to higher electrode capacitances. However, thin dielectrics have

worse insulation and patient safety standards may not be met, requiring extra circuitry [28].

When the clothing is used as the dielectric, the coupling impedance presents a significant

resistive component that is related to the textile’s width. Hence, the clothing’s thickness is

directly linked to noise.

2.1.3.3 Environmental Influences

The pressure on the cloth was another matter of investigation in the work of Ueno et al

[44], however, little influence was observed. The pressure is mostly related to keeping the
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electrode still and to eliminating air gaps. Yet, in some applications, excessive pressure may

change the dielectric’s thickness.

Humidity is an important factor when the insulator is a fabric, wherein humid cotton

for example, performs better than when dried [45]. A commonly observed effect of moisture

is the improvement in cECG quality with time, because as sweat builds-up it moistens the

clothing. Moisture is so important that a cECG system with closed-loop control of moisture

has been proposed [26].

2.1.3.4 Choice of Material

The choice of dielectric and substrate in which the electrode is built may be the most

important design parameter. Besides the dielectric performance of the insulator layer and

addition of noise due to the resistive component, the electrode’s mechanical properties also

determine how the electrode conforms to the body. Currently, a lot of effort is being applied

to the research of flexible materials that can provide high quality ECG signals while adapting

its geometry as the patient moves [46]. Moreover, how the insulating layer is applied and

cut also changes the electrode’s flexibility and hence its performance [47].

2.2 Motion Artifacts (MAs)

The term “motion artifact” refers to any error in a biopotential measurement caused by

the patient’s movement. In cECG, when a movement occurs, two important mechanisms take

place: electrode capacitance variation and generation of triboelectric voltages [48]. Although

the capacitance variation mechanisms are straightforward, the generation of triboelectricity

is not, and understanding this phenomenon may be key to solving it.

Human Body

Vtribo Ce

Analog Front-End

Rin Cin

Vbias

Figure 2.3: Node connecting the human body to the Analog Front-End, where Ce is the
electrode capacitance, Vtribo is the triboelectric voltage source, Cin and Rin are the input
capacitance and resistance, and Vbias is the bias voltage.

The electrode coupled capacitance forms a voltage divider with the sensor’s input capac-

itance, as shown in Fig. 2.3. Also, changes in the electrode capacitance can introduce spikes
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and baseline fluctuations. That is, the amplifier’s bias voltage, the accumulated charges on

the skin’s and electrode’s surfaces, and the skin’s potential create a DC voltage drop across

the electrode capacitance [35], leading to artifacts caused by voltage modulation when Ce

varies (Q = CV ). This phenomenon is also known as microphonics.

Yet, MA cannot be entirely explained by electrode capacitance variations alone and

triboelectricity should also be accounted for. In Fig. 2.3, triboelectricity is represented as a

voltage source in series with the signal path. Triboelectricity is the formation of a relative

electrostatic charge between two materials that are rubbing against each other. When two

materials are in contact, the charges at the contact layer will interact and redistribute [27]

(Fig. 2.4b). At the moment these two surfaces split, they remain charged, creating an

electrostatic voltage (Fig. 2.4c). The faster the splitting time, the larger the resulting

potential, because only a small number of electrons can move back to the original surface

[25]. Although both metals and insulator can store charges, in metals, charges can move

easily, which allows them to discharge faster than in insulators [12]. Thus, both the choice

of material and the dynamics of the surface’s movement are contributing factors in the

generation of triboelectricity.

Skin

Dielectric

Conductive

(a) Uncontacted

+ + + + + + + + + +

- - - - - - - - - -

Conductive
+

-0V

(b) Contact

σdA−Q

−σdA
Q

+

-
Vtot

ddie
y(t)

(c) Separated surfaces

Figure 2.4: Tribocharging process. a) Uncontacted surfaces; b) Dielectric and skin have the
same charge density with opposite sign during contact; c) The resulting amount of charge in
each surface after the surfaces split

The triboelectric series consists of a list that empirically ranks materials by their tendency

to exchange electrons through contact/friction [49]. This property is called charge affinity

and is measured in nC/J in the metric system. It represents the amount of charge transferred

from one surface to another per energy spent to split those surfaces apart. In addition

to charge affinity, the triboelectric charge density (TECD) resulting from the interaction

of two materials depends on humidity, surface roughness, temperature, stress and other

mechanical properties [50], [51]. Because of the complexity involved in the triboelectric

effect’s mechanics, accurate sensing and prediction of surfaces’ TECDs is not straightforward;

thus, the difference between calculated and measured surface potential are typically two

orders of magnitude [25]. Recently, TECD values for different materials were published [51].

The triboelectric series and TECD list are given in Table 2.2. Unfortunately, the TECDs of a

few critically important materials for cECG, such as oily and dry skin, remains unavailable.
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Table 2.2: Example of triboelectric series [52] and triboelectric charge density (TECD) values
[51].

Material
(Abbreviation)

Affinity
[nC/J]

TECD
[µC/m2]

Oily skin +45
Dry skin +30
Wood +7 -14
Cotton +5
Polyimide film (Kapton) -70 -93
Polystyrene -70 -103
Clear polyvinyl chloride (PVC) -100 -117

2.3 Modeling of Errors in cECG Instruments

A simplified schematic of a cECG system is shown in Fig. 2.5. The desired signal is

represented as Vecg, the voltage difference between two points of the human body generated

by cardiac activity. From the heart to surface of the skin, the internal organs present

bioimpedance, represented by Zbp and Zbn , and the skin bioimpedance that connect the two

measuring points is named as Zskin [53]. For simplicity, most models ignore the bioimpedance

because their values tend to be very small compared to the electrode impedance and the

amplifiers’ input impedance. Hence, Zbn and Zbp can be replaced by a short-circuit and

Zskin by an open-circuit. The voltage source Vcmb
models other voltages that are present in

the human body and are detectable throughout the whole body.

The electrode is modeled by a variable capacitor (Cep or Cen) in series with a voltage

source (Vocp or Vocn). As the patient moves away from the electrode, the air layer thickness

increases, thus the overall electrode capacitance decreases. Note that the electrode is assumed

to be mainly capacitive. More accurate modeling should introduce a resistor in parallel

with Ce. The voltage sources Vocn and Vocp represent the triboelectric potential difference

generated by the separation of two insulating materials [12], [25].

The electronic part comprises two buffers, with input impedance Zinp and Zinn , which are

the parallel combination of a resistor and a capacitor. The output is given by the difference

of Voutp and Voutn .

The body is also coupled to the main supply Vline (60Hz) by the capacitor Clb and to

the earth ground by Cbg. The earth ground is separated from the electronic ground by an

isolation capacitor Ciso [54], [55].

From Fig. 2.5 most sources of errors in cECG can be identified. Some of them are

common to cECG, standard ECG, and general biopotential measurements, thus analysis

and solutions from these topics may also be mentioned here.
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Figure 2.5: Circuit model of a cECG system

2.3.1 Common-Mode Voltage

The common-mode voltage appears equally in both Voutp and Voutn and it is computed by

(2.3), wherein the reference voltage (0V) is the circuit ground. The buffer gain is assumed

to be ideal (An = Ap = 1), hence Vinn = Voutn and Vinp = Voutp . An ideal differential

measurement would solve the problem, however, the common-mode rejection ratio (CMRR)

of non-ideal differential amplifiers is not infinite. Moreover, mismatches between electrodes

further decrease the overall CMRR.

Vcm =
Voutn + Voutp

2
(2.3)

In practical applications, the common-mode rejection ratio (CMRR) should be approx-

imately 100-120 dB, otherwise, the common-mode voltages can appear in the output as a

differential signal overlapped with the biosignal [56]. Hence, the actual output is approxi-

mately a linear sum of the desired differential voltage Vecg with the common-mode voltage.

This artifact may get even more harmful, as its amplitude may be high enough to saturate

the output [57].

There are many sources of common-mode voltage in biopotential acquisition, for example,

Vcmb
comprises all other voltage sources in the human body, such as the electrodermal voltage

[10] and the breathing signal. However, the most significant is the power-line-induced voltage.

The capacitances Clb and Cbg form a closed loop with Vline [56]. Ignoring the bioimpedance

and taking the whole body as a single node, the common-mode voltage in the human body
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due to Vline (Vcml
) is calculated as (2.4).

Vcml
= Vline

sClb

sClb + sCbg

(2.4)

As an example, a simple calculation allows us to estimate the common-mode voltage due

to the power line. Considering the body as a homogeneous conductor, Vline as a sinusoid with

amplitude of 120V at 60Hz, Clb of 2 pF and one capacitance to ground (Cbg) of 200 pF, then

the voltage at the body due to power line interference is approximately 1.2V (110 2pF
200pF+2pF

)

while the ECG amplitude is 1mV. In that case, Vcm,l must be attenuated by at least 80 dB

to render the R-wave visible.

2.3.2 MAs Effects on cECG

In a recent study, the performance of cECG was evaluated in three cases: motion-free,

short motion and large motion. The results showed that even a small movement can reduce

the signal-to-noise ratio (SNR) by 15 dB or generate non-linear saturation effects [58]. MAs

can be global, affecting all electrodes, or local where only a single electrode contains the

artifact. Local MAs are the ones that cause most of the issues since global MAs appear

similarly in multiple electrodes and are suppressed by differential measurement.

From Fig. 2.5, the triboelectric voltage (Voc) adds to Vbx as it is in series with the signal

path (going into the amplifier). This voltage is considered almost random [25], [50]; it varies

from electrode to electrode and relies on many parameters that are difficult to track and

compensate for: contact area characteristics (area, angle, pressure), speed of separation,

charge density of the material, distance from body to electrode and surface roughness.

The capacitance between the skin and an electrode may present a DC potential, which

arises from multiple sources: amplifier’s input bias, skin’s DC potential and triboelectricity

(static charges) on the body surface and in the capacitive sensor [35]. Therefore, the variation

of this capacitance due to a given motion will modulate the DC voltage, summing it to the

ECG signal [35]. Numerical simulations of a time-domain single electrode model showed that

capacitance variations in the presence of a static common-mode voltage as low as 10mV led

to an unreadable ECG waveform [59].

Consequently, another issue with MAs is the settling time. It is well-known that the

time constant (τ) is tied to the low frequency cut-off (fc = 1/2πτ), defined by the RC

high-pass filter (hence τ = Cen,pRinn,p). The very high impedances on the input node make

the discharging of triboelectric voltages slow [24], thus a high amplitude artifact will likely

cause a large amount of ECG data to be missed during the discharging period. Reducing the
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input resistance may lead to insufficient bandwidth when the electrode capacitance decreases,

meaning that an important part of the ECG spectrum is filtered.

Errors also arise because of the limited input impedance (Zin). The voltage at the

amplifier’s inputs (Vinx) is given by:

Vinx = Vbx

Zinx

Zinx + Zex

(2.5)

where Zex is the electrode impedance and x stands for p or n as shown in Fig. 2.5. For

now, we assume Rin ≈ ∞. The average value of Ce is in the range of tens of pF when the

patient has good contact with the electrode and Cin is a few pF. Hence, when the electrode

coupling is strong, it is safe to assume Vinx = Vbx . However, if the patient’s body gets farther

from the electrode, the capacitance Ce drops. Assuming that both electrode capacitances

change equally as a result of a given movement, and that Zex = Zinx , then Vinx = Vbx/2.

This result shows that in extreme cases, when the electrode capacitance is equal to (or even

smaller than) the input capacitance, the signal amplitude at the buffer input drops by half

(or more).

Moreover, the MA causes common mode to differential conversion [60]. If a common mode

signal Vcmin
(such as Vline or Vcmb

) is applied directly to both electrodes so that Vcmin
= Vbn =

Vbp , and the positive branch has good contact (Zep = Ze) and the negative branch is badly

coupled (Zen = Ze+∆Ze), the voltages at the input nodes are Vinp = Vcmin
Zin/(Zin+Ze) and

Vinn = Vcmin
Zin/(Zin + Ze +∆Ze). Hence the differential measurement of the two channels

contains a term ∆Ze that distorts the measured signal. Mismatches between the two channels

in a differential measurement of biopotentials can drive the common-mode rejection ratio

(CMRR) below acceptable levels [61]. This artifact is aggravated in frequencies around the

cut-off frequency, where the effect of mismatch is larger.

To display the impact of unmatched cut-off frequencies between electrodes, the data from

two ECG channels was measured simultaneously, using capacitive electrodes with a cut-off

frequency much lower than 0.5Hz under heavy breathing. The unfiltered difference between

the 2 channels is displayed in Fig. 2.6 labeled as “Original”. Although the ECG waveform

is recognizable, it suffers from a phenomenon called baseline wander, which is the change in

the baseline of the signal.

The ECG waveform, under matched and slightly unmatched low cut-off frequencies,

is demonstrated by applying digital high-pass filters to each channel. In Fig. 2.6, the

matched signal was constructed with both electrodes’ cut-off frequencies at 0.5Hz, while

the unmatched waveform came from an electrode with a cut-off frequency of 0.5Hz and the
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Figure 2.6: ECG with different cut-off frequencies under strong artifacts

other with a cut-off frequency of 1Hz. This simulation shows that matched electrode cut-off

frequencies can remove the baseline wander, while unmatched cut-off frequencies can lead to

unreadable ECG.

2.3.3 Bias Current

Another issue in the design of ultra-high input impedance electrodes is the need for a

path for the input biasing current. DC currents are usually not allowed in the human body,

nevertheless, Ce blocks this current from going into the body, thus a path to ground is

required. In other words, if a path to ground is not provided, Ce will integrate the biasing

current from the operational amplifier, building up a voltage that may saturate the input

[62].

Typical values of commercial devices are input impedance in the region of TΩ and bias

currents of about tens of fA [13]. Castro et al [41] gives two examples of commercial amplifiers

that can be used in the reading of cECG, the LTC6240 with a 10GΩ resistance to ground

and the INA116 with floating inputs. However, both solutions suffer from drawbacks, the

floating input may saturate due to MA; while introducing a resistor in parallel with Rin

reduces the overall input impedance [13].

2.3.4 Noise

The buffer is a common choice for a first-stage amplifier; thus it is of interest to evaluate

the noise performance of this circuit. Two main sources of noise are added to the circuit

by the operational amplifier, voltage noise (en) and current noise (in) as shown in Fig. 2.7

[63]. Here, en and in are noise power spectral densities (PSD) given in V/
√
Hz and are
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uncorrelated variables. In this analysis, the model was simplified to a single electrode, and

Ce is connected directly to the circuit’s ground. Moreover, the buffer gain is defined as

unitary over the whole bandwidth.

Ce en

Rin

in

Cin

Vx

−

+ Voutbuffer

Vinbuffer

Figure 2.7: Buffer noise model

The voltage noise transfer functions NTFbufv is straightforward, since there is no current

going into the amplifier’s input, the current through en is null and Vx is 0V (in is excluded

for now), thus the gain is unity. The current noise transfer function, NTFbufi , is not as

simple. By setting en to 0V, the current leaving in flows into the equivalent impedance

between Cin, Ce and Rin, then NTFbufi is computed with (2.6).

NTFbufi =
Rin

1 + s(Ce + Cin)Rin

(2.6)

The resulting noise is calculated as the integral of the PSD times the squared magnitude

of the noise transfer function. The integration variable is the frequency and it is limited by

a low (LF ) and a high (HF ) frequency. Equation (2.7) shows the output noise contribution

from en (V 2
bufe

) while (2.8) refers to the contribution of in (V 2
bufi

).

V 2
bufe = e2n(HF − LF ) (2.7)

V 2
bufi

=
i2nRin

(Ce + Cin)

{
tan−1[HF (Ce + Cin)Rin]− tan−1[LF (Ce + Cin)Rin]

}
(2.8)

The root mean square (RMS) output noise voltage is given by the square root of the sum

of V 2
bufi

and V 2
bufe

as defined by (2.9).

Vbufnrms =
√
V 2
bufi

+ V 2
bufe

(2.9)
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As an example, one can replace commercial values of en and in to estimate the noise of

a cECG system. The operational amplifier chosen here is the LTC6240, also used in [41],

[48]. From the datasheet, the input noise voltage from 0.1 to 10 Hz is 550 nVpp, for higher

frequencies the input noise voltage density 7 nV/
√
Hz and the input noise current density

is 0.56 fA/
√
Hz. The integration bandwidth ranges from 0 (LF ) to 1 kHz (HF ). From the

LTC6240 datasheet we can also find Rin and Cin, 1TΩ and 3 pF respectively, while Ce is

taken from the worst-case scenario, 1 pF. The calculated output RMS noise is 0.34mV.

By performing a noise analysis using LTspice of the circuit shown in Fig. 2.7, where

the operational amplifier is the LTC6240, the result from equation (2.9) is verified. The

bandwidth of integration in the noise analysis was from 1nHz to 1 kHz, and the output noise

voltage was 0.22mV (RMS value). The noise analyses, by equation and simulation, led to

similar results 0.34mV and 0.22mV. The error between these results can be accounted to

the simplifications made in the equations, the buffer gain was unitary for all frequencies and

the input capacitance used was just the common-mode one. Yet, the RMS output noise

shows us that when the electrode is badly coupled to the patient body, the noise levels can

be as high as the ECG signal amplitude.

The noise model for other circuits used in cECG, such as the instrumentation amplifier,

the transconductance amplifier, or the charge amplifier are provided in [13]. In [64], the

authors achieved a biopotential electrode with a noise level of 2 µV/
√
Hz at 1Hz. Moreover

they state that for usual heart diagnostics, a 30:1 relation of signal to noise is sufficient.

2.3.4.1 Walk Around Artifact

Another issue associated with the use of ultra-high bias resistances is the artifact picked

up when motion happens close to the patient being monitored, which is named here the

“walk-around artifact”. Objects and humans other than the patient also have charges on

their surfaces, and hence couple through the air with the electrode’s input node. Fig. 2.8a

models this artifact, where Ce and Rin are the same as in Fig. 2.7 and Cse is the capacitance

coupling a secondary person to the electrode. Moreover, Vs is the signal generated by the

second person’s motion, and VWA is the resulting component measured by the electrode.

By assuming a relatively small Cse value of 1 pF, and changing Rin and Ce, Fig. 2.8b

shows the frequency response at node VWA for a unity Vs. The frequency response presents

a high-pass behavior, where the pass-band amplitude depends mostly on the value of Ce.

Thus, electrodes poorly coupled to the patient are more prone to pick up surrounding noise.

This is very problematic, especially in the case of 60Hz interference. However, the value

of Rb,f sets the low cut-off frequency, which is approximately the same as fl because Cse

is small. Therefore, walk-around artifacts in frequencies around the motion and respiration
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Figure 2.8: The walk around artifact

ratio (≈200mHz) can be attenuated by accurately setting Rin.

2.4 Analog Boosting Circuits

A broad variety of circuits are used in biopotential capacitive sensing to improve the

measurement of ECG signals. MA suppression circuits should boost the input impedance to

deal with capacitance changes while providing a quick discharge path to remove triboelectric

charges on the input node. However, circuits that reduce MAs by indirect means are also

considered in this section. For example, in Fig. 2.5 there are two clear sources of common-

mode signals in the body: Vcmb
and Vline. Moreover, Vocp and Vocn might also impose common-

mode potential in the inputs. Thus, by applying common-mode attenuation techniques,

errors due to MA effects such as common-mode to differential conversion of triboelectricity

can be compensated for.

2.4.1 Input Impedance Boosting With Positive Feedback

Neutralization (Fig. 2.9) and Bootstrapping (Fig. 2.10) are two different input impedance

boosting techniques. While similar in some aspects, these two techniques differ sufficiently

to be analyzed separately.

The neutralization circuit creates a negative capacitance in parallel with an undesired

capacitance. If these two capacitances have the same absolute value with different signs (+C

and -C), they cancel each other out. Meanwhile, bootstrapping works by feeding the signal

applied to one terminal of a capacitor to the other terminal; thus, the voltage drop across
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the capacitor is zero and no current flows.

The similarity of these techniques comes from both having a capacitor in a positive feed-

back loop, which improves the input impedance of the amplifier. The difference is that

neutralization combines a gain that differs from unity with an external capacitor while boot-

strapping employs a unitary gain without an extra capacitor. Partial bootstrapping can also

be used to increase the amplifier’s input resistance while still properly biasing the input (Fig.

2.12).

2.4.1.1 Neutralization

In Fig. 2.9, the front-end input node (Vx) is connected to the opamp’s input capacitance

and, possibly, capacitances from a biasing circuit and from the printed circuit board (PCB).

A well-explored solution is the use of neutralization circuits, which mimics the current flowing

through Cin [62], as shown in Fig. 2.9.

Ce ie

Rin Cin

iCin

Vx

Vecg

−

+ Vo
A1

−

+

R1

R2

Cn

in

A2

Figure 2.9: Capacitance neutralization circuit

Because the mid-band gain is given by the capacitive voltage divider, we can ignore Rin

for this analysis. The nodal equation at node Vx can be written as: ie + iCin + in = 0. Thus,

the sum of the currents from Ce and Cin and from the neutralization circuit must be zero.

If |iCin| = |in|, and one is arriving at the input node and the other is leaving it, then ie = 0

to satisfy the nodal equation. Hence, if there is no current flowing from the body to the

circuit (through the electrode), there is no voltage drop over Ce, and the voltage at the input

node is equal to Vecg. By deriving the circuit transfer function (2.10) in terms of impedances

(Zin, Ze and Zn are the impedances of Cin, Ce and Cn, respectively) and a constant gain

An = 1 +R2/R1, we can explore this solution further.
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Vx

Vecg

=
ZinZn

ZinZn + Ze(Zin + Zn − AnZin)
(2.10)

To cancel the effect of Ze, the term that multiplies it must be zero. Therefore, when

Zin +Zn = AnZin the transfer function is reduced to unity. To accomplish this condition, it

is necessary to set a gain in the non-inverting amplifier of 1+Zn/Zin = An or an impedance

Zn = (An − 1)Zin, these equalities are known as “neutralization conditions”.

Taking into account a finite value for Rin, the neutralization condition is adapted so that

only Cin is neutralized. Note that a resistive path to ground is required to bias the amplifier’s

input. Therefore, the capacitance neutralization condition is (2.11) and the gain from the

cardiac source (Vecg) to the input of the amplifier (Vx) are given by equation (2.12).

Cin = Cn(An − 1) (2.11)

Vx

Vecg

=
s

s+ 1
CeRin

(2.12)

The non-inverting amplifier provides a gain An = 1 +R2/R1, where R2/R1 = δ. If Zn =

1/sCn and Zin = 1/sCin, then Cn = Cin/δ and by adjusting δ and/or Cn the capacitance

of Cin can be neutralized [62]. To overcome the inaccuracy of resistors, Chi et al, used a

potentiometer in parallel with R1 and R2 that allows fine-tuning. They also inserted a large

capacitor in series with R1 to select the gain bandwidth (block DC gain) [65].

It should be noted that the voltage follower might not be necessary, because the potential

at node Vx can also be measured from the inverting input of A2; thus, the non-inverted input

of A2 can be connected directly to Vx and A1 eliminated [65].

Although the neutralization technique adds positive feedback, it will not oscillate while

Ce + C ′
in > 0, where C ′

in is the resulting input capacitance (after addition of neutraliza-

tion) [65]. The neutralization also increases noise; but when the electrode presents a large

coupling capacitance to the body, other sources of noise will dominate, such as the bias

circuit (presented later in this section) [8]. Considering the current (in) and voltage (en)

noise sources in the opamp’s input, the gains from these sources to the output are 1/sCe

and 1 + [(Cin + Cn)/Ce], respectively [65].
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2.4.1.2 Bootstrapping

The bootstrapping circuit works by feeding back Vx (see Fig. 2.10), which is on the upper

terminal of CinAMP
, to the other terminal of this capacitor [29]. Because the buffer is used

to isolate Vx, its output can be wired to CinAMP
. Once this positive feedback is established,

the voltage drop across, and hence the current through, CinAMP
are zero.

Vecg

Ce Vx

RinPCB
CinPCB

Custom IC

RinAMP

CinAMP

−

+

Figure 2.10: Bootstrapping circuit

This can be best illustrated mathematically by applying Miller’s theorem, which states

that a feedback impedance (ZfMiller
) across an amplifier with gain k can be split into two

grounded impedances, one connected to the amplifier input (ZinMiller
) and the other to the

amplifier output (ZoutMiller
). The value of the resulting input Miller impedance is given by

(2.13).

ZinMiller
=

ZfMiller

1− k
(2.13)

If the gain k is one, then ZinMiller
= ∞. Applying this to the case of Fig. 2.10, the

impedance from the capacitor in the feedback reflected to the opamp’s input must be∞, thus

the resulting input capacitance is zero. In this way, the input capacitance of an operational

amplifier (Cinamp) can be canceled.

Bootstrapping better suits the transistor-level designs because CinAMP
is not accessible on

commercial integrated circuits (ICs), albeit it can still be done with off-the-shelf components

by driving the circuit ground [66]. In custom ICs, however, the designer has access to the

gate-to-source capacitance Cgs, gate-to-body capacitance Cgb and gate-to-drain capacitance

Cgd (dominant components of CinAMP
) [29].

The leakage capacitance in the PCB can also be bootstrapped by using the guard-

ing/shielding technique. Fig. 2.11 shows a combination of a circuit schematic and layout

to explain the guarding technique. Similarly, the bootstrapping technique can be used to
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reduce the stray capacitances in coaxial cables, where the inner wire contains the signal and

the outer conductor is driven by the buffer’s output.

The gray box represents the IC of an operational amplifier, which has two input nodes

and one output. In order to create a voltage follower, a trace in the PCB (orange solid

lines) connects the inverting input to the output. Moreover, the non-inverting input is also

connected to the electrode by a PCB trace. If there were no guarding in the input pin, a

stray capacitor would be formed between this trace and the ground, increasing the input

capacitance. By surrounding the input pin with PCB lines (orange dotted line) containing a

replica of the input signal (Vo), the capacitance (Cguard) formed in the input node is between

two almost identical signals; thus, it should be negligible [14], [62]. Meanwhile, the ground

planes and routes form a capacitor with the guard ring (Cleak) that does not affect the signal

quality.

Rin Cin

−

+ Vo

Guard

Electrode

Cguard

Cleak

Figure 2.11: Method of guarding the input pin

It is clear that the guarding method creates positive feedback in the circuit through

Cguard; however, it should not lead to instability in well-compensated operational amplifiers

[62]. The drawback of the guarding is the increment in the contribution of the amplifier

input-referred voltage noise, which now sees a gain of Cguard/Ce to the output [62].

2.4.1.3 Input Biasing

The input biasing circuit affects the input resistance. Ideally, the bias circuit should

provide a low-impedance path for DC, very low-frequency signals, and large MA (triboelec-

tricity), while imposing an ultra-high impedance within the ECG bandwidth. Note that

when Ce drops due to a MA, the low cut-off frequency increases. Thus, Rin should be large

enough to set the desired low cut-off frequency even when Ce is minimum. On the other

hand, increasing Rin lengthens the discharging time. One way of complying with this is to

apply the bootstrap technique in the biasing circuit shown in Fig. 2.12a.
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Figure 2.12: Input stage biasing schematics

The resulting input impedance of the bootstrapped bias circuit is (2.14).

Zin,bb = Z1 + Z2 +
Z1Z2

Zf

(2.14)

The most common implementation uses Z1 and Z2 as resistors and Zf as a capacitor

[67]. At DC, the capacitor is open and the impedance to ground is just two resistances in

series (R1+R2). Within the band of interest, the capacitor is a short-circuit and the voltage

drop across the first bias resistor (R1) is almost zero, which is seen from the input node as

an ultra-high resistance. In the IC design of Chi et al. [29], two PMOS diode-connected

transistors were used as R1 and R2 (this kind of element is also known as a pseudo-resistor).

An alternative to resistors in the bootstrapped bias is to use the diode’s reverse leakage

current [39], [65], [68], which adds temperature compensation, protection and clamping.

The circuit in Fig. 2.12b shows a counter-diode connection that can replace R1. When the

electrode is well coupled to the body, it is expected that Db1 and Db2 are off, hence presenting

high resistance. It is necessary that the leakage current of the reverse biased diodes is high

enough to sink the bias current flowing out of the amplifier input. In the presence of an

interference that causes large voltages at Vx, the diodes conduct and discharges the node

quickly.

As seen in (2.14), the input impedance is R1+R2 for low frequencies and 2πfCfR1R2 for

higher frequencies [69]. That means Zin,bb is directly proportional to the frequency, which is

an inductive behavior [70]. The combination of this inductive behavior with the electrode

capacitance may lead to resonance and even oscillation.

Recently a modification was proposed where the feedback capacitor is replaced by a

resistor (Rf ) and R2 by a varistor Rv [69]. Then, the frequency-dependent term created by

the capacitor is replaced by R1Rv/Rf , and Rv has a large value for small signals and a low
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resistance in the presence of large voltages. In this manner, Zin quickly discharges when

large MAs occur while showing high input impedance in normal operation. This biasing

schematic can also be implemented with resistors only [70], but this would lead back to the

issues of Rb such as noise and lack of protection against large and low-frequency artifacts.

2.4.2 Channel-Mismatch Using a Reference Signal

This technique was recently proposed in [60] for ECG, but could be adapted for cECG.

A known common-mode voltage Vref is injected into the system. While the measured ECG

should not contain Vref (an ideal differential measurement eliminates it), because of voltage

division between the electrode’s impedance and the amplifier’s input impedance, as well

as the amplifier’s gain inaccuracy, each channel may apply a different overall gain to Vref .

Consequently, by taking the difference between two channels and by measuring the amplitude

of Vref , the gain mismatch can be deduced. To assess the real gain of each channel, one can

compare the amplitude of the recovered Vref to the amplitude of the injected Vref . This

leads to multiple options for gain correction or CMRR optimization.

2.4.3 Series Negative-Impedance

The voltage division created by Cin and Ce (see Fig. 2.3 and (2.5)) due to small electrode

capacitance can be solved by increasing the input impedance as discussed earlier or by

decreasing the electrode’s apparent coupling impedance. To compensate for the electrode’s

impedance, a negative impedance circuit was placed in series with it [71]. With a negative

version of the electrode’s impedance in series, they sum and null each other.

In [71], the apparent impedance from the negative impedance sensor was −200MΩ (re-

sistive) and the estimated electrode capacitance was 510 pF. The preliminary use of the neg-

ative impedance capacitive sensor showed an improvement in SNR of approximately 6 dB,

from 23.9 dB to 30.2 dB. Although series negative-impedance compensation is a promising

technique, that work was limited by the lack of consideration of the parasitic effects in the

negative impedance circuit, and the negative impedance being fixed. Hence, it could not

adapt to changes in the electrode capacitance in the event of MAs.

2.4.4 Discharging Switch

As discussed before, MAs generate triboelectricity which occurs as a result of the accu-

mulation of charges in the contact surfaces (skin-electrodes). Those charges cannot move

quickly in dielectric materials; thus, the discharge in such a surface is slow.

30



To diminish the recovery time from a MA that saturates the input, some systems possess

a switch connected to the input node [72], [73]. As the system detects the saturation event,

it closes the switch, thus providing a low-impedance path to ground. Later, the switch is

reopened and the high-impedance input is re-established. During the discharge process, the

overall input impedance is low and the signal quality is reduced; however, the amount of

information lost is smaller than when waiting for the node to discharge through Rin (τ).

Vecg
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Rin Cin

Vx

−

+
Vo

Zbias

Figure 2.13: High-input impedance buffer with discharging switch

The addition of a switch to the input node may reduce the input impedance. To avoid

this, the circuit of Fig. 2.13 was proposed by [74], where Zbias is a resistor or counter-diodes.

In normal operation, Zbias is bootstrapped, thus the input impedance is not affected. When

a large artifact is sensed, the switch is closed, providing a low-impedance path to ground,

and the non-inverting input discharges through Zbias and the switch [74].

2.4.5 Through-Body Feedback

This technique, shown in Fig. 2.14, takes the signal from a voltage follower output in a

single channel of the cECG and feeds it back to the human body [75]. This method relies on

the feedback path having low impedance to avoid voltage division with the body-to-ground

impedance. In [75], a simple wire was used to connect the output to the body. Hence, a

unity gain positive feedback is formed, bootstrapping the human body and the input node.

As a result, the voltage in a point of the human body and in the input node are the same;

and no current flows through the electrode, avoiding voltage drop.

2.4.6 MA Removal with Capacitance Measurement

This MA removal method is not an all-analog solution, yet the compensation itself takes

place in the analog domain. It was identified by [76] that when a movement happens, the

variation of Ce is correlated with the large voltage artifacts. To optimize the analog-to-digital

converter’s dynamic range and reduce its resolution and power consumption, a system was

proposed that measures electrode impedance and generates a signal similar to the large
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Figure 2.14: Feedback proposed by [75]

MA voltage artifact [73], [77]. A simplified block diagram is depicted in Fig. 2.15, where

“Ce meas” estimates the electrode capacitance.

Human Body
Ce
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ADC1

ADC2

MCU

DAC

Vo

Figure 2.15: MA removal with electrode capacitance measurement

To accomplish that, the measured cECG signal in a single channel is applied to the non-

inverting input of an instrumentation amplifier. Both the electrode impedance and cECG

are measured and sent to a microcontroller, where a least mean squares algorithm creates

a signal similar to the voltage artifact. Lastly, this correction signal is fed back to the

instrumentation amplifier, removing a large portion of the MA [73].

2.4.7 Common-Mode Cancellation

Common-mode cancellation circuits are essential in biopotential acquisition to eliminate

interference such as the power line induction (e.g. 60Hz). Moreover, by reducing these un-

desired common-mode signals, MAs can also be suppressed indirectly. Therefore, reviewing

the most popular topologies for common-mode interference reduction is necessary.

2.4.7.1 Low Impedance Path

The simplest technique to reduce interference from Vline is to provide a low impedance

path to ground [55]. It is implemented by applying an electrode to the right leg with an

impedance to ground. Hence, the overall impedance between body and ground is reduced,
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increasing the voltage division computed by (2.4). For cECG, a capacitive electrode must

be used, thus the low-impedance path is modeled as a capacitor to ground in parallel with

Cbg and Ciso. This simple technique improves 60Hz suppression, yet it is not as effective as

the active techniques presented next.

2.4.7.2 Driven Right-Leg

The driven right-leg (DRL) is a well-known circuit in biopotential measurement that

reduces the common-mode voltage by feeding back into the body an amplified and inverted

version of the common-mode signal. Figure 2.16 shows an electrical model for a cECG

system considering the parameters that affect the common-mode voltage in the body and

the DRL circuit (in red lines). Its working principle also relies on reducing the impedance

from body to ground and thus making the voltage division seen by Vline greater, attenuating

the common-mode voltage picked by the electrodes [78]. This circuit is very popular for

standard ECG acquisition devices.

In cECG it can be harder to implement because the feedback electrode also possesses

a high coupling impedance. That makes the feedback loop difficult to stabilize. Moreover,

it needs a swing compatible with the common-mode levels present in cECG, which are

greater than in ECG) [8]. However, the DRL can reach stable operation by dominant pole

compensation at a cost of fixed CMRR [56] and it may show similar performance to the DRL

circuit with wet electrodes [13].

Cbg

Ciso

Vline

Clb

Vcmb

Vecg

∆C Ce Voc +∆V

Ce Voc

Zin

Zin

1

1

Other Channels

ZeDRL

-k

Figure 2.16: DRL

Different from the DRL presented in Fig. 2.16, Guermandi et al [79] use the common-

mode voltage from a measuring electrode to drive the circuit common (circuit ground/com-
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mon is different from real ground - earth). They claim that this circuit eliminates the need

for the feedback electrode and it also increases the overall CMRR, because it does not suffer

from the same severe instability issues.

2.4.7.3 Common-Mode Shunt-Feedback

The common mode shunt-feedback works by applying a current source to the input node,

which sinks the common mode current arriving at that node. This technique is less common

than the DRL, thus it still does not have a standard terminology, and may be referred to

differently in other works.

Cbg

Ciso
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Clb

Vcmb

Vecg ∆C Ce

Voc +∆V

Ce
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Zin

Zin

1

1

Vcm

VcmGsh

Vcm(Gsh +∆G)

Figure 2.17: Common-mode shunt-feedback

Figure 2.17 shows the schematic of the common-mode shunt feedback. The voltage

controlled current source in the top electrode branch has an additional source of error, the

gain mismatch ∆G. Another drawback of this topology would be the output impedance of

such current sources, because they are in parallel with Zin. These impedances would also

present mismatch, but this effect is already modeled by ∆C. In [80] these mismatches were

modeled and it was found that they mainly affect a DC reference for common-mode (which

in this case is 0) and they proposed a solution by modulating the current sources.

2.4.7.4 Feed-Forward CM Cancellation

The feed-forward common-mode cancellation has a few variations, yet its working prin-

ciple is based on sensing the common-mode voltage just after the coupling interface and

actuating at the amplifier input node. This technique shows improved performance in rela-

tion to feedback techniques regarding simplicity, CMRR bandwidth and stability [22], [61].
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One group uses as feed-forward the subtraction principle of instrumentation amplifiers,

then the signal from the electrode is applied to one input and the common-mode in the

other input [22], [61]. Thus, only the differential input is amplified. However, this technique

is not that effective as source impedance increases, because of the attenuation of the CM

feed-forward signal.

Another possibility of feed-forward common-mode elimination was developed in [81]. In

this case, the common-mode is sensed just after the electrode and fed in a forward node at

the input of a chopper amplifier. Yet, this technique also fails in capacitive bio-potential

measurements because the common-mode sensing circuit would create a low impedance path

before the amplifier’s input, reducing the signal amplitude.

2.4.7.5 Summary of Boosting Techniques

Method Benefits Drawback
Recommended
Application

Capacitance
neutralization

Compensation for amp.
and PCB capacitances

Fine tuning δ
(accurate resistors)

Applications with low
electrode capacitance

Bootstraping
and Shielding

Reduces input cap.,
simplicity to implement

Fixed compensation,
Difficult with discrete
components

All PCBs,
integrated amplifiers

Bootstrapped bias
Improves
input resistance

Inductive behavior
and oscillation

Applications with very
low cut-off frequency

Channel mismatch
with
reference signal

Equalizes channel gains
Adds leakage to the
input node

Application with high
electrode capacitance

Series negative
impedance

Decreases overall
coupling capacitance

Preliminary results,
fixed compensation

Applications with low
capacitance changes

Switch Fast discharging
Information losses
during discharge

Applications with
high amounts of MA

MA removal with
capacitance meas.

Compensates voltage
spikes from
capacitance changes
and triboelectricity

Requires ADC, INA
and microcontroller

Applications without
power and area
constraints

Common-mode
feedback

Indirectly remove MA,
Reduces common
mode interference

Requires multiple
channels

All

Table 2.3: Summary of boosting circuits, benefits, drawbacks and preferred applications

Table 2.3 summarizes some of the reviewed boosting circuits. In addition, Appendix A

shows the importance of the bootstrapping and neutralization circuits in avoiding voltage

division with the input capacitance, as well as the dependence of the low cut-off frequency

on the electrode capacitance value.
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Chapter 3

MA Model

TENGs are energy-harvesting devices able to generate electricity from the repetitive

contact and separation (or rubbing) of different objects. They usually consist of two metal-

lic electrodes separated by one or more dielectric layers. Similarly to MAs in capacitive

electrodes, TENGs’ working principle is based on contact electrification and varying capac-

itances.

In this work, TENG models will be used as a starting point to introduce an improved MA

model for biopotential acquisition with capacitive electrodes. The first step is to revisit the

equations for longitudinal (electrode sliding over the skin) and transverse (electrode creates

an air gap with the skin) motions [27], [51], [82], [83]. The text of this chapter is based on

our original paper that is under review, which was presented in the Introduction as “Paper

C”.

3.1 Development

Fig. 3.1 represents a movement at the electrode-skin interface: ddie is the thickness of the

dielectric, l and w are the length and width of the electrode and σc is the charge density on

the electrode surface. Before the motion, the skin and the dielectric are in contact and they

exchange charges reaching equilibrium. Thus, the contact surfaces of the skin and dielectric

present opposite charge density. Once the two surfaces are separated, charges on the skin

will be able to move and the total charge on the skin is given by Qskin = σcwl.

Once a longitudinal motion of length x(t) or a transversal motion of height y(t) takes

place, the dielectric maintains the same charge density, but a charge Q in the skin flows back

to the electrode. Hence, the total charge on the skin becomes σcwl − Q. Albeit the return

path from the skin to the electrode is not shown in Fig. 3.1 and Fig. 3.2, it generally consists

of the earth’s ground and the circuit’s ground, which are separated by the supply’s isolation
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impedance as shown in Fig. 3.3. Note that at this stage, the derivation only requires that a

return path exists but the exact path is not needed.

CopperDielectric

Skin

y(t)
ddie

Qskin=σcwl-Q

σc

l

l+ + + + + + + + + + + + 
- - - - - - - - - - - -   x(t)=0

Q

(a) Representation of a transverse MA

CopperDielectric

Skin

y(t)=0
ddie

Qskin=σcwx(t)-Q

σc

l

x(t)l ++++++ - - - - - -++++++- - - - - -
x(t) l-x(t)

Q

(b) Representation of a longitudinal MA

Figure 3.1: Electrode motion in a) transverse and b) longitudinal directions

Assuming there is no charge injection, the sum of all charges is zero. Note that based

on TENG models, only a portion of the skin with length l is electrified during the contact.

Further, the edge effect is neglected and the electric field is considered uniform and perpen-

dicular to each surface. Then, the total voltage between two surfaces can be modeled as:

Vm = Emdm, where Em = σm/εm and σm = Qm/Sm, m refers to the material being assessed,

Vm is the voltage drop between the material m and a reference (e.g. m is the skin, reference

is the copper), Em is the electric field, dm is the distance, εm is the permittivity of m and

σm is the charge density (charge Qm over area Sm) on the surface of m.

The identity V = −Q/Ce(t) + Vtribo, allows the extraction of a lumped model comprising

a time-varying capacitor (Ce) and a voltage source (Vtribo), which are shown in Fig. 3.3.

These two values can be obtained with the short and open-circuit tests: the short-circuit

test assumes that the voltage drop between skin and copper is 0, leading to Ce, while the

open-circuit test assumes no current flow and hence the total voltage is given by Vtribo.

3.1.1 Transverse and Longitudinal Models

Artifacts due to motion in the y direction only (transverse MA, shown in Fig. 3.1a)

correspond to the electrode’s copper voltage (relative to ground) due to the electric field

from each interface [50], [82]:

V =
1

wlε0

{
−Q

[
ddie
εrdie

+
y(t)

εrair

]
+ σcwl

[
y(t)

εrair

]}
(3.1)
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where ε0, εrair and εrdie are, respectively, the vacuum permittivity, the relative permit-

tivity of air and the relative permittivity of the dielectric layer, w and l are the width and

length of the electrode, σc is the charge density on the electrode surface, Q is the amount of

charge transferred from the skin to the electrode during the motion and y(t) the height of

the y motion.

The skin-air interface (surface of the skin) has a charge density of σc − Q/S, where the

skin’s electrified area is S = wl, with the electric field passing through air and dielectric.

The air-dielectric interface (bottom surface of the dielectric) has a charge density of −σc

whereas the electric field is within the dielectric. Thus, finding expressions for Vskin (voltage

due to skin’s charges) and Vdie (voltage due to the dielectric’s charges), and summing them,

leads to (3.1).

The open-circuit test considers that a flow-back path for Q is nonexistent (skin and

electrode perfectly isolated), thus Q = 0, while the short-circuit evaluation connects the skin

and the copper through a short circuit, thus V = 0. From these two steps, the equations for

Vtribo and Ce can be deduced:

Vtribo =
σcy(t)

ε0εrair
(3.2)

Ce =
Q

Vtribo

= wlε0

[
εrairεrdie

y(t)εrdie + ddieεrair

]
(3.3)

For the longitudinal motion (x direction only) shown in Fig. 3.1b, the example of a

sliding-mode TENG [27] is considered. Therefore, y(t) = 0 and x(t) ̸= 0.

When the electrode slides, at the overlapped region, the dielectric and the skin have

opposite charge densities. Further, the dielectric’s charge density is constant throughout its

area. If the copper has a charge Q, then the skin has an amount of free charge σcwx(t)−Q.

The region of interest is where the skin and the electrode overlap, thus the area is given by

w(l − x(t)).

The resulting equation describing the electrode’s copper voltage, in the case of a longi-

tudinal movement, can be modeled as:

V =
σcx(t)w −Q

ε0εdiew[l − x(t)]
ddie (3.4)

From this equation, a capacitance and a voltage source can be derived (lumped model) [27].

Note that the larger the horizontal movement x(t) is, the more charge is available on the

skin surface, while the overlapped area becomes smaller. The limit of the model is given by
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Figure 3.2: Representation of a motion artifact in 2 directions and contact-chargeable ex-
tended skin

the case of x(t) approaches the length of the electrode l, for which V tends to infinity: this

limitation is caused by the fact that the model only considers perpendicular electric fields

within the electrode surface and no fringe electric field is accounted for.

3.1.2 Proposed Model

The model represented in Fig. 3.2 considers motions in two directions and new parts of

the skin. It is derived by accounting for electric fields perpendicular to the surfaces only.

Finding the skin charges (3.5) is the first step to derive the proposed model’s general equation

(3.6). The resulting charge on the skin depends on whether the motion ceases contact with

the skin or not. To include the possibility of the two different cases in the model, a binary

contact variable kco was introduced: kco = 1 when dielectric and skin are in contact and

kco = 0 when an air gap is formed. Another variable added to aid in the derivation is

lov(t) = l − xa(t), the length where dielectric and skin overlap.

Previous TENG-based models consider only the case in which the electrode slides into

an empty area. That is not always true for cExG, as the body area is very large, thus often

the electrode slides into a new section of skin (shown in Fig. 3.2). To include this case and

complete the MA model, the skin’s length is extended, whereas it may have some stored

charges Q0. While the electrode and the skin are in contact, both show a charge density of

±σc, while the copper is discharged and the remaining part of the skin has an amount of

charge Q0, assumed to be uniformly distributed with charge density σ0. This assumption

will be further confirmed in the experimental validation in the results section.

When the electrode moves away from the skin, with a vertical motion of y(t) and hor-

izontal motion x(t), the charges on the skin will rearrange to reach the equilibrium, and

some charges Q flow back to the copper. Therefore, the total charge on the skin is given

Qskin = σcwl −Q+Q0, and the area where skin and electrode overlap is always l.
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The role of x(t) is different from the longitudinal-only MA. To model both effects, sliding

over the air and the skin, two variables are required: xs(t) (distance over the skin) and xa(t)

(distance over the air). By using the new variable, kco (existence or absence of contact) and

lov(t) (length of the electrode and skin overlap), one can rewrite:

Qskin = σcw(l − lov(t)kco)−Q+ σ0wxs(t) (3.5)

If the electrode moves and there is still some contact area, then the first term in (3.5)

becomes σcwxa(t). However, if the electrode loses contact, the first term in (3.5) is σcwl.

The skin’s charge density is found by observing that the charges are within an area of wlov(t).

The air-dielectric interface will contribute only if y(t) ̸= 0 and kco = 0 and the amount of

charge is proportional to the overlap area. Further, by calculating the electric field from the

skin and dielectric to the copper, the model with additional skin area and charges is derived:

V =
1

ε0wlov(t)

{
[−Q+σ0wxs(t)]

[
ddie
εrdie

+
y(t)

εrair

]
+σcw

[
ddie(l − lov(t))

εrdie
+
y(t)(l − lov(t)kco)

εrair

]}

(3.6)

The next step is to extract the parameters Vtribo and Ce from the identity as done before.

Thus, by applying the open and short circuit tests to (3.6), Ce(t) and Vtribo(t) are obtained. In

(3.6), kco becomes redundant because it is multiplied by y(t). Thus, in (3.7), y(t)(l−lov(t)kco)

is substituted by y(t)l. Similarly, l − lov(t) is replaced by xa(t).

The capacitance expression (3.8) is verified through simple parallel plate capacitor theory.

The plate area is the constant width (w) times the length of skin-electrode overlaps (lov(t)),

whereas the dielectric/air separates the two plates. Thus, if xa(t) = 0 (no motion over the

air) the capacitance changes only due to y(t).

Vtribo(t) =
σ0xs(t)

ε0lov(t)

[
ddie
εrdie

+
y(t)

εrair

]
+

σc

ε0lov(t)

[
ddiexa(t)

εrdie
+

y(t)l

εrair

]
(3.7)

Ce(t) =
ε0wlov(t)

[ddie/εrdie ] + [y(t)/εrair ]
(3.8)

The proposed Vtribo model (3.7) adds a fundamental feature, increased skin length. For

example, in (3.4), if x(t) = l (thus lov = 0), then V → ∞. Physically, lov(t) = 0 means

that the parallel plate capacitor does not exist anymore. When σ0wxs(t) is introduced, a
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new source of triboelectricity is established, which is proportional to the motion’s length.

In the case of a motion of distance xs over the skin, σo is replaced by σc to represent the

contact electrification of the new area, while still accounting for charges from the previously

electrified area.

3.1.3 Circuit Model

Fig. 3.3 describes the components of a simplified biopotential acquisition with a capac-

itive electrode. Vbio is the body’s potential to be measured on the skin’s surface, its lower

terminal is connected to the Earth (0V). The proposed MA model is included as a variable

capacitor (Ce) defined by (3.8) and a triboelectric voltage source (Vtribo) defined by (3.7).

The circuit is composed of an operational amplifier (U1) connected in a buffer configuration.

Rin is the electrode’s input resistance and is connected to the circuit ground, which is not

necessarily 0V.

Fig. 3.3 assumes that the input capacitance is much smaller than Ce, hence, it can be

disregarded. In practice, this was achieved by using the capacitance neutralization circuit

and bootstrapping. Moreover, the model considers the capacitive component of the electrode

to be dominant compared to the skin impedance. The electrode employed in this work

uses the PCB’s solder mask as the dielectric and it directly contacts the skin. To include

clothing as a dielectric, both its capacitive and resistive parts should be accounted for. The

aforementioned return path between body and electrode is established by Rin, the supply’s

isolation impedance Ziso, and many other elements that are unique to each implementation

and are not accounted for in this model.

Vbio

Ce

i(t)

Vtribo

−

+
U1

Rin

VoVin

Ziso
Earth Ground (Vb)

Body

Model

Circuit

Supply’s isolation

Figure 3.3: Simplified capacitive electrode with motion artifact model

From the circuit model of Fig. 3.3 the exclusion of edge effects is justified. Although

fringe fields are significant for large transverse motion (y(t) ≈ l), the voltage spike decays
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quickly because Ce is small. Then, the most concerning part of a large transverse motion

is the voltage division between Ce and the amplifier’s input capacitance. However, many

techniques exist to reduce the input capacitance, and in a proper design, significant voltage

division should not take place. Therefore, including the edge effect substantially increases

complexity for a small gain of accuracy. In longitudinal motion, the distance between plates

is ddie (35µm) and it is much smaller than l (≈3 cm), thus fringe fields are negligible.

To evaluate only the influence of an MA in Vo, Vbio is neglected. Furthermore, it is

assumed that Ziso is a short circuit, which is achieved in practice by connecting a low-

impedance electrode from the ground to the human body. Thus, the voltage drop across Ce

and Vtribo is equal to the voltage drop across Rin and the ground voltage (Vb):

− Q

Ce(t)
+ Vtribo(t) = Vb + i(t)Rin (3.9)

Knowing that the current is dQ(t)/dt and differentiating (3.9), one obtains:

i(t)+Rin

[
Ce(t)

di(t)

dt
+ i(t)

dCe(t)

dt

]
= Ce(t)

d[Vtribo(t)− Vb]

dt
+[Vtribo(t)−Vb]

dCe(t)

dt
(3.10)

3.1.4 Simulation and Experiment Setup

Equations 3.7 and 3.8 were numerically simulated by substituting known constants with

their respective values. The permittivity of vacuum (ε0) is 8.854 × 10−12 F/m, the relative

dielectric constant of air (εrair) is 1. The relative dielectric constant of the solder mask

(εrdie) is 3.5 and its thickness (ddie) is 35 µm. The electrode is a square with a side length of

2.97 cm. Equally sized arrays describe the y , xa, and xs motions as a function of time. It

is assumed that σo=σc when the electrode slides over the skin, whereas σc is estimated with

the following equation:

σc = (ηskin − ηdie) ∗ γ (3.11)

where η is the charge affinity obtained from the triboelectric series [52] in C/J, while γ is

the energy (or work, W ) necessary to separate the contacting surfaces over the electrode’s

area (w ∗ l) given in J/m2.

In transverse motion, the work is related to adhesion energy, and in longitudinal motion,

the work is given by the friction of the skin and electrode. Capacitive electrodes are used in a

42



Figure 3.4: Picture of the measuring setup, where the robot arm moves the electrode.

wide range of applications, and the motion characteristics are unique to each case. Adhesion

energy of human skin is reported as dozens of mJ/m2 (adhesion force is in decimals of mN)

[84] while the friction force is in the range of hundreds of mN [85]. Hence, although accurate

modeling is complicated, the numerical simulation can be performed with a fixed value of W

and here 50mJ was used. This value is a rough estimation accounting for reported friction

force, displacement, and contact area. The charge affinities of dry skin and of solder mask

(epoxy) are 30 nC/J and −32 nC/J respectively.

The measurement of MA was performed with a simple capacitive electrode, the electrode

dimensions are the same as those used for simulation, and the measured input resistance is

2.2GΩ. The test setup employed a bare copper board covered with a layer of box sealing

tape. This tape has a comparable charge affinity to oily skin according to the triboelectric

series [52]. A 10Hz signal was injected into the copper board to serve as a reference signal.

A robot arm (Stäubli TX2-90L) was used to move the electrode and the instrumentation

was placed next to it as shown in Fig. 3.4.

3.2 Results

3.2.1 Simulations

Figure 3.5 displays the computation of the electrode capacitance (3.8) and the tribo-

electric voltage (3.7) responses to different types of motion. The movements’ lengths were

logarithmically varied between 0.1mm and 4 cm with 10 samples per decade. Figures 3.5a

and 3.5b show the electrode capacitance and resulting triboelectric voltage, respectively.

While changes in Ce have a significant influence on the acquired signal, they are solely
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Figure 3.5: Computation of the electrode capacitance (3.8) (a) and the triboelectric voltage
(3.7) (b) for 3 types of unidirectional motion

dependent on the geometrical configuration of the electrode, thus easily predictable and not

sufficient to describe the overall behavior of the resulting MAs. The triboelectric voltage

is the most complex factor in MAs. That is, Vtribo is a function of charge density, hence,

it relies on the dynamics of the work W necessary to separate the two surfaces initially in

contact. The resulting MAs visible in the recorded signal are a trade-off between the growth

ratio of Vtribo and the discharge time of the varying Ce as described in (3.10). Thus it is

important to know the individual behavior of Ce and Vtribo.

The capacitance analysis (Fig. 3.5a) is straightforward. For a horizontal motion xs along

the skin, the electrode remains constant at 780 pF because the capacitor’s area and dielectric

thickness do not change. A motion over the air xa begins to cause considerable capacitance

change when the electrode’s area not overlapping with the skin is large. In other words, xa

must be at least 10% of the electrode’s size to change the capacitance significantly. Once xa

is greater than the electrode’s side length (≈ 3 cm), the plates are not parallel anymore and

the resulting capacitance is equal to zero. The perpendicular motion y leads to more severe

capacitance changes: if an air gap as small as 0.1mm is created, the electrode capacitance

drops from approximately 780 pF to 71 pF, and a y motion of 1 cm leads to a capacitance of

0.78 pF.

The results in Fig. 3.5b are based on the assumption that all motion required 50mJ to

start. Although on a logarithmic scale Vtribo is linear for movements y and xs, the physics

behind the generation of these artifacts is different. A movement in y direction causes an

increase in voltage because of the increased distance between the charged plates (V = E ∗d).
Differently, a movement in xs does not vary the distance between plates, but causes more

area on the skin to be electrified, thus changing the overall charge on the skin. Finally, a
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motion in xa leads to a partial loss of contact area causing an increase in charge density

in the portion of the area still in contact with the skin, which induces a sharp increase in

triboelectric voltage.

The proposed MA model suggests that for the same amount of work, transverse motion

generates more triboelectricity than longitudinal motion. However, in practice, a longitudinal

motion likely requires more work than a transverse motion. For example, consider the case

of a cECG mattress where the person is lying down with the back over the electrodes. A

longitudinal motion (sliding the back to a new position) involves the whole weight of the

torso pressuring the electrodes, thus, there is a high friction force acting against the motion.

On the other hand, a transverse motion revolves around losing contact with the electrode,

thus the work done over the electrode is mostly due to the adhesion energy, a smaller force.

The results shown in Fig. 3.5 are the computation of (3.7) and (3.8) only. However, in

a biopotential acquisition, these two effects merge and appear as voltage artifacts, which

are predicted by simulating (3.10). Yet, Fig. 3.5 shows how each type of motion affects the

electrode capacitance and the triboelectric voltage, which serves to explain the MA dynamics.

The subsequent results (Fig. 3.6 to Fig. 3.10) display the simulated/measured MA created

by movements taking place at 1 s. Note that for motion over the air, xa, a motion length

of 4 cm is larger than the electrode’s side (≈3 cm), thus the electrode does not work, and

results cannot be obtained.
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Figure 3.6: Numerical solution of (3.10) for three types of motion with constant speed, but
different traveled distances

Fig. 3.6 shows the simulated MAs generated over time for three lengths of motion at

constant speed (4 cm/s): 0.5 cm, 1 cm, 2 cm and 4 cm. The MA generated by a y motion

(Fig. 3.6a) is the same regardless of the traveled distance. For all four simulated lengths of y,

the peak voltage, rising time, and falling time matched. To explain this behavior it must be

taken into consideration that, while the traveled distance defines the value of Ce and Vtribo,
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it is the motion’s speed that determines how fast the transition from initial to final values

happens. In all cases, Vtribo should be above 10 kV according to Fig. 3.5b, however, the large

decrease in electrode capacitance with only a few mm of motion drastically reduces the time

constant. Thus, the node discharges within 0.1 s, which is faster than the time needed to

complete the movements, resulting in the same amplitude of MAs for all y.

In the case of longitudinal motions, the simulated waveforms for the electrode sliding

over the skin (xs) and the electrode sliding from the skin over to the air (xa) appear to

be similar. Nevertheless, important differences are present: for a traveled distance of 2 cm,

the MA’s amplitude caused by a motion xa (Fig. 3.6c) is more than twice the amplitude

of the MA generated from a motion xs (Fig. 3.6b); meanwhile, for shorter movements, the

amplitudes for xs and xa types of MAs are closer. These observations agree with Fig. 3.5b:

as the traveled distance of xa approaches the electrode’s length, the triboelectric voltage

spikes.

Fig. 3.6b and Fig. 3.6c also differ in time constants. In Fig. 3.6b, all curves present a

1.7 s time constant (discharge by 63%), while in Fig. 3.6c the time constants are 0.50 s (2 cm),

1.1 s (1 cm), and 1.4 s (0.5 cm). This can be explained by the fact that, for xs motions, the

parallel plate capacitor area does not change whilst, in the case of xa motions, the capacitance

decreases as the traveled distance increases, leading to a significant decline in time constant.

Similarly, the rising slope for xa MAs becomes steeper with time.
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Figure 3.7: Numerical solution of (3.10) for three types of motion with different speeds, but
constants traveled distances

Fig. 3.7 shows MAs for speeds ranging from 0.4 to 3.2 cm/s over constant distances. The

traveled distances were 4 cm for y and xs motions and 2 cm for xa motion. In the MAs

displayed in Fig. 3.7a, the trade-off between the growth ratio of Vtribo and the discharge

time imposed by Ce is illustrated. That is, faster motions lead to higher peaks because
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the traveled distance is higher, however, the time constant decreases faster and the MA’s

duration is shorter.

From the longitudinal MA simulation, due to the overlap area reduction, xa motion

(Fig. 3.7c) leads to slightly higher peaks and lower settling times compared to xs motion

(Fig. 3.7b). In Fig. 3.7b, the time constant is fixed. Thus, the discharge ratio is constant and

the peak depends on the speed of motion which defines how fast the triboelectric voltage rises.

Meanwhile, in Fig. 3.7c, the time constant also changes, meaning that faster movements lead

to higher and narrower peaks.

3.2.2 Measurements

The measurements on a test setup followed the same principle as the simulations. Hence,

the measurements in Fig. 3.8 had a constant speed for different lengths of motion and Fig. 3.9

accounted for different speeds with the same traveled distance. The motions happen at 1 s.

The limitation of our experiment is that the robot arm does not comprise a pressure sensor

and the speed is displayed as a percentage of the maximum speed. The estimated maximum

speed (100%) of the robot’s arm is 16.7 cm/s.

In Fig. 3.8 and Fig. 3.9, the objective is to verify the behavioral dependency on traveled

distance and speed according to the model equations, not overall accuracy. Further, speed,

force, and charge affinity do not match, thus the MA amplitude is different between simula-

tion and measurement. Direct comparison between predicted and measured MA is made in

Fig. 3.10.

The electrode’s working status is monitored with a reference signal injected on the copper

board (see Fig. 3.4), hence a 10Hz sinusoid is overlapped with the MA. In Fig. 3.9b and

Fig. 3.9c the reference signal was filtered out for better visibility. Moreover, the electrode’s

amplifier is supplied with ±5V, thus it saturates for strong MA.

Fig. 3.8a displays the measured MA for y motion, and the results are as expected from

simulations. The curves overlapped because the rate of capacitance change is the same, and

the system discharges before reaching the end value of capacitance and triboelectric voltage.

The flat top indicates that the triboelectric voltage saturated the operational amplifier’s

input.

Fig. 3.8b shows that xs motion also led to an MA response behavior that matches the

simulation. The two cases with larger traveled distances saturated the amplifier, whereas for

1.0 cm the peak reached the edge of saturation. For the shortest motion, 0.5 cm, the peak

was of 4V. Hence, the measured responses showed larger MA for longer lengths of motion

and equivalent settling times.
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Similarly, the xa MA response shown in Fig. 3.8c followed the simulated curves. The MA

peak in the xa case is larger than in xs, observed as the saturated 0.5 cm. Moreover, longer

motions led to shorter discharging times because the capacitance is reduced and so is the

time constant.
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Figure 3.8: Measured MA on a test setup with constant speed and different motion’s length

The next measurement is to verify the effect of the speed. Compared to the previous

measurement, the contact pressure was reduced to demonstrate non-saturated artifacts. Sim-

ilarly to the simulation, 4 speeds were tested. Yet, given the robot constraints, the speed for

each sample could not be exactly doubled. The results are shown in Fig. 3.9.

The measured y MA shows that as speed increases the amplitude rises while the spike

becomes narrower. This behavior follows the trend observed in the simulations presented in

Fig. 3.7a. One can also notice that the reference signal’s amplitude decreases quicker with

faster motion, whereas for the 25 % speed curve the reference signal is unreadable after 1 s,

yet still recognizable for the 2% trace. That happens due to Ce entering the range of Cin

earlier during faster MA. Compared to Fig. 3.8a, the amplitude of MA in Fig. 3.9a decreased

due to the smaller contact pressure.

Regarding the two types of longitudinal motion, the measured MA response behavior

matched the predictions of the simulations: faster motions lead to higher peaks in both

xs and xa movements, while slower motions translate in slower rising times. In both Figs.

3.9b and 3.9c one can see more peaks and valleys (transition from positive to negative)

than in other measurements. The reason for this noise is the lower pressure between the

electrode and the copper boards, which allows more vibration that creates micro y motions

and oscillation of speed.

For safety reasons, the same experiment could not be reproduced on real human skin

with the use of a robot arm. Thus, to provide a direct comparison between the model
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Figure 3.9: Measured MA on a test setup with different speeds and constant motion’s length

and real measurements on the skin, the motion was performed by hand and a slow-motion

camera and a ruler were used to track motion. To remove the influence of Vb from (3.10) and

therefore bypass Ziso in Fig. 3.3, the body has to be grounded. Hence, the circuit’s ground

was connected to the subject’s right hand with an Ag/AgCl electrode. For a floating body,

one should find the capacitance between the earth and the circuit’s ground. In other words,

the supply’s isolation impedance must be known. Moreover, because we cannot measure the

separation energy W (within σc), and it is a common variable in (3.7), one can scale it to fit

the measurement.

0.9 1.0 1.1 1.2 1.3
Time [s]

1

0

1

2

M
A

[V
]

Meas
Model

(a) y motion

2 4 6 8 10
Time [s]

0

1

2

3

M
A

[V
]

Meas
Model

(b) xs motion

Figure 3.10: MA measured in vivo on human skin

Fig. 3.10 shows the comparison between the model and in-vivo measurements. The first

thing to observe in Fig. 3.10a is the presence of a small 60Hz component (between 0.9 s

and 1 s) even though the body was grounded with the circuit’s ground. At 1 s, a y motion

took place. The displacement was of 3.5 cm in 0.4 s, and the model used constant speed.
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The contact energy W is adjusted to match the peak’s amplitude, and the resulting value is

0.34mJ.

The measured spike length was 0.063 s and the amplitude was 1.99V, while the predicted

spike length was 0.04 s and the amplitude was 1.98V. After the spike, the model returns

to the baseline while the measured MA bounces negatively before returning to an average

value of 0V. Remark that the 60Hz noise increases until the motion is completed. This is

an important phenomenon in y MA, where the 60Hz is not coupling through the body but

through the air directly into the capacitive electrode’s input node.

In Fig. 3.10b, an xs motion with 2.0 cm of length in a 0.3 s interval happened at 1 s. The

contact energy was set to 57mJ so the peaks match at 2.9V. The measured MA decreased

slightly faster than the simulated model right after the peak, and the time constant (63%

decrease) was 2.6 s for the measured MA and 3.0 s for the simulated data. The shorter time

constant in the measured MA can be explained by subtle changes in the electrode capacitance

during the motion.

3.3 Discussion

The simulations of (3.7) and (3.8), considering a fixed 50mJ contact energy, allowed us

to understand the changes in the electrode capacitance and the generation of triboelectricity

for three different types of motion. In a transverse (y) motion, Ce and Vtribo change linearly

in log scale. For longitudinal over-skin motion (xs), Ce remains constant while Vtribo increases

linearly in a logarithmic scale. The behavior of MA due to over-air longitudinal motion (xa)

is similar to xs MA until the over-air length becomes 10% of the electrode’s side length.

Then Ce and Vtribo vary drastically. For the same amount of energy, y is the one type of

motion that leads to more Vtribo, while xs is the one with the least Vtribo.

The numerical solution of (3.10) showed that the drop in Ce even for the smallest y

movement greatly reduces the discharge time. Thus, in most cases, MAs will not reach the

same amplitude as Vtribo because it discharges before the motion is finished. As the speed

of motion increases, so does the peak amplitude, however, the MA duration is shortened.

Longitudinal motions have similar waveforms, but the xa case leads to higher peaks and

faster discharging times compared to the xs case.

The measured MA on a test setup followed the behavior observed in simulations. That

is, constant speed motion led to overlapping curves in y motion; stable time constant and

increasing peaks with traveled distance in xs; higher peaks in xa (compared to xs) and

motion-dependent time constants. The measurements with varying speeds showed that in-

creased speed led to higher and narrower peaks in y MA. While in xa and xs motion, the
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amplitude and the rise time changed. The constant speed measurements had a higher con-

tact pressure which led to higher MA, while the lower contact pressure in the varying speed

measurements allowed the electrode to vibrate and create more peaks in the MA. In some

experiments, the measured response showed saturation. This can be simulated by setting

a clipping value in (3.10) or avoided by using an operational amplifier that tolerates higher

supply voltages.

In-vivo measurements were directly compared with the model’s predictions by knowing

the total time and traveled distance, and then assuming constant speed. The variable W ,

related to the energy required to break the inertia or separate the electrode from the skin

was scaled so that the MA’s peak amplitude matched. The overall behaviors matched for

both y and xs types of motion, but the rising and falling times showed some differences. One

reason for the discrepancy in y motion is the initial voltage drop over Ce. Although Vb is

ground, the operational amplifier’s input presents an offset and the skin naturally contains

a DC potential.

Another source of error in the model’s simulation is the skin’s mechanical properties

(viscoelasticity). During initial contact, the pressure stretches and compresses the skin. In

the first moments of a y motion, the pressure reduces and the skin goes back to the original

state. In this interval, there was motion and change in the skin’s charge density, but no air

gap. Thus the model will not compute these into MA. Similarly, when an xs motion happens,

the skin is pulled along the motion, and the electrode-skin contact area may change at the

microscopic level. The slow oscillation after the y motion is likely caused by hand vibrations

when stopping the motion.

The current model assumes that the initial contact and transverse motion are uniform

within the electrode’s area, which may not be true in practice. To include heterogeneous

transverse motion, y(t) should be described as a two-dimensional array, one dimension for

time and the other related to a position on the electrode. However, the challenge is to

verify such a model as it would require tracking y(t) in multiple points of the electrode.

Moreover, our model considers only the PCB’s solder mask as the fixed dielectric, while

some electrodes can use the clothing as the dielectric, and others may have multiple layers of

dielectric. Therefore, the specific dielectric layers of each implementation must be accounted

for during the development of the model, yet the working principles are still the same.

Instrumentation uncertainties from the oscilloscope resolution (1mV per division) and

the robot’s arm position repeatability (0.035mm) are negligible compared to the distance

traveled (cm range) and MA voltages (V range). The most significant uncertainty is from

the ruler used to track the motions on in-vivo measurements, where the smallest resolution

was 0.1 cm added to the parallax. Moreover, the motion’s speed during the in-vivo measure-
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ment was estimated with a video recording, which requires a human decision of when the

movement started and stopped. Also, the lack of information on the initial contact pressure

compromises repeatability.
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Chapter 4

Through-Body Negative Feedback

As discussed in Chapters 2 and 3, MAs are partially caused by the fluctuation of the

electrode capacitance. The change in the current passing through the input node or the

voltage division created with the input capacitance can be seen as a gain variation. In

electronics, negative feedback is known for desensitizing gains, thus it is a possible technique

for reducing MA.

Therefore, in this chapter a through-body negative feedback is proposed for ECG. To

establish a feedback, the electrode impedance must be within a closed-loop system. That

means, the signal measured by the electrode must be processed and fed back to the body

by a second electrode. First, applying negative feedback for each electrode (single-ended)

is evaluated. Then, a differential feedback is proposed, where the difference between two

channels is fed back.

4.1 Single-Ended Feedback

4.1.1 Development

Figure 4.1 shows a simplified model of the proposed feedback system (cECGf). The

feedback branch comprises a series impedance Zs, a feedback electrode Zef and a body

impedance between the two electrodes Zb2. The other elements are common to the cECG

and the cECGf. In the human body, there is a voltage source Vecg (voltage from the heart),

and a body impedance from this node to the electrode position Zb1. The body is connected

to the measuring device through an electrode with coupling impedance Ze. This interface

includes the skin, the patient’s clothing, a layer of insulating material, a layer of conductive

material and possibly air gaps. In the electronics side, an amplifier with gain A contains

non-ideal elements such as an input impedance Zin, voltage noise (en) and current noise (in)
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sources.

The earth voltage, referred to here as real ground, is not the same as the circuit ground

(also known as common). In fact, it is mandatory to include an isolation impedance Ziso

(made by the power supply circuit) to guarantee negligible leakage currents through the

patient’s body, ensuring the patient’s safety. It is also relevant that the body is naturally

separated from the earth by a small capacitance Zbg.

Figure 4.1: Electrical model of a cECG electrode connected to the human body and ground-
ing

In order to simplify the system’s transfer function, series elements were converted to

single elements. Moreover, to obtain a transfer function that can be easily compared to

simulation models, the 0V node was chosen to be the circuit ground. Therefore, Ziso, Zbg

and Zb1 were condensed into the body to common impedance Zbc (Zbc = Ziso + Zbg + Zb1)

and, Zs, Zef and Zb2 became the feedback impedance Zf (Zf = Zs+Zef +Zb2). The transfer

function for cECGf is thus:

Vout

Vecg

=
AZfZin

[Zf + (A+ 1)Zbc]Zin + (Ze + Zbc)Zf + ZbcZe

(4.1)

Figure 4.2 shows the proposed system converted to circuit elements, which can be esti-

mated: Zb1 ≈ Zb2 = 100 Ω (Negligible), 1 pF< Ce <100 nF, Cef <1 pF, Cbc ≈ 100 pF, Zin

= 1 TΩ // 3 pF. Hence, Zf > Ze ≈ Zin > Zbc. If |A| >> ZinZbc/ZeZf , equation (4.1) is
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simplified to (4.2) and does not depend on Ze.

Vout

Vecg

≈ Zf

Zbc

(4.2)

The reduced form relies on two impedances: Zbc and Zf , where Zbc is highly dependent

on Ziso, which is almost independent of body movements. However, Zf is given by Zef +Zs,

and Zef is a capacitive interface susceptible to body movements, hence, Zs is chosen to be

10 times greater (0.1 pF) than the worst case scenario to attenuate impedance variations.

Thus, if Zs = 0.1 pF and Zbc = 100 pF, the mid-band gain of cECGf is 1000.

Since ECG systems measure a small biological potential, they are susceptible to noise

interference from the amplifier. The noise transfer function for en is the same as (4.1),

however, Vecg is around 1 mV while en is in the range of nV/
√
Hz. Considering the low

bandwidth (<10 kHz) of the application and the large input impedance, the dominant noise

source is thus the amplifier input current noise in. Its transfer function is:

Vout

in
=

AZin[(Ze + Zbc)Zf + ZbcZe]

[Zf + (A+ 1)Zbc]Zin + (Ze + Zbc)Zf + ZbcZe

Vout

in
= NTFi ≈

(Ze + Zbc)Zf

Zbc

=
Cbc + Ce

sCeCf

(4.3)

In the worst case scenario (i.e. when Ze >> Zbc) the output Vn,rms is given by (4.4),

where HF and LF being the high frequency and low frequency limits, and Cf is the series

combination of Cef and Cs.

Vn,rms =

(∫ HF

LF

i2n|NTFi|2df
)1/2

Vn,rms = in
Cbc

CfCe2π

[(
1

LF
− 1

HF

)]1/2 (4.4)

4.1.2 Results and Discussions

To verify the theoretical analysis just presented, a cECG and the proposed cECGf systems

were simulated in LTspice XVII. The circuits simulated are displayed in Fig. 4.2. The cECGf

uses the feedback and the resistor values in red, while cECG does not have the feedback and

the resistor values are in black. The resistors are different to match the same overall gain

(Vout/Vecg) of 1000 for both architectures. Some important characteristics of the buffer’s
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Figure 4.2: Simulated circuits, cECG does not have the feedback path and uses the resistor
values in black, while cECGf requires the resistor values in red (when the resistor displays
two values)

operational amplifier (LTC6240) are: input voltage noise between 0.1 and 10 Hz is 550

nVpp and voltage noise density of 7 nV/
√
Hz for higher frequencies, input current noise

density equal to 560 aA/
√
Hz, Rin of 1012 Ω and Cin equal to 3.5 pF (differential) and 3 pF

(common-mode).

4.1.2.1 AC response

Next, the AC response for both circuits is presented, within the ECG diagnoses frequency

range (0.5 to 100 Hz). The coupling capacitances were varied from 100 nF to 1 pF. The curves

were labelled Fx (the feedback system) and Ex (cECG without feedback). The numerical

simulation of (4.1) labelled as TFx is also shown.

Figure 4.3 (top) shows that for Ce=100 nF, the amplifier input impedance is high enough

to maintain the gain and bandwidth in both systems. When the capacitance is reduced to

1 pF, the low cut-off frequency changes in both E1p and F1p, however, the mid-band gain of

E1p dropped by 13 dB while F1p is practically unchanged. The transfer function simulation

does not show any bandwidth change because A is constant, while in circuit simulation it is

not. The transfer function simulation was also verified by replacing the opamps by an ideal

controlled voltage source with constant gain A=105 and Zin of 1 TΩ // 3 pF (these results

are not shown).

The cECGf has the benefit of having increased bandwidth in comparison to cECG (prop-

erty of the negative feedback), and the cut-off frequencies are controlled by filters and gain.

Although we tried to make the bandwidth of both circuits as close as possible for fair com-

parison, the systems present different orders and they respond differently to the changes in

Ce, leading to discrepancies in bandwidth.
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Figure 4.3: Top: Ex dotted traces represent the cECG output and Fx solid lines represent
the cECGf output, x is the coupling capacitance. Bottom: Output at 0.5 and 100 Hz as
function of Ce = Cef .

Figure 4.3 (bottom) displays the output at two frequencies (0.5 Hz and 100 Hz) versus

the coupling capacitance (Ce = Cef ). As the capacitance decreases below 1 nF, the cECG

(E) output decreases exponentially for both frequencies, reaching -13 dB. On the other hand,

the cECGf (F ) gain remains constant for all values of coupling capacitances at 0.5 Hz. At

100 Hz, the gain decreases by 2 dB in the worst coupling case.

While it could be argued that the lowest simulated value of Ce is extreme, we also chose

a very high input impedance. Systems that do not present such a high input impedance are

more vulnerable to Ce variations and would benefit from the feedback even more.

4.1.2.2 Transient response

A time domain analysis was performed using an ECG waveform Vecg with amplitude of

1 mV, while the coupling capacitance was varied dynamically. That means, three capacitors

(1 pF, 10 pF and 100 pF) were placed in parallel and connected by switches. The coupling

capacitor Ce can thus have values of 111 pF, 11 pF and 1 pF, while the feedback capacitor
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Cef is kept constant. Two simulations were performed, one for Cef = 100 nF and one for

Cef = 1 pF.
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Figure 4.4: Time domain output. Top plot shows the cECGf with Cef = 100 nF and Cef = 1
pF while varying Ce, Bottom plot shows the output of the cECG with the same variations
of Ce. The Ce values timeline is valid for both top and bottom plots

The bottom plot of Fig. 4.4 shows that when the coupling capacitance is 111 pF, the

cECG peaks at around 1 V, decreasing to 0.7 V when Ce = 11 pF and falls to 0.2 V when the

coupling capacitance is 1 pF. This means that without feedback, the output peak-to-peak

value can vary from 1.2 Vpp to 0.2 Vpp when the coupling capacitance changes.

With the proposed feedback solution, cECGf, Fig. 4.4 (top plot) shows very small errors

due to MA, for either Ce and Cef variations. Comparing the output for different Cef (red

vs black in the top plot) one can see a difference of 10% in the peak value. Our hypothesis

for this error is, when Cef changes from 100 nF to 1 pF, Zs + Zef increases by 10% in (4.2).

Yet, the artifact is almost null when only considering the variation of Ce.

Because the ECG measurement has to assess very low frequencies, the low cut-off fre-

quency creates a long settling time. Moreover, this accommodation time must be fast enough
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so as to minimize data losses while the system recovers from disturbances. To evaluate this

time constant, a pulse response simulation was performed (Fig. 4.5), where the applied input

pulse has an amplitude of 1 mV with duration of 50 seconds.
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Figure 4.5: Pulse response simulation

The dashed curves represent the cECG (E) in two cases, Ce=100 nF and Ce=1pF, where

both traces present the same behavior. For the 100 nF coupling capacitance, when the pulse

begins, the signal reaches 1 V and then it decays as time passes, yet, it does not reach zero

within the pulse interval. For 1 pF, the cECG output does not reach the desired value (1 V),

and by not reaching high values it is able to restore to zero during the pulse interval. These

results are reasonable because the low cut-off frequency is determined by the high-pass 1st

order filter formed by Ce and the amplifier’s input resistance, hence if Ce varies the settling

time also varies (τ ≈ RinCe).

Regarding the cECGf (F , solid lines), for both capacitances the output reached 1 V.

However, the behavior and settling time are different between these cases. Perhaps the

easiest explanation is to assume the amplifying stage as a first order system, thus the feedback

increases the overall system order. By changing the open-loop and feedback gains through Ce

and Cef , the damping factor of the transfer function is modified, which explains the presence

or absence of ripples.

In addition to time-constants and settling time, the step response also shows that the

system is stable for the range of electrode capacitances assessed. The plots for an electrode

capacitance of 100 nF showed that both the standard capacitive ECG and the proposed sys-

tem have an overdamped response. When an electrode capacitance of 1 pF is simulated, the

standard method still presents overdamped behavior and the proposed systems has an initial

overshoot and hence underdamped behavior. This is expected as the standard capacitive

ECG is a first-order system and the proposed electrode is a second-order system. In all cases,

the step response led to stable behavior.
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4.1.2.3 Noise analysis

The output root mean squared voltage noise was simulated in Spice for cECG (Vne,rms)

and cECGf (Vnf,rms). The integration interval was from 0.5Hz to 100Hz and the noise

voltage was computed for two values of coupling capacitances, 100 nF and 1 pF. The results

show that 0.0033 < Vnf,rms < 0.33 and 0.0033 < Vne,rms < 0.075 (all values in Vrms), where

the highest noise occurs for the lowest capacitance and the lowest noise is related to the

highest capacitance. However, the relation between signal amplitude and noise infers that

both systems present a SNR of approximately 3 (1/0.33 and 0.22/0.075) for Ce=1pF, while

for Ce=100 nF, SNR ≈ 300. Hence, the proposed feedback technique does not degrade the

noise performance. The large noise for Ce of 1 pF shows that to improve the quality of both

cECG and cECGf, reducing noise is necessary.

4.2 Differential model

The single-channel cECGf showed that it can attenuate the effects of the coupling capac-

itance variations due to motion. However, it did not consider the common-mode voltages in

the body (Vcmb
in Fig. 2.5). The 60Hz interference can be much greater than the cardiac

activity signal, thus using a very large As will likely saturate the amplifier.

Moreover, ECG and cECG are differential measurements, thus it is necessary to have at

least a second electrode. One can take advantage of that by applying the large gain As to

the differential signal and feeding it back through a pair of electrodes. The common-mode

signal can be fed back by the standard DRL circuit.

4.2.1 Theoretical Development

4.2.1.1 Balanced Model

Figure 4.6 shows a simplified schematic for the differential feedback cECG (cECGfd).

The subscripts “n” and “p” refer to the polarity of each channel (negative or positive),

although the ECG signal is not fully differential. That means, the difference of voltage

between Vp and Vn is the voltage drop through Zb plus Vecg, which does not imply that

Vn = −Vp. Furthermore, to create negative feedback in each of the channels, the currents

flowing through the measuring electrode and the feedback electrode must have the same

polarity. Thus, for “p” the currents are going into Zin and Zefp while for “n” the currents

are leaving Zin and Zefn.

The difference between Vinp and Vinn is performed by an instrumentation amplifier IA
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Figure 4.6: Simplified cECG system with differential through-body feedback

and the single-ended signal Vo,dif is then applied to the inverting input of a fully differential

amplifier (DA). The non-inverting input is tied to the ground, and Vcm provides a common-

mode reference to Vfp and Vfn. If a common-mode level is not provided to these outputs,

Spice simulations may lead to erratic behavior compared to the TF. For now, let Acm = 0

thus Vcm = 0. Later, the common-mode feedback is also considered.

From Fig. 4.6, the nodal equations were obtained and applied to wxmaxima which

retrieved the circuit’s transfer function
Vo,cECGfd

VECG
. For a first assessment of the transfer func-

tion, the circuit is simplified by imposing Zen = Zep = Ze and Zefn = Zefp = Zef , and

is called “balanced circuit”. The balanced circuit’s transfer function (4.5) provides some

understanding of the circuit dynamics.

The numerator of (4.5) relies only on two terms Zin and Zef . The first is determined

by the choice of amplifier, it is a combination of a resistor and a capacitor in parallel, thus

being a constant value in time. The second, similar to the single-channel case, contains a

time-varying impedance that must be kept constant.

Vo,cECGfd

VECG

=
2ZefZin

[2Zef + (A+ 1)Zb]Zin + (2Ze + Zb)Zef + ZbZe

≈ 2Zef

AZb

(4.5)
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On the denominator, the effects of the electrode’s impedances Zef and Ze must be re-

moved or reduced. This is accomplished by setting the gain A (the gain provided by the

DA, whereas the gain of the IA is 1) to a very high value. More accurately, the term AZbZin

should dominate the denominator. Then, the gain seen by Vecg to Vo,dif is simplified to

2Zef/AZb, while if we take the output at Vfp − Vfn, the gain is just 2Zef/Zb.

4.2.1.2 Unbalanced Model

To analyze the system’s transfer function when there are channel mismatches, Zefp ̸= Zefn

and Zep ̸= Zen, the electrode impedances in the positive channels are defined as being “k”

times the one of the negative channels. In other words: Zefn = Zef , Zefp = kefZef , Zen = Ze

and Zep = keZe.

From (4.5) it is known that a high gain (A >> 1) is necessary to compensate for the

changes of Ze, thus the unbalanced transfer function can be simplified by considering the

terms that multiply A as the dominant ones. Further, assuming that a large motion happens

and drastically increases the impedance of “p” electrodes, then kef >> 1 and ke >> 1,

resulting in the reduced transfer function with unbalanced electrodes (4.6).

Vo,cECGf

VECG

=
2Zef [Zinkef + Ze(ke + kef ) + 2kefZef ]

A[ZefZekefke + Zb(2Zin + Zefkef + Zeke)]
(4.6)

The key to achieving a constant gain in (4.6) is making Zef as low as possible. Hence in

the denominator, the dominant term is Zb(2Zin +Zefkef +Zeke). The numerator comprises

the expression Zinkef +Ze(ke+kef )+2kefZef , hence if ke is considerably larger than kef , the

transfer function is reduced to 2Zef/AZb. In other words, variations of Ze are suppressed if

Zef and kef are small enough for a given large A.

Of course, a practical issue arises with the demand for low Zef and kef . To keep a low

and constant electrode impedance, the area of a capacitive electrode must be large and the

contact (area and pressure) stable. Moreover, the gain is a function of Zef/Zb, hence it is

necessary to choose Zef to avoid saturation. Assuming that Zb is 1 kΩ and the maximum Zef

is 10MΩ at 1 rad/s, the feedback non-contact electrodes must present capacitances greater

than 0.1 µF. Albeit this might not be achievable in practice as it depends on the electrode’s

position and area, if these conditions are satisfied, it would enhance the accuracy for arrays

of small capacitive electrodes (two large feedback electrodes and multiple small measuring

electrodes).

The body impedance is unknown and must be found in practice. In case Zb is too small

and requires values of Zef that cannot be achieved with capacitive electrodes, the proposed

62



feedback can be used with the standard Ag/AgCl wet electrode. Although the wet electrodes

do not present a large voltage division between Ze and Zin, the mismatch between channels is

enough to significantly degrade the CMRR of the system. The wet electrodes impedances are

considerably smaller than the one of the capacitive electrode, thus it is easier to secure small

Zef , which can be stabilized by the insertion of a larger impedance in series (Zef +Zs ≈ Zs).

4.2.1.3 Addition of the common-mode feedback

A common-mode feedback (CMF) can be included with the differential feedback in many

ways. One of them is shown in Fig. 4.6, where the common-mode voltage between Vinp and

Vinn is measured with resistors Rcm. Then, V
′
cm is amplified with an inverting gain Acm and

fed back to the FDA’s common-mode pin.

The resulting transfer function under balanced conditions is the same as in the case

without CMF (4.5). This result is completely expected because under balanced conditions

the common-mode is null, hence no actions from the CMF are supposed to happen.

For the case with unbalance electrodes, it is also set that A and Acm are very large so they

are the dominating terms in the denominator, and (4.7) is obtained. The conditions that

Zefn = Zef = Zefp/kef , and Zen = Ze = Zep/ke, are also kept. Consider that a MA largely

reduced the capacitance of one measuring electrode (ke >> 1), yet the feedback electrodes

were kept equal (kef = 1). Further, if the feedback electrode impedances are larger than

the body impedance (Zef > Zb), the transfer function is reduced to (4.8). If the impedance

of the electrode affected by MA is much larger than Zef and Zin, then Zeke >> 2Zef and

Zeke >> 2Zin, the transfer function is further simplified to (4.9).

Vo,cECGfd

VECG

=
2ZinZef [Zinkef + Ze(ke + kef ) + 2kefZef ])

Zin[Acm(Zefp + Zefn + Zb)(Zep − Zen) + AZb(Zefp + Zefn + Zep + Zen + 2Zin)]

(4.7)

Vo,cECGfd

VECG

≈ 2ZinZef (Zin + 2Zef + Zeke)

Zin[2AcmZefkeZe + AZb(2Zef + Zeke + 2Zin)]
(4.8)

Vo,cECGfd

VECG

≈ 2Zef

2AcmZef + AZb

(4.9)

Hence, if we consider that AZb >> 2AcmZef , the transfer function is again reduced to

2Zef/AZb as in the previous case. Then, why is it necessary to have the CMF? The CMF

attenuates common-mode voltages, such as the 60Hz interference and also reduces the effects

of mismatches between Zefn and Zefp.
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4.2.2 Circuit Design

Fig. 4.7 shows the proposed circuit (cECGfd). The measuring electrodes should be

connected to the input terminals, while the feedback electrodes are placed in the output

terminals. The input signals flow into the common-mode detection resistors, R13 and R14,

and are inverted, amplified and filtered by the circuit comprising U3 and U4. The output

of the common-mode circuit is Vcm. The differential circuit starts with an INA821 (U8)

that subtracts the two input, while U5 and U6 provide a large gain and filtering. The fully

differential operational amplifier U7 reconverts the signal into the differential mode, and

send them to the feedback electrodes.
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Figure 4.7: Circuit schematic of a cECG system with differential feedback

4.2.3 Results

An AC sweep was performed ranging from 1mHz to 1 kHz, note that the desired ECG

bandwidth lies between 500mHz and 100Hz. Two simulations were run, in the first one

Ce=100 nF while in the second simulation Ce=1pF. Fig. 4.8 shows the results, where the

y-axis represents normalized gain in dB.

The results show that for the largest Ce, both topologies can reach the targeted mid-band

gain. The low cut-off frequency of the cECG is much lower than the ideal value, while for the

cECGfd the filters on the feedback path bring it closer to 50mHz. When Ce is changed to

1 pF, cECGfd keeps the same mid-band gain while the low cut-off frequency moved up one
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Figure 4.8: Output of the circuits with differential and common-mode feedback (blue) and
only with common-mode

decade. For the cECG, voltage division appears and the cut-off frequency moves inversely

to the decrease in Ce, now lying in the units of hertz. Both topologies presented a peak at

40mHz, this is caused by the mismatch error signal in low frequencies not being fed back by

the DRL circuit (filtered by C11 and R20).

The circuit shown in Fig. 4.7 was assembled in a custom PCB, while another board

provided an ECG without the differential negative feedback. Figure 4.9 shows the ECG

waveforms captured in two separate measurements, where the figures on the left side contain

the traditional ECG and the figures on the right side depicts the ECG obtained with the

proposed circuit.

The top figures show the ECG signal at the output of the instrumentation amplifier

(INA821, U8 in Fig. 4.7). In the waveform presented in Fig. 4.9a (without the proposed

feedback), the QRS-complex is very clear. However, the waveform obtained with the use

of the proposed feedback (Fig. 4.9b) displays an ECG with negligible Q and S waves. In

the case of the S-wave, the peak’s amplitude is smaller, and its format is rounded. The

hypothesis is that a low-pass filtering process took place.

The bottom figures show the measured ECG after the filtering and amplification stages

(output of U5 in Fig. 4.7). These measurements were performed in a different day and with

electrodes positioned in slightly different positions compared to the measurements presented

in the top figures. Although the voltage scale is different in Figs. 4.9c and 4.9d, it is clear

that in both cases the R-wave saturated the amplifier’s output and the S-wave was much

smaller in the proposed system. The 60Hz noise is smaller in the proposed circuit because

in addition to the common-mode feedback, the differential feedback also works on 60Hz

interference as it contains part of the signal not eliminated in the differentiation stage.

As shown in the theoretical modeling and simulations, the proposed system’s transfer
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(a) ECG (b) ECG with differential feedback

(c) ECG (d) ECG with differential feedback

Figure 4.9: ECG measured with and without feedback. On the top, the signals measured at
the instrumentation amplifier’s output (low gain). On the bottom, the signals were measured
after the gain and filtering stages

function showed a smaller dependency on the electrode coupling capacitance. On the con-

trary, it shows a strong dependency on the body (Zb) and isolation (Zbc) impedances. These

components have been estimated and measured in the literature, however, the impedance

between body and ground as well as the internal body impedances can change with time.

In (4.9), the differential gain is inversely proportional to Zb, therefore the measured signal

is a mix between the ECG and the bioimpedance of the chest. This is supported by the

distorted waveforms measured with the proposed system. This could be an interesting topic

of research and possibly lead to a new evaluation tool of the heart’s health. However, it falls

too far from the scope of this work and we decided to interrupt the research on this topic.
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Chapter 5

Conductance Neutralization

The simplest AFE (base circuit) that allows the measurement of biological signals from

the human body through a capacitive interface is displayed in Fig. 5.1a [61]. It consists of

an opamp in a buffer configuration and a bias resistor. Internally, each input of the opamp

contains an input resistance (Rin,op) and an input capacitance (Cin,op), both are connected

to ground and are omitted in Fig. 5.1a.

Further, the equivalent impedance formed between the sensing layer of a capacitive elec-

trode and the surface of the human skin can be simplified to a pure capacitance Ce. The

biological signals, picked by a single electrode in the human body, are represented by the

signal source Vbio.

Vbio Ce
Rb

−

+

Vo,buf

(a) Base circuit

Vbio Ce

Rb1

Vbias

−

+
Vo

Rb2

Vo,vga+

(b) Simplified proposed circuit

Figure 5.1: Simplified circuit schematics

The input of a commercial opamp requires a path that allows the flow of a bias current

[13]. In an integrated CMOS amplifier, the input is commonly connected to the gate of a

transistor because it presents very low leakage current, however, it requires a well-defined

DC voltage to function. The resistance looking into this input gate terminal, has a similar

role to Rin,op. Hence, a bias resistor (Rb) in parallel with Rin,op is required to provide a

path for the bias current or voltage. By assuming that the overall input resistance (Rin) is

Rin,op||Rb, that the buffer has unity closed-loop gain, and that the total input capacitance is
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Cin, the transfer function from Vbio to Vo,buf is:

Vo,buf

Vbio

=
Ce

Ce + Cin

× s

s+
1

Rin(Cin + Ce)

(5.1)

the mid-band gain is:

∣∣∣∣
Vo,buf

Vbio

∣∣∣∣
Mid−band

=
Ce

Ce + Cin

(5.2)

and the buffer’s low cut-off frequency (fc,buf ) is:

fc,buf =
1

2πRin(Cin + Ce)
(5.3)

The circuit presents a high-pass behavior. The cut-off frequency (5.3) depends on Rb,

Cin and Ce while the mid-band gain (5.2) is a simple capacitive voltage divider between Ce

and Cin. Voltage division should be avoided, and to fulfill this requirement, Cin must be

much smaller than Ce. Moreover, if this condition is met, fc,buf can be approximated as

1/2πRinCe.

5.1 Development

5.1.1 General Idea

A simplified schematic of the proposed circuit is shown in Fig. 5.1b. It comprises an

operational amplifier in voltage follower configuration, two resistors at the non-inverting

input (Rb1 and Rb2), and a variable gain amplifier (VGA) with gain G.

The electrode capacitance forbids any flow of current from the amplifier to the body,

hence, the resistor Rb1 sets the input DC voltage to Vbias. The VGA creates positive feedback

through Rb2. For simplicity, it is assumed that Rin,op is very large, hence Rin,op||Rb1 ≈ Rb.

Moreover, to simplify the equations, the particular case that Rb2 = Rb is considered. In a

proper design, Cin << Ce to avoid voltage division according to (5.2), thus Cin is neglected

and the transfer function for the circuit in Fig. 5.1b is (5.4).
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Vo

Vbio

∣∣∣∣
Rb1,Rb2=Rb

=
s

s+
2−G

CeRb

(5.4)

By inspecting the pole of (5.4) and assuming a first order RC filter behavior, an expression

for the overall input resistance is reached (5.5).

Rin =
Rb

2−G
(5.5)

When the VGA’s gain (G) is 0, Rin is Rb/2 (the parallel of Rb1 and Rb2), however, as G

increases closer to 2, the input resistance tends to infinity. Increasing the gain further than

2 may lead to oscillation due to excessive positive feedback, which moves the closed-loop

pole to the right-half plane. It is also necessary to know the transfer function from the bias

voltage to the output (5.6).

Vo

Vbias

∣∣∣∣
s=0

=
1

2−G
(5.6)

In dual supply circuits Vbias can be set to 0V, though modern applications are trending

to low-voltage single-supply circuits which presents constraints regarding the bias voltage

range. Equation (5.6) shows that the gain applied to Vbias is proportional to the boosting

factor applied to Rin. Moreover, any noise coming from the bias voltage is amplified.

5.1.2 Transistor-Level Design

A block diagram of the proposed CMOS circuit is shown in Fig. 5.2. It consists of a low

input capacitance buffer and a VGA with common-mode control and low-pass filter negative

feedback. The transistor-level schematic of the buffer is shown in Fig. 5.3 and the VGA

with its auxiliary circuits is depicted in Fig. 5.4

The buffer used here was the one proposed by [29] and shown in Fig. 5.3. This topology

reduces the gate stray capacitances, which leads to negligible voltage division between the

electrode capacitance and the input capacitance. It consists of a telescopic cascode opamp

with unity gain feedback, wherein the output also drives the cascode devices (Md,1c and

Md,2c) and the bodies of all transistors in the differential pair are connected to the tail

current source’s output (drain of Mt,1c). Hence, the stray capacitance (Cgd, Cgs and Cgb) of
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Figure 5.2: Block diagram of the proposed CMOS circuit

Md1 are bootstrapped. This circuit is also used in Chapter 6, where it is explained in more

detail.
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Figure 5.3: Bootstrapped buffer with pseudo-resistors

The bias resistors are implemented with pseudo-resistors such as the ones used in [86].

Pseudo-resistors attract the attention of the bio-amplifier community because they can be

simply implemented with 1 or 2 transistors while providing very high resistance [87]. In recent

years, the acceptance of pseudo-resistors has grown as researchers proposed improvements,

such as enhancing their linearity and PVT sensitivity and making their resistance controllable

[88].

The VGA’s core is shown in Fig. 5.4a and consists of a PMOS differential pair, where

the gain is controlled by the tail current. This control current is copied from an external

current source by a current mirror, implemented with Mctrl,p and Mt,p. The differential

pair’s non-inverting input receives the input buffer’s output (Vo). Two NMOS transistors,

operating in the triode region, measure the common-mode signal (Vcm), which is amplified

by a single-ended differential pair shown in Fig. 5.4b.
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Figure 5.4: Feedback network circuitry. The output of the buffer (Vo) is amplified by a fully
differential amplifier. A feedback filter is used to control the differential amplifier frequency
response and common-mode feedback controls the DC levels at the outputs

The load of the VGA comprises a diode-connected NMOS (Ml,3/4) in parallel with an

active load that receives the common-mode feedback (Ml,3b/4b). Because the targeted gain

is lower than 2, which is a relatively small gain, one can use diode-connected devices as the

dominant load. That is, the diode-connected device presents an apparent resistance of 1/gm,

which is much smaller than the apparent resistance ro of the current source loads.

The pseudo-resistors’ (Rb1 and Rb2) linear range is small (≈ 50mV), hence the DC

component in the VGA’s output (Vo,vga+) must be equal to Vbias. Common-mode feedback is

essential to even out the voltage drop in both pseudo-resistors. The inverted and amplified

common-mode signal (Vcm,f ) controls the amount of current in the active loads (Ml,3b and

Ml,4b) and forces the current in the diode-connect loads (Ml,3 and Ml,4) to be constant.

Moreover, if the amount of current in the dominating load is constant, so is the apparent

resistance (1/gm). Consequently, changing the tail current modifies the differential pair’s

gm but not the load resistance.

Because the VGA’s input is a sensed signal, it can be contaminated with large low-

frequency artifacts. Thus, to avoid differential amplification of these signals and unmatched
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DC bias, the low-pass filter network shown in Fig. 5.4c forms a negative feedback between

Vo,vga+ and VLPF . This filter defines the bandwidth of the VGA, and hence limits the

bandwidth where Rin is boosted. The VGA’s gain (Vo,vga+/Vo) without the feedback filter

(open-loop) is named G′
V GA, while the gain with the feedback filter is GV GA, and the equation

that connects both is (5.7).

GV GA =
G′

V GA(1 + sCLPFRLPF )

G′
V GA + 1 + sCLPFRLPF

(5.7)

Replacing G in (5.5) with (5.7), an equation for Rin(s) with the frequency response is

found:

Rin(s) =
Rb

2−G′
V GA

× s+ (G′
V GA + 1)ωLPF

s+
(G′

V GA + 2)ωLPF

2−G′
V GA

(5.8)

G′
V GA is expected to be between 1 and 2, thus the pole in (5.8) is at a higher frequency

than the zero. As G′
V GA gets closer to 2, the pole frequency increases with a factor 1/(2 −

G′
V GA). In low frequencies, Rin is approximately Rb/2 while in high frequencies it is Rb/(2−

G′
V GA). One should notice that opposing effects are taking place, as both the value of Rin(s)

in the pass-band and the pole frequency increase with 1/(2 − G′
V GA). This means that the

design of the feedback filter should consider the largest boost factor (1/(2 − G′
V GA)), to

ensure that the desired Rin is achieved before the electrode’s cut-off frequency (given by

1/2πCeRin). Replacing the input resistance with the frequency behavior (5.8) in (5.4), the

transfer function Vo/Vbio is updated to (5.9):

Vo

Vbio

=
s[s+ (G′

V GA + 1)ωLPF ]

s2 + s

[
2−G′

V GA

CeRb

+ (G′
V GA + 1)ωLPF

]
+

(G′
V GA + 2)ωLPF

RbCe

(5.9)

The zero at the origin, a real zero and two poles forces a high-pass filter behavior. How-

ever, as G′
V GA changes, the other zero and the two poles move. Thus, the frequency response

can change from overdamped to maximally flat, underdamped, or oscillatory behavior. The

values of the poles are obtained from the denominator of (5.9). A condition for stability is

reached by simplifying the poles’ expressions and conditioning them to be in the left-half

plane:
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(G′
V GA + 1) > 2(G′

V GA − 2)ωin/ωLPF . (5.10)

The feedback pole (ωLPF ) should be at a lower frequency than the input pole (ωin =

1/RbCe). Hence, if ωin >> ωLPF , G
′
V GA should be smaller than 2 for stable operation.

The output noise spectra of capacitive electrodes are known to be dominated mostly by

input current noise [62]. It can be modeled by adding a noise current source (in) to the input

node, and hence the transfer function Vo/in is the parallel of Ce, Rin and Cin. The variable

in is a combination of current noise from the bias resistances and from the buffer’s input.

In capacitive electrodes, Cin << Ce to avoid voltage division of Vbio, thus Cin is negligible.

Hence, the noise transfer function is Rin||1/sCe, which can be obtained by dividing (5.9) by

1/sCe and is shown below.

Vo

in
=

s+ (G′
V GA + 1)ωLPF

Ce{
s2 + s

[
2−G′

V GA

CeRb

+ (G′
V GA + 1)ωlpf

]
+

(G′
V GA + 2)ωLPF

CeRb

} (5.11)

For very-low frequencies, (5.11) tends to (G′
V GA + 1)Rb/(G

′
V GA + 2), thus the smaller

the Rb is, the smaller the low-frequency noise contribution. For high frequencies, the noise

transfer function tends to 1/sCe, thus larger electrode capacitance leads to smaller noise.

The transition between these two states shows a second-order low-pass behavior, and it

depends on the values of G′
V GA, ωLPF , and CeRb.

5.1.3 Board-Level Design

In addition to the CMOS circuit, we also propose a board-level design for the conductance

neutralization. The proposed analog front-end of Fig. 5.5 (called here ConN) comprises a

buffer, guarding circuit to bootstrap the PCB’s parasitic impedances, capacitance neutraliza-

tion to attenuate the input capacitance, series capacitance to reduce the effect of changes in

Ce, and conductance neutralization. To control the amount of positive feedback in the neu-

tralization circuits, R1 and R3 are potentiometers. Because a low-resistance path to ground

is necessary for the DC bias current of U1, a high-pass filter formed by C1 and R5 was added

(equivalent functionality to the feedback filter of Fig. 5.4c). In this manner, the input re-

sistance is only boosted for frequencies higher than 1/(2πR5C1). An improved diode-based

bootstrapped bias circuit replaces the bias resistor (Rb) and provides quick discharging in
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the occurrence of large MAs.
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Figure 5.5: Proposed AFE (ConN). It comprises the base circuit (black), capacitance neu-
tralization (purple), conductance neutralization (blue), series capacitor Cs (orange), and a
biasing circuit with diodes “D” (green)

The use of a bias resistor Rb is a simple technique to provide the necessary bias current

to the opamp’s input. However, ultra-high resistors are inaccurate and require careful layout

and mechanical assembly to avoid parallel leakage through the PCB’s solder mask and any

dust that can accumulate. To overcome these issues, bootstrapped bias circuits have been

widely used [29], [39], [65], [67], [70], while the most recent developments use only resistors

and varistors [69]. Here we introduce two modifications to this circuit as demonstrated in

Fig. 5.5. First, the varistors are replaced by Schottky diodes. Then a resistor is placed in

parallel with these antiparallel diodes. The equivalent input resistance is given by (5.12),

where Rd is the parallel combination of the resistance of D1 (RD1), D2 (RD2) and Rlin.

Rin,D =
RdRbd

Rf

+Rd +Rbd (5.12)

Rbd is the largest resistance, Rlin > Rf , and the on-resistance of the diodes (RD1,2,on) is

smaller than Rf . In normal operation, without voltage artifacts, the diodes are in an “off”

state and present a very high resistance. Thus Rd ≈ Rlin and Rin,D is Rbd boosted by a

factor of Rlin/Rf . In the presence of a large voltage artifact, the diodes are “on” and Rd
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becomes RD1,on or RD2,on, which are very small. Then, Rin,D is approximately Rbd, providing

a low-resistance path for discharging the input node.

The operating dynamics of the circuit used here are the same as the original one in [69].

However, the Schottky diodes present smaller forward voltage than varistors, meaning that

they help discharge the input node for lower artifacts. Moreover, if Rlin is not included,

Rin,D in normal operation is proportional to RD1,2,off . These resistances change with small

voltage artifacts, varying Rin,D. Hence, to force a constant Rin,D when the diodes are “off”,

Rlin was included.

Note that both conductance neutralization and bootstrapped bias can boost the input

resistance in discrete and integrated designs. However, the bootstrapped bias circuit cannot

compensate for the discrete opamps input resistance or gate leakage in integrated circuits.

Thus, the bootstrapped bias circuit is of best use as a replacement for Rb with a fast dis-

charging feature.

Here we consider that Ce and Vbio are comprised within the “sensor” in Fig. 5.5 and that

Cin << Ce due to the capacitance neutralization. Then, conductance neutralization gain

from Vo to the output of U3 is (5.13). Replacing this expression of G in (5.4) yields the

transfer function for the complete circuit (5.14).

G =

(
1 +

R4

R3

)
s

s+
1

C1R5

(5.13)

Vo

Vbio

=
s(s+

1

C1R5

)

s2 + s
CeRb + (1−R4/R3)C1R5

CeRbC1R5

+
2

CeRbC1R5

(5.14)

From (5.14) it is observed that similar to (5.9), there are two zeros and two poles. One

zero is located at the origin while the other is defined by the high-pass R5C1 filter within

the conductance neutralization circuit. On the other hand, the poles rely on CeRb, C1R5,

and R4/R3, thus the poles are harder to predict as Ce is uncontrollable.

To comply with ambulatory ECG’s bandwidth, fc=0.5Hz. For a range of Ce between

1 nF and 1 pF, the input resistance should range between 320MΩ and 320GΩ. Allowing up

to 10% decrease in the mid-band gain due to voltage division between Ce and Cin, leads to

the requirement of Cin <0.11 pF. This range of Cin is easily achievable with capacitance

neutralization. The overall capacitance is the series combination of Cs and Ce, and hence

Cs limits the maximum value. This aids in reducing the low cut-off frequency variations
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with changes in Ce. If Cin is neutralized, Cs does not affect the mid-band gain, however, it

increases the noise level as shown in (5.11).

In practice, we implemented many variations of the discrete-level proposed circuit, and

the one shown in Fig. 5.5 was the preferred one. Removing D1 and D2 allows increasing the

input resistance even further, though the discharge time of MAs becomes too long without

the clipping mechanism. Removing C1 and R5 eliminates the low-frequency peaks, however,

it introduces a DC voltage to the output, which affects the diode’s working range. Another

alternative is to lower the resistance of Rn to the same value as Rbd, facilitating component

selection and reducing monetary cost. In that case, a simple adjustment of the VGA’s gain

leads to similar values of low cut-off frequency, however, the noise becomes larger. The

chosen topology is supplied with ±5V to allow a larger output swing compared to the 2.5V

single-supply alternative circuit.

5.2 Results

5.2.1 CMOS Post-Layout Simulations

To explore gate leakage compensation, the low-voltage MOSFETs of the TSMC 65nm

technology were chosen because they have gate leakage models. Thicker oxide devices are

available in this technology and would provide better input resistance and noise levels, how-

ever, the gate leakage is not modeled. The circuit was simulated in Cadence Virtuoso with

Spectre. These post-layout simulations comprised C+CC extracted models. A parametric

simulation on Ictrl (see Fig. 5.4a), swept the current from 1 µA to 10 µA. AC frequency

response, noise, and transient simulations were the analyses performed, and the results are

shown in Fig. 5.6.

Fig. 5.6a displays the GV GA variation as a function of the control current (Ictrl). The

gain was obtained by measuring the ratio of Vo,vga+ and Vo in an AC sweep. The range of

gains desired is achieved for Ictrl of 2 µA and 6 µA, where GV GA is 0.97 V/V and 2.04 V/V

respectively. The VGA’s gain increases due to the rise in gmd3,4 (≈
√
2IctrlµpCoxW/L),

while the VGA’s load impedance is kept fairly constant by the common-mode feedback loop.

The input impedance was analyzed with the ratio between the voltage and the current

flowing into the circuit’s input. Fig. 5.6b shows the input impedance in the pass-band.

When GV GA is 1.6 V/V, 1.9 V/V and 2 V/V the input impedance is respectively 27MΩ,

83MΩ and 260MΩ. The peak value of Zin is 3GΩ for a gain of 2.04 V/V. Knowing that Zin

is in the pass-band, one can fit the data from Fig. 5.6b in (5.5). Thus, Rb/2 is estimated to

be approximately 11.4MΩ.
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Figure 5.6: Integrated CMOS design post-layout simulations

The slope of the curve in Fig. 5.6b provides the sensitivity of Zin to changes in GV GA.

Note that to achieve impedance boosting over 100 times, GV GA must be extremely accurate.

Moreover, it cannot be vulnerable to noise or unwanted variations. However, for small

impedance boosts, such as 10, the sensitivity of Zin with GV GA is much smaller and easier

to achieve in practice.

The value of the capacitance between the body and the electrode (Ce) considered here

ranges from 1pF to 1 nF. The frequency response of Vo is shown in Fig. 5.6c, where Ce was

1 nF. The control current Ictrl was swept as reported before, but only 5 curves are presented

in Fig. 5.6c.

As expected from (5.9), the output demonstrates a high-pass filter behavior. The increase

in Ictrl (and GV GA) decreases the cut-off frequency. Only the maximum simulated GV GA led

to a low-frequency peak (2.3 V/V). The cut-off frequencies for the displayed gains were

14.7Hz, 3.5Hz, 1.6Hz, 0.25Hz and 0.085Hz. Taking as an example an electrocardiography,

where the low cut-off frequency is 0.5Hz, the proposed circuit is necessary to achieve the

desired low cut-off frequency.

From the 40 steps in the parametric simulation, Ictrl equal to 5.23 µA is the one that leads
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to the largest bandwidth without peaking. As the current in the VGA increases beyond this

Ictrl, the transfer function behavior becomes underdamped. For 5.59µA the cut-off was

75mHz with a peak of 1.5V/V at 0.33Hz. For the case with the highest Ictrl, a peak of

2.5V/V occurred.

The relative noise, displayed in Fig. 5.6d as a function of GV GA, is the proposed circuit’s

integrated input referred noise divided by the integrated input referred noise of the circuit

without the input resistance boosting circuit. The integrated input referred noise was ob-

tained from Spectre and the integration limits are 0.5Hz and 100Hz. For small GV GA, the

proposed circuit’s Rin is smaller than Rb, tending to Rb/2 when GV GA is zero. Thus the

relative noise is smaller than 1. As GV GA increases, the proposed circuit’s input-referred

noise rises and so does the relative noise. At the maximum Rin boosting, the noise is 7.5%

higher compared to the circuit without boosting.

5.2.2 Board-Level Simulations and Measurements

The proposed AFE’s transfer function (5.14) was numerically simulated to evaluate the

frequency response and the results are depicted in Fig. 5.7. One of the zeros relies on

C1R5 while the poles depend on both C1R5 and RbCe. Hence, variations in Ce change the

damping factor ζ of the second order denominator, so C1R5 has to be designed to provide

an acceptable output for a range of Ce values.

For this analysis, Ce was assumed to be 1 nF and 1 pF, Rb is 10GΩ and R4/R3 is 0.969 to

set the equivalent input resistance to 320GΩ according to (5.5). C1 was fixed at 10 µF while

R5 was 1MΩ or 10MΩ or 100MΩ. Hence, the zero’s frequency was 15.9mHz, 1.59mHz and

0.159mHz respectively. Cs was not included in this simulation to allow an understanding of

the frequency behavior with conductance neutralization for different electrode capacitances.
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Figure 5.7: Numerical simulation of (5.14), where Ce and R5 are varied. Legend is in the
format “Ce [F], R5 [Ω]”. a) Magnitude of (5.14); b) Phase delay of (5.14)
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The results in Fig. 5.7a shows that for Ce=1nF, all curves have underdamped behavior

with peaks of 10.8 dB at 2.3mHz, 10.9 dB at 7.2mHz and 4.8 dB at 24.8mHz. On the other

hand, when Ce=1pF, the gain presents distinct behavior for each value of R5. For 1MΩ

the curve displays lower damping, with the zero’s effect being visible at 15.9mHz and the

complex-conjugate poles cause a peak of 3.5 dB at 0.82Hz. Setting R5 to 10MΩ moves the

zero to 1.59mHz while bringing the poles closer to the real axis, which leads to a response

closer to maximally flat. Last, R5=100MΩ reduces the zero’s frequency to 0.159mHz and

separates the two poles, with their effects being visible around 10mHz and 500mHz. A root

locus plot (not provided here) confirmed that when Ce is 1 pF, R5 is 10MΩ and 100MΩ, the

poles were real. In all other simulated cases, they were complex-conjugate pairs.

The effects described in the magnitude analysis are observed similarly in the phase delay

analysis by inspection of Fig. 5.7b. Because of the zero at the origin in (5.14), the phase

delay starts at 90◦. By comparing the curves with the same color one can observe the effect

of the other zero in the phase, which does not depend on Ce according to (5.14). Yet, the

smaller damping factor of the complex poles when Ce is 1 nF compared to 1 pF is observed

as a steep drop in phase. The aforementioned separation of poles is also visible in the phase

plot. For example, the blue curve peak is much wider when Ce is 1 pF.

The high-pass filter (C1 and R5) was added to the conductance neutralization loop, so

the overall input resistance is not boosted in very low frequencies and a path for the flow

of the input bias current is provided. Hence, it creates an impedance that increases with

frequency, behaving as an inductor. This apparent inductance interacts with Ce and may

cause peaks in the frequency response and also oscillation. However, if well-designed, the

filter increases the order of the electrode’s high-pass characteristic. The chosen value of R5

was 1MΩ to provide similar peaking for low and high Ce with a steeper slope to enhance

attenuation of lower frequencies and discharge faster.

Fig. 5.8 shows the measured frequency response of the proposed AFE for different cou-

pling capacitances over a copper board. By replacing Cs (see Fig. 5.5) with a 0Ω resistor,

the condition with maximum coupling was assessed (Ce ≈1 nF). Then, a 1 pF capacitor was

inserted into the place of Cs, simulating the worst-case scenario. The results shown in Fig.

5.8 are for a maximally boosted input resistance. That is, the calibration took place with a

Cs of 1 pF, and the potentiometer was adjusted until the edge of oscillation.

In Fig. 5.8a, the reference AFE displayed an fc value of 71mHz for full capacitance

(Ref). When Cs was 1 pF, fc was 72Hz (Ref 1p), which is too high for ECG measurement.

For full Ce, the proposed AFE showed approximately 8 dB (ConN) of peaking, and its fc

was 33mHz (ConN). When Cs was 1 pF, the peak was negligible and the cut-off frequency

was 1.5Hz (ConN 1p).

79



10 2 10 1 100 101 102 103

Frequency [Hz]

15
12

9
6
3
0
3
6
9

Ga
in

 [d
B]

Ref
ConN

Ref 1p
ConN 1p

(a) Magnitude

10 2 10 1 100 101 102 103

Frequency [Hz]

0

30

60

90

120

150

Ph
as

e 
de

la
y 

[o ]

Ref
ConN

Ref 1p
ConN 1p

(b) Phase delay

Figure 5.8: Measured bode plot comparing the proposed AFE with the reference AFE.
Labels with “1p” stand for circuits where the coupling capacitance was limited by using Cs

of 1 pF, while the absence of 1p means that the electrode had maximum electrode capacitance
(≈1 nF)

The measured phase delays in Fig. 5.8b are in agreement with the numerical simulations

shown in Fig. 5.7b. The phase for the reference AFE starts at 90◦, falling to 45◦ at the cut-

off frequency and then reaching zero. The ConN peaks were of 130◦ at 30mHz and of 141◦

at 0.66Hz. Some traces in Fig. 5.8b are not plotted in the whole frequency range because of

the minimum scale of the measuring device. The injected signal’s peak-to-peak amplitude

was 40mV, while the minimum resolution of the oscilloscope is 1mV per division. Hence

the output of the reference AFE for Ce equal to 1 pF was too small for frequencies below

1Hz. Furthermore, the oscilloscope’s noise floor was also in the amplitude of the minimum

resolution, making measurements in this range of voltages impossible.

For the full Ce, the peak in the gain magnitude was high, and the increase in bandwidth

compared to the reference AFE is small. This happens because the R5C1 limits the range

of frequency where the input resistance is boosted. However, in this measurement, the

conductance neutralization gain was maximized to lead to the lowest fc when Cs =1pF and

was not optimized for high Ce operation. Hence, when Cs is forced to be 1 pF, one can clearly

see the input resistance boost at work. Even though the ConND had an fc 3 times larger

than 0.5Hz for the minimum capacitance, it performed much better than the reference AFE,

which had fc 144 times greater than the desired value. This scaling in cut-off frequency is

proportional to the increase of Rin.

With the measured low cut-off frequency and the electrode capacitance value, one can

estimate the input resistance (fc = 1/2πRinCe). By inspecting the curve from the reference

AFE (Ref 1p) in Fig. 5.8 and knowing that Ce was 1 pF, the overall Rin is estimated to be

2.2GΩ. The value of Rb is set to 10GΩ, and the datasheet of LMP7701 does not provide a

value for Rin,op. Thus we can calculate the value of (Rleak||Rin,op) as 2.82GΩ. The proposed
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circuit with 1 pF capacitance had a cut-off frequency of 1.5Hz, thus the apparent input

resistance is 106GΩ. This represents a boost of 48 times compared to the reference circuit’s

input resistance.

To display the clipping mechanism of the bootstrapped circuit with diodes, a triangular

waveform was injected into the copper board that was underneath ConN and Ref electrodes.

This input signal had a peak-to-peak amplitude of 1V at a frequency of 0.5Hz.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time[s]

0.50

0.25

0.00

0.25

0.50
Vo

lta
ge

 [V
]

Input
Ref
ConN

Figure 5.9: Proposed AFE’s response to a triangular input

The data from Fig. 5.9 shows that the clipping region was as expected, and signal

amplitudes above the Schottky diode forward voltage are blocked. The clipping values

were −0.28V and 0.3V. During the discharge period (one of the diodes conducting), the

resistance seen from the input node is 500MΩ. The proposed circuit presented a slight phase

shift compared to the input and the reference circuit. One can also see distortion on the

reference circuit curve, which is caused by the high-pass characteristic.

To demonstrate the performance of the proposed electrodes under different coupling

conditions, the common-mode rejection ratio (CMRR) of an unbalanced pair of electrodes

was measured. That is, a pair of identical capacitive electrodes were attached to the subject’s

lower back. One of the electrodes had direct contact with the skin and the other was

connected through a cotton t-shirt. A reference signal from the signal generator was injected

into the human body through a wet Ag/AgCl electrode connected to the right ankle, enabling

the frequency response in realistic conditions to be obtained. An elastic band around the

subject’s waist held the electrodes in place. The three tested topologies were: the reference

circuit, the proposed circuit with Cs (220 pF), and the proposed circuit without Cs (Cs

shorted). The bode plot is displayed in Fig. 5.10. The objective is to assess the improvement

in the CMRR provided by Cs, which happens mainly around the low cut-off frequency. Thus,

only the lower frequencies are displayed.

Fig. 5.10 shows that for frequencies higher than the ambulatory ECG’s low cut-off

frequency (0.5Hz), the proposed circuit presented higher CMRR than the reference electrode.
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Figure 5.10: CMRR of unbalanced electrodes. The reference circuit and proposed circuit
with and without Cs are evaluated

In very low frequencies, the proposed circuit with Cs had the highest CMRR, while the

proposed circuit without Cs had the worst CMRR. The explanation is the low-frequency

peak created by the conductance neutralization when Ce is high. Because in this test one

electrode has direct contact with the skin (high Ce) and the other has a smaller Ce, the peaks’

amplitudes differ and create a CMRR issue. The proposed circuit with Cs has a smaller low-

frequency peak, and the cut-off becomes less dependent on Ce. The reference circuit does

not present low-frequency peaks but the cut-off frequency is inversely proportional to Ce.

Thus, the added layer of clothing directly modifies the low-frequency response creating a

mismatch and reducing the CMRR.

An ECG acquisition is demonstrated in Fig. 5.11. The waveforms displayed were ob-

tained by using a pair of balanced similar electrodes. The reference circuit and the proposed

circuit with and without a Cs of 220 pF were tested. The left column of Fig. 5.11 shows

the ECG measured in direct contact with the skin and the right column shows the acquired

signals measured through a T-shirt. The acquisition board possessed a band-pass filter with

bandwidth between 50mHz and 300Hz, then a 2nd-order digital band-pass with cut-off fre-

quencies between 0.5Hz and 100Hz was applied in addition to a digital 4th-order notch filter

at 60Hz. The subject was grounded with a wet Ag/AgCl electrode and the driven right leg

circuit was not used.

The measurements of ECG in direct contact with the skin (left column of Fig. 5.11) led

to clean ECG waveforms for all three electrode topologies. The proposed circuit without Cs

was the one with less 60Hz interference, followed by the one with Cs. This was expected

from Fig. 5.10 even though the CMRR at 60Hz was not measured due to the mixing of

noise and reference signal. Most of the breathing/motion artifact was removed by the digital

band-pass filter in all cases. In the through-clothing acquisition, in both proposed circuits

the QRS wave is still identifiable. However, the breathing artifact is significant, especially

in the case without Cs where low-frequency CMRR is worse. Due to the smaller capacitance
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generated by Cs, noise is also visible in Fig. 5.11f. The reference circuit was not capable

of proving a readable ECG through clothing. The proposed circuit’s simulated RMS output

noise, considering an electrode capacitance of 220 pF and integration limits of 0.5Hz and

100Hz, is 6.12µV.

5.3 Conclusion

In this chapter, we proposed a capacitive electrode topology based on a NIC circuit

that boosts the input resistance and is not sensitive to gate leakage and the opamp’s input

resistance. An integrated CMOS design was developed and simulated (post-layout). The

results showed that with 40 steps of Ictrl, the input resistance can be boosted by a factor

of 100. Besides the power and area increase, the performance cost is a 7.5% increase in

noise. These results were supported by measurements on a discrete design, where the input

resistance increased by 48 times.

The boosted input resistance allowed the insertion of the small Cs in series with the

electrode capacitance, reducing the variations of the fc caused by the changes in the electrode

capacitance and consequently improving the CMRR. Compared to the reference electrode,

the proposed circuit was able to measure an ECG in direct contact with the skin and through

clothing. The addition of Cs increases the amplifier’s noise, however, it reduces the breathing

artifact.

The results provided in this chapter showed improvements in the overall performance of

the AFE of a capacitive electrode for biomedical applications. Yet, some challenges must be

addressed to achieve large-scale production. Here, both neutralization loops were tuned with

a potentiometer, which requires manual trimming and are expensive. Fixed value resistors

present inaccuracy that could lead to mismatched electrodes, and in the worst-case scenario,

oscillation of the positive feedback.

The capacitance neutralization usually does not require very fine tuning as commercial

opamp’s are already in the range of a few pF. Moreover, alternatives to the capacitance

neutralization exist [29], [89] and it can also be automatically tuned [90]. Large input

capacitances lead to voltage division and subsequent degradation of the mid-band CMRR.

The inaccuracy in the conductance neutralization loops affects Rin, and hence creates

mismatches in the low cut-off frequencies. This is a critical issue if large input resistance

boosting is targeted because accurate positive feedback gain is necessary. However, one

should mind that even if Cs is used, significant mismatch in the low cut-off frequency is

expected due to mismatched Ce.
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Figure 5.11: Measured ECG with proposed and reference circuits in direct contact with the
skin and through clothing. The proposed circuit was tested with and without Cs
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Chapter 6

Cut-off frequency control

The simplest model for a capacitive active electrode is the one shown in Fig. 6.1a. The

interface between the human body and the analog front end is a variable capacitor Ce,

and the fixed resistor Rb,f provides a DC voltage to bias the input of the opamp, which is

connected in a buffer configuration. Using Ce simplifies the contact impedance to a single

component, whereas for more accurate modeling each layer (PCB’s solder mask, clothing,

air, stratum corneum) is described as a capacitor in parallel with a resistor [13], [20], [61].

With motion, the pressure applied onto the electrode towards the body varies, and an

air gap appears if the contact ceases. Therefore, Ce changes with motion and so does the

buffer’s low cut-off frequency fl,b, computed as:

fl,b =
1

2πRb,fCe

=
1

2πτl,b
(6.1)

The changes in Ce also disturb the charge distribution in the input node, which merged

with triboelectric voltages and slow common-mode signals, generates large artifacts [12],

[25], [76]. The time required to discharge an RC circuit is proportional to the time constant

τl,b = Rb,fCe. Thus, one can estimate the interval of time needed for the signal’s baseline to

return to its origin after a MA event in a capacitive electrode.

Biopotential acquisition systems have different cut-off frequency demands, and this chap-

ter targets an ECG system with a low cut-off frequency of 0.5Hz and Ce between 1 pF and

100 pF [34], [36]. Let the best case scenario be when there is strong contact and Ce is 100 pF,

while the worst case scenario happens due to a motion that creates an air gap and reduces

Ce to 1 pF.

Consequently, the design of Rb,f faces a trade-off between bandwidth and settling time

[62]. If one chooses an Rb,f=318GΩ to provide fl,b=0.5Hz during the worst case scenario,
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τl,b during good contact is 31.8 s. If a motion restores good contact, the ECG will be off from

its baseline for more than 2 minutes (assuming 5τl,b). On the other hand, if Rb,f is set to

3.18GΩ, the circuit will discharge quickly, but it only has enough bandwidth during good

contact and attenuates the signal when Ce decreases.

6.1 Proposed System

The issue of the low cut-off frequency changing with Ce can be solved if the bias resistance

follows the motion and adjusts inversely proportional to Ce. In this manner, the low cut-off

frequency would always be 0.5Hz and the time-constant is maintained close to 0.318 s. To

track Ce without adding a sensor for motion [35], the circuit of Fig. 6.1b is proposed, where

Rb is a controllable resistor and Ctest is a capacitor added to inject a test signal Vtest into

the input node.

Assuming the opamp is ideal (input impedance is extremely high), the output (Vo) of

Fig. 6.1b is described by the superposition of V1 (6.2) and V2 (6.3), where V1 is the output

generated by Vecg and V2 is the output from the Vtest input. Moreover, Ce is defined as a

function of motion m while Rb is a function of a control signal x. Thus, they are expressed

as Ce(m) and Rb(x).

Vecg Ce

Rb,f
−

+
U1 Vo

(a) Simplest electrode

Vecg Ce

Rb

Ctest

Vtest

−

+
U1 Vo

(b) Proposed electrode

Figure 6.1: Input node model of a capacitive electrode

V1 = Vecg
Ce(m)

Ctest + Ce(m)

s

s+
1

Rb(x)[Ctest + Ce(m)]

(6.2)

V2 = Vtest
Ctest

Ctest + Ce(m)

s

s+
1

Rb(x)[Ctest + Ce(m)]

(6.3)
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Both equations show a high-pass filter behavior and the low cut-off frequency (fl) is

computed with (6.4). In the passing band, the two equations comprise a capacitive voltage

divider. From (6.2), Ce should be much greater than Ctest to avoid attenuation of Vecg. If

this condition is met and the frequency of Vtest is greater than fl, then the pass-band gain of

(6.3) can be approximated to Ctest/Ce(m). Hence, the output of the proposed analog front-end

is given by (6.5).

fl =
1

2πRb(x)[Ctest + Ce(m)]
≈ 1

2πRb(x)Ce(m)
(6.4)

Vo = V1 + V2 ≈ Vecg
s

s+
1

Rb(x)Ce(m)

+ Vtest
Ctest

Ce(m)
(6.5)

Vo contains Vecg multiplied by the high-pass filter transfer function merged with the test

signal modulated by Ctest/Ce(m). Hence, Vo behaves similarly to the output of Fig. 6.1a, but

with a signal that changes its amplitude according to the variations of Ce. Note that Vtest

should be a large signal so it is still measurable after being attenuated by Ctest/Ce(m), and

its frequency must be greater than ECG’s highest frequency of interest to allow filtering from

the Vecg component.

Figure 6.2 shows a simplified block diagram of Rb’s control loop. The summing junction

with V1, V2, and Vo models the input stage shown in Fig. 6.1b. Vo is followed by a high-pass

filter (HPF) that removes the ECG component. The HPF’s output is V ′
o,HPF = VtestCtest/Ce(m).

The cut-off frequency of this stage should be as close as possible to the frequency of Vtest to

quickly eliminate MA interference in the control loop.

The next stage is an inverting amplitude detector, which converts the AC signal into a

DC voltage with the negative amplitude. Hence, the sensed amplitude (V ′
aptd) is given by

(6.6), where V̂test is the peak value of Vtest. The amplitude detection could have been done

in a later stage, however, processing the signal as a DC voltage eases the gain-bandwidth

product demand of the next stage: an inverting amplifier.

V ′
aptd = −V̂test

Ctest

Ce(m)
(6.6)

The inverting amplifier’s gain is given by a resistor relation, where the feedback resistor

has an arbitrary value (R) and the input resistor is a copy of Rb(x). Hence, the stage’s gain
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Figure 6.2: Simplified block diagram of the proposed control loop

is −R/Rb(x), and the stage’s output is the sensed low cut-off frequency (V ′
fc) given by (6.7).

Thus, V ′
fc (6.7) follows fl (6.4).

V ′
fc = V̂test

CtestR

Ce(m)Rb(x)
(6.7)

Because V ′
fc is not exactly fl, but a value proportional to it, Vref must be designed

according to the constant CtestR. Also, it is an in-phase signal, so it must be subtracted

from the reference in order to create an error signal (Verr). The controller consists of a

high-gain low-pass filter (LPF), which generates signal x that controls Rb. The gain acts as

a proportional controller and the LPF sets the response time.

To exemplify the operation, let’s consider that a motion m reduces Ce and thus fl rises.

Then, V ′
aptd becomes larger in the negative direction, and the inverter’s output increases.

Further, Verr goes negative, and consequently so does x. If the resistance of Rb is inversely

proportional to x, Rb increases and compensates for the decrease in Ce(m).

6.2 Circuits Description

The development of such a control loop can be carried out in different ways. The input

node (Fig. 6.1b) is necessarily analog, but the stages in the control loop can be digital.

Moreover, many of the stages could be implemented with off-the-shelf components. Here,

we decided to approach the circuit design in an all-analog integrated manner.

The CMOS technology chosen was the TSMC 65nm general purpose (GP), where the
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analog front-end and control loop can be built, reducing the electrode’s PCB area/density.

We preferred to process the signal on-chip rather than in the main system’s processor because

in a multi-electrodes system, such as an ECG mattress [17], off-chip processing greatly

increases the number of I/O ports. Hence, in the proposed design, each electrode has its

independent fl control loop.

Thick oxide devices were used to allow a single supply voltage (VDD) of 2.5 V. Vtest is a

square wave ranging from 0V (GND) to 2.5V (VDD) with a frequency of 1 kHz, which is one

decade greater than the maximum frequency of interest in our ECG (100Hz). Increasing the

frequency of Vtest makes the filtering from the ECG signal easier, as the bands of operation

become farther apart. However, the frequency was restricted to 1 kHz so that the amplifiers

do not need to operate at high frequencies. Figure 6.3 translates the simplified block diagram

(Fig. 6.2) into the circuit’s schematic. All capacitors used in this work were metal-insulator-

metal (MIM) capacitors.

Rc,1a(Vc,Vext)

Vbias

Ctest

−

+
U1

Cf

Rc,2(Vfil)

Vbias

+

− +

−
U2

Vbias

Vo,HPF

−
+

Am.Det.

U3

Rc,3a(Vcm,co) Rc,3b(Vcm,co)

Vo,d−

Vo,d+

+

−
U4

Rc,1b(Vc,Vext)

Rc,4(Vg)

Vcm

+

−
U5

Rlpf

Clpf

Vo,e

VLPF

Rl,e1Rl,e2

Vc

Vin

Vtest

Vo

Vaptd

Vref Vfc

Figure 6.3: Circuit schematic of a capacitive electrode with fl control, colored voltages are
connected to the outside of the chip

6.2.1 ESD Protection

In Fig. 6.3 the red colored voltages mean that the node is connected to a pad and is

accessible from the chip’s outside. All pads have an Electrostatic discharge (ESD) protection
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circuit and the power supply is connected to a power clamp. The ESD protection from the

technology’s library adds a minimum of 100 fF that could be tolerated everywhere except the

input node (Vin). This happens because Ce can be as small as 1 pF and would form a voltage

divider with the parallel of CESD (100 fF) and Ctest (40 fF). Thus, without accounting for

U1’s input capacitance, the gain of this voltage divider is 0.88V/V.

In the worst-case scenario, the target is less than 10% of attenuation of Vecg due to

voltage division. Therefore, the bootstrapped ESD protection topology of Fig. 6.4 was used

at the node Vin [91]. The bootstrapping technique is widely used to boost impedances, either

increasing resistance or decreasing capacitance. It consists of buffering the voltage in one

terminal of a component and reapplying it to the other terminal [68], [70]. Hence, the voltage

drop on the impedance is 0V and no current flows through it.

Vecg

D1

D2

VDD

D4

D3

RE,1

RE,2

RE,3

D5

D6

VDD

D8

D7

Vin

RE,4

Vo

Figure 6.4: Bootstrapped ESD protection circuit

In Fig. 6.4, the IC’s pad containing the sensed ECG signal (Vecg) is connected to the

buffer’s input Vin through the ESD protection circuit. Note from Fig. 6.3 that Vo is the

output of the input buffer, and hence a copy of Vin. The resistors RE,1 to RE,4 are of 500Ω

and protect the circuit from latching-up. In normal operation, Vo = Vin = Vecg, thus all

diodes are off and no current flows through the stray capacitance of diodes D1, D3, D5 and

D7 because they are bootstrapped. When an ESD event (or large voltage MA) happens,

diodes D2 and D6 clamp to VDD in case of positive voltages and diodes D4 and D8 clamp to

GND for negative artifacts. Then, the odd-numbered diodes are not bootstrapped anymore

and will also conduct, creating low-resistance paths. Once the input node is discharged

and the diodes stop conducting, the bootstrapping returns, and the high impedance is re-

established.

6.2.2 Pseudo-Resistors

In this work, three types of pseudo-resistors (PR) are used and are shown in Fig. 6.5.

The input node Vin is connected to a high-linearity controllable pseudo-resistor (HLCPR)

Rc,1a, detailed in Fig. 6.5a [88], which performs the role of Rb in Fig. 6.1b. The demand
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for high linearity does not come from Rc,1a but from Rc,1b (see Fig. 6.3), yet, they must be

equal for a correct inference of fl at node Vfc. The HLCPR requires a control circuit which

is shown in Fig. 6.5b.

Mpr,1a

VA

Mpr,1b

VB

Vx
Vy

(a) High-
linearity
CPR

(HLCPR)

Mco,l

Mco,cs1 Mco,cs2

VDD

Vy

Vx

Vc,1 Vc,2

(b) HLCPR
control

Mpr,2a

VA

Mpr,2b

VB

Vcontrol

(c) standard
CPR

Mpr,3a

VA

Mpr,3b

VB

(d)
fixed
resis-
tance
PR

Figure 6.5: Topologies of PRs used in this work

The higher linearity of the HLCPR (Fig. 6.5a) compared to the standard CPR (Fig.

6.5c) comes at a cost of a relatively complex control circuit. The HLCPR is controlled by

a differential voltage (Vyx), while the standard CPR requires a single-ended control voltage

(Vcontrol). Moreover, the smaller the control voltage is, the higher the resistance is. In general,

Vyx (tens of mV) is significantly smaller than Vcontrol (hundreds of mV) to achieve similar

resistances [88].

The circuit of Fig. 6.5b has two NMOS current sources (Mco,cs1 andMco,cs2) and an NMOS

load (Mco,l) with body and source connected [86]. Vc1 and Vc2 allow automatic or external

control of the HLCPR. To turn off the control current sources, Vcx should be grounded. To

reach a Vyx (Vgs of Mco,l) of a few mV, the current flowing in Mco,l must be unusually small

(pA range ) [92]. To achieve such a small current the body has to be connected to the source

to avoid leakage, thus Mco,l is a triple-well NMOS. Mco,cs1 and Mco,cs2 have a small W/L

to minimize the conversion of Vc1,2 into a drain current Id. Mco,l has a large W/L also to

minimize the conversion of Id into Vyx.

The reason for having two control signals, Vc1 and Vc2, is the capability of controlling

Rc,1a and Rc,1b in closed loop with Vc or in open loop with Vext. To ground Vext, the pad of

the IC should be connected to the external ground. To ground Vc, the pad Vref should be

grounded, hence Vc is forced to be zero. Further, controlling the system externally allows

calibration and implementation/testing of other forms of control.
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6.2.3 Input Buffer

The input buffer used in this work is a bootstrapped buffer due to its ultra-low input

capacitance [29]. Its transistor-level schematic is shown in Fig. 6.6a. By using this topology,

the input capacitance is minimized to attenuate voltage division with Ce and Ctest. Note

that Vo is connected not only to the inverting input of the amplifier but also to both cascoded

devices’ gates (Md,1c and Md,2c). Moreover, the PMOS transistors’ bodies in the cascoded

differential pair are tied to the source of Md,1 and Md,2.

VDD

Mt,1

Mt,1c

VDD

VDD

Vt,b

Vt,b2

Md,1

Md,1c

Ml,1c

Ml,1

Md,2

Md,2c

Ml,2c

Ml,2

VoVo

Vin

Vl,12

(a) Bootstrapped buffer:
U1 with connections

VDD

Mt,2

Vt,b

Md,3
VDD

Vo,HPF

Ml,3

Vo,d−

Md,4
VDD

Vbias

Ml,4

Vo,d+

(b) Differential amplifier
(U2)

VDD

Mt,3

Vt,b
VDD

Md,5

VCC

Md,5c

VCC

Ml,5c

Ml,5

Md,6

VCC V−U4

Md,6c

VCC

Ml,6c

Ml,6

Vcm

Vd,56c

Vl,56

(c) High gain opamp (U4)

VDD

Mt,4

Vt,b

Md,7
VDD

Vref

Ml,7

Md,8
VDD

VLPF

Ml,8

Ml,e1

Ml,e2

Vo,e

Vc

(d) Error amplifier: U5
with voltage divider load

Figure 6.6: Amplifier topologies used for U1, U2, U4 and U5

For a better understanding of this circuit’s dynamics, one can refer to Fig. 6.7, where a

partial small-signal model is provided. In this schematic, Rtail is the resistance seen in the
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cascoded current source (Mt,1 and Mt,1c), which for simplicity of analysis is approximated

to infinity. Ideally, the gain of the buffer is unity and hence Vo = Vin. Therefore, in small

signal, Vtail = Vin to satisfy the nodal equations at the Vtail node, and both Cgs and Cgb are

bootstrapped. In other words, since there is no current in Rtail, the voltage drop in 1/gmd1

and 1/gmd2 is zero and so is the current. Similarly, assuming that the gate current is null,

the voltage at Md,1’s drain must be equal to Vin to zero the current flowing through 1/gmd1c

resistor. Thus, Cgd is also bootstrapped.

Rtail ≈ ∞

Vtail

1/gmd1

1/gmd1c

Vin

Vo

1/gmd2

1/gmd2c

Vo

Vo

Cgs

Cgd
Cgb

Figure 6.7: Bootstrapping of Md,1’s gate capacitances

6.2.4 HPF and Single-to-Differential Amplifier

In Fig. 6.3, the MIM capacitor Cf of 5 pF forms a high-pass filter (cut-off frequency of

200Hz) with CPR Rc,2, which is controlled by an external voltage Vfil. This control voltage

allows for the tuning the filter’s cut-off frequency if the frequency of Vtest is changed and to

compensate for the inaccuracy in the pseudo-resistors models and PVT variations [93]. The

voltage at the HPF’s output Vo,HPF is expected to be in CPR’s linear region and it is not

necessary to use an HLCPR, thus it saves area by avoiding the need for the control circuit.

The signal Vo,HPF is converted to the differential mode by a differential pair (Md,3,&4)

loaded on both sides with diode-connected devices (Ml,3&4), as shown in Fig.6.6b. The sizes

of the differential pair’s transistors set the differential gain to unity, while the size of the load

devices sets the common-mode at the differential outputs to Vbias. In this stage, matching is

important because the next stage consists of measuring the common-mode and amplitude,

therefore, the circuit was laid out as common-centroid structures.

6.2.5 Common-Mode Measurement and Amplitude Detection

The outputs of the differential amplifiers, Vo,d+ and Vo,d−, are the inputs of the common-

mode sensing circuit and the amplitude detection circuit. The common-mode sensing circuit
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consists of two HLCPR in series, connected between Vo,d+ and Vo,d−, where the midpoint is

the common-mode level of the output of U2, denoted as Vcm in Fig. 6.3.

HLCPRs were chosen because their ultra-high resistance leads to negligible voltage drop

which combined with the high linearity improves accuracy. The controllable topology is

preferred over the fixed-resistance PR because this node is one of the main contributors to

noise. The resistance value controls the thermal noise and also sets a pole with the input

capacitance of U4 in Fig. 6.3 (gate capacitance of Md5 in Fig. 6.6c). Thus, by controlling

the resistance one can reduce noise and adjust the pole of the common-mode loop.

The amplitude detection circuit in Fig. 6.8 consists of two bidirectional transmission

gates, connected in series. The midpoint is the sensed amplitude (Vaptd), one external node

is connected to Vo,d+ while the other external node is connected to Vo,d−, as depicted in Fig

6.8. The gates are clocked with Vtest or an inverted version of it (Vtest).

VDD

Vtest

Vtest

Vo,d−

Vtest

Vtest

Vo,d+

Vtest

Vtest

Vaptd

Mi,p

Mi,n

Ms1,p

Ms1,n

Ms2,p

Ms2,n

Figure 6.8: Amplitude detector (U3)

The circuit works as a switched rectifier synchronized with the negative cycle. Vo,d+

and Vo,d− can be approximated to Vcm + VtestCtest/Ce(m) and Vcm − VtestCtest/Ce(m), respectively.

Recall that Vtest is a square wave with amplitude of 2.5V (GND to V DD). When Vtest

is in the positive cycle, it turns on Ms1,p and Ms1,n, and Vo,d− (which is at the negative

cycle) passes through the transmission gate. During the negative cycle of Vtest, Ms2,p and

Ms2,n are switched on and Vo,d+ (in phase with Vtest) goes to Vaptd. Therefore, Vaptd =

Vcm − V̂testCtest/Ce(m).

6.2.6 Inverting Amplifier

Referring to Fig. 6.3, the inverting amplifier stage consists of a high gain opamp (U4,

Fig. 6.6c) with one HLCPR in the negative feedback (Rc,4) and another HLCPR (Rc,1b)

inputting the sensed amplitude (Vaptd) to “V−U4”. The same cell (layout) was used for both

HLCPRs. However, note in Fig. 6.3 that Rc,1b is controlled by the same voltages as Rc,1a

94



(Vc and Vext), while Rc,4 is controlled by Vg, hence the other control pin is tied to ground.

The gains seen by the non-inverting input (6.8) and by the inverting input (6.9) of the

amplifier lead to an expression for the sensed low cut-off frequency (Vfc) (6.10). Because

Rc,1b = Rc,1a, we can write as (6.10), where ωl is the low cut-off frequency in radians per

second.

Vfc,ninv = Vcm

(
1 +

Rc,4

Rc,1b

)
(6.8)

Vfc,inv = −
(
Vcm − V̂testCtest

Ce(m)

)
Rc,4

Rc,1b

(6.9)

Vfc = Vfc,ninv + Vfc,inv = Vcm + V̂test
CtestRc,4

Ce(m)Rc,1b

= Vcm + V̂testRc,4Ctestωl (6.10)

Besides showing that Vfc is proportional to fl, (6.10) also provides important information

for the design of U4. The value of Ce is assumed to be in the range of 1 pF to 100 pF, hence

the gain of the inverting amplifier must be capable of changing by two orders of magnitude.

Designing the gain to be unity when the input signal is at its highest value (Ce =1pF)

forces the gain to be 100V/V when Ce is 100 pF. Thus, the open-loop gain of U4 must be

much greater than 100V/V, and the telescopic cascode topology of Fig. 6.6c led to a gain

of 8000V/V.

The tail current source is not cascoded to allow more voltage headroom for the changes

in the input and output. As mentioned before, the amplitude detector comes before the

inverting amplifier rather than after because of bandwidth constraints. The input PR (Rc,1b)

sees the parallel combination of the gate capacitance ofMd,6 with the Miller-boosted parasitic

capacitance of Rc,4. Hence, a low pass filter is formed at V−U4 and its cut-off frequency

is lower than the frequency of Vtest. Thus, processing in AC mode is not possible, but one

can take advantage of this low-pass filtering to remove switching spikes from the amplitude

detector.

6.2.7 Low-Pass Filtering and Error Amplifier

The high cut-off frequency of the inverting amplifier varies with the value of Rc,1b because

it changes both the resistance and total capacitance (Miller’s capacitance depends on the

gain). Therefore, if the dominant pole of the whole control loop is the inverting amplifier’s

pole, the loop will not have a well-defined settling time and phase margin. That could lead

to instability of the system and oscillation.

To create the control loop’s dominant pole, Rlpf (implemented with a fixed-resistance PR
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from Fig. 6.5d) forms a low-pass filter with the 200 fF MIM capacitor Clpf (between VLPF

and Vo,e in Fig. 6.3). The capacitor is in negative feedback with opamp U5 (Fig. 6.6d),

which has an open-loop gain of approximately 70V/V. Thus, Clpf is also a Miller-boosted

capacitance and sets the pole to very low frequencies. The resulting cut-off frequency of the

LPF is 100mHz

In Fig. 6.6d, transistor Md,7 has a current that follows Vref , while the current in Md,8 is

a function of VLPF . At node Vo,e these currents are subtracted, and the remaining current

(error current) passes through Ml,e1 and Ml,e2. Because Vc can be in the range of 200mV,

one cannot take the control signal at Vo,e as such a low voltage could put Ml,8 in triode

and unbalance the current mirror. However, working with Ml,e1 and Ml,e2 in sub-threshold

(BJT-like operation) is not a problem. Moreover, these diode-connected devices generate

large DC voltages for small DC error currents, while presenting low small-signal resistances.

6.2.8 Physical Implementation

The fabricated IC is packaged into a CFP24 (CCF02414 by spectrum-semi) leaded chip

carrier (U3 in Fig. 6.9). It is soldered onto a 4-layer PCB, which also comprises buffers and

filters to aid in testing/debugging (U2 in Fig. 6.9). The top layer contains the components,

the top inner layer has the supply voltages (VDD and GND), while the bottom inner layer is

a large area of shielding, which bootstraps the bottom/sensing layer. The sensing area is a

square with a side of 31mm, surrounded by a guard ring. The bottom layer is fully covered

by the solder mask, which acts as the electrode’s dielectric.

Figure 6.9: Assembled electrode

The 2 µA bias current is generated externally to the proposed IC by an LM334 (U1 in

Fig. 6.9). The 1 kHz test signal was generated in the main ECG board and sent through a
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wire to the electrode. External reference voltages are required, such as Vref , Vg, Vcm,co, thus

the 2.5V supply was regulated to avoid fluctuations. The main board, presented in Fig. B.1,

differences, amplifies, and filters the signal from two electrodes. Then it is sent to a laptop

for digital signal processing.

6.3 Results

6.3.1 Simulations

Before evaluating the system’s performance in a closed-loop, it is necessary to measure

the accuracy of the fl sensing mechanism, which is displayed in Fig. 6.10. This is achieved

by setting Vref to 0V and finding the value of Vext that leads to a fl of 0.5Hz in an AC

simulation for multiple values of Ce. The accuracy of Vext is limited to the closest mV, and

values of Ce tested are: 1 pF, 2 pF, 4 pF, 6 pF, 10 pF, 20 pF, 40 pF, 60 pF, and 100 pF.

0.250 0.275 0.300 0.325 0.350 0.375 0.400
Vext [V]
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1.063
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1.068

V f
c [
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Figure 6.10: Vfc for different values of Ce and ideal values of Vext that sets fl to 0.5Hz

In Fig. 6.10, the lowest value of Vext is associated with the smallest Ce, whilst the highest

Vext sets the cut-off for the highest Ce. For the first seven values of Vext, Vfc lies between

1065mV and 1067mV, however, for the two largest values, Vfc is 1064mV and 1063mV.

The average value of Vfc, rounded to the closest mV, is 1065mV. Removing Vcm of 1000mV,

the variation of Vfc is of ±3%.

Ideally, these values should match exactly, however, due to methodology limitations and

artifacts introduced by the circuit, inaccuracy is expected. For example, by using the closest

mV, an error of up to 0.5mV is added to Vext. The major circuit-related contributors to errors

are the inaccuracy/variation of Vcm when the amplitude of Vo,HPF is small, non-linearity of

the inverting amplifier gain as a function of Rc,1b, and non-linearity of Rc,1b and Rc,4 due to

the signal amplitude.
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The AC sweep simulation of the system in an open-loop, with Vext set to lead to a low-cut

off frequency of 0.5Hz (Vref is grounded), is shown in Fig. 6.11a. The curves displayed are

measured at Vo for a unitary input, hence they are equivalent to the gain. Three values of

Ce are tested, 1 pF, 10 pF and 100 pF and the respective control voltages (Vext) are 244mV,

324mV and 411mV.
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(a) Open-loop ideal frequency response, Vext

was set to the value that leads to fl of 0.5Hz,
legend in the format Ce,Vext
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(b) Closed-loop frequency response, with Vref

of 1065mV

Figure 6.11: Frequency response of the proposed system in open-loop and closed-loop with
different electrode capacitances, the targeted fl is 0.5Hz

The simulated mid-band gains are 0.932V/V, 0.992V/V and 0.999V/V for Ce of 1 pF,

10 pF and 100 pF, respectively. The difference in gain from one electrode capacitance to

another is explained by the non-ideal input capacitance. From (6.2) it is known that Vecg

sees a voltage divider between Ce and Ctest. Moreover, one should account for the stray

capacitance not eliminated by the bootstrapped ESD protection and bootstrapped input

buffer, which is in parallel with Ctest. The simulated input capacitance is 73 fF, accounting

for ESD protection, routing and Ctest.

From Fig. 6.10, the average Vfc that sets fl to 0.5Hz is 1065mV. Therefore, this

is the value used as Vref in closed-loop gain. Moreover, Vext must be grounded to turn

off the external control. Because the control loop is periodically time varying due to the

switching (Vtest), standard AC sweeps cannot be used for this simulation, then periodic AC

(PAC in Spectre) must be performed. This sort of simulation differs from a regular AC

sweep because it first accounts for the circuit’s settling time. Therefore it computes the

AC parameters based on steady-state DC operating points created by the switching of the

amplitude detection. The values of Ce tested are the same three used in Figure 6.11a.

Figure 6.11b shows the frequency response of the proposed system with the control loop.
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The pass-band gains are the same as in Fig. 6.11a. Although the PR’s parasitic capacitance

depends on the control voltage/resistance, the differences between the ideal values Vext and

resulting values of Vc are small. Thus, the parasitic capacitance is approximately the same

in both open and closed loops.

The measured values of fl in the PAC simulation were 402mHz for Ce=100 pF, 454mHz

for Ce=10pF, and 517mHz for Ce=1pF. For the three tested values of Ce, fl fluctuated

within 115mHz range, while the maximum error to the targeted fl was 98mHz. In compar-

ison to a fixed bias resistance system, variations of Ce between 1 pF and 100 pF can lead to

fl fluctuations of up to 2 decades.

Another parameter that was simulated was the noise. There are two nodes that are

sensitive to noise in the proposed circuit, Vo and Vc. Table 6.1 summarizes the measured

integrated RMS noise voltages in both nodes. The frequency sweep and integration range

was from 1mHz and 1 kHz for the noise at Vc. While for Vo, the integration band lied between

0.5Hz and 100Hz, which is the ECG bandwidth.

Ce [pF] Noise @ Vo [µVrms] Noise @ Vc [mVrms]
1 59.2 0.29
10 24.2 0.33
100 17.6 1.84

Table 6.1: Integrated noise at Vo and Vc for three values of Ce

The largest RMS noise at Vo is 59.2 µV when Ce is 1 pF. The noise at Vo in the capacitive

electrode is dominated by interactions of the input current noise with Ce and the bias resistor.

More specifically, the current noise of the input buffer is multiplied by the parallel of the bias

resistor and the total capacitance seen in the input (≈ Ce), thus the smallest Ce becomes,

the largest the noise at Vo is [29], [62]. For a Ce of 10 pF and 100 pF, the RMS integrated

noise is 24.2 µV and 17.6 µV, respectively. Compared to the open loop circuit, the addition

of the control loop had negligible impact on noise within the ECG bandwidth.

Noise at the control voltage was monitored because it could change the value of the bias

resistor and hence lead to fluctuations in fl. At node Vc, the most significant RMS noise

(1.84mV) takes place when Ce is maximized. This phenomenon is the result of the higher

gain in the inverting amplifier when the capacitance is high. However, Vc is the largest

when the noise is also the largest, therefore the ratio between noise and signal amplitudes is

partially compensated.

To understand more about the signal flow and output characteristics, a transient analysis

was run and evaluated in different conditions and nodes. The first results are the settling

times and steady-state waveforms of Vfc and Vc. Figures 6.12a and 6.12c show the behavior

99



of those nodes from time 0 s (start-up) until 700ms (steady-state), while Figs. 6.12b and

6.12d show the steady-state waveforms. The simulations shown in Fig. 6.12 are the results

of a conservative analysis with transient noise in the range of 1Hz to 100Hz.
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(b) Steady-state waveform of Vfc
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Figure 6.12: Transient response from start-up to steady-state at nodes Vfc and Vc, when Ce

is 1 pF, 10 pF and 100 pF. The color legend in (a) is also valid for (b), (c) and (d)

The steady-state is reached at approximately 400ms for Ce=100 pF, 500ms for Ce=10pF

and 600ms for Ce=1pF. Comparing Figs. 6.12a and 6.12c, one can notice that node Vc

settles slightly slower than Vfc due to the strong LPF between these nodes. Note that the

steady-state is reached within half period of the cut-off frequency (2 s). Thus, in the case

of severe MA, less than half of the slowest ECG harmonic is corrupted due to incorrect

bandwidth.

At the start-up, both Vfc and Vc are higher than their steady-state values, meaning that

the resistance of Rc,1a is smaller than the value it should be. The control loop then starts

to work, decreasing Vc which increases Rc,1a and hence decreases fl (and Vfc). Because the

resistance increases almost linearly with Vc, it is expected that the time to reach higher
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resistances is greater than to reach smaller resistances.

Figure 6.12b shows that the simulated Vfc is not a perfect DC voltage equal to Vref ,

but a square wave centered close to Vref (1065mV). The square wave signal comes from

unmatched peak voltages at Vo,d+ and Vo,d−, which after the rectification on the amplitude

detector creates this waveform. This effect is seen equally for the three values of Ce. Figure

6.12b also shows the error of Vfc in relation to Vref , as the average of the three curves should

be 1065mV.

The control voltage waveform, displayed in Fig. 6.12d, shows that the low-pass filter

drastically reduces the undesired square-wave signal in Vfc. The average Vc is 403mV,

321mV and 243mV, while the ideal values (from Fig. 6.10) are 411mV, 324mV and 244mV.

These results agree with the ones found in Fig. 6.11b, where for Ce=100 pF the fl was lower

than the targeted value and the error was the greatest.

Noise is present in this transient analysis and can be spotted in Fig. 6.12a for Ce=100 pF,

especially before 0.1 s. During this period, the gain of the inverting amplifier is maximized,

and noise reaches its highest value. The spikes in the waveforms of Fig. 6.12d are not

caused by noise, but due to capacitive coupling with the trace carrying Vtest. This trace was

carefully designed in the layout and is guarded with ground lines on its top, bottom, and

sides, whereas the ground of this guard has a separate trace to the ground pin. Yet, it still

couples with the high impedance nodes such as VLPF .

A sinusoid with amplitude 2mV (peak-to-peak) and frequency of 0.5Hz was applied

to Vecg and Vo was measured. Because Vo also contains part of Vtest, the results shown

in Fig. 6.13a were low-pass filtered (5Hz) to remove the high-frequency test signal. The

ideal amplitude of Vo for the 2mV tone at 0.5Hz is 1.414mV, meaning that fl is 0.5Hz. The

simulated amplitudes for the three values of Ce are 1.5mV (Ce =100 pF), 1.3mV (Ce =10pF)

and 1.4mV (Ce =1pF).

The data of Fig. 6.13a was cubic-interpolated and re-sampled with a 2 kHz sampling

rate. The Fast Fourier Transform (FFT) was computed and is shown Fig. 6.13b. At the

fundamental frequency, the measured Vo for Ce of 1 pF, 10 pF, and 100 pF are 1.33mV,

1.39mV, and 1.54mV. The Total Harmonic Distortion was computed with the harmonics

shown in Fig. 6.13b, and the values (from smallest Ce to largest Ce) are 0.79%, 0.24%, and

0.24%. This means that artifacts in Vc does not distort the acquired signal considerably.

MA was emulated as a capacitance step during a transient simulation. The simulation

starts with Ce of 100 pF (good contact), changing to 1 pF when time is 2 s (bad contact),

and back to 100 pF at time equal to 6 s (good contact). The Vo response to a MA is depicted

in Fig. 6.14a, where circuit’s outputs with and without the control loop are compared. The

bias resistance of the circuit without control was set to provide fl of 0.5Hz when Ce is 1 pF.
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Figure 6.13: Vo response to an input tone at the target fl of 0.5Hz in time and frequency
domain

In the first step, Ce going from 100 pF to 1 pF, both curves in Fig. 6.14a peak at 3.2V,

which is the supplied V DD (2.5V) plus the forward voltage of the protection diodes on

that pin (0.7V). This peak happens due to the rearrangement of the charges with the new

capacitance.

Initially, the controlled circuit had the bias resistance minimized to comply with Ce of

100 pF. Hence, when the first capacitance step takes place, the settling time of the controlled

circuits becomes smaller, and by the time the bias resistance increased to correct fl, the

node was already discharged. The opposite happens in the uncontrolled circuit, where the

resistance is maximized and the settling time is longer. The controlled circuit reaches steady-

state almost instantaneously (50ms), while the uncontrolled circuit needs 2 s to completely

settle.

The worst-case scenario in terms of settling time is the change from bad to good contact

because Ce increases and so does the settling time. For the uncontrolled circuit, the max-

imized bias resistance leads to a fl of 0.005Hz and a τl of 32 s (1/2πfl). After the step, the

controlled circuit presents a large time-constant, however, it decreases as the input resistance

is lowered. Therefore, the controlled circuit requires 2 s to return to its baseline of 1V while

the uncontrolled circuit is far from the steady-state, whereas the calculated settling time (5τ)

is 160 s. One could argue that a simple high-pass after Vo removes the DC error, however,

because the input node is not fully discharged, new MA events would be worse and could

easily saturate the input node.

Figure 6.14b shows how the MA affects the fl sensing. At both 2 s and 6 s, a negative spike

followed by a positive spike is observed. These spikes are the high-frequency components of
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Figure 6.14: Response to a capacitance step

Vo that passes the HPF formed by Cf and Rc,2. The higher the cut-off frequency of this filter

is, the smaller the impact of MA on the control loop is. Moreover, the increase of this cut-off

frequency should be accompanied by an increase in the frequency of Vtest. Figure 6.14c shows

that the low-pass filtering after Vfc removes those spikes, and the control voltage looks free

from MA. In this figure, one can also notice that for the second capacitance step, the control

loop reacts faster than the Vo’s settling time, meaning that although Vo is not centered at

1V the bandwidth is correct.

To demonstrate an ECG acquisition, the input source applies an ECG waveform to a

single electrode. A capacitance step takes place at 7 s, changing the initial Ce of 100 pF to

1 pF until the end of the simulation. The signal was simulated at Vo, thus a digital 4th-order

low-pass filter with a cut-off frequency of 100Hz was used to remove the test signal from the
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output. This transient simulation contained noise from 0.1Hz to 100Hz.
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Figure 6.15: ECG input with offsets and filtered Vo for a capacitance step from 100 pF to
1 pF at 7 s

Figure 6.15 shows the acquired and the inputted ECG waveforms. The input has an offset

of 0V, however, it was split into two sections with different offsets, enabling the comparison

between the input and the output. According to Fig. 6.15a, even with the addition of the

low-pass filter, the output signal settles to the new baseline within 1 second. Hence, only

one cycle of the ECG is lost.

For a more detailed comparison between output and input signals, Figs. 6.15b and 6.15c

zoom into the two sections. When Ce is 100 pF, the noise is almost negligible, and the input

and output overlap most of the time. The largest difference occurs in the T-P interval,

where the output shows a steeper rise. When Ce is 1 pF, the noise increases considerably

and is merged with a higher leftover of Vtest. This was expected and was already predicted
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by Table. 6.1 and (6.5). Yet, the P, Q, R, S, and T waves are still well-distinguishable.

6.3.2 Measurements

The proposed electrode’s performance is compared to that of a standard electrode. This

reference electrode is a single-supply variation of the one proposed in Chapter 5. Albeit the

targeted cut-off frequency is 0.5Hz, both proposed and standard electrodes could be tuned

to provide other values of cut-off frequency. The electrode’s sensing area is similar in both

electrodes, and at least one dielectric layer is present, the PCB’s solder mask. A capacitor

of 100 pF is placed in series with the input to limit the maximum overall electrode capac-

itance. This is done to suppress the effects of heterogeneous contact pressure. Therefore,

the standard electrode should have a cut-off frequency of 0.5Hz when in direct contact (no

clothing layers), while the proposed electrode’s cut-off frequency should adapt to different

dielectric layers and stabilize at 0.5Hz.

The IC’s cut-off frequency control accuracy was verified in practice. The test consisted of

injecting a signal into a plain copper board and measuring the electrode’s cut-off frequency

with multiple cloth layers between the board and the electrode. A total of 3 T-shirts were

applied, meaning that six layers of textiles posed as extra dielectrics between the electrode

and the copper board. The results are shown in Fig. 6.16, where 0 “number of cloth layers”

means that the electrode and the copper board were in direct contact. Note that the cut-off

frequency was measured as 70.7% of the mid-band gain, taking into account the voltage

division between electrode capacitance and input capacitance.
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Figure 6.16: Cut-off frequency of the proposed and standard electrode for multiple layers of
clothing

Fig. 6.16 shows that the proposed circuit’s cut-off frequency is mostly overlapping with

the 0.5Hz reference line. The largest error for the proposed circuit happened for one layer

of clothing when the cut-off frequency was 340mHz, an absolute error 160mHz or a relative

105



error of 32%. For two or more layers of clothing, the proposed electrode’s cut-off frequency

lies between 0.45Hz and 0.6Hz. Meanwhile, the standard electrode’s cut-off frequency for a

single layer of clothing was 3Hz, an error of 500%. As expected, the error for the standard

electrode increases as more layers are inserted. For six layers of clothing, the standard

electrode’s cut-off frequency was 13Hz.

Recall that the advantage of the proposed topology does not come only from matching

cut-off frequencies, but also from minimizing the recovery time after motion artifacts. There-

fore, the next experiment presented emulates a capacitance step, and the results are shown

in Fig. 6.17. To achieve that, a plastic sheet was used as a dielectric, and weight was applied

on the top of the electrodes, pressuring them against the copper board with the test signal.

The plastic sheet is then pulled and the electrodes fall over the copper board. Therefore, the

capacitance between electrode and copper increases after the dielectric is pulled. The choice

of dielectric was made so one could pull it smoothly, if cloth was used, it would stretch and

drag the electrode instead of letting it slide.
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Figure 6.17: Settling time after a capacitance step for both standard and proposed electrodes

Initially, the cut-off frequencies were approximately 1.5Hz (standard) and 0.5Hz (pro-

posed). After 2 s the plastic sheet is pulled and a motion artifact takes place. Note that not

only capacitance changes are present but also triboelectric effects. The sliding effect creates

a positive spike and as the electrode falls over the copper board a negative spike follows.

After settling back to the baseline, the cut-off frequency of both electrodes was 0.5Hz.

The time constant, calculated as 63% of the total change in voltage, is 0.23 s (proposed)

and 0.31 s (standard). This means that even though the proposed circuit had an input resis-

tance three times higher before the capacitance step, it discharged faster than the standard

electrode. Similarly, if the standard electrode input resistance was set to provide the target

cut-off frequency with the plastic dielectric, it would discharge three times slower.

The control loop constantly changes the input resistance to compensate for changes in
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the electrode capacitance. However, the control signal is also vulnerable to noise, and it can

undesirably change the input resistance. To measure the amount of distortion created by

the control’s signal noise, a sinusoid of 40mV (peak to peak) at 0.5Hz was applied to the

copper coupling to the electrode via only the solder mask dielectric. From the point of view

of noise, this represents the worst-case scenario because when the electrode capacitance is

high, more gain is applied in the inverting amplifier of Fig. 6.3. The low-pass filtered output

(with frequencies over 100Hz removed) is shown in Fig. 6.18a and its FFT is displayed in

Fig. 6.18b.
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(a) Sinusoidal input at 0.5Hz
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Figure 6.18: Measured THD of a sinusoidal input with a frequency of 0.5Hz

From the FFT, the THD was calculated with 10 harmonics following the fundamental

(0.5Hz). The result was a distortion of 3%. If all FFT bins are used instead of the harmonics

only, accounting for distortion and noise, the computation rises to 8.8%. As shown in Fig.

6.18, the most relevant factor to the increased distortion is the frequency content below

0.5Hz.

An ECG acquisition is demonstrated in Fig. 6.19 by subtracting the signals from elec-

trodes on the left and right side of the chest (RA-LA). The differential circuits, low-pass

filter, and common-mode feedback are included in the analog processing board. The single-

ended signal is acquired by a 16 bits ADC, low-pass filtered and decimated (oversampling for

higher resolution), notch filtered (remove 60Hz), and then smoothed with a Savitzky-Golay

filter. A detailed description of our custom ECG system is provided in Appendix B. The

ECG was obtained with both proposed and standard electrodes, through one or two T-shirts,

in direct contact with skin (Skin), and with an electrode in direct contact and the other over

the clothing (Mix).

In Fig. 6.19a, the results for the standard electrode are shown. The top curve shows

the acquisition in direct contact with the skin, and the ECG characteristics can be easily
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(a) ECG measured with a standard capacitive electrode
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(b) ECG measured with the proposed capacitive electrode

Figure 6.19: ECG measurement with standard and proposed capacitive electrodes. The
ECG was acquired in direct contact with the skin, through 1 or 2 T-shirts, and with one
electrode contacting the skin and the other one over the clothing.

identified. When an electrode is placed over the T-shirt, the ECG waveform becomes less

clear although still recognizable. Lastly, the ECG measurement over a T-shirt is even noisier,

and the ECG characteristics can be mistaken for noise spikes.

The measurements with the proposed electrodes are presented in Fig. 6.19b. The ECG

waveform with electrodes in direct contact with the skin, is as clear as the one provided

by the standard capacitive electrode. The ECG with mixed conditions and one T-shirt

presented slightly larger noise, however, most ECG features are still recognizable. The ECG

acquisition through two T-shirts allows visual identification of the R-wave more easily than

in the “Mix” and “1 T-shirt” cases of the legacy capacitive electrode. However, the smaller

amplitude features of the ECG are merged with noise.
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The improved performance of the proposed electrode over the standard electrode observed

in Fig. 6.19 is explained by two factors. In “Mix”, the standard electrodes’ low cut-off

frequencies do not match, thus errors are introduced due to the subtraction. This does

not happen for the proposed topology because the control loop matches the low cut-off

frequencies. For a single T-shirt, the standard electrodes do not have enough bandwidth,

and in addition to that, the increased input resistance in the proposed electrode reduces the

noise contribution of the bias resistor.

6.4 Discussion

In this chapter, the benefits of keeping a constant a constant low cut-off frequency (and

time-constant) on the input node of a capacitive electrode are further explored. The proposed

system consists of an all-analog integrated front-end that controls the input resistance locking

the cut-off frequency at the targeted 0.5Hz. Theoretical development with a block diagram

and a circuit schematic provided the foundation for the proposed control loop, while post-

layout simulations and practical measurements supported the initial hypothesis. However,

the models rely on assumed idealistic behaviors, which are not seen in practice. Therefore,

in this section the nonidealities that had impact in the results are discussed, as well as the

limitations of the experiment.

A major element that contributes to the error in measuring fl (Fig. 6.10) is the common-

mode detection. When Ce is at its highest value, the part of (6.5) containing Vtest is the

smallest. Thus, the amplified subtraction of Vaptd and Vcm performed in the inverting ampli-

fier is more susceptible to offsets/mismatches in both Vaptd and Vcm. This error is observed

in Fig. 6.10, where the two highest Vext (hence the two highest Ce) deviate from the rest

and become smaller than the average Vfc of 1065mV.

Accordingly, the simulated fl in closed-loop for Ce equal to 1 pF, 10 pF, and 100 pF showed

a maximum error of −98mHz when Ce was 100 pF. This agrees with Fig. 6.10, where the

largest negative error to the target values happens with Ce =100 pF. The measurement of

fl with clothing layers showed that the largest error (160mHz) also occurred for a relatively

large capacitance (1 layer of clothing), and fl was smaller than the desired value.

From post-layout simulations, the total input capacitance seen from Ce was calculated

as 73 fF and caused an attenuation in the input signal of 7.3% when Ce was 1 pF. Knowing

that Ctest is 40 fF, Cpar is 33 fF. This range of input capacitance converges with [29], where

the bootstrapped buffer’s input capacitance was 60 fF. Note that in this work there is an

extra capacitance Ctest and the results are from extracted post-layout simulations. While

in [29], the results are from practical measurements on the fabricated IC. Our packaged IC

109



presented an input capacitance of 1 pF and in future works the die will be wire-bonded to

the PCB, however it was not a problem for the tests performed.

In both simulation and practice, the HLCPR (Rc,1a) can generate the range of resistances

needed to establish an fl of 0.5Hz for Ce between 100 pF and 1 pF. By changing the value of

Vref one can modify the desired fl, and although not presented here, Rc,1a can achieve values

high enough to provide an fl of 0.05Hz. This means that the 2.5V thick oxide transistors

available in TSMC 65 nm have negligible gate leakage and the choice of technology was

appropriate.

Other than the fl’s accuracy, the constancy of the control signal Vc (which sets fl) and

how it could affect the ECG signal was investigated. As shown in Fig. 6.12, the control loop

waveforms are not perfect DC voltages and are contaminated with spikes, noise, and the test

signal. The low-pass filter between the inverting amplifier and the error amplifier drastically

reduces noise and the square waves seen in the Vfc, leading to a cleaner Vc. The spikes in

Vc are a result of the capacitive coupling between Rlpf and Clpf with the Vtest trace, which

should be improved in the next iteration. Yet, the results from Fig. 6.18 confirm that there

was not enough noise in Vc to significantly distort signals at the cut-off frequency, where

THD was of only 3%.

The settling time was also an important feature of the proposed design. Figure 6.12c

showed that the system takes 0.7 s to reach the steady state from the start-up moment.

Complementary, Fig. 6.14a shows that after a large MA, the proposed circuit discharges

much faster than the circuit with fixed ultra-high bias resistance. Fig. 6.17 showed that even

if an electrode with the minimum allowed input resistance and diode-based discharging circuit

is used, the proposed circuit discharges faster while maintaining the correct bandwidth.

The noise simulation showed that the proposed topology delivered output noise compat-

ible with others presented in the literature. Significant noise was observed in the ECG of

Fig. 6.19 when the signal was acquired through the clothing because the electrode capaci-

tance drops. Moreover, additional noise is expected due to the resistive component of cotton.

Yet, even in the worst-case scenario of noise, the ECG’s R-waves were still recognizable in

the proposed topology.

A methodology limitation on the ECG measurement is the electrode placement. Mis-

alignment could be present because the electrodes were held in place with an elastic band

around the chest, and not with an adhesive similar to standard electrodes. Also, our current

device only allows the acquisition of two channels at a time, hence simultaneous measure-

ment of the standard and proposed electrodes was not possible. The technical cost of the

proposed design compared to a simple bootstrapped buffer of Fig. 6.6a is increased power

consumption and area. The proposed circuit’s area and power consumption are 30 800µm2

110



and 93µW, while these values are 5600 µm2 and 5µW for the only bootstrapped buffer.

Although the proposed system increased power consumption and area, it did not fall into

prohibitive values, specially if the power consumption of the microcontroller and its periph-

erals is considered.

In Table 6.2 a comparison with other relevant work is made. Note that all the compared

topologies can reach input resistances above 100GΩ. However, with the exception of this

work, the input resistance is fixed, meaning that their input node possesses a large time

constant and variable low cut-off frequency. The input capacitance should have been similar

to the one reported in [29]. However, due to packaging it was considerably larger. From

the compared works, only [8] measured the discharge time, which was similar to the one

reported for the proposed circuit. This was achieved by biasing the input with diodes and

calculating only the time in saturation, neglecting the time required to settle back onto the

baseline (greater than 20 s). This is a good way of quickly discharging the node, however,

the input resistance becomes voltage-dependent. The proposed circuit presented larger noise

compared to other works. This is mainly because of the lower electrode capacitance and lower

input resistance. However, when the resistance and capacitance are taken into account, the

values are close to the ones reported in [8]. Therefore, there is a clear trade-off between MA

suppression and noise.

To conclude, the proposed circuit was able to keep fl within 160mHz of the target fl

(500mHz) for up to 6 layers of clothing, while the standard circuit’s fl rose as more clothing

was added, reaching 13Hz. Also, the control loop drastically reduces the settling time in the

input node, which allows the system to recover faster from large MA. Noise levels were low

enough not to affect the control voltage Vc or make the ECG waveform unreadable. Future

works will look to improve the accuracy of fl by using digital circuits in the control loop

and more advanced control techniques. Also, the noise was not optimized in this design and

could be reworked for the next iteration, being that the largest contributor to noise was the

current steering circuit.
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Chapter 7

Conclusion and Future Work

In this dissertation, the input node of a capacitive electrode has been thoroughly inves-

tigated. The bibliographic review highlighted the best practices known to the date. The

bootstrapping technique and the capacitance neutralization are the standard circuits for de-

creasing the AFE’s input capacitance, either in discrete or integrated designs. The changes

on the capacitance that couples the electrode to the human body, due to motion or differ-

ent clothing and pressure, modify the electrode’s frequency response. Thus, the low cut-off

frequency is inconsistent. The bibliographic review also pointed to preliminary MA models,

where they considered the problem as a time-varying capacitor and a random triboelectric

voltage source. Then, this dissertation focused on providing an improved MA model based

on those that already existed and finding ways to stabilize the electrode’s frequency response.

To achieve the latter, three distinct techniques were tried: a through-body negative feed-

back; using bootstrapping and neutralization to boost and control the input resistance; and

an integrated control loop to set the input resistance as the electrode’s capacitance varies.

Next, the outcome of each proposed techniques is discussed, followed by the directions for

future work.

7.1 Conclusion

The working principles of TENGs and MAs are the same, contact electrification and

capacitance changes. However, TENGs have well-established models, and thus they were

used as base to develop a MA model. The outcome of our work is a single equation that

describes MA for motions in both longitudinal and transverse directions. It also adds a term

to model MA when the electrode slides over the skin or onto an empty area (air). The results

showed that, under controlled motions, the predicted and measured behaviors matched. The

parameters that are usually assumed too hard to measure, such as the charge density, do
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not need to be tracked as they can be scaled to match the amplitude.

Once the physics behind MA were clear, the research moved into compensating for the

electrode capacitance changes. The first attempted solution revolved around a through-body

negative feedback. Negative feedback is known for desensitizing gains and improving the

bandwidth, thus it was a strong candidate to tackle the voltage division on the input node and

the fluctuations in the bandwidth. A single-ended and a differential version were proposed,

and both improved the frequency response of the cECG system in simulations. However,

the transfer function showed a strong dependency on the body and insulation impedances.

The practical measurements showed distorted S-waves and due to the complexity of this

technique, this topic was not further explored.

Although at first glance it appears that the input biasing circuit design is a simple task,

it is a rather challenging topic. The bias circuit should provide low “DC resistance” and

ultra-high “AC resistance”. The bootstrapped bias circuit and pseudo-resistors often achieve

high resistances, however, they are limited by the opamp’s input resistance or by the gate’s

leakage current. By getting inspiration from the capacitance neutralization, the conductance

neutralization was proposed. The proposed technique boosted the input resistance by several

times in both discrete and integrated designs. Further, by adding a series capacitance the

effects of the electrode capacitance fluctuation is reduced, and an improved CMRR was

measured. The proposed electrode also relied on the bootstrapped bias circuit, which was

improved here for better linearity and smaller clipping range.

Lastly, adding a series capacitance can only partially tackle the issues that arise from

the electrode capacitance change. When the electrode capacitance becomes smaller than the

series capacitance, the technique is not efficient anymore. Therefore, in addition to the series

capacitance an integrated AFE for capacitive electrodes was proposed. The simulations

and measurements showed that the proposed IC can keep the cut-off frequency around

the targeted value, with an error smaller than 0.2Hz. This compensates for changes in

the electrode capacitance due to motion or different patient’s clothing, which improves the

rejection of slow common-mode signals and optimizes the discharging time. One can observe

that the ECG measured through the T-shirt with the proposed IC (Fig. 6.19b) has less

baseline wander than the ECG measured with the conductance neutralization circuit (Fig.

5.11f).

In summary, the main contributions that this dissertations leaves to the field of capacitive

electrodes are: a verified equation that model simple MAs; an electrode design with boosted

input resistance, better linearity and smaller clipping range; the only reported electrode that

tracks the changes of the electrode capacitance and adjust the input resistance.
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7.2 Future Work

The author believes that contactless biopotential acquisition embedded into daily life

objects is on the brink of its breakthrough. In the next decade, I expect the popularization

of wearables that measure ECG for people in risk-groups and athletes. One example is the

“HeartWatch”, a bracelet being developed by Toronto-based company HelpWear. Another

applications that shall gain momentum is car seats. Professional drivers (trucks, delivery,

or taxis) spent countless hours siting and may not have easy access to the health system.

Also, cars already have on-board computers, which makes implementing an ECG device less

costly.

Capacitive electrodes plays a fundamental role in these new applications, thus their de-

velopment will continue. The area that currently needs the most attention is the mechanical

part because the electrode must be seamlessly integrated into objects. Therefore, flexi-

ble electronics and conductive or insulating materials are being explored. Reducing the

electrode’s area and power consumption will also facilitate its integration, thus specialized

integrated circuits are essential.

Besides the general public acceptance, it is also necessary to convince the medical com-

munity that these new applications of the ECG can provide reliable waveform. Then, a huge

challenge to be overcome is dealing with MA and unique forms of coupling. Therefore, the

MA model proposed here should be further developed. The first step is to elaborate a more

accurate test jig, where one could obtain three dimensional information about acceleration,

displacement and contact pressure. The proposed model can also be improved by considering

variable acceleration and more circuit components. These improvements should lead to a

smaller error between estimated and measured MAs.

The proposed conductance neutralization render controllable ultra-high input impedances

with a fast-discharge mechanism. However, it requires fine-tuning of the positive feedback

gain through a potentiometer. An industry-oriented research could focus on automating this

calibration or understanding the component’s tolerances that lead to satisfying results. This

same research could evaluate the opamp’s offset threshold required so one can remove the

high-pass filter and therefore eliminate the low-frequency peaks.

The proposed AFE with low cut-off frequency control showed promising results, yet, a

lot more can be done. In the short term, one could evaluate the performance of our IC

for different target cut-off frequencies; change packaging or wire-bond the circuit directly

to the PCB to reduce the input capacitance; and assess the system’s response for different

test frequencies. Another option of research is exploring a better integration between the

electrode and the measuring device. For example, besides the proposed control loop, the
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microcontroller could detect saturation and use the external input resistance control to reset

the input. Also, the part of the output containing the test signal provides information on

the capacitance change, which can be correlated with triboelectric voltages. Therefore, this

information could be used to digitally remove MA. For the next tapeout iteration, one could

evaluate more complex control techniques to reduce settling time and enhance accuracy. A

mix of analog and digital circuits is a likely path.
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Appendix A

Boosting Circuits Test

To demonstrate the improvements provided by some of the boosting circuits described

in Chapter 2, this section presents the frequency response of a capacitive electrode with

different boosting circuits. The guarding technique depends on the PCB design, which is

shown in Fig. A.1. This PCB is the same that will be used for the circuits tested in Chapter

5. In this design, the input node was surrounded by its buffered copy on all layers. The

PCB size is 34.3mm by 34.3mm while the sensing area is 29.7mm by 29.7mm.

(a) Top layer (b) Inner layer 1

(c) Inner layer 2 (d) Bottom layer

Figure A.1: PCB layout layers, where inner layer 1 is below the top layer and above the
inner layer 2, the bottom layer is the sensing surface. Input node in red, non-removable
guard in green, removable guard in blue, ground planes in yellow
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In Fig. A.1a the top layer is displayed, and the red traces contain the sensed signal, the

green plane is a non-removable guard surrounding, but not in contact, with the red traces.

It can be connected to the removable guard shown in blue. The inner layer 1 (Fig. A.1b)

contains a large ground plane to provide noise protection and a guard plane under the input

node. The inner layer 2 (Fig. A.1c) is only a guard plane protecting the sensing area in the

bottom layer (Fig. A.1d) from the ground plane in the inner layer 1. A guard ring in the

bottom layer also protects the sensing area.

The results in Fig. A.2 follow the theoretical explanations of the boosting circuits. “B”

stands for a voltage follower with a bias resistor of 10GΩ, “G” means the guard technique

and “C” is the capacitance neutralization. In the practical measurements, Ce was controlled

by adding known capacitors of 1 pF or a jumper in series with the input node. Hence, in Fig.

A.2, curves labeled with 1 pF means Ce was forced to have this value, while the absence of

it in the legend stands for the case where no limiting capacitor was used (jumper), and Ce

is approximately 1 nF.

10 2 10 1 100 101 102 103

Frequency [Hz]

0.25

0.50

0.75

1.00

Ga
in

 [V
/V

] B
BG
BG 1pF
BGC
BGC 1pF

Figure A.2: Practical measurements of non-proposed techniques, where 1 pF means that a
capacitor with this value was added in series with the electrode capacitance. “B” is only the
buffer with Rb, “BG” has the addition of the guarding technique and “BGC” includes the
capacitance neutralization circuit

The base circuit only, curve “B” in Fig. A.2, presents a gain of 0.7V/V when no series

capacitance is added. By connecting the removable guard to the non-removable guard with

0Ω resistor (see Fig. A.1a), the gain is improved to 0.98V/V as shown by curve “BG”. This

improvement comes because the guard bootstraps CPCB, decreasing Cin, then Ce+Cin ≈ Ce

and the voltage division is almost negligible. However, if a series capacitor of 1 pF is added

to simulate the worst-case scenario of Ce, then the gain drops to 0.15V/V (curve “BG 1pF”).

Introducing the capacitance neutralization circuit “C”, improves further the response,

whereas the gain of “BGC” is larger than 0.99V/V. Moreover, even if a series capacitance
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of 1 pF is added, the gain reaches 0.98V/V. This shows that the “C” circuit is effective

in restoring the gain by diminishing Cin. A practical note is that if overcompensated, “C”

leads to a gain greater than unity and possible oscillation.

On the other hand, Fig. A.2 demonstrates that fc is inversely proportional to Cin + Ce,

and as Cin is forced to be much smaller than Ce, fc ends up being a function of Ce. Note

that for no series capacitance added, the fc of “BGC” is 150mHz, while for “BGC 1pF” fc

is 96Hz.

This practical measurement demonstrated that the assumption Cin << Ce, many times

considered here, is true for the BGC circuit. We can see that the “B” circuit with neither

“C” nor “G” circuits cannot achieve a satisfactory gain, even for the maximum electrode

capacitance. The guarding technique (“G”) mitigates the PCB’s stray capacitances and

boosts the mid-band gain to almost unity. However, this gain can only be achieved for a Ce

of 1 pF if the “C” circuit is used. Hence the assumption that the Cin will not cause voltage

division with Ce is indisputable when “C” and “G” circuits are present.
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Appendix B

Implemented ECG Acquisition Board

Although the focus of this dissertation is on capacitive electrodes, the acquisition of an

ECG requires analog processing circuitry such as a differential amplifier, filters, common-

mode feedback, and digital signal processing. This was achieved with the design of a custom

PCB comprising analog circuits. This PCB connects as a shield of a microcontroller. The

data measured by the microcontroller’s ADC is then sent to a laptop running a custom

graphical user interface (GUI) developed in Python.

Figure B.1 shows the implemented ECG acquisition system. The white PCB is the

microcontroller, and on the top of it, there is the PCB containing the analog processing

circuits (labeled as “Diff+DRL”). The electrodes are connected to the “Diff+DRL” board

through connectors. Note that between these connectors, a wire outputs the common-mode

feedback signal (DRL). Another wire gives access to the system’s ground, needed for testing

with other laboratory instruments such as oscilloscopes. A USB cable connects the device

to a PC, establishing power supply and communication.

An example of an ECG acquisition is depicted in Fig. B.2. The GUI can be seen on

the laptop’s screen, where the filtered and raw ECG are displayed. To reduce power line

interferences/noise the laptop is not plugged into an electrical outlet, therefore, it is powered

by the battery. In the picture, the electrodes are in direct contact with the skin, on the chest

region. They are held in place by an elastic band over the T-shirt. The DRL is implemented

by attaching its output on the PCB through an alligator cable to an aluminum sheet, which

the subject is sitting over. Next, the analog processing circuit, microcontroller setup, and

GUI are described in detail.
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Figure B.1: Microcontroller, analog processing PCB and electrodes

B.1 Analog Circuitry

Figure B.3 shows the full schematic of the analog circuit without the electrodes. The

top branch leading to Vo,ADC is the differential path, while the bottom branch processing

Vcm into Vo,DRL is the common-mode path. The reference voltage of 1.25V was obtained

from the IC MAX6070BAUT12+T and the supply voltage is regulated to 2.5V from the

microcontroller’s 3.3V.

B.1.1 Input

The design considers that electrodes connected to the two inputs (IN+ and IN-) may

be biased with different offsets. Moreover, passive electrodes present very low DC voltages.

Therefore, to accommodate both active and passive electrodes, the input stage consists of

high-pass filters that set the signal’s offset to 1.25V.

The resistors Rcm1 and Rcm2 extract the common-mode voltage between the inputs (Vcm).

Their resistance, 10 kΩ (±1%), was chosen to be much higher than the source’s impedance,

which is the electrode’s low output resistance in series with the cable’s resistance. However,
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Figure B.2: A portable capacitive ECG system

Rcm1 and Rcm2 should be low enough to not interfere with the subsequent high-pass filter

(C7 and R9) and the biasing at 1.25V. Besides setting Vcm’s offset the filter removes low-

frequency artifacts such as MA below 0.16Hz. Note that setting the DC offset is mandatory

for the common-mode branch to avoid DC gain in the next stage.

On the differential branch, the high-pass filter is mandatory only for passive electrodes (to

bias the amplifier’s input) or electrodes with unmatched DC offset and high gain amplifiers

(avoiding DC saturation). Nevertheless, the implemented board comprises the filters C1R1

and C2R2. The cut-off frequency is 5mHz, which provides enough bandwidth even for ECG

applications that require cut-off frequencies as low as 50mHz. Although the focus is on ECG

with a cut-off frequency at 500mHz, this circuit’s cut-off frequency is very low so that the

electrode’s cut-off frequency is the dominant one. The drawback of these filters is the initial

slow settling time.

B.1.2 Differential Branch

The first stage of the differential branch is an instrumentation amplifier, the AD8226.

It is supplied with 2.5V and ground, the resistor RG sets the gain to approximately 10

(1+49.4k/RG). The input resistance is 400MΩ and the input capacitance is 2 pF, introducing

negligible error to the precedent high-pass filter. The amplifier’s common-mode rejection
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Figure B.3: Implemented differential circuit

ratio in the bandwidth of interest is greater than 106 dB.

The second stage consists of a 4th order low-pass filter with a cut-off frequency of 100Hz.

Normally, this filter could consist of a simple RC passive filter, however, one of the circuits

proposed in this dissertation contains a large test signal at 1 kHz, thus, the high attenuation

filter was used for the purpose of eliminating it, leaving just the ECG waveform.

B.1.3 Driven Right Leg

The common-mode branch is also known as the right-leg drive. After the R9C7 high-

pass filter, a buffer isolates the filter from the succeeding inverting amplifier. The driven

right-leg principle of operation relies on creating negative feedback with the common-mode

signals, which from the body’s perspective is a lower impedance path to ground that reduces

the 60Hz interference. Hence, to establish the negative feedback, an inverting amplifier is

used, whereas its gain is given by R11/R10. To optimize the DRL’s performance, R11 is a

potentiometer of 50 kΩ and C9 aids with phase margin. The value of R11 was increased until

the common-mode feedback reached the edge of oscillation.

Figure B.4a shows cECG waveforms acquired with and without the DRL circuit. The

acquisition with DRL outputs a waveform where the ECG characteristics can be easily

spotted. On the other hand, the measurement without DRL is mostly dominated by 60Hz

noise, and only the largest peaks on the ECG can be spotted. Figure B.4b computes the

FFT from the two cECGs shown in Figure B.4a. The plot is centered around 60Hz and by

computing the ratio between the highest components, the attenuation factor imposed by the
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Figure B.4: Demonstration of the DRL circuit suppressing the 60Hz interference. The signal
was measured at Vo,ADC

DRL is estimated to be 25.

B.2 Microcontroller

Two microcontrollers were tested, the STM32F303ZE and the STM32H753ZI, both

within the NUCLEO-144 development board, which allowed using the same I/O pins for

both devices. The two microcontrollers are capable of providing ECG waveforms with the

same sampling rate of 3.2 kSa/s. However, the STM32F3 series ADC has a resolution of 12

bits while the STM32H7 ADC resolution is 16 bits. The clock frequency of the STM32H7 is

much higher than the one of the STM32F3, 240MHz against 72MHz.

The microcontroller programming used the hardware abstraction layer (HAL) drivers,

which allows an easy configuration of the peripheral’s registers. The microcontroller’s ADC

was triggered by the timer’s output every 31.25ms. Once a conversion is completed, an

interruption is generated and the software transfers the measured data to a PC via UART

communication with a baud rate of 230400 bits/s.

A second timer toggles a digital I/O pin every 1ms, generating a square wave with

amplitude ranging from ground to 3.3V and a frequency of 1 kHz. This signal goes to the

PCB containing the analog circuits, where it passes through a low-pass filter at 1.28 kHz

and voltage divider, shown in Fig. B.5a. This is necessary to attenuate the 3.3V amplitude

down to 2.5V and reduce the spikes created edges of the square wave. This signal is required

for one of the proposed electrodes.
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Figure B.5: Circuit to generate VTEST from the I/O pin and the resulting waveform

B.3 GUI

The custom GUI was developed in Python, based on the Tkinter library. Other libraries

used were matplotlib, numpy, scipy, and pySerial. The GUI consists of two pages, the initial

page allows the user to set the ADC resolution (12 or 16 bits) and choose the COM port to

which the device is connected. The second page, called the “measurement page”, comprises

buttons to return to the initial page, start or stop a measurement, and save data. The

measurement page is shown in Fig. B.6.

Figure B.6: The custom graphical user interface for ECG acquisition
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During measurement, the GUI uses threads to perform tasks simultaneously. That is,

the acquire function receives data through the USB port and stores it in the sample buffer.

Once this buffer is filled, the plot function is called in parallel, which copies the data in the

sample buffer to the plot buffer. Hence new data can be received while the old data is still

being plotted. In each plot, 6 s of ECG is acquired, while the first 0.5 s is not displayed to

remove the settling time from the digital filters. To save the data being visualized, one must

stop the measurement and press the save data button. Only the raw data is saved to the

.txt file to optimize speed.
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