
March 10th, 2015Cognionics

Advancements in Dry Electrode Technology for 
Medical Devices

Yu M. Chi -- Cognionics, Inc.



March 10th, 2015Cognionics

About Cognionics

UCSD spin-off from Prof. Gert Cauwenberghs’ research

Founded in 2010

Started operations in summer 2011

Funded by NASA, Navy, NIH, IEM, TATRC and DARPA 
grants, early prototype sales and consulting services

Currently 15 employees on payroll

3000 sq. ft. R&D office in San Diego

First commercial licensing deal signed in 2012

First commercial products on the market in 2013
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Today’s ECG/EEG sensors, however:
- Require adhesives and skin-irritating gels
- Number one patient complaint against mobile ECG/EEG 

devices
- Need for new, patient-friendly, sensor technologies
- Large usability barrier outside of laboratory 

environments

ECG/EEG:
- Simple to build
- Inexpensive to use
- Non-invasive for the subject
- Widely used in clinical and research settings
- Diagnostically useful information

Motivation
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Origin of Biopotential Signals

+

-

Physiological activity generates 
electrical fields inside the body 
which are propagated via ionic 

currents

Sensors on the skin 
couple ionic conduction 
in the body to electrical 

conduction in an amplifier

Differential Amplifier 
measures a voltage

Output Signal

All biopotential signals require at 
least 2 points of contact and 

location of sensors is important
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Placement of Sensors

Placement of sensors is critical to obtaining desired signal and 
rejecting noise

12 lead ECG 10-20 EEG
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Challenges in Building a Low Noise System

+

-

Sensor Noise

- Vibrations

- Skin potentials

- Electrochemical 
artifacts (improper 
metals)

- Poor contact

- Triboelectric charging

Solved with better sensor 
materials and harnesses Environmental Noise

- Mains pickup (60 Hz)

- Electrostatic charging

- Cable movement noise

Can be reduced by improved 
shielding and/or active electrodes

Small signal with many potential sources of noise

Electronic Noise

- Amplifier thermal noise

- Common-mode noise

- Quantization noise

Requires more advanced circuit 
design including high resolution 
ADCs and driven grounds
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Wet Electrodes

- Gel lowers contact impedance, 
buffers against movement

- Low impedance contacts makes 
electronics design 
straightforward

- Wet sensors are self contained 
and adhere to the skin by 
themselves

- No need for harnessing, just wires 
to an electronics box is OK

Skin

Gel/Adhesive

Metal

To Amplifier
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Dry Electrodes

- No adhesive!

- More comfortable, potentially 
long-lasting 

- Loss of contact leads to 
unacceptable artifacts in signal

- Higher impedance contacts are 
prone to noise pick up

- Depends on harness/system to 
make contact to the body

Skin

Metal

To Amplifier

Design Challenges:

- Building a comfortable and secure harnessing system

- Contacting through hair (esp. EEG)

- Implementing low-noise acquisition electronics

- Optimizing the interface between skin and metal without conductive media
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Types of Dry Electrodes

Dry Metal Contact

Polar

Orbital 
Electronics

- Lots of examples in the market 
and research literature

-Can be very simple, bare metal 
works

-Gel-less contact with skin

-Performance also depends on 
quality of harnessing system

Wet-Dry Hybrid

Cognionics

-Novel design that combines 
the best properties of wet and 
dry electrodes

-Dry contact surface with the 
skin

- Inner gel layer provides ionic 
conduction

-Stable gel to Ag/AgCl interface

Capacitive

-Active buffering for impedance 
transformation at electrode 
source

-Can work OK through high 
resistivity materials (e.g., 
cotton) but not true insulators 
(e.g., synthetics)

-Movement artifacts are a huge 
issue in practice

Insulating electrodes S193

(a) (b)

Figure 8. (a) ‘Handmade’ capacitive electrodes used in the test. (b) Experimental setup for the
first subject, where capacitive electrodes were placed in each arm directly over the skin.
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Figure 9. Power spectral density (PSD) noise of the front end for two coupling capacitances:
CS = 10 pF and CS = 100 pF. Solid lines correspond to experimental PSD data and dashed lines in
black to theoretical PSD according to (6) for the TLC2274 operational amplifier. The gray dashed
line indicates OA voltage noise.

observed that, for low frequencies, the noise matches to that foreseen by (6), whereas
for high frequencies, it looks like an amplified version of the OA voltage noise en. It
can also be observed that this noise increases as CS reduces, which agrees with the noise
behavior of the neutralization and guarding circuit described by (11) and (13). It is
worth noting that the measured noise significantly exceeds the values predicted by these
equations. Another hidden noise source with similar behavior may be responsible for this
difference.

The frequency responses of the electrodes for CS = 10 pF and CS = 100 pF were
experimentally measured by a frequency sweep resulting in the data shown in figure 10(a).

S192 E Spinelli and M Haberman
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Figure 7. Block diagram of the front end used to obtain the experimental data.

whereas the placement of just one wet electrode does not impose a serious inconvenience for
a multi-channel system with a large number of capacitive electrodes (Oehler et al 2008a).
Another effective way to reduce VCM is by means of a common mode negative feedback. This
strategy, known as driven right leg circuit (DRL), extensively used for wet electrodes, has been
successfully tested for fully capacitive coupled systems (Kim et al 2005, Steffen et al 2007).

4. Experimental results

A capacitive electrode for ECG measurements was built and tested. It was implemented by
using a general-purpose quad CMOS opamp (TLC2274 of Texas Instruments) in order to
achieve low-cost implementation with a reduced number of parts. It presents a voltage noise
of 50 nV Hz−1/2 at 10 Hz, a current noise of 0.6 fA Hz−1/2 and a bias current of 1 pA; these
features are not as good as those of OPA129 or AD549 but they are good enough to acquire
ECG signals.

The bias resistor, implemented by insulation leakage, was of around 3 T!. A low
frequency negative feedback was included in order to stabilize dc operation point (Clippingdale
et al 1994, Clark et al 2003) and also guarding and neutralization circuits were used to
keep low Cin values. The general scheme of the built capacitive electrode is shown in
figure 7.

The electrode, shown in figure 8(a), has a diameter of 30 mm and was made of a
standard dual layer printed circuit board. One layer is in contact with the dielectric film
and the other supports components whereas the remaining cooper area implements the
guard.

The electrode was insulated by a plastic auto-adhesive film. Coupling capacitances were
measured using a potential-divider-based method (Prance et al 2000) with 1 kHz square wave
resulting CS = 240 pF when the electrode is placed on the skin and CS = 20 pF when it
was applied through a 350 µm thick cotton T-shirt. By the same method, using a capacitor
CS = 10 pF, the neutralization of each electrode was individually adjusted to achieve unity
gain.

The power spectral density noise of the front end, experimentally obtained for CS =
10 pF and CS = 100 pF, is shown in figure 9. This figure also includes (in dashed
lines) the theoretical PSD predicted by (6) for the TLC2274 parameters. It can be

Spinelli et al. 2010
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Drypad Electrode Overview

Ag/AgCl, Ag, Au, Sn, etc.
Ag/AgCl

Hydrogel Hydrogel
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Wet Electrode Conventional Dry Electrode Cognionics Dry Electrode

Wet electrodes work well due to stable electro-chemical interface provided by 
Ag/AgCl and conductive gel. Efficiently converts ionic conduction inside the 

body to electrical conduction.

Normal dry electrodes have an unstable electrochemical interface due to 
absence of gel and the use of non-ideal metals. Manifests as high contact 

impedances, drift and noise.

Cognionics electrode provides a dry surface via a membrane. Ionic conduction 
still occurs across membrane into inner gel layer. The electrical characteristics 

are similar to standard wet electrodes including low impedances and noise.
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Flexible Electrode - Through Hair

Increasing Pressure

Force from 
headsetTension

Scalp

Tips brush 
aside hair

Elastomeric Base

Silver Tips
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High Density Headset Design

Adaptable Spine

Precision Tension 
Adjustment

Flexible Dry 
Sensor

Pad Dry 
Sensor

Wireless DAQ 
Electronics
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But what is a Complete Dry Sensor System?

The ‘Sensor’

Harness/
Mechanics

Electronics
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Current Dry ECG Options

Many designs out there ranging 
from metal plates to textiles and 
polymers

Minimal real benefit compared to 
inexpensive hydrogel 
electrodes, still requires tape 
and adhesives

More advanced versions include 
built-in amplifiers which can 
reduce some but not all types of 
noise

Wireless Cardio 
Monitoring Shirt 

NanoSonic, Inc. 
Contact Tod Distler 

tdistler@nanosonic.com 
540.626.6266 x119 
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Successful NASA-
funded project 
Wearable, reusable 
garment-based 
physiological sensors 
Commercialization 
opportunity 
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Standalone Sensors

One lead event monitors well 
known, some are adding mobile 
capabilities (e.g., phone 
integrated)

More advanced systems can 
emulate 12-lead recordings

Lack of continuous recording 
limits utility but may be useful 
as a replacement for wet 
electrodes in short in-clinic 
readings

Event Monitors

Dry electrodes are well suited, in 
theory, for long-term ambulatory 
monitoring

Many different designs including 
belts, shirts, vests etc.

Artifacts are a huge issue: 
comfortable harness results in 
excessive movement and tight 
harnesses are uncomfortable

Complete Systems

However, achieving low noise diagnostic recording is hard – especially for ambulatory use
Need to correctly design a complete system, not just individual components

However, achieving low noise diagnostic recording is hard – especially for ambulatory use
Need to correctly design a complete system, not just individual components
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Cognionics Dry ECG System

Trampoline!

Drypad!

Inner Housing! Circuitry!

Outer Housing!

Preamp! Bu"ered Tension!

-Mechanical assembly for each Drypad 
sensor

-‘Trampoline’ provides regulated tension 
holding sensor on body

-Guards against movement artifacts and 
sensor contact loss

-Evaluation 3-lead mobile ECG 
belt

-Operates in both dry contact 
and non-contact mode - 
difference in tightness

-Onboard high-resolution data 
acquisition (24-bits, DC-100 Hz, 
500 samples/sec)

-Dry contact version can be 
worn over long periods without 
discomfort
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Dry ECG System Evaluation
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Sample Evaluation Data
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Sample Evaluation Data
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Sample Evaluation Data
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Capacitive Electrodes

- No direct skin contact!

- Like dry electrode but even higher 
contact impedance

- Enables novel form-factors and 
use cases

Design Challenges:

- Optimizing input circuitry

- Controlling motion artifacts

- Minimizing noise pickup

Skin

Insulator

Metal

To Amplifier
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Challenges in Non-contact Sensing

Biopotentials are at low frequencies: 0.05 - 100Hz (few kHz for EMG)

Standard wet adhesive electrodes offer a low impedance (5k to 100k)
Zc << Zi

Non-contact sensors couple via extremely high impedances: 1 to 50pF same 
order of magnitude as an amplifier’s input impedance. No reliable DC path.

Zc ~ Zi

Gain, CMRR, noise and interference rejection are all significantly 
compromised
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Fig. 1. Model of the skin-electrode interface. Skin diagram taken from Gray’s Anatomy.
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Fig. 4. Dry/Non-contact amplifier circuit model.
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Fig. 2. Dry/Non-contact amplifier circuit model.

traditional solution is to simply abrade the skin to obtain a
very low contact resistance (5− 10kΩ). At the other end of
the spectrum is to employ an with an such a input impedance
that the skin-electrode impedance becomes negligible.

For wet electrodes, neither extreme was necessary, but the
problem of contact impedance becomes a much more pressing

problem for dry and non-contact sensors.
However, as a rule, higher electrode impedances translates

directly into increased noise, both physical (thermal) and
induced motion artifacts. While the noise of the skin-electrode
interface is always significantly larger than the expected ther-
mal noise from the resistance,

For this reason, the most demanding applications, like
research EEG, still requires wet electrodes with abrasion.

Ultimately nearly all aspects of the performance of an elec-
trode critically depends on the interface between the electrode
and skin.

IV. DRY ELECTRODES

In contrast to wet Ag/AgCl electrodes, dry electrodes are
designed to operate without an explicit electrolyte. Instead, it is
usually supplied by moisture on the skin (ie. sweat). Numerous
variations of dry electrodes exist ranging from simple stainless
steel discs to micro-fabricated silicon structures with built-in
amplifier circuitry. Employing dry contact sensors somewhat
more challenging in practice than traditional techniques largely
due to the increased skin-electrode impedance, although the

5

! !

"#$%

&'

&()

&((
*'+
,,(-./

!"#$%"&

*'+
,,(-.0 123

Fig. 3. A very simple dry active electrode made from a standard PCB [2].
The exposed metal on the bottom surface contacts the skin. The electrode can
also work as a non-contact through insulation such as cotton. More complex
designs can be found in [3] [4] [5].

with physical skin contact means that the coupling capacitance
for insulated electrodes is relatively large, from 300pF [17] to
several nanofarads. As a result, designing a bias network with
low noise and frequency response for clinical grade signals
is very feasible with a standard high-impedance input FET
amplifier.

In most respects, the usage and performance of insulated
electrodes is quite similar to dry electrodes in practice. Some
limited data exists that suggest capacitively coupled elec-
trodes suffer from less skin-motion artifact noise than dry
electrodes [1]. More detailed studies need to be conducted
to determine what advantage, if any, can be achieved by
inserting a layer of insulation between the skin and electrode.
From an electrical perspective, the high capacitance of the thin
insulation layer is an effective short at signal frequencies and
have no effect on the signal quality vis-a-vis dry electrodes.
One obvious downside, however, is that the insulated nature
of the electrode precludes a frequency response down to DC,
which may be important for certain applications.

V. NON-CONTACT, CAPACITIVE ELECTRODES

Wet and dry electrodes both require direct physical skin
contact to operate. The final type of sensor, the non-contact
electrode, can sense signals with an explicit gap between the
sensor and body. This enables the sensor to operate without
a special dielectric layer and through insulation like hair,
clothing or air. Non-contact electrodes have been typically
described simply as coupling signals through a small capac-
itance (10’s pF) [18] [3] [19]. In reality, however, there is
typically an important resistive element (> 100MΩ) as well,
since the typical insulation (ie, fabric) will have a non-neglible
resistance [20]. As shown, signal coupling through non-contact
electrodes can be actually dominated by the resistive part of
the source impedance which can cause a large input voltage
noise.

Designing an amplifier with to acquire signals from such
a high source impedance is quite challenging. Typical design

problems include achieving a high enough input impedance
and a stable bias network that does introduce excessive noise.
Finally, very high impedance nodes are susceptible to any stray
interference and motion induced artifacts.

Nevertheless, RJ Prance et al. demonstrated a working non-
contact sensor many years ago with array of 25 ECG sensors
that was designed to acquire signals with a 3mm spacing
from the body [21] in 1994. A low-leakage biasing circuit
using a bootstrapped reverse diode, combined with positive
feedback to neutralize the parasitic input capacitance was used
to achieve an extremely high impedance, reported at (1016Ω,
10−17F ). However it is not clear how these measurements
were made or over what bandwidth. In addition, the effective
input impedance with neutralization is a complex function of
both the coupling capacitance and frequency.

In 2000, Prance et al. published an improved version based
on the INA116 electrometer instrumentation amplifier from
Burr-Brown (Texas Instruments) with a lower noise floor []. It
again utilizes positive feedback to for neutralization of the
input capacitance. While the specifics were not published,
it can be inferred that process is far from perfect, as it
requires manual calibration and different devices do not match
well [22]. Detailed descriptions of bootstrapping and neu-
tralization techniques, however, can be found in unrelated
fields [23] as well as a very old publication [24] based on
vacuum tubes, but fully applicable to modern amplifiers. It is
not clear as to what advantages of attempting to maintain such
a high input impedance, as many other papers show excellent
results with much simpler circuits.

The ability to sense biopotential signals through insulation
has resulted in ingenious implementations ranging from sen-
sors mounted on cars , beds [20], chairs [25] and even toilet
seats [26]. In general, the signal quality ranges from poor to
quite good, as long as proper shielding and subject grounding
techniques are utilized [27] [28].

Kim et al makes an important contribution in this field
by extending the analysis for the driven-right-leg scheme for
capacitive applications [27]. In particular, he shows that . It is
worthwhile to note that the active ground connection can be
capacitive as well for a system that is truly non-contact. A few
other key publications in this field have mentioned the need
for least dry contact [19] [5] to ensure proper operation. This
extra degree of common-mode rejection is especially useful in
light of the input impedance problem.

Unfortunately, specific key circuit and construction details
for non-contact sensors have generally not been avalible in
the literature. In particular, the critical aspects relating to
input biasing, input capacitance neutralization and circuit
reference/grounding that someone to duplicate the sensor and
experiments have been scarce. A complete desgin for a non-
contact, wireless ECG/EEG system can be found by Cauwen-
berghs et. al in 2010 [2], which improves and summarizes
upon their previous designs [29] [30] [19] [3]. They present
very simple, robust, non-contact sensor design, manufactured
completely on a standard PCB, using inexpensive and com-
monly available components (chip resistors, capacitors and the
National LMP7723 and LMP2232). In this design, the critical
input node was left completely floating and it was found that

Fig. 2. Left: Simplified topology and circuit model of a general, actively shielded biopotential amplifier [11]. The active shield guards the high-impedance
input from interference by other sources, and implies capacitive coupling between the source and the amplifier output. Right: A simple implementation for a
dry active electrode made from a standard PCB [14]. The exposed metal on the bottom surface contacts the skin. The electrode can also work as a non-contact
through insulation such as cotton. More complex designs can be found in [11], [12], [13].
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Fig. 3. Dry/non-contact amplifier circuit noise model along (a) with a simplified plot of the frequency behavior of the various noise sources (b). For each
RC layer, the noise contribution can be decreased by either drastically increasing the resistance towards infinity, increasing the capacitance or reducing the
resistance towards zero (c).

noise did not prevent some acceptable ECG measurements.
Sample ECG data recorded from the same system with

metal-plate electrodes mounted on the chest are shown in Fig-
ure 5, showing reasonably accurate correspondence between
the dry-contact as well as non-contact electrodes against a wet
Ag/AgCl electrode reference, even for electrodes placed over
a shirt. The capability to continuously record ECG without
direct skin contact opens the door to long-term clinical home
diagnosis and care applications (Section 4).

C. Motion and Friction
Relative motion of electrodes with respect to the body, as

well as friction of electrodes against the body surface, give
rise to artifacts in the received signals that are one of the
main impediments with the acceptance of dry-electrode and
non-contact biopotential sensors in mobile clinical settings.
These artifacts, however, are not unique to electrodes with
poor resistive contact, and arise in low-resistance wet-contact
electrodes as well. They can be reduced, but not eliminated,

by partly containing the relative motion to careful mechanical
design, although at some expense in the comfort, size and
weight of the mounted sensors.

The effect of motion and friction on the signal reception
can be readily identified, to first order, from the electrical
model (1), (2) and (3). We distinguish between two sources
of error that are induced by motion of the electrode relative to
the body surface: transversal motion, and lateral motion and
friction.

Transversal motion primarily gives rise to instantaneous
changes in the skin-electrode coupling impedance, changes
which can be discontinuous for contact-based sensors in the
absence of a gel bath between skin and electrode. The effect
of these impedance changes are similar to the signal arising
due to membrane deflections in a microphone, and need to be
carefully mitigated in the circuit design to avoid vibration and
other mechanical deflection sensitivity. According to (2), the
effect of changes in coupling admittance Yc(jω) are nulled out
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Review of Sensor Implementations

Active field with numerous papers and dissertations on the topic:

Insulating electrodes S193

(a) (b)

Figure 8. (a) ‘Handmade’ capacitive electrodes used in the test. (b) Experimental setup for the
first subject, where capacitive electrodes were placed in each arm directly over the skin.
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Figure 9. Power spectral density (PSD) noise of the front end for two coupling capacitances:
CS = 10 pF and CS = 100 pF. Solid lines correspond to experimental PSD data and dashed lines in
black to theoretical PSD according to (6) for the TLC2274 operational amplifier. The gray dashed
line indicates OA voltage noise.

observed that, for low frequencies, the noise matches to that foreseen by (6), whereas
for high frequencies, it looks like an amplified version of the OA voltage noise en. It
can also be observed that this noise increases as CS reduces, which agrees with the noise
behavior of the neutralization and guarding circuit described by (11) and (13). It is
worth noting that the measured noise significantly exceeds the values predicted by these
equations. Another hidden noise source with similar behavior may be responsible for this
difference.

The frequency responses of the electrodes for CS = 10 pF and CS = 100 pF were
experimentally measured by a frequency sweep resulting in the data shown in figure 10(a).
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Figure 7. Block diagram of the front end used to obtain the experimental data.

whereas the placement of just one wet electrode does not impose a serious inconvenience for
a multi-channel system with a large number of capacitive electrodes (Oehler et al 2008a).
Another effective way to reduce VCM is by means of a common mode negative feedback. This
strategy, known as driven right leg circuit (DRL), extensively used for wet electrodes, has been
successfully tested for fully capacitive coupled systems (Kim et al 2005, Steffen et al 2007).

4. Experimental results

A capacitive electrode for ECG measurements was built and tested. It was implemented by
using a general-purpose quad CMOS opamp (TLC2274 of Texas Instruments) in order to
achieve low-cost implementation with a reduced number of parts. It presents a voltage noise
of 50 nV Hz−1/2 at 10 Hz, a current noise of 0.6 fA Hz−1/2 and a bias current of 1 pA; these
features are not as good as those of OPA129 or AD549 but they are good enough to acquire
ECG signals.

The bias resistor, implemented by insulation leakage, was of around 3 T!. A low
frequency negative feedback was included in order to stabilize dc operation point (Clippingdale
et al 1994, Clark et al 2003) and also guarding and neutralization circuits were used to
keep low Cin values. The general scheme of the built capacitive electrode is shown in
figure 7.

The electrode, shown in figure 8(a), has a diameter of 30 mm and was made of a
standard dual layer printed circuit board. One layer is in contact with the dielectric film
and the other supports components whereas the remaining cooper area implements the
guard.

The electrode was insulated by a plastic auto-adhesive film. Coupling capacitances were
measured using a potential-divider-based method (Prance et al 2000) with 1 kHz square wave
resulting CS = 240 pF when the electrode is placed on the skin and CS = 20 pF when it
was applied through a 350 µm thick cotton T-shirt. By the same method, using a capacitor
CS = 10 pF, the neutralization of each electrode was individually adjusted to achieve unity
gain.

The power spectral density noise of the front end, experimentally obtained for CS =
10 pF and CS = 100 pF, is shown in figure 9. This figure also includes (in dashed
lines) the theoretical PSD predicted by (6) for the TLC2274 parameters. It can be
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sensors to reduce the scanning time. We explain the method
used to construct a linear array of eight high input impedance
electric potential sensors. In addition we discuss results ob-
tained using the array and compare the data acquisition time
to that for a single sensor.

II. ELECTRIC POTENTIAL SENSOR ARRAY

A linear array of eight ultrahigh input impedance electric
potential sensors was built by arranging them in a single row.
Each of the sensors in the array acted independently of one
another, as shown schematically in Fig. 1. The array was
fabricated on two printed circuit boards !PCBs" with four
EPSs on each board. The odd EPSs !1, 3, 5, and 7" were on
one PCB while the even ones !2, 4, 6, and 8" were on the
other. The eight sensors were arranged so that their input
electrodes were set next to each other in a single row, spaced
1 mm apart. The design of each of the eight sensors was
based on the INA116 instrumentation amplifier.17 The
INA116 is a monolithic field-effect transistor !FET"-input
amplifier with an extremely low input bias current of 3 fA
and an input impedance of 1015 ! in parallel with 7 pF. An
unusual feature of the INA116 amplifier is that it provides an
on-chip guarding facility. Here this guarding technique was
extended to the circuit board helping to minimize leakage
currents. To further improve the guarding each of the eight
sensors has been incorporated into a planar configured circuit
design. This enabled the on-chip guarding to be extended to
the whole of the input electrode structure except for the ex-
posed tip as shown in Fig. 1. This is essential if we are to
maintain the extremely high input impedance and also to
avoid cross coupling between the sensors. In effect this both
screens the sensors from each other and reduces the stray
coupling capacitance between them to a minimum. The feed-
back networks used to realize the EPS array consist of three
main elements. Firstly, a dc stabilization and bias network to

remove any dc offset or drift occurring at low frequencies
and to provide the required input bias current. Second, a
positive feedback bootstrap network to increase the input
impedance Zin of the EPS. Third, a positive feedback neu-
tralization network. This helps to reduce the input capaci-
tance Cin of the INA116 amplifier, resulting in the input im-
pedance Zin of the EPS being increased even further. This
last technique relies on incorporating a small neutralization
capacitor driven from the output of the INA116. Frequency
response measurements were made individually on each of
the eight sensors comprising the linear array. A spectrum
analyzer was connected in turn to the input of each sensor
through a 0.1 pF coupling capacitor. Figure 2 shows the
measured frequency response for each of the eight EPS plot-
ted between 1 Hz and 10 kHz. It proved extremely difficult
to trim the feedback level of all eight sensors to give exactly
the same output due to the small tolerance differences of the
components used. Therefore, each of the sensors was ad-
justed as accurately as possible to give an in band gain of
30 dB !32 times", as shown in Fig. 2. The remainder of the
matching between sensors is carried out in software as de-
scribed later. An individual bandpass filter was incorporated
into each of the sensors in the array, with a pass band be-
tween 75 Hz and 10 kHz. This helped to eliminate both low
and high frequency noise. The spectrum analyzer was also
used to measure the input noise spectra for each of the eight
sensors, respectively. The open circuit noise spectral density
was measured by leaving the input of each sensor floating.
The noise measurements obtained from the eight sensors are
presented in Fig. 3 over the range of 1 Hz–10 kHz. From
Fig. 3, it is clear that the open circuit noise of each of the
sensors in the array was very similar, varying between 1.80
and 3.82 "V/#Hz at 1 kHz.

A commercially available microcoax18 !UT20-SS" was
chosen to make the eight input electrodes. This is fabricated
from stainless steel !grade 304" with an overall outer diam-
eter of 0.51 mm !0.020 in." and an inner conductor diameter
of 0.11 mm !0.00451 in.". A Tufset19 polyurethane frame
supported the eight microcoax input electrodes, as shown in
Fig. 5. Eight 0.55 mm diameter holes, 1 mm apart, were
drilled through a flat piece of Tufset, which formed one end

FIG. 1. Schematic diagram of the high impedance electric potential sensor
array based on the INA116 operational amplifier.

FIG. 2. !Color" Frequency response of the EPS array using a 0.1 pF cou-
pling capacitor.
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Many designs are fairly 
‘conventional’

This sensor has a input noise of around 2µV/
√

Hz at 10
Hz and 70nV/

√
Hz at 1 kHz. A more detailed sensor de-

scription in an ECG (electrocardiogram) application context
was published elsewhere [12]. Sensor noise is influenced
by the coupling quality between the sensor and the body.
To optimize this sensor coupling, the electrodes are flexibly
mounted in the helmet device to ensure a mechanical contact
to the head.

B. Helmet System

In our system 28 of these capacitive sensors are included in
a modified motorcycle helmet (Fig. 2). Each sensor is spring
based flexibly mounted, so the sensors can adapt to the head
size in well defined ranges. It is not possible to match all
head sizes with one system, our system has a range around
the helmet sizes M-XL. The sensor positions cover the 10-20
system for EEG electrodes, with additional channels in the
central and occipital cortex region. Because of the sensor size
and the adaption to different head sizes, in this publication
the channel names, where the electrode was applied, only
indicates the region corresponding to the 10-20 system.

Fig. 2. Helmet with capacitive electrodes, Headbox amplifier

Fig. 3 displays a system overview including the helmet and
the PC. The sensors are connected to a headbox, providing
the battery power supply for the sensors and containing
27 bipolar channels of AD8221 instrumentation amplifiers
from Analog Devices. The sensor signals are differentially
amplified against one selectable reference channel via the
reference input. Additionally, the subject is grounded via a
simple galvanic electrode to reduce power line noise. After
amplification and anti-alias filtering, the signals are converted
by 24-bit Analog-Digital-Converters included in the headbox.
The digital data signals are send via a fiber channel and a
fiber-to-USB converter to a PC. Signal processing is done
on the PC including the data acquisition with the headbox
ADCs. The maximum sample frequency is 10 kHz, in this
application a sample frequency of 1 kHz was used.

III. STIMULATION

The stimulation is done by software on the same PC,
where the signal processing is accomplished. The stimulus
display shows two checkerboard areas (Fig. 4). The frequen-
cies can be adjusted independently by the user in a range of 1
to 20 Hz. In these experiments, frequencies between 10 and

Fig. 3. System overview including helmet, headbox and signal processing
PC

15 Hz were used, the alpha region is not excluded from the
stimuli frequencies [13]. The software generates a composite
trigger signal with both frequencies embedded. This trigger
signal is connected to the headbox to synchronize it with the
EEG data. The recorded trigger signal is used by the signal
processing software. The checkerboards are synchronized
by the PC hardware timer to ensure time stability of the
signal during long time measurements. The stimulus software
communicates via User Datagram Protocol (UDP) with the
signal processing tool to synchronize the data acquisition and
the online processing with the checkerboard stimulus.

Fig. 4. Stimulation checkerboards

The training procedure contains two 60 sec blocks. The
subject has to focus the right checkerboard for the first
60 sec and the left checkerboard for the second block.
These training procedures are used to determine the threshold
values for the frequency detection. Fig. 5 shows a SSVEP
with a flickering frequency of 13 Hz and the first harmonic
frequency at 26 Hz (marked with arrows). This first harmonic
was not observable at all subjects, so signal processing only
uses the main stimulus peak.

IV. SIGNAL PROCESSING

For the signal processing, first the occipital electrodes
(O1, O2 Oz) were analyzed. Channel FCz was used as
reference because it best covers the region between Fz and
FCz of 10-20 nomenclature for different head sizes. In our
actual helmet design, the Fz position is too close to nasion
for smaller head sizes. After windowing the data with a
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Artifacts are a major issue in practice when sensors are deployed

!

  
Abstract"!"#$ %&'()#%$ *+$ ,-.$/#0%'1#/#2&$ *2$ &"#$ &*)3#&$

%#0&$"04#$5##2$6#1+*1/#($%6#7)+)70338$+*1$&"#$'5)9')&*'%$"#03&"$
701#:$;2%&#0($*+$&"#$/0)238$'%#($(18$#3#7&1*(#%$"04)2<$%#4#103$
61*53#/%$ %'7"$ 0%$ &"#$ #3#7&1)703$ %0+#&8$ *1$ &"#$ #24)1*2/#2&03$
%&05)3)&8=$>#$'%#($&"#$70607)&)4#38?7*'63#($)2%'30&#($#3#7&1*(#%=$
>")7"$>#1#$ 7*/6*%#($ *+$ &"#$-'$630&#$ 02($ &"#$@!A,$ +)3/$ +*1$
&"#$ /#0%'1#/#2&:$ !"#$ 5)*?%)<203$ %#2%#($ >)&"$ &"#$ )2%'30&#($
#3#7&1*(#%$ >0%$ /#0%'1#($ &"1*'<"$ &"#$ '3&10?")<"$ )26'&$
)/6#(027#$%8%&#/$)273'()2<$B@CDDD$"04)2<$&"#$7*//*2$/*(#$
)/6#(027#$ *+$ DEDF$!:$ C%$ &"#$ 1#%'3&$ *+$ /#0%'1)2<$ &"#$ %)<203=$
>)&"$&"#$#3#7&1)703$<1*'2($*2$&"#$2#7G$*1$&"#$"02(=$&"#$H?6#0G%$
>#1#$ (#&#7&#($ 4#18$ 6*%)&)4#38:$I*>#4#1=$>)&"*'&$ &"#$ #3#7&1)703$
<1*'2($ *2$ &"#$ 5*(8=$ >#$ 7*'3($ (#&#7&$ &"#$ "#01&5#0&$ %)<203=$ 0$
G)2($*+$&"#$/*&)*2$01&)+07&%$58$&"#$401)0&)*2$*+$&"#$53**($4#%%#3$
4*3'/#:$;&$%##/%$&"0&$&")%$"#01&5#0&$%)<203$702$5#$03%*$'%#($0%$
&"#$ )/6*1&02&$6010/#&#1$ 3)G#$&"#$H?6#0G%$+*1$&"#$IHJ$K"#01&$
10&#$401)05)3)&8L$02038%)%:$;2$0(()&)*2=$)&$)%$&"*'<"&$&"0&=$>)&"*'&$
&"#$ ()1#7&38$ #3#7&1)703$ <1*'2(=$ &"#$ H?6#0G$ (#&#7&)*2$ >)33$ 5#$
6*%%)53#$ 58$ &"#$ )/61*4#/#2&$ *+$ &"#$ MNH$ >)&"$ &"#$ 07&)4#$
7*//*2$7027#3)2<$%8%&#/:$

$
Keywords"$ '5)9')&*'%$ "#03&"$ 701#=$ &*)3#&$ %#0&=$ ,-.=$

)2%'30&#($#3#7&1*(#=$07&)4#$7*//*2$7027#3)2<$
$
$

;:$;N!HBOP-!;BN$
!
! #$! %&'! ()'*+!,(! %&'!-),./)0$1*!2'1/34'2'$%5! )%! &1/! -''$!
6'4(,42'+! 7,$%)$3,3/*8! %,! %48! %,!2'1/34'! %&'! 9:;! ,$! %&'!
%,)*'%!/'1%5!%&'!,$'!,(!%&'!'//'$%)1*!/)0$1*/!(,4!%&'!3-)<3)%,3/!
&'1%&!714'=!>,?1+18/5!%&'!+48!'*'7%4,+'/!14'!-')$0!3/'+!(,4!
%&'! 2'1/34'2'$%=! @,?'A'45! %&'! +48! '*'7%4,+'/! +)4'7%*8!
7,$%17%)$0! ?)%&! %&'! 614%! ,(! %&'! -,+8! &1A'! %&'! /'A'41*!
64,-*'2/=! B)4/%5! %&'! '*'7%4)71*! /1('%8! 71$$,%! -'! 1//34'+!
101)$/%! %&'! *'1C10'! 7344'$%! (4,2! %&'! 126*)()'4! /8/%'2=!!
!

!!!!!!!! !
!

D1E!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D-E!
!

B)0=F!G&'!)$/3*1%'+!'*'7%4,+'/!1$+!0314+/!1%%17&'+!%,!%&'!%,)*'%!/'1%!

!
H,4',A'45!-'713/'!%&'!21)$*8!21%'4)1*!,(!%&'!+48!'*'7%4,+'/!
)/!2'%1*5! )%! )/! +)(()73*%! %,!21)$%1)$! %&'! /%1-)*)%8! 101)$/%! %&'!
7,44,/),$! 1$+! %&'! 6,**3%),$! ,(! %&'! '*'7%4,+'/! -8! %&'!
,I)+1%),$! )$! %&'! +126! '$A)4,$2'$%=! G,! 4'/,*A'! %&'/'!
64,-*'2/5! ?'! +'A'*,6'+! %&'! '*'7%4)71**8! $,$.7,$%17%)$0!
/8/%'2/!(,4!2'1/34)$0!%&'!9:;!3/)$0!%&'!)$/3*%'+!'*'7%4,+'/!
7,1%'+!?)%&!%&'!)$/3*1%)$0!()*2!,A'4!%&'!2'%1*!'*'7%4,+'=!
!
!
;;:$-C@C-;!;J,QR?-BP@Q,O$;NMPQC!,O$,Q,-!HBO,M$

!
! G&'! '*'7%4,+'/! 3/'+! (,4! %&'! 'I6'4)2'$%/! 14'! )$/3*1%'+!
'*'7%4,+'/!7,1%'+!?)%&! %&'!JGB9!()*2!&1A)$0! %&'!A'48!&)0&!
)$/3*1%),$! 4'/)/%1$7'! ,A'4! %&'! 7,66'4! 6*1%'5! 1$+! %&'!
'*'7%4,+'/!?1/! 1%%17&'+! %,! %&'! /34(17'! ,(! %&'! %,)*'%! /'1%! 1/!
B)0=FD1E=!
! G&'!14'1!,(!%&'!:3!6*1%'!DSE!)/!FKK!22!!!LK!225!1$+!
%&'! %&)7C$'//!,(! ! %&'! )$/3*1%)$0!JGB9!()*2! DdE! )/!1-,3%!FKK!
" 2=! G&'4'(,4'5! ?&'$! %&'! %&)0&! )/! /%37C! ,$! %&'! )$/3*1%'+!
'*'7%4,+'/5!%&')4!71617)%1$7'!DCEE!71$!-'!71*73*1%'+!-8!
!

!!
d

S
C R

E
"" K MML!6B!

D R" ,(!JGB9!! N=K!E!
!

! O$+!%&')4!4'/)/%1$7'!DREE!71$!-'!1*/,!71*73*1%'+!-8!
!

!
#

!
S

d
RE

$
N!!!FKFP!# !

D $ ,(!JGB9!Q!FKFL!# $72!E!

!
!

B)0=N!G&'!)$/3*1%'+!'*'7%4,+'!1$+!3*%41.&)0&!ZI!/8/%'2!

!"#$,3#7&1)70338$N*2?7*2&07&)2<$,-.$S#0%'1#/#2&$*2$&"#$!*)3#&$M#0&$$
P%)2<$&"#$-0607)&)4#38?7*'63#($;2%'30&#($,3#7&1*(#%$

!
R,!R'3$!R)2F5!S,$0!R83!T)2F5!R?1$0!U3C!J14CN!

FH'+)71*!V!W),*,0)71*!9$0)$''4)$0!H1X,45!#$%'4+)/7)6*)$148!J4,04125!U',3*!>1%),$1*!Y$)A'4/)%85!Z'63-*)7!,(!R,4'1!
N['614%2'$%!,(!W),2'+)71*!9$0)$''4)$05!:,**'0'!,(!H'+)7)$'5!U',3*!>1%),$1*!Y$)A'4/)%85!Z'63-*)7!,(!R,4'1!

!"#$%&'()*
+%(,'-.)(#* /$&-)#*

Kim et al. 2004

A few imaginative 
applications can be found -

for example a toilet mounted 
ECG

Capical 2012

Univ. Aachen/
Ford 2011



March 10th, 2015Cognionics

An Integrated Solution

Shield

Vin

Vout

Vbias

Vcn

Vbp

Vcp

VDD

ChipExternal

M1

M2

M3 M4

M5 M6

M7 M8

M9 M10

Vout

Vout

Circuit 
Implementation

Unity gain OTA (no component 
matching needed) with 

modifications to further reduce 
parasitic input capacitances

Fabricated Chip

Chip mounted on special 
packaging to form complete 

active shield

Cp
Vin

Vref

Vout
1

Shield

bi
as

Sensor Concept

Extend active shielding 
structures and key bias 
structures to within the 
amplifier package itself

Y. M. Chi, C. Maier, G. Cauwenberghs, IEEE JetCAS 2012



March 10th, 2015Cognionics

Complexity/Power/Cost Compared

sensors to reduce the scanning time. We explain the method
used to construct a linear array of eight high input impedance
electric potential sensors. In addition we discuss results ob-
tained using the array and compare the data acquisition time
to that for a single sensor.

II. ELECTRIC POTENTIAL SENSOR ARRAY

A linear array of eight ultrahigh input impedance electric
potential sensors was built by arranging them in a single row.
Each of the sensors in the array acted independently of one
another, as shown schematically in Fig. 1. The array was
fabricated on two printed circuit boards !PCBs" with four
EPSs on each board. The odd EPSs !1, 3, 5, and 7" were on
one PCB while the even ones !2, 4, 6, and 8" were on the
other. The eight sensors were arranged so that their input
electrodes were set next to each other in a single row, spaced
1 mm apart. The design of each of the eight sensors was
based on the INA116 instrumentation amplifier.17 The
INA116 is a monolithic field-effect transistor !FET"-input
amplifier with an extremely low input bias current of 3 fA
and an input impedance of 1015 ! in parallel with 7 pF. An
unusual feature of the INA116 amplifier is that it provides an
on-chip guarding facility. Here this guarding technique was
extended to the circuit board helping to minimize leakage
currents. To further improve the guarding each of the eight
sensors has been incorporated into a planar configured circuit
design. This enabled the on-chip guarding to be extended to
the whole of the input electrode structure except for the ex-
posed tip as shown in Fig. 1. This is essential if we are to
maintain the extremely high input impedance and also to
avoid cross coupling between the sensors. In effect this both
screens the sensors from each other and reduces the stray
coupling capacitance between them to a minimum. The feed-
back networks used to realize the EPS array consist of three
main elements. Firstly, a dc stabilization and bias network to

remove any dc offset or drift occurring at low frequencies
and to provide the required input bias current. Second, a
positive feedback bootstrap network to increase the input
impedance Zin of the EPS. Third, a positive feedback neu-
tralization network. This helps to reduce the input capaci-
tance Cin of the INA116 amplifier, resulting in the input im-
pedance Zin of the EPS being increased even further. This
last technique relies on incorporating a small neutralization
capacitor driven from the output of the INA116. Frequency
response measurements were made individually on each of
the eight sensors comprising the linear array. A spectrum
analyzer was connected in turn to the input of each sensor
through a 0.1 pF coupling capacitor. Figure 2 shows the
measured frequency response for each of the eight EPS plot-
ted between 1 Hz and 10 kHz. It proved extremely difficult
to trim the feedback level of all eight sensors to give exactly
the same output due to the small tolerance differences of the
components used. Therefore, each of the sensors was ad-
justed as accurately as possible to give an in band gain of
30 dB !32 times", as shown in Fig. 2. The remainder of the
matching between sensors is carried out in software as de-
scribed later. An individual bandpass filter was incorporated
into each of the sensors in the array, with a pass band be-
tween 75 Hz and 10 kHz. This helped to eliminate both low
and high frequency noise. The spectrum analyzer was also
used to measure the input noise spectra for each of the eight
sensors, respectively. The open circuit noise spectral density
was measured by leaving the input of each sensor floating.
The noise measurements obtained from the eight sensors are
presented in Fig. 3 over the range of 1 Hz–10 kHz. From
Fig. 3, it is clear that the open circuit noise of each of the
sensors in the array was very similar, varying between 1.80
and 3.82 "V/#Hz at 1 kHz.

A commercially available microcoax18 !UT20-SS" was
chosen to make the eight input electrodes. This is fabricated
from stainless steel !grade 304" with an overall outer diam-
eter of 0.51 mm !0.020 in." and an inner conductor diameter
of 0.11 mm !0.00451 in.". A Tufset19 polyurethane frame
supported the eight microcoax input electrodes, as shown in
Fig. 5. Eight 0.55 mm diameter holes, 1 mm apart, were
drilled through a flat piece of Tufset, which formed one end

FIG. 1. Schematic diagram of the high impedance electric potential sensor
array based on the INA116 operational amplifier.

FIG. 2. !Color" Frequency response of the EPS array using a 0.1 pF cou-
pling capacitor.
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INA116 (gold standard) ultra-high impedance 
instrumentation amplifier - Krupka et. al. 2001

Cs = 2pF

Frequency Response Compared
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Figure 10. Frequency response of the built amplifier for two coupling capacitances: CS = 10 pF
(triangles connected by lines) and CS = 100 pF (circles connected by lines). Detail is also presented
including (in gray) the limits imposed by the AAMI ECG standard. This requirement are fulfilled
for CS = 100 pF and also for CS = 10 pF.
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Figure 11. Response of the capacitive electrodes (in black) to a simulated ECG input signal
(in gray). A coupling capacitance CS = 10 pF was used for this test.

Detail is presented in figure 10(b), which allows observing that requirements of the AAMI
ECG standard (AAMI 1999) are fulfilled, even with a coupling capacitance of 10 pF (a
condition representative of acquiring ECG through a T-shirt). In order to complete the
electrode’s test under well-known conditions, a simulated 1 Hz ECG signal (HP 33120A)
with a coupling capacitance of 10 pF was used as input, resulting in the records shown in
figure 11. No difference can be observed between the input signal and the capacitive electrode’s
output.

Finally, to test the electrodes under real conditions, ECG signals were acquired
over two subjects with capacitive electrodes and simultaneously by wet electrodes
(disposable 3M 2223) using an ECG acquisition system that fulfill the AAMI standard
(Spinelli et al 2003).

In the first test, both electrodes (capacitive and wet) were placed on the inner arm over the
skin (figure 8(b)), resulting in the signals shown in figure 12. No significant differences can
be observed between the ECG provided by capacitive electrodes (in black) and that picked up

Manually tuned neutralization network with
TLC2274 opamp - Spinelli et al. 2010

InfInImp2 - first integrated ultra-high input impedance that achieves femtofarad input capacitance without any 
manual calibration of adjustment

Typical results previously reported in the literature:

InfInImp2 at Cs = 2pF

InfInImp2 at Cs = 2pF
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Rin > 50TΩ

Cin = 60fF
50 - 200x improvement over 

discrete opamps

Y. M. Chi, C. Maier, G. Cauwenberghs, IEEE JetCAS 2012
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Noise Compared

Typical results previously reported in the literature:
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Insulating electrodes S193

(a) (b)

Figure 8. (a) ‘Handmade’ capacitive electrodes used in the test. (b) Experimental setup for the
first subject, where capacitive electrodes were placed in each arm directly over the skin.
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Figure 9. Power spectral density (PSD) noise of the front end for two coupling capacitances:
CS = 10 pF and CS = 100 pF. Solid lines correspond to experimental PSD data and dashed lines in
black to theoretical PSD according to (6) for the TLC2274 operational amplifier. The gray dashed
line indicates OA voltage noise.

observed that, for low frequencies, the noise matches to that foreseen by (6), whereas
for high frequencies, it looks like an amplified version of the OA voltage noise en. It
can also be observed that this noise increases as CS reduces, which agrees with the noise
behavior of the neutralization and guarding circuit described by (11) and (13). It is
worth noting that the measured noise significantly exceeds the values predicted by these
equations. Another hidden noise source with similar behavior may be responsible for this
difference.

The frequency responses of the electrodes for CS = 10 pF and CS = 100 pF were
experimentally measured by a frequency sweep resulting in the data shown in figure 10(a).

Manually tuned neutralization network with
TLC2274 opamp - Spinelli et al. 2010

InfInImp2 at Cs = 2pF, 9x 
improvement across full 

bandwidth InfInImp2 at Cs = 2pF, 2.3x 
improvement at 1Hz 
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Intrinsic input capacitance is approximately 6pF based on the noise gain model
Low frequency noise behavior still dominated by current noise effects (~50aA/Hz1/2)

Input Referred Noise at Different Coupling Strengths

Y. M. Chi, C. Maier, G. Cauwenberghs, IEEE JetCAS 2012
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ECG Signal Validation on Actual Subject

Simultaneous ECG recording using different sensors (0.05Hz to 35Hz BW)

All 5 sensors were placed on the forearm referenced against a common chest electrode - should observe same 
signal since the arm is at an equipotential with respect to ECG

2 reference Ag/AgCl electrodes as control

Three capacitive sensors: discrete (neutralized), discrete and integrated all placed through a thick cotton sweater 
(Impedance ~ 1G || 30pF)

r - 
correlation

b - 
regression

Ag/AgCl vs. Ag/AgCl 0.992 0.999

Ag/AgCl!vs.!Cognionics!Non-
contact

0.953 0.996

Ag/AgCl vs. Previous Non-
contact (Manual Calibration) 0.918 0.865

Ag/AgCl vs. Previous Non-
contact (Uncalibrated) 0.715 0.541

 

 
Ag/AgCl 1
Ag/AgCl 2
Cognionics Sensor
Discrete (Neutralized)
Discrete

1mV

0.5s
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Measured Correlation

Electrode Pair r b

Ag/AgCl - Ag/AgCl 0.992 0.999

Ag/AgCl - Integrated 0.953 0.996

Ag/AgCl - Discrete (calibrated) 0.918 0.865

Ag/AgCl - Discrete 0.715 0.541

r - Pearson’s correlation coefficient (insensitive to pure scaling errors), measures noise and distortion
b - linear regression coefficient, measures gain error due to electrode-input impedance division

Low input capacitance integrated front-end significantly more accurate than previous discrete implementations

Table - Sensor Correlation Comparison

Y. M. Chi, C. Maier, G. Cauwenberghs, IEEE JetCAS 2012
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Y. M. Chi, C. Maier, G. Cauwenberghs, IEEE JetCAS 2012
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Previous Attempts at Noise Modeling

S186 E Spinelli and M Haberman
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Figure 3. Different noise contributions to the overall noise power spectral density: amplifier
current noise (solid line), amplifier voltage noise (dashed line) and bias resistor noise (dashed/dot
line).

Regarding CS values of a few pF (10 pF implies an impedance around 1 G! at 10 Hz),
input capacitances Cin of fF and RB of T! are required to avoid signal attenuation and to
achieve time constants of seconds, which are required, for example to acquire ECG signals
(AAMI 1999). The ultra-high RB values demand special bias circuits, whereas the low Cin

values required call for careful input capacitance reduction techniques.
In summary, the key issues are ultra-high impedance bias circuits, input capacitance

reduction and achievement of low noise levels dealing with high value RB and small coupling
capacitances CS.

2.1. Noise analysis

A simplified scheme of a front end for capacitive electrodes, including the main noise sources,
is shown in figure 2(b). The resistor noise is denoted as eR whereas en and in represent,
respectively, the voltage and the current noise of the amplifier. Solving this circuit, the output
noise eo results in

e2
o = e2

R
1

1 + (2πRBCSf )2 + i2
n

R2
B

1 + (2πRBCSf )2 + e2
n (1)

Denoting the −3 db noise cut-off frequency as f N:

fN = 1
2πRBCS

, (2)

equation (1) reduces to

e2
o = e2

R
1

1 + (f/fN)2
+ i2

n
R2

B

1 + (f/fN)2
+ e2

n. (3)

A typical curve of the overall output noise and the contributions of each term in (3) is shown
in figure 3. The low frequency noise values eR and inRB are very large, around 100 µV Hz−1/2

Spinelli et al. 2010
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Modell: Rbias=200G
Modell: Rbias=20G
Modell: Rbias=2,5G
Messung: Rbias=200G
Messung: Rbias=20G
Messung: Rbias=2,5G

Oehler et al. 2008

v2n = [v2na(1 +
Cin,0

Cs
)2 +

i2n
ω2C2

s

]∆f

Noise limits based on coupling to purely capacitive source:
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Regarding CS values of a few pF (10 pF implies an impedance around 1 G! at 10 Hz),
input capacitances Cin of fF and RB of T! are required to avoid signal attenuation and to
achieve time constants of seconds, which are required, for example to acquire ECG signals
(AAMI 1999). The ultra-high RB values demand special bias circuits, whereas the low Cin

values required call for careful input capacitance reduction techniques.
In summary, the key issues are ultra-high impedance bias circuits, input capacitance

reduction and achievement of low noise levels dealing with high value RB and small coupling
capacitances CS.

2.1. Noise analysis

A simplified scheme of a front end for capacitive electrodes, including the main noise sources,
is shown in figure 2(b). The resistor noise is denoted as eR whereas en and in represent,
respectively, the voltage and the current noise of the amplifier. Solving this circuit, the output
noise eo results in
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A typical curve of the overall output noise and the contributions of each term in (3) is shown
in figure 3. The low frequency noise values eR and inRB are very large, around 100 µV Hz−1/2

Spinelli et al. 2010

v2n = [v2na(1 +
Cin,0

Cs
)2 +

i2n
ω2C2

s

]∆f

Noise limits based on coupling to purely capacitive source:

Total in band noise: 2.7µV RMS

Chi et al. 2009

Previous understanding in literature has always used the model of an ideal capacitive source for noise modeling - 
assumption that noise can be reduced with improved circuit design and components (e.g., lower current noise).

While benchtop measurements corroborate theory - actual noise for ECG/EEG on subjects is always much higher 
than that predicted by the noise equations.
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Noise in ‘Capacitive’ Biopotential Electrodes
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Noise equations work if the coupling is through a near ideal dielectric (e.g., air gap) - not practical for E*G 
applications

Must also consider the properties of the coupling medium between the sensor and body - cotton, hair, etc.
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vs(jω): signal source on skin surface;
vo(jω): signal recorded at amplifier output;

vi,n(jω): input referred amplifier voltage noise;
ii,n(jω): net current noise at amplifier input;
Yc(jω): gc + jωCc, skin-electrode coupling admittance;
Yi(jω): gi + jωCi, amplifier input admittance;

Cs: active shield to electrode capacitance;
Av: amplifier voltage gain.

As shown in the Appendix, the resulting received output signal
vo can be written as

vo = G(jω) (vs + vs,n) (1)

with a source-to-output signal voltage gain

G(jω) = Av
Yc(jω)

Yc(jω) + Yi(jω) + jω(1−Av)Cs
(2)

= Av
gc + jωCc

gc + gi + jω(Cc + Ci + (1−Av)Cs)

and source input-referred voltage noise

vs,n =
Yc(jω) + Yi(jω) + jωCs

Yc(jω)
vi,n +

ii,n
Yc(jω)

(3)

=
gc + gi + jω(Cc + Ci + Cs)

gc + jωCc
vi,n +

ii,n
gc + jωCc

These expressions give a quantitative means to analyze
the noise performance as well as the motion and friction
sensitivity of various electrode topologies in terms of physical
and electrical circuit parameters, presented next.

B. Noise
The source input-referred noise power density follows di-

rectly from (3):

v2s,rms =
|Yc(jω) + Yi(jω) + Ys(jω)|2

|Yc(jω)|2
v2i,rms

+
i2i,rms

|Yc(jω)|2
(4)

=
(gc + gi)2 + ω2(Cc + Ci + Cs)2

g2c + ω2C2
c

v2i,rms

+
i2i,rms

g2c + ω2C2
c

. (5)

The relative contributions of the two noise components are
illustrated in Figure 3. The first noise component, proportional
to the amplifier voltage input noise v2i,rms, is scaled by a factor
inversely proportional to the electrode coupling efficiency. For
low-impedance contact sensors, this voltage noise component
reduces to the amplifier noise floor, while for high-impedance
contact sensors such as non-contact geometries, the amplifier
voltage noise floor is amplified by a factor 1+ (Ci+Cs)/Cc.
This noise amplification could be reduced by minimizing the
active shield capacitance as well as amplifier input capaci-
tance. However, as shown in Figure 3, this first noise contri-
bution does typically not dominate at frequencies of interest,
except for non-contact electrodes at large distance with poor
electrode coupling. The second, and typically more significant

TABLE I
MEASURED ELECTRODE IMPEDANCES

Wet Ag/AgCl 350k � 25nF
Metal Plate 1.3M � 12nF
Thin Film 550M � 220pF

Cotton 305M � 34pF
MEMS 650k � ——

noise component is proportional to the net current noise i2i,rms

into the coupling impedance. This net current noise combines
thermal noise contributed from the skin-electrode coupling
conductance gc and amplifier input conductance gi, besides
amplifier input current noise i2i,n. This noise component is
fundamental to the skin-electrode coupling interface which
typically dominates contributions from the amplifier. In the
limit of a perfect noiseless, infinite impedance amplifier, the
source input-referred noise power density (5) reduces to

v2s,rms ≈
4kT gc

|Yc(jω)|2
=

4kT

gc + ω2C2
c /gc

. (6)

Paradoxically, (6) shows that fundamentally the source input-
referred noise can be reduced to zero in two limits of
particular interest: either infinite coupling conductance (low-
resistance contact sensing), or infinite coupling impedance (ca-
pacitive non-contact sensing). This presents a rather interesting
dichotomy– either of the two extreme cases of zero resistance
and infinite resistance of skin-electrode contact are actually
optimal for low-noise signal reception.

Measured data on noise obtained from the differential signal
between two closely spaced electrodes on the forearm at rest
are given in Figure 4, showing general agreement with the
noise model (6) with measured values of coupling resistance
and capacitance (Table I). As expected, the instrumentation
noise floor of the amplifier (Figure 2) is dominated by the
measured data, confirming that the conditions for the limit
model (6) are satisfied. Interestingly, the only electrode type
with consistently higher observed noise than the predicted
thermal noise from the skin-electrode coupling noise model
are the wet-contact Ag/AgCl electrodes at lower frequencies.
Elevated 1/f -like low-frequency drifts of the Ag/AgCl offset
(half potential mismatch) voltage were confirmed in extended
(1-hour) recordings, and are consistent with observations in
Huigen et al [4].

One interesting result from this experiment is that for
”capacitive” non-contact electrodes operating through cloth-
ing [14] [15], the noise performance and electrode coupling
is actually dominated by the resistive component of the
cotton layer rather than a capacitance. In many cases, dry
contact electrodes are much more capacitively dominated than
non-contact electrodes through clothing. Although difficult to
imagine, cotton actually acts as a poorly conductive electrode
(> 200MΩ), and is especially harmful for biopotential mea-
surements. The impedance of cotton is such that the coupling
is mostly resistive, and amounts to adding a large and noisy
series resistor in the signal path. Had the resistance been higher
(ie. very dry), or the shirt been thinner (increased capacitance),
the noise floor would have been lower. However, the increased

 4kTR Thermal noise of cotton

Measured Interface Noise Spectra

Yu M. Chi, Tzyy-Ping Jung, Gert Cauwenberghs, IEEE Reviews in Biomedical Engineering, 2010

Coupling media may actually generate the largest amount of noise within the signal 
bandwidth:

Interface Noise - 3μV/Hz1/2
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v2out,n = [
4kT

Rs
|Zs�Zin|2 +

4kT

Ri
|Zs�Zi|2 + v2ni|1 + sCf (Zs�Zi)|2]∆f

Total Output Noise:

Noise with Real Electrode Interfaces72

Vs

Rs

Cs

ins

Ci Ri ini

vni

Cf

x1

*
*

*

Body Electrode Sensor

Figure 5.1: Sensor model showing the relevant noise sources from the electrode interface
and amplifier.

are the thermal noise current in the electrode, ins = 4kT/Rs, the thermal noise from

the input resistance, ini = 4kT/Ri, and the amplifier’s input referred voltage noise, vni.

Alternatively the input impedance and noise current could be dominated by shot noise

from a P-N junction (e.g. biasing diode), but the results from the resistive model are still

fully applicable. Translating the results for a diode can be accomplished by modelling

the diode as a small-signal resistor and rewriting it’s shot noise current in terms of it’s

small signal resistance.

5.2.1 Noise Figure

From an intrinsic noise perspective, the total noise at the output of the buffer can

be written as,

vout,n =
4kT
Rs

|Zs�Zin|2 +
4kT
Ri

|Zs�Zi|2 +
v2

niRs

4kT
|1+ sCf (Zs�Zi)|2, (5.1)

and the noise figure of the sensor then simplifies to,

F = 1+
Rs

Ri
+

v2
niRs

4kT
(

1
|Zs�Zi|2

+ω2C2
f ). (5.2)

As expected, driving the input impedance to infinity (Ri → ∞, Ci → 0) minimizes the

noise figure for the sensor, irrespective of the source impedance. The last term in the

noise figure equation which depends only on Cf and vni will be addressed shortly.

Unlike RF design where the source impedance is usually well defined, the range

of coupling impedances for biopotential sensing can vary orders of magnitude (103Ω

Noise Figure:

F = 1 +
Rs

Ri
+

v2niRs

4kT
(

1

|Zs�Zi|2
+ ω2C2

f )

Body Electrode Sensor Input

ins = 4kT/Rs

ini = 4kT/Ri (resistor) or 2kT/rd (diode)
vni = amplifier input thermal noise

More Realistic Values:

Zs = 1G||20pF, Zi = 1T||5pF, Cf = 5pF, Vni= 
90nV/Hz1/2, f = 5Hz

F = 0.002dB !!

Zi → ∞

Infinite input impedance achieves 
optimal noise figure

Amplifier noise dominates for 
purely capacitive sources

F → ∞, Rs → ∞

Yu M. Chi, Tzyy-Ping Jung, Gert Cauwenberghs, IEEE Reviews in Biomedical Engineering, 2010

Key Difficulty:

Some insulation (e.g., cotton) generate large 
amounts of thermal noise (1 TMΩ) yet do not have 

enough shunt capacitance (~20 pF) within ECG/
EEG frequency bands. Noise is not circuit limited!
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Input Impedance and CMRR
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Fig. 1. Model of the skin-electrode interface. Skin diagram taken from Gray’s Anatomy.

f

v/!Hz

Interface Therm
al Noise (1/f 2)

Am
plifier 1/f and Therm

al Noise

Interface E
xcess N

o
ise (1

/f a)

frequencies of interest
f

v/!Hz

4!kTR
1/(2"RC)

Increase R

Increase C

Decrease R

frequencies of interest

!

!

!"

!# $%

&%

&'

&(

)'

a b c

Fig. 4. Dry/Non-contact amplifier circuit model.
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Fig. 2. Dry/Non-contact amplifier circuit model.

traditional solution is to simply abrade the skin to obtain a
very low contact resistance (5− 10kΩ). At the other end of
the spectrum is to employ an with an such a input impedance
that the skin-electrode impedance becomes negligible.

For wet electrodes, neither extreme was necessary, but the
problem of contact impedance becomes a much more pressing

problem for dry and non-contact sensors.
However, as a rule, higher electrode impedances translates

directly into increased noise, both physical (thermal) and
induced motion artifacts. While the noise of the skin-electrode
interface is always significantly larger than the expected ther-
mal noise from the resistance,

For this reason, the most demanding applications, like
research EEG, still requires wet electrodes with abrasion.

Ultimately nearly all aspects of the performance of an elec-
trode critically depends on the interface between the electrode
and skin.

IV. DRY ELECTRODES

In contrast to wet Ag/AgCl electrodes, dry electrodes are
designed to operate without an explicit electrolyte. Instead, it is
usually supplied by moisture on the skin (ie. sweat). Numerous
variations of dry electrodes exist ranging from simple stainless
steel discs to micro-fabricated silicon structures with built-in
amplifier circuitry. Employing dry contact sensors somewhat
more challenging in practice than traditional techniques largely
due to the increased skin-electrode impedance, although the

5

! !

"#$%

&'

&()

&((
*'+
,,(-./

!"#$%"&

*'+
,,(-.0 123

Fig. 3. A very simple dry active electrode made from a standard PCB [2].
The exposed metal on the bottom surface contacts the skin. The electrode can
also work as a non-contact through insulation such as cotton. More complex
designs can be found in [3] [4] [5].

with physical skin contact means that the coupling capacitance
for insulated electrodes is relatively large, from 300pF [17] to
several nanofarads. As a result, designing a bias network with
low noise and frequency response for clinical grade signals
is very feasible with a standard high-impedance input FET
amplifier.

In most respects, the usage and performance of insulated
electrodes is quite similar to dry electrodes in practice. Some
limited data exists that suggest capacitively coupled elec-
trodes suffer from less skin-motion artifact noise than dry
electrodes [1]. More detailed studies need to be conducted
to determine what advantage, if any, can be achieved by
inserting a layer of insulation between the skin and electrode.
From an electrical perspective, the high capacitance of the thin
insulation layer is an effective short at signal frequencies and
have no effect on the signal quality vis-a-vis dry electrodes.
One obvious downside, however, is that the insulated nature
of the electrode precludes a frequency response down to DC,
which may be important for certain applications.

V. NON-CONTACT, CAPACITIVE ELECTRODES

Wet and dry electrodes both require direct physical skin
contact to operate. The final type of sensor, the non-contact
electrode, can sense signals with an explicit gap between the
sensor and body. This enables the sensor to operate without
a special dielectric layer and through insulation like hair,
clothing or air. Non-contact electrodes have been typically
described simply as coupling signals through a small capac-
itance (10’s pF) [18] [3] [19]. In reality, however, there is
typically an important resistive element (> 100MΩ) as well,
since the typical insulation (ie, fabric) will have a non-neglible
resistance [20]. As shown, signal coupling through non-contact
electrodes can be actually dominated by the resistive part of
the source impedance which can cause a large input voltage
noise.

Designing an amplifier with to acquire signals from such
a high source impedance is quite challenging. Typical design

problems include achieving a high enough input impedance
and a stable bias network that does introduce excessive noise.
Finally, very high impedance nodes are susceptible to any stray
interference and motion induced artifacts.

Nevertheless, RJ Prance et al. demonstrated a working non-
contact sensor many years ago with array of 25 ECG sensors
that was designed to acquire signals with a 3mm spacing
from the body [21] in 1994. A low-leakage biasing circuit
using a bootstrapped reverse diode, combined with positive
feedback to neutralize the parasitic input capacitance was used
to achieve an extremely high impedance, reported at (1016Ω,
10−17F ). However it is not clear how these measurements
were made or over what bandwidth. In addition, the effective
input impedance with neutralization is a complex function of
both the coupling capacitance and frequency.

In 2000, Prance et al. published an improved version based
on the INA116 electrometer instrumentation amplifier from
Burr-Brown (Texas Instruments) with a lower noise floor []. It
again utilizes positive feedback to for neutralization of the
input capacitance. While the specifics were not published,
it can be inferred that process is far from perfect, as it
requires manual calibration and different devices do not match
well [22]. Detailed descriptions of bootstrapping and neu-
tralization techniques, however, can be found in unrelated
fields [23] as well as a very old publication [24] based on
vacuum tubes, but fully applicable to modern amplifiers. It is
not clear as to what advantages of attempting to maintain such
a high input impedance, as many other papers show excellent
results with much simpler circuits.

The ability to sense biopotential signals through insulation
has resulted in ingenious implementations ranging from sen-
sors mounted on cars , beds [20], chairs [25] and even toilet
seats [26]. In general, the signal quality ranges from poor to
quite good, as long as proper shielding and subject grounding
techniques are utilized [27] [28].

Kim et al makes an important contribution in this field
by extending the analysis for the driven-right-leg scheme for
capacitive applications [27]. In particular, he shows that . It is
worthwhile to note that the active ground connection can be
capacitive as well for a system that is truly non-contact. A few
other key publications in this field have mentioned the need
for least dry contact [19] [5] to ensure proper operation. This
extra degree of common-mode rejection is especially useful in
light of the input impedance problem.

Unfortunately, specific key circuit and construction details
for non-contact sensors have generally not been avalible in
the literature. In particular, the critical aspects relating to
input biasing, input capacitance neutralization and circuit
reference/grounding that someone to duplicate the sensor and
experiments have been scarce. A complete desgin for a non-
contact, wireless ECG/EEG system can be found by Cauwen-
berghs et. al in 2010 [2], which improves and summarizes
upon their previous designs [29] [30] [19] [3]. They present
very simple, robust, non-contact sensor design, manufactured
completely on a standard PCB, using inexpensive and com-
monly available components (chip resistors, capacitors and the
National LMP7723 and LMP2232). In this design, the critical
input node was left completely floating and it was found that

Fig. 2. Left: Simplified topology and circuit model of a general, actively shielded biopotential amplifier [11]. The active shield guards the high-impedance
input from interference by other sources, and implies capacitive coupling between the source and the amplifier output. Right: A simple implementation for a
dry active electrode made from a standard PCB [14]. The exposed metal on the bottom surface contacts the skin. The electrode can also work as a non-contact
through insulation such as cotton. More complex designs can be found in [11], [12], [13].
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Fig. 3. Dry/non-contact amplifier circuit noise model along (a) with a simplified plot of the frequency behavior of the various noise sources (b). For each
RC layer, the noise contribution can be decreased by either drastically increasing the resistance towards infinity, increasing the capacitance or reducing the
resistance towards zero (c).

noise did not prevent some acceptable ECG measurements.
Sample ECG data recorded from the same system with

metal-plate electrodes mounted on the chest are shown in Fig-
ure 5, showing reasonably accurate correspondence between
the dry-contact as well as non-contact electrodes against a wet
Ag/AgCl electrode reference, even for electrodes placed over
a shirt. The capability to continuously record ECG without
direct skin contact opens the door to long-term clinical home
diagnosis and care applications (Section 4).

C. Motion and Friction
Relative motion of electrodes with respect to the body, as

well as friction of electrodes against the body surface, give
rise to artifacts in the received signals that are one of the
main impediments with the acceptance of dry-electrode and
non-contact biopotential sensors in mobile clinical settings.
These artifacts, however, are not unique to electrodes with
poor resistive contact, and arise in low-resistance wet-contact
electrodes as well. They can be reduced, but not eliminated,

by partly containing the relative motion to careful mechanical
design, although at some expense in the comfort, size and
weight of the mounted sensors.

The effect of motion and friction on the signal reception
can be readily identified, to first order, from the electrical
model (1), (2) and (3). We distinguish between two sources
of error that are induced by motion of the electrode relative to
the body surface: transversal motion, and lateral motion and
friction.

Transversal motion primarily gives rise to instantaneous
changes in the skin-electrode coupling impedance, changes
which can be discontinuous for contact-based sensors in the
absence of a gel bath between skin and electrode. The effect
of these impedance changes are similar to the signal arising
due to membrane deflections in a microphone, and need to be
carefully mitigated in the circuit design to avoid vibration and
other mechanical deflection sensitivity. According to (2), the
effect of changes in coupling admittance Yc(jω) are nulled out

CMRR ≈ |Zin|
|Z1 − Z2|

≈ C1C2

Cin|C1 − C2|

Electrodes with input capacitance of 5pF, coupling with 20pF and 25pF to body:

CMRR ~ 26dB!, Can add DRL for additional 40dB of CMRR (ok for wireless)
If input capacitance is 60fF, CMRR = 64dB (much better)

Assume 100mV 60Hz CM Interference, 1mV ECG Signal
CMRR = 26dB: SNR = -14dB
CMRR = 64dB: SNR = 24dB

CMRR = 104dB: SNR =  64dB (clinical grade)

CMRR, Interference Rejection drives input impedance need more than noise figure
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Challenges and Future Directions

Building Novel Sensor Systems
- Less need to focus on low-noise input amplifiers for most applications
- Opportunity to design very low-power, highly integrated systems
- Possible to make very inexpensive, ubiquitous sensors
- And/or place sensors in places that are currently impractical
- Major need for complete and integrated systems

Finding the Right Applications
- Medical market is conservative and very cost-conscious
- Many conventional technologies (e.g., sticky electrodes) are cheap, perform well and 

more than ‘good-enough’
- Better to focus on new and underserved applications rather than trying to replace 

existing technology
- Need to tailor sensor/system design to specific application
- Don’t forget the appearance, mechanics and user experience!




