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Abstract: Several on-body sensing and communication applications use electrodes in contact with
the human body. Body—electrode interfaces in these cases act as a transducer, converting ionic current
in the body to electronic current in the sensing and communication circuits and vice versa. An ideal
body—electrode interface should have the characteristics of an electrical short, i.e., the transfer of ionic
currents and electronic currents across the interface should happen without any hindrance. However,
practical body-electrode interfaces often have definite impedances and potentials that hinder the free
flow of currents, affecting the application’s performance. Minimizing the impact of body—electrode
interfaces on the application’s performance requires one to understand the physics of such interfaces,
how it distorts the signals passing through it, and how the interface-induced signal degradations
affect the applications. Our work deals with reviewing these elements in the context of biopotential
sensing and human body communication.

Keywords: body-electrode interface; biopotential sensing; human body communication

1. Introduction

Both biopotential sensing and human body communication (HBC) use electrodes in
contact with the body. Biopotential sensing uses these electrodes to acquire signals from the
body [1,2]. Human body communication [3-13], on the other hand, uses them to transfer
signals from one part of the body to the other. Unlike radiative communication that uses
airwaves, HBC, specifically electro-quasistatic HBC (EQS-HBC), couple signals and confine
them within the human body [14]. Once coupled, the signal is present anywhere on the
body surface and can be received from any location on the body. This leads to similarities
between biopotential sensing and HBC, albeit at different frequencies, in terms of how
they use the body—electrode interface. This review highlights the underlining principles of
body-electrode interfaces with similarities and differences for sensing and communication.

Figure 1(B-1) shows the schematic of differential sensing of biopotential signals using
a pair of electrodes, and Figure 1(B-2) shows the schematic of transferring data through the
human body using an electrode acting as a transmitter and another as a receiver. In both
cases, the electrodes in contact with the body create an interface called the body—electrode
interface that serves a specific purpose. The interface facilitates current flow between the
body and electrode/electronic circuits, enabling signal measurements, communication,
or both. The interface is essential because the body carries current mainly through ions
present in bodily fluids, while electrons carry the current in the electronic circuit. The inter-
face, therefore, functions as a transducer, converting ionic current in the body to electronic
current in the circuits and vice versa [1,2]. Figure 1A depicts this behavior. The figure
shows an electrode residing on the surface of human skin. When current flows from the
body to the electrode, ions from the inner bodily fluids traverse through different layers of
the skin to reach the surface. These ions contact the electrode through an electrolyte layer
(e.g., electrolyte gel or body sweat). The conversion of the ions to electrons happens at the
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contact, resulting in the flow of electrons in the electrode, wire, and connected electronic
circuit. The process reverses when current flows from the electrode to the body.

(A) Body-Electrode Interface: lonic Current ¢ Electronic Current
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Figure 1. (A) A typical body-electrode interface: ionic current in the body is converted to electronic
current and vice versa at the interface. (B) Differential sensing of signals from the body and commu-
nication of data signals through the body using electrodes. (C) Approximate signal amplitudes and
frequency ranges of biopotential and HBC signals.

An ideal body—electrode interface should have the characteristics of an electrical
short, i.e., the transfer of ionic currents and electronic currents across the interface should
happen without any hindrance. However, in practice, that is not the case. Practical body-
electrode interfaces often have definite impedances and potentials that hinder the free flow
of currents. In sensing and communication applications, such interfaces can degrade the
quality of the signals passing through the interface, affecting the application’s performance.



Nanomaterials 2021, 11, 2152

3 0f 30

The review of the body—electrode interface and its impact on sensing and communication
is of importance today due to emerging applications such as on-body health monitors
that combine biopotential sensing with human body communications. On-body health
monitors may use HBC [3,8,15] as a replacement to radiative technologies such as Bluetooth
to transmit biopotential signals representing the subject’s health conditions to an aggre-
gator [16-21]. Health monitors enabled with HBC transmit data to the aggregator when
the latter is in direct contact with the body, which is always the case when the aggregator
is also an on-body device such as a smartwatch. In comparison to radiative technologies,
HBC consumes significantly lower power extending the battery life of these devices and
provides improved physical security to the sensitive health data by confining the signals
within the subject’s body [8,14,22]. Further, HBC can operate at frequencies way above the
signal frequencies of most common biopotential signals listed in Table 1, eliminating the
possibility of inter-signal (sensing and communication) interferences. Figure 1C shows the
signal frequency ranges of the biopotential signals in Table 1 and how they compare to
HBC [3,23,24]. The biopotential signal frequencies are often restricted to <100 KHz, while
HBC can work well above 100 KHz up to 100 MHz. The wide-frequency operating range
of HBC is furthermore appealing to health monitors. It allows the devices to tune the HBC
operating frequency to optimize power consumption, data rate, or both.

Rectifying or minimizing the impact of practical body-electrode interfaces on the
applications of the above kind requires one to understand the details of the following
elements—the physics of the body—electrode interface, how the interface distorts the
signals passing through it, and how the interface-induced signal degradations affect the
sensing of biopotential signals and HBC. To the best of our knowledge, we do not find a
consolidated review of these elements in the literature. Through this work, we attempt to
address this gap.

We organize this paper as follows: Section 2 describe the body—electrode interface.
Specifically, the physics of the interface and how the interface distorts signals passing
through it. Sections 3 and 4 describes biopotential sensing and human body communica-
tion, respectively, and discuss how the signal distortions created by the body—electrode
interface impact the quality and performance of the sensing and communication. Section 5
summarizes our contributions and concludes this paper.

Table 1. Common biopotential signals, their sources and applications.

Biopotential Signal Biopotential Source Application
Electrocardiogram Heart activity. Measured Diagnosis of heart
(ECG) [25] from the body’s surface. related diseases.

Muscular activity. Analyzis of
Electromyogram P h . hani
(EMG) [26] Measured from the biomechanics
body’s surface. of body movements.

Brain activity. Measured Diagnosis of abnormal

Electroencephalogram brain activities resulting
from the surface .

(EEG) [27] from epilepsy, strokes,

of the scalp. .

sleep disorders etc.

Local Field Potentials Brain activity. Measured Responsive stimulation
(LFP) [28] from brain tissues. of brain.

Neural action potential.
Neural Spikes [24] Measured from a single Analyzis of brain activity.

neuron.

2. Body-Electrode Interface

This section first discusses the physics of the body—electrode interfaces for two dif-
ferent cases: (i) implanted electrodes that are in direct contact with body fluids and (ii)
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surface electrodes that reside on the skin’s surface. The interface characteristics of the
implanted electrode are similar to that of the classic electrode—electrolyte interface. Thus, in
the first part of this section, we discuss the electrode—electrolyte interface and its properties.
The interface characteristics of the surface electrode also depend on the skin properties and
electrode configuration, which we discuss in the second part of this section. This section
further discusses how the body—electrode interface distorts signals and describes the form
factors and materials of some common surface and implanted electrodes.

2.1. Electrode—Electrolyte Interface

The conversion of ionic current to electronic current and vice versa across the interface
happens via two types of current transfer mechanisms: faradaic and non-faradaic. The first
part of this section discusses these current transfer mechanisms. The second part of this
section introduces half-cell potential, which is the difference in potential between the
electrode and electrolyte when they contact each other. The third part of this section
discusses the classification of electrodes based on their current transfer characteristics and
the equivalent circuit models for their interfaces.

2.1.1. Current Transfer Mechanisms

For an electrode that is in direct contact with the bodily fluids (e.g., implanted elec-
trodes), current transfer mechanisms across the electrode-body interface are similar to
those in an electrode—electrolyte interface. The similarity exists because the bodily fluids
act similar to electrolytes rich in positively charged cations and negatively charged anions.

For an electrode in contact with an electrolyte, the current is carried across the interface
by two main processes: faradaic process and non-faradaic process [29].

1.  Faradaic Process: In this process of current transfer, charges (electrons/ions) cross
the electrode—electrolyte interface by electrochemical reactions: oxidation and reduc-
tion [1,2].
Oxidation occurs when atoms in the electrode (M) leave electrons behind and goes
into the electrolyte as a cation (M) or when anions (A™) in the electrolyte trans-
form to a neutral atom, leaving electrons to the electrode. The following reactions
represent oxidation:

M — M"" +ne”

A" s A+ me”

where 7 is the valence of M and m is the valence of A. Reversal of oxidation reactions
results in reduction reactions. The following reactions represent reduction:

M e - M

A+me- — A"

Figure 2A shows the oxidation and the reduction reactions involving M and M™"
and the direction of flow of charge carriers. In the presence of a driving current
source, ¢~ in the electrode moves in the opposite direction as the current. Charge
carriers A~ and M™ in the electrolyte move in the opposite and same direction as
the current, respectively. Oxidation reactions dominate when the current flows from
electrode to electrolyte, and reduction reactions dominate when the current direction
is the opposite.
In a faradaic process, the charge transfer across the interface obeys Faraday’s law,
i.e., the amount of chemical reactions resulting in charge transfer across the interface
is proportional to the current that flows through the interface [30]. The electrode—
electrolyte interface undergoing the faradaic process thus behaves like a resistor [29].
This resistor is known as the charge-transfer resistor, Rcr [31,32].

2. Non-Faradaic Process: In this process of current transfer, charges never cross the
interface. Rather, they accumulate across either side of the interface, polarizing the
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electrode. See Figure 2B. When current flows from electrode to electrolyte, near the
interface, positive charges accumulate in the electrode (e~ moves away from the
interface), and negative charges accumulate in the electrolyte (M~ moves away from
the interface, A~ moves closer to the interface) [33]. These charge redistributions result
in the electrode acquiring a positive potential that increases with time. The charge
and the voltage polarities reverse when the direction of the current is the opposite.
The accumulation of charges across the interface results in the interface acting as a
capacitor known as the interface double-layer capacitor, Cp;. The current transfer
across the interface is due to the displacement current resulting from the charging
and discharging of Cpy, [29].

Both faradaic and non-faradaic processes contribute to current transfer across many
electrode—electrolyte interfaces. Figure 2C shows the circuit model for such interfaces.
It consists of the charge-transfer resistor (Rcr) in parallel with the double-layer capaci-
tor (CD L)-

(A) Faradaic Process (B) Non-Faradaic Process
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Figure 2. (A) Faradaic Process: Oxidation and reduction reactions occur at the electrode—electrolyte
interface involving atoms in the electrode (M) and cations (M) in the electrolyte, resulting in charge
transfer across the interface. Oxidation dominates when current flows from electrode to electrolyte,
and reduction dominates when the current direction is the opposite. Resistor Rct models the faradaic
process of current transfer. (B) Non-Faradaic Process: Charges do not cross the interface; instead, they
accumulate across the interface. When the current flows from electrode to electrolyte, the electrode
gains a positive charge near the interface and the electrolyte a negative charge. Charges reverse
when the direction of the current is the opposite. Capacitor Cp; models the non-faradaic process of
current transfer. (C) Resistor Rer in parallel to capacitor Cp; models the interfaces which support
both faradaic and non-faradic processes of current transfers.

2.1.2. Half-Cell Potential

In many electrode—electrolyte interfaces, in the beginning, i.e., as soon as the electrode
makes the first contact with the electrolyte, charges (ions/electrons) cross the interface
through oxidation and reduction reactions; this happens even in the absence of any external
driving current source. The rates of these reactions depend on the electrode characteristics,
electrolyte concentration, and ambient conditions (e.g., temperature). Any imbalance in
these oxidation and reduction reactions rates can cause unequal charge transfers across the
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interface, disturbing the neutrality of charges in the region and resulting in the electrode
acquiring a different potential than that of the electrolyte, which favors the weaker reaction.

For instance, in interfaces where oxidation reactions dominate over reduction reactions,
near the interface, positive charges (M) accumulate at the electrolyte, and negative charges
(e7) accumulate at the electrode , resulting in a difference in potential between the electrode
and the electrolyte. See Figure 3. Here, an increase in the concentration of (M™) in the
electrolyte near the electrode reduces the rate of further oxidation reactions and increases
the rate of further reduction reactions. The difference in potential increases until it drives
the difference in the reaction rates to zero, which happens at equilibrium. The difference in
electrode—electrolyte potential at equilibrium is known as the half-cell potential (or contact
potential), Ve [2].

Figure 3A shows the polarity of V¢ for three different electrode—electrolyte interfaces.
Vhc is (i) negative in interfaces if, in the beginning, oxidation reactions dominate reduc-
tion reactions, (ii) positive in interfaces if, in the beginning, reduction reactions dominate
oxidation reactions, and (iii) zero in interfaces that do not support oxidation and reduction
reactions. Table 2 lists V¢ of several electrodes referenced to the standard hydrogen elec-
trode under standard temperature (25 °C), pressure (1 atm) and electrolyte concentration
(1moldm~3) [1]. When the temperature, pressure, or electrolyte concentration changes
from their standard values used for the measurements, V¢ of the electrodes varies from
their reported values in Table 2 in accordance with the Nernst equaiton [1].

Figure 3B shows the circuit model of an electrode—electrolyte interface undergoing
both faradaic and non-faradaic process of current transfer and with half-cell potential, Vi,
and electrolyte resistance, Rgy . Figure 6A shows the circuit model of the electrode-body
interface for an implanted electrode. The circuit model is similar to Figure 3B with Rgp
replaced with Rpg; which represents the resistance of the inner body fluids.

(A) Half-Cell Potential

Oxidation >> Reduction Oxidation << Reduction No Oxidation/Reduction
— M M He A m* om0
—4m A +i—A a A A
{ A { A B
—+m Ty +i=A M g
—§+|\/|+ M i~ +—A M 5 M A
—tm A +i—Aa A Pom
Electrode | Electrolyte Electrode § Electrolyte Electrode {  Electrolyte
Net Current = 0 Net Current = 0 Net Current = 0
Circuit Model Circuit Model
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(B) Faradaic Process + Non-Faradaic Process
(with Half-Cell Potential and Electrolyte Resistance)

Circuit Model

Vic I:chij ReL
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Figure 3. (A) Electrode half-cell potential (also known as contact potential), V¢, for three different
cases. Vyc is positive if at the interfaces, in the beginning, oxidation reactions dominate reduction
reactions. V¢ is negative if at the interfaces, in the beginning, reduction reactions dominate oxidation
reactions. VgC is zero in the absence of oxidation and reduction reactions. (B) Circuit model of
an electrode—electrolyte interface supporting both faradaic and non-faradaic processes of current
transfer with half-cell potential, Vi, and electrolyte resistance, Rgy.
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Table 2. Half-cell potential (V) of common electrodes under standard measurement conditions [1].

Electrode Vic (V) Electrode Vie (V)
Aluminium —-1.71 Silver Chloride +0.23
Iron —0.41 Copper +0.34
Nickel —-0.23 Silver +0.80
Lead —0.13 Gold +1.68

2.1.3. Electrode Polarization

In many electrode—electrolyte interfaces, when direct current passes through the
interface, the potential of the electrode changes from its equilibrium potential of V.
The phenomenon is called electrode polarization, and the difference in potential is called
overpotential [2]. The current transfer mechanisms at the electrode—electrolyte interface
dictate the characteristics of the electrode polarization. Based on the current transfer
mechanisms at the electrode-electrolyte interface and thus the resultant polarization char-
acteristics, electrodes are grouped into the following types.

e Current Transfer via Faradaic Process

-  Non-Polarizable (or Charge Transfer) Electrodes: The current transfer across the
interface is solely due to the faradaic process. They have a non-zero charge-
transfer resistance (i.e., Rer # 0). The degree of polarization is proportional
to RCT'

—  Ideal Non-Polarizable Electrodes: They are non-polarizable electrodes with zero
charge transfer resistance (i.e., Rcr = 0). Their interface behaves like an electrical
short. They offer no resistance to direct current flow and thus do not polarize the
electrode, i.e., the electrode potential does not change from its equilibrium value.

e Current Transfer via Non-Faradaic Process

—  Ideal Polarizable Electrodes: The current transfer across the interface is solely
due to the non-faradaic process. Their interface behaves like a capacitor and thus
blocks direct current. The direct current causes the magnitude of the electrode
potential to increase over time without limits.

e Current Transfer via Faradaic and Non-Faradaic Processes

—  General Polarizable Electrodes: In these electrodes, both faradaic and non-
faradaic processes contribute to the current transfer across the interface. The de-
gree of polarization depends on the values of the charge transfer resistance and
double-layer capacitance of the interface.

Figure 4 lists these electrode types, their interface circuit models and I-V characteristics.
Although the I-V characteristics of the non-polarizable and general polarizable electrode
look the same, in the latter case, after the application of direct current, it takes a definite
amount of time decided by the product of Rcr and Cpy, for the voltage across the interface
to stabilize.
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Figure 4. The circuit model and I-V characteristics of the electrode—electrolyte interface for electrodes of different polarization

characteristics.

2.2. Electrode-Skin Interface

Often electrodes are not in direct contact with the body fluids as considered in
Section 2.1. Instead, they reside on the surface of the skin as in Figure 1. Such elec-
trodes are called surface electrodes. The characteristics of the electrode-body interface for
the surface electrodes depend on the skin’s electrical characteristics and the electrode type.
The first part of this section focuses on the electrical model of the skin, and the second part
on the type of surface electrodes and the equivalent circuit models of their interfaces.

2.2.1. Electrical Model of the Skin

Figure 5 shows different layers of the skin and its equivalent circuit model. The skin
consists of three primary layers: epidermis, dermis, and subcutaneous layer. Inner layers
dermis and subcutaneous are highly conductive and directly in contact with inner bodily
fluids rich in ions. Resistor Rpg; (*10kQ cm~2 [34]) models these layers. The epidermis
is the outermost layer of the skin. This layer consists of multiple sublayers, of which the
outermost layer is called the stratum corneum. The stratum corneum is made mainly of
dead cells and has the highest electrical resistance among the skin layers. The layer acts as
a dielectric sandwiched between the conductive dermis layer and the conductive sweat
layer on the skin surface. The capacitor Cr models this structure.

Even though the stratum corneum has high electrical resistance, ions from inner bodily
fluids still reach the skin surface and mix with the sweat. A part of this ion transport is
through the pores in the stratum corneum. However, a significant portion of this ion
transport happens through the sweat glands and hair foliages. The ions in the dermis
layers diffuse into the sweat glands and hair foliages’ roots and move through the duct to
the skin surface [35]. These conductive paths for the ions mimic a resistor, Rg, in parallel to
Cg [34]. The sweat on the surface of the skin is rich in ions and thus conductive. Resistor,
Rsw, models this sweat layer.

Skin Potential: Similar to the potential difference (V) that exists across an electrode—
electrolyte interface, there can exist a potential difference across an electrolyte—electrolyte
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interface, known as liquid-junction potential [2]. The difference in potential exists across the
electrolyte—electrolyte interface when the electrolytes have different ionic concentrations,
and a semipermeable membrane separates them. Specific to Figure 5, the stratum corneum
behaves like a semipermeable membrane separating the electrolytes, sweat, and body
fluids of different ionic concentrations. This arrangement, therefore, results in a difference
in potential to exist across the stratum corneum. This difference in potential is known
as the skin potential. The voltage source, Vsc (=*—30mV [36]), models this difference
in potential.

NN EVES Circuit Model

,-~-» Hair
_.-==="? Sweat
Stratum N RSW
Corneum ] Epidermis
VSC
Dermis
Sweat , | .- @9 CE Re
Glands T ®@ ®é9 S
oa @@@ S 7 Subcutaneous
= | and Inner R
S S S S @69 Layers >t

Figure 5. Different layers constituting the human skin and its equivalent circuit model.

2.2.2. Types of Surface Electrodes

Depending on how the electrode makes contact with the skin surface, surface elec-

trodes are grouped into four types:

1.

Wet Electrode: These electrodes make contact with the skin through an explicitly
added electrolyte layer on the skin surface. The electrolyte layer hydrates the skin
layer and improves the electrical conductivity of the stratum corneum [34]. Figure 6B
shows the layer stack and circuit model of the electrode-skin interface for a wet elec-
trode. Model parameters V¢, Rer and Cpy, are the half-cell potential, charge transfer
resistance, and double-layer capacitance, respectively, of the electrode-electrolyte
interface. Rpy is the resistance of the electrolyte layer. Model parameters Vs,
RE (=10-100 KO em 2 [34]), Cg (=10-50 nF cm~2 [34]) and Rpg;, constitute the skin
potential and impedance components.

Dry-Contact Electrode: These electrodes make direct contact with the skin surface
without relying on an externally applied electrolyte [34]. Here, the moisture or sweat
on the skin surface plays the role of the electrolyte, hydrating the skin surface and
lowerering the skin impedance [37,38]. However, since the moisture and sweat
distribution is uneven, varies over time, and often has less ion concentration than
off-the-shelf electrolytes, the electrode to skin impedance with dry electrodes is higher
than the wet electrode’s case and changes over time. Additionally, the electrode—
skin interface also traps air bubbles, blocking parts of the electrode surface from
contacting the skin surface directly, adding a capacitive component to the interface
impedance. The interface impedance also depends on the pressure applied to the
electrode [39—41]. The dependency of the interface impedance on sweat, trapped air
bubbles, and pressure mean that the electrode—skin characteristics of these electrodes
vary with time, ambient conditions (e.g., temperature, humidity), subject’s movement,
and electrode form factor (e.g., rigid or flexible electrodes) [42,43]. Figure 6C shows
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the layer stack and circuit model of the electrode—skin interface for a dry contact
electrode. Model parameters Vi, Rer, and Cpp are the half-cell potential, charge
transfer resistance, and double-layer capacitance, respectively, of the electrode-sweat
interface. Rgyy is the resistance of the sweat layer. C4g models the capacitance of the
electrode that does not make contact with the skin due to trapped air bubbles. Model
parameters Vs, Rg (=30-1000 KO cm ™2 [34]), Cg (=10-50 nF cm ™2 [34]) and Rps,
constitute the skin potential and impedance components.

Dry-Capacitive Electrode: These electrodes do not make direct contact with the skin [34,44].
They are electrically isolated from the skin through an insulating layer (e.g., air or clothes).
These electrodes eliminate the chance of skin irritation, protect the body from any electri-
cal mishaps, and are easy to clean [45]. However, they are prone to motion artifacts,
i.e., their contact impedances with the skin vary with the subject’s movements [44].
Figure 6D shows the layer stack and circuit model of the electrode-skin interface for
these electrodes. The parameter Cys (1 pF-10 nF cm~2 [34]) models the insula-
tion layer between the electrode and the skin surface. Since there does not exist any
electrode—electrolyte interface, the circuit model of these electrodes does not include V¢,
Rer, Cpr or Rep typical of an electrode—electrolyte interface. Model parameters Vs,
Rg (~100-1000 KO em~2 [34]), Cg (=10-50nF cm 2 [34]) and Rpg; constitute the skin
potential and impedance components.

Semi-Dry Electrode: These electrodes are placed directly on the skin surface like a dry
electrode without direct application of electrolyte. However, unlike a dry electrode,
a semi-dry electrode has inbuilt reservoirs which store electrolytes. While in contact
with the body, the semi-dry electrode slowly releases the electrolyte in its reservoir to
the skin surface (e.g., through porous columns in the reservoir) [46-51]. The released
electrolyte hydrates the skin and improves the conductivity of the stratum corneum
similarly to a wet electrode. Figure 6E shows the layer stack and circuit model of a
semi-dry electrode that releases electrolyte in its reservoir through porous columns.
The circuit model is similar to the wet electrode with the following difference. Rg; for
the semi-dry electrode is generally higher due to higher electrolyte resistance at the
porous columns [50].
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Figure 6. Layer stack and circuit model of the electrode-body interface for different electrode types.
Inspired from [32,34,39,44,50,52-58].

Apart from the electrode type, the properties of the electrode—skin interface also

depend on the amount of electrolyte present, the contact pressure, and the skin preparations
as follows.

[ )

Electrolyte Amount: The electrolyte at the electrode-skin interface hydrates the stra-
tum corneum layer of the skin and improves the contact impedance. Improvement in
contact impedance with electrolytes is evident when comparing the contact impedance
of wet/semi-dry electrodes with dry electrodes. The contact impedance of the dry
electrode is approximately 50-fold higher than the wet/semi-dry electrodes that use
electrolytes [59]. Using higher amounts of electrolytes is also desirable as it reduces
the contact impedance by lowering both Rgy and Rg. In particular, higher amounts
of electrolytes can easily penetrate the skin layers and hydrate the layers lowering
R [50]. However, having higher amounts of electrolytes can cause discomforts to the
user and cause possible inter-electrode shorts in cases where the electrodes are close
to each other.

Skin Preparation: Often, to improve the electrode—skin contact, skin preparations
are performed at the electrode sites before placing the electrodes [60,61]. Skin prepa-
rations commonly involve cleaning, shaving, and abrasion. Cleaning and shaving
help remove dirt and hairs from the skin, while abrasion removes the topmost stra-
tum corneum layer. Skin preparation helps in reducing the interface impedance.
For instance, performing skin abrasion can reduce interface impedance in dry-contact
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electrodes by about 80% [59]. Nevertheless, skin preparations can be time-consuming,
costly, and painful to the subjects involved.

*  Contact Pressure: Electrode—skin contact also improves with the application of pres-
sure on the electrodes. The effect is significant, specifically in dry and semi-dry
electrodes, where pressure significantly reduces the contact impedance [39-41,50].
Unlike wet electrodes, dry and semi-dry electrodes do not maintain stable contact
with the skin due to the absence or relatively low amounts of electrolytes. For instance,
authors in [50] find a decrease in contact impedance of 71% and 35% in dry-contact
and semi-dry electrodes, respectively, with mild pressure. Application of pressure in
these electrodes lowers both Rg; and Rg. The decrease in R, is due to close contact
of the electrode with the skin. In contrast, the drop in R is due to compression of
skin layers shortening the ionic-current channel and due to porous columns of the
semi-dry electrode penetrating the top layers of the skin [50].

Note: In the case of the implanted electrode, the tip of the electrode penetrates the
stratum corneum layer of the epidermis and comes in direct contact with body tissues and
bodily fluids. Direct contact of body tissues allows them to transfer signals with less loss of
frequency content in comparison to surface electrodes [1]. Figure 6A shows the layer stack
and circuit model for the implanted electrode. The model consists of Vi, Rer, and Cyy,
the electrode—electrolyte (electrolyte = body fluids) half-cell potential, the charge-transfer
resistance, and the double-layer capacitance, respectively. In the model, the electrolyte
resistance Ry ) is replaced with Rpg; since the body fluids act as the electrolyte. Since the
electrode bypasses the stratum corneum layer and contacts body fluids directly, the circuit
model of these electrodes does not include skin potential and impedance components: V¢,
R E/s CE or st.

Note: Invasive electrode-brain electrode falls under the category of implanted elec-
trode. Its interface layer stack and circuit model are similar to the layer stack and circuit
model of the implanted electrode shown in Figure 6A [62].

2.3. Signal Distortions: Types and Causes

The body—electrode interface can distort signals passing through the interface. The sig-
nal distortions can often be a cause of concern in sensing and communication applications.
It is thus essential to understand the factors that can contribute to signal distortion. This
section discusses the types of signal distortion and their causes.

Figure 7 shows the possible types of distortions a signal experiences when traveling
through the body-electrode interface. In the figure, the voltage source Vpr and impedance
ZpE in series model the contact potential and impedance of the interface, respectively.

Body-Electrode Interface: Types of Signal Distortions

T—

Signal Attenuation Signal Dispersion

s e

Figure 7. Types of distortions experienced by a signal passing through the body—electrode interface.
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A voltage source, Vg, in series with the impedance, Zgg, models the interface.
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Offset Shift: For the signals passing through the interface, the electrode half-cell
potential (V) together with skin potential (Vsc) behaves like a series DC voltage
source represented in Figure 7 as Vpg. The presence of VpE shifts the DC offset of
the passing signals. Since Vpc is in hundreds of millivolts, often the offset shift is
many folds higher than the sensing and communication signal amplitudes which
are approximately a few microvolts to millivolts in range. The amount of offset shift
depends on the electrode and its position on the body. The dependency is because
Ve vary with the electrode (see Table 2) and V¢ vary with the location on the
body [36].

Baseline Wander: The offset Vpr added to the signals is often not a constant; it varies
slowly with time (i.e., Vgr — Vpg(t)) resulting in the baseline of the signal shifting
over time. This phenomenon is called baseline wander. Following are the factors that
can potentially cause baseline wander.

(a) Motion Artifact: The distortion of the signal with the subject’s movement is
known as motion artifact [63,64]. Motion artifact can cause the signal baseline
to vary with time at frequencies of 1-15 Hz. Figure 8A depicts this behavior.
Motion artifact has many causes.

i When the body is in motion, e.g., jogging or even during respiration,
the electrode moves relative to the electrolyte. This movement can
cause the electrode surface to see different electrolyte concentrations
over time. Since Vyc depends on the electrolyte concentration near
the electrode’s surface, the subject’s movement results in V¢ and thus
VpE to vary [1,2,41,65,66].

ii. When the body is in motion, the skin undergoes mechanical deforma-
tions (e.g., stretching), which causes Vsc and thus Vgg to vary [67,68].
iii. Body movements can also cause the electrode cables to move relative

to the electrode. These movements result in friction between the cable
and the electrode, generating friction-induced electrical noises known
as triboelectric noise that add to Vg [69,70].

(b) Environmental Interference: Environmental noise sources such as AC mains
near the body can potentially couple currents to the body [71]. When that
happens, the currents can traverse through the electrode-body interface and
create a time-varying voltage drop across Zpg, that adds to Vpg. The cur-
rents also polarize the electrode and change its V¢, modifying Vpr further.
Additionally, the currents flowing through the body can change the body’s
potential. Since signals used in human-body sensing and communication use
the body’s potential as the reference, any variation in the body’s potential will
reflect in the signal measurements. Figure 8B shows the likely environmental
noise sources that can interfere with the body and cause the signal baseline to
wander over time.

Signal Attenuation and Dispersion: When signals pass through the interface, due
to non-zero impedance Zpg, a part of the signal drops across Zpg, attenuating the
output. Signal dispersion occurs due to the capacitive component of Zgg, which
results in different attenuation of low-frequency components than the high-frequency
components of the signals. This frequency dependent transfer function through the
body—electrode interface also depends on the termination impedance.
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Baseline Wander: Possible Causes

(A) Motion Artifact (B) Environmental Noise
SO

Y

Figure 8. Potential causes for baseline wander. (A) Motion Artifact: Distortion of signals due to

subject’s movement (B) Environmental Noise: Distortion of signals due to the coupling of signals to
the body and electrodes from environmental noise sources [71].

2.4. Practical Electrodes: Form Factors and Materials

Practical electrodes are available in a variety of forms and materials. Figures 9 and 10
shows some common surface and implanted electrodes, respectively. They are as follows.

2.4.1. Surface Electrodes

*  Metal-Plate Electrodes: They consist of a metal plate with an attached lead wire [1,57].
They are fixed on the body with or without electrolytes using adhesives or surgical
tapes. Metal-plate electrodes are highly prone to motion artifacts. The subject’s
movements can cause electrolyte concentration near the electrode to vary, causing
variations in the electrode’s half-cell potential.

e Flexible Electrodes: They consist of a thin metal foil of thickness less than a micrometer
mounted on a flexible substrate such as polyester or polyimide [2]. Due to the flexibil-
ity, the electrode easily conforms to the shape of the subject’s body, improving contact
impedance and enhancing the subject’s experience of wearing the electrode. Addi-
tionally, the thin metal foil allows X-rays to pass through, allowing X-ray diagnosis
without removing electrodes [2].

®  Suction Electrodes: They are primarily used for diagnostic purposes as they can be
easily attached and transferred from one location to another on the body. They make
contact with the skin surface via a suction cup. Suction electrodes are relatively large
compared to metal-plate electrodes; however, the body contacts only the rim of the
suction cup , resulting in high contact impedance [1,2].

¢ Floating Electrodes: They consist of an electrode recessed in a cup of electrolyte
gel. The cup is then attached to the body using a medical-grade adhesive. Floating
electrodes are less prone to motion artifacts. When the body moves, the concentration
of the electrolyte near the skin may vary. However, the electrolyte near the electrode
is less affected as the electrode resides at a distance away from the skin, ensuring
relatively stable half-cell potential [1,2].

German silver (a nickel-silver alloy), silver, gold, platinum, and Ag/AgCl are the
common materials used for making surface electrodes [2]. Among these, Ag/AgCl has low
and stable half-cell potential, interface impedance, and noise and hence is preferred the
most. The Ag/AgCl electrode consists of a metallic silver base coated with a layer of AgCl.
The electrode contacts the body via a layer of electrolytes rich in C1~ (or sweat). In this ar-
rangement, AgCl act as a bridge connecting the metallic silver with the electrolytes [1,2,72].
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Common Surface Electrodes
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Figure 9. Common surface electrodes.

2.4.2. Implanted Electrodes

Probe Electrodes: These electrodes are made of long flexible tubes with a metallic tip
at the end. They are inserted in body cavities that occur naturally or through surgical
procedures. The metal tip is connected to the external circuitry through a lead wire
running internally through the tube [2].

Needle Electrodes: They are rigid electrodes typically made of stainless steel with
a sharp-pointed edge of diameter 100-500 pm [1,2,73]. Their design allows it to
penetrate the top layers of the skin and make contact with the internal body tissues.
Needle electrodes are often coated with an insulating material throughout their surface
except at the tip for localized signal transfers.

Fine-Wire Electrodes: They are flexible single-strand wires with a diameter of 25-125 pum [1,2].
Like needle electrodes, they are also coated with an insulating material throughout its surface
except at the tip for localized signal transfers. Often, a hypodermic needle inserts these
electrodes into the region of interest. The tip of these electrodes is bent in the form of a hook
to prevent it from moving upon insertion.

Microelectrodes: They are electrodes with a tip diameter of less than a micrometer
used for transferring signals at the cellular level [74] (e.g., to sense the neural activity
in the brain). They are of different types: glass micropipettes, metal microelectrodes,
and solid-state microprobes [75]. Metal microelectrodes are similar in construction
to a needle electrode but with their tips tapered to micrometer widths through an
electrochemical etching process.

Since they are in direct contact with body tissues and bodily fluids, materials used

for making implanted electrodes need to be biocompatible (e.g., non-toxic and non-
inflammatory), mechanically durable, and chemically inert to avoid any adverse health
conditions [76]. For instance, chemical reactions, such as corrosion or faradaic reactions
between the electrode and bodily fluids in the brain, may cause unwanted stimulation of
neurons leading to side effects such as brain seizures or neural damage [76,77]. For these
reasons, the construction of implanted electrodes, specifically those targeting the brain
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region, uses chemically inert noble metals (e.g., platinum or iridium) or capacitor elec-
trodes made by coating a layer of dielectric material on a metal surface that does not exhibit
faradaic reactions [77].

Common Implanted Electrodes
Probe Electrode Needle Electrode
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Figure 10. Common implanted electrodes.

3. Biopotential Sensing

Biopotential sensing uses electrodes in contact with the body to sense signals from
within the body to infer bodily activities. The first part of this section gives a brief back-
ground on biopotential sensing. The second part of this section discusses the impact of the
body—electrode interface on biopotential sensing.

3.1. Background

In living cells, a difference in potential exists between the interior and exterior walls of
the cell membrane. This difference in potential known as membrane potential is a result of
the difference in concentration of ions (e.g., K™, Na*t, C17) present in the fluids contained
and surrounding the cell membrane [78]. The magnitude and polarity of the membrane
potential depend on the type and state of the cell. Figure 11 shows the schematic diagram
for measuring a cell’s membrane potential and typical values for the membrane potential
for three different cell types in their resting state.
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Figure 11. (A) A cell’s membrane potential. (B) Membrane potential values for three different cell
types in their resting state [1,79].

Bodily activities such as heartbeat, contracting muscles, and neuron firing can alter
the resting state of certain cells known as excitable cells by applying energy to their cell
membrane. When that happens, ions from fluids outside the cell membrane enter the cell
and depolarizes it. Depolarization of a cell occurs when the concentration of ions inside
the cell changes from its resting state value and alters the cell’s resting state membrane
potential towards opposite polarity. Depolarization of a cell can reverse the polarity of
its membrane potential albeit for a short duration (~few milliseconds) [1,80]. When cells
detect depolarization, they close channels in the membrane to stop any further inflow
of ions. Further, they open up channels in the membrane to drain out the excess ions
accumulated inside the membrane. However, these actions to repolarize the cell take time,
and often results in a characteristic waveform as shown in Figure 12A.
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Figure 12. (A) Representative waveform showing temporal variations in the cell’s membrane poten-
tial when an external stimulus activates the cell. (B) Formation of an electric dipole, electric fields,
and ionic currents in response to bodily activities triggering synchronous activation of a large number
of cells.

The aforementioned bodily activities often trigger depolarization and repolarization
in a large number of cells. Though the ionic currents in these individual cells circulate
within a small region, their combined effect can result in an electric dipole and electric
field that is sufficiently strong to create measurable ionic currents near the surface of the
body [81]. Biopotential sensing refers to the measurement of these ionic currents to infer
bodily activities. Figure 12B shows a sample scheme to measure these ionic currents.
The scheme uses a pair of electrodes on the body and continuously measures the potential
difference across them to track the ionic currents.
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Figure 13 shows a simplified scheme for sensing human heart activity consisting of a
pair of electrodes attached to the surface of the chest and separated by a distance. Differenc-
ing the potential across these electrodes yields the electrocardiogram (ECG), a biopotential
signal representing human heart activity [82]. Physicians may extend this scheme with
up to ten electrodes positioned at different locations over the body and measure potential
differences between them in pairs to generate a more accurate representation of the heart
activity [25]. Physicians use ECG to detect abnormal heart activities and to diagnose
heart-related diseases [83-86].

ECG Measurement
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.........
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Figure 13. A sample scheme to measure human heart activity. The scheme uses two electrodes
attached to the surface of the chest and separated by a distance to measure the biopotential signals
associated with the heart activity. Differencing the signal voltages from the electrodes yields the
characteristic electrocardiogram (ECG) waveform.

3.2. Challenges

We discuss, in Section 2.3, the common factors that can contribute to the distortion
of signals passing through the body—electrode interface. This section further describes
these factors in the context of sensing biopotential signals. Throughout this section, for the
descriptions, we use ECG sensing as the example.

3.2.1. Contact Potential

1.  Restricted Amplification: The contact potential of several electrode—electrolyte in-
terfaces used in biopotential sensing is in the order of hundreds of millivolts [2].
In contrast, biopotential signals are in the order of tens of microvolts to a couple of
millivolts [87]. For the biopotential sensing circuit, the contact potential appears as a
large DC offset in series to the feeble biopotential signal. Here, the large DC offset
poses the following problem. It limits the amount of amplification the front-end am-
plifiers of the measurement circuit can apply to increase the SNR of the biopotential
signal measurements. To give an example, if the contact potential is 200 mV and the
biopotential signal is 1 mV, then for a 5V amplifier that supports rail-to-rail operation,
the maximum possible gain that can be set is lower than ~5 V/200 mV = 25. Here,
gain settings higher than 25 will result in the output of the front-end amplifier to
stuck at rail voltage distorting or eliminating biopotential signals. Note that if the DC
offset is zero in the previous case, the gain setting of the front-end amplifier could
have been as high as ~5000.

2. Baseline Wander: In the scheme to measure ECG in Figure 13, if the contact potentials
at each electrode to skin contact are the same, then the resulting output which is
derived from the difference block will not contain any artefacts of contact potentials.
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However, in practice, there exist mismatches in the contact potentials. The mismatch
is often due to electrode/electrolyte manufacturing variations or due to skin chemistry
being different at different parts of the body. The mismatch will now be seen along
with the biopotential signal at the output of the difference block. If the mismatch
in contact potentials remains the same, then it can be removed from the output by
subtracting the output with a constant. However, in practice, the electrode contact
potentials and their mismatches varies slowly over time, making it challenging to
separate it from biopotential signals having significant low-frequency components.
The aforementioned mismatches result in biopotential signal measurements to ride
over a baseline that slowly wanders over time, giving the problem its name baseline
wander. Figure 14 shows representative ECG waveforms in the presence and absence
of mismatches in contact potentials.

Motion Artefact: The movement of the human body during respiration, while talking
or while being stressed, can cause the skin near the electrodes to stretch/deform,
resulting in time-varying mismatches in contact potentials [88,89]. These mismatches
act as a source of noise and interference in biopotential signal measurements known as
motion artefacts. Motion artefacts cause low-frequency fluctuations in the baseline of
the ECG measurements which are often difficult to remove because their frequencies
overlap with the frequency components of the biopotential signals.

ECG: Impact of Body-Electrode Potential Mismatches
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Figure 14. Representative ECG graphs in the absence and presence of mismatches in contact poten-

tials. In the presence of time-varying mismatches, the baseline of the ECG graph wanders over time.

3.2.2. Contact Impedance

1.

Signal Attenuation: When measuring the biopotential signal, contact impedance
acts as the source impedance of the biopotential source. If the contact impedance is
significant in comparison to the input impedance of the measurement circuit, then a
considerable part of the signal will be attenuated. Figure 15A depicts this behaviour.
Signal Dispersion: Signal attenuation per se is not a big problem if all the frequency
components constituting the biopotential signal experience attenuation by the same
amount. Mere amplification of the signal can reverse the effect of attenuation. How-
ever, in practice, low-frequency components of biopotential signals suffer higher
degrees of attenuation due to the capacitive component of the contact impedance of-
fering higher resistance to low-frequency signal components. The result is dispersion
in biopotential signal readings that are difficult to fix. Figure 15B shows a sample
contact impedance consisting of a resistor in parallel to a capacitor, its bode plot,
and how it affects the low-frequency, P, S, and T regions of ECG.
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ECG: Impact of Body-Electrode Impedance
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Figure 15. (A) Impact of contact impedance on biopotential signal measurement. When contact
impedance is 20% of the input impedance of the measurement circuit, then only ~80% of the signal
(Vs) drops at the input (V) of the measurement circuit. (B) Distorted ECG waveform with P, S and
T waves deformed and S-T segment modified due to significant attenuation in the low-frequency
signal components.

3.2.3. External Interferences

External interferences such as AC mains near to a biopotential signal measurement
system can capacitively couple current to the human body and to the measurement cir-
cuit [90,91]. Figure 16 depicts an ECG measurement system showing the coupling of
currents from AC main lines to the human body and to the ECG measurement circuit.
In the figure, i 4 and ip are the currents capacitively coupled from the mains to the electrode
cables through parasitic capacitors C4 and Cp. These currents flow through the cable to
the electrode leads and then through the body to the earth. If there exists a mismatch
in these currents or contact impedances of the electrodes, then the current flows result
in a differential signal that drops across the input of the measurement circuit and acts
as a source of low-frequency (50/60 Hz) noise in the biopotential signal measurement.
The magnitude of this noise signal, N;, is proportional to the coupling currents, i4, ip,
contact impedance of electrode-A (Zpg(A)), contact impedance of electrode-B (Zgg(B))
and their mismatches. N can be calculated as follows [90,92,93].

N; = isZpe(A) —ipZpe(B)

External interferences can also cause common mode-induced noise in biopotential
signal measurements [90]. In Figure 16, the current i;, coupled from the AC mains to the
body through the parasitic capacitor, C1, can modulate the body potential, V}, at 50/60 Hz
with respect to the earth’s ground. Similarly, current, iy, coupled from AC mains to the
measurement system through the parasitic capacitor, Cy, can modulate the reference ground
potential of the measurement system, V;,;, with respect to the earth’s ground. Here, V}, and
Vin appear common to +ve, and —ve terminals of the measurement circuit, contributing
to a common-mode voltage, V;, — Vj;. See the equations below. In the equations, V. and
V_ represent the voltages at the +ve and —ve terminals, respectively, of the measurement
circuit with respect to Vi;. V4 and Vp represent the biopotential signal voltages at the
electrode-A and electrode-B, respectively, with respect to V.

V+=(VA+Vb)—Vm:VA+(Vb—Vm)

V.= (VBJer) — Vi =Vp+ (Vb*Vm)
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In the ideal situation, since V}, — V};; appear common to both the terminals of the
circuit, the presence of non-zero V, or V,, or their fluctuations should not affect the output
of the circuit measuring the difference between V and V_. However, in reality, V}, and
Vin and their fluctuations affect the output. Suppose the common mode rejection ratio
(CMRR) of the measurement circuit is poor [94]. In that case, fluctuations in V}, and Vj,
cause variations in the common-mode voltage, resulting in common mode to differential
conversions that appear as a low-frequency noise in the signal measurements [95]. Further,
if Vj and V,, are significant, it can saturate the output of the front-end amplifiers of the
measurement circuit, distorting or clipping the biopotential signals [96].

ECG: AC Mains Interference
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Figure 16. AC mains interference model of an ECG measurement system.

4. Human Body Communication

Human body communication (HBC) uses electrodes in contact with the body to
transfer signals from one part of the body to the other through body tissues [3-13]. The first
part of this section gives a brief background on HBC. The second part of this section
discusses the impact of the body—electrode interface on HBC performance.

4.1. Background

HBC uses the human body as a channel to transfer data between a transmitter and
a receiver. Often, HBC is used to interconnect on-body devices, in which case, both the
transmitter and the receiver will reside on the body. HBC is of two types: capacitive and
galvanic [3]. They differ in the methods used to couple the signal to the body and sense it
from the body. Figure 17 shows a simplified schematic of capacitive and galvanic HBCs.
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Figure 17. Simplified schematic of (A) capacitive HBC and (B) galvanic HBC.

In capacitive HBC, the transmitter (Tx) uses a single electrode to couple signals to
the body [97]. The transmitter uses this electrode to modulate the body potential (V})
to communicate data bits. For example, the transmitter may apply a higher voltage to
the electrode and raise the body potential to convey bit 1 and apply a lower voltage
to the electrode and lower the body potential to convey bit 0. The receiver (Rx) uses a
single electrode to sample the body potential and infer the transmitted data bits. At lower
frequencies, V}, remains more or less the same along the whole body, which enables the
receiver to pick the transmitted signal with more or less the same signal quality from
anywhere on the body [98]. Capacitive HBC is thus suited for applications requiring longer
body transmission distances. Nevertheless, capacitive HBC is highly prone to external
interferences as follows. In capacitive HBC, the SNR of the received signal depends on the
strength of the parasitic capacitive coupling between the floating grounds of the transmitter
and the receiver with the earth’s ground, i.e., the SNR of the received signal depends on
Cc,1x and Cg ry [98,99]. The higher their values, the higher the SNR of the received signal.
However, Cg 1y and Cg gy are usually weak and vary with the presence of nearby metallic
objects, water, and the subject’s movements.

In galvanic HBC, the transmitter (T'x) uses a pair of electrodes to couple signals to
the body [97]. The transmitter uses these electrodes to generate fields inside the body and
modulate their strengths to communicate data. For instance, the transmitter may generate
a strong field to convey bit 1 by applying a large voltage across the electrodes or generate
a weak field to convey bit 0 by lowering the voltage across the electrodes. The resultant
field is sampled at the receiver (Rx) through a pair of electrodes to decode the transmitted
data. In galvanic HBC, often signal frequency is set low (e.g., <1 MHz [100]) to confine
electric fields within the body, avoiding signal leakage to the environment and ensures
that communication is less prone to external interferences in comparison to capacitive
HBC. However, because the transmitting electrodes in galvanic HBC are close to each other,
the generated fields often concentrate near/around these electrodes and cause the field
strength to drop drastically with the distance from the transmitter. Galvanic HBC is thus
not preferred for long-distance body communication.

Note: In practice, both capacitive and galvanic HBCs use high-frequency carrier
signals to communicate data through the body. The HBC transmitter modulates carrier
signal parameters such as frequency, amplitude, or phase to convey the information.
The use of a carrier signal allows shifting HBC's frequency of operation to avoid possible
external interferences. Authors in [3] provides a comprehensive survey of different channel
modulation techniques used for HBCs (e.g., OOK, FSK, QPSK, and BPSK) and the criteria
used in the referenced works to select a particular channel modulation technique and
carrier frequency based on channel loss measurements [5,12,101-105].
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4.2. Challenges

Electrodes in HBC are used for both coupling signals to the body and sensing signals
from the body. Their characteristics significantly influence the performance of HBC. In this
part, we discuss the effects of electrode-body contact impedance, electrode configuration,
and external interferences on capacitive and galvanic HBC performance.

4.2.1. Contact Impedance

The non-zero contact impedance of the body—electrode interface can affect the perfor-
mance of capacitive and galvanic HBCs as follows:

1.  Capacitive HBC: Figure 18 shows a simplified schematic and circuit model of capaci-
tive HBC with body—electrode contact impedances [6]. At higher operating frequen-
cies, when the contact impedances are higher in comparison to Cg 7, and Cg gy, at the
transmitter side, only a part of the potential applied to the transmit electrode, Vi,
drops across the bulk of the body (Cp4,) which results in a lower V. Further, due
to higher contact impedance at the receiver side, the measured body potential at the
receiver will be lesser than the actuals (i.e., Vouyr < Vj). In short, at higher operating
frequencies, the interface contact impedance deteriorates the received signal strength.
At lower operating frequencies (e.g., <1 MHz), the contact impedances in Figure 18
are often negligible in comparison to parasitics Cg, x, Cg,rx and Cpogy [98] and thus
their impact on the received signal is minimal provided that the signal termination
impedance Ry ||Cy, is high. However, if the termination impedance is lower or compa-
rable to contact impedance, considerable signal attenuation can occur even at lower
operating frequencies [106].

2. Galvanic HBC: Figure 19 shows the circuit model of galvanic HBC with body-
electrode impedances as in [102]. Here, the fields generated in the conductive core of
the body are dependent on the potential difference across A and B, i.e., V4p. In the
presence of contact impedance, only a part of the differential voltage applied across
the transmitter electrode pair drops across A and B, i.e., V45 < Vjy, which lowers
the strength of the field generated in the body. Consequently, the potential gener-
ated across C and D, i.e., Vp, and thus V1, reduces. In short, the received signal
strength deteriorates in the presence of contact impedances.

Capacitive HBC

A i Rx
Tx Rx Vour
S S |
I . ..010 %RL %CL
010 I !
Vi v
GND
C X
T G,R:

/J7 Earth Ground

< Tx Rx - CBody
GND GND 5 —|_
_|_ —‘VCBodv —|'CG,Rx

/J7Earth Ground

Figure 18. Simplified schematic and circuit model of capacitive HBC. Circuit elements Vzg and
Zpg model the contact potential and impedance of the body—electrode interface. Circuit element R,
models the resistance of the conductive core of the body. Circuit element C¢ represents the inter-
device coupling capacitance between the ground electrodes of Tx and Rx [107]. Parallel combination
of resistance, Ry, and capacitance, Cy, model the termination impedance [106].
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Figure 19. Simplified schematic and circuit model of galvanic HBC. Circuit elements Vg and Zpg

model the contact potential and impedance of the body—electrode interface. Circuit elements Zt, Zp

and Zp are the Z-port representation of the impedances of the conductive core of the body [3,102].

4.2.2. Electrode Configuration
1.  Capacitive HBC:

(a)

(b)

Ground Electrodes: The size, shape, and placement of the floating ground
electrodes of the transmitter and receiver in capacitive HBC affect their para-
sitic capacitances to the earth’s ground (Cg 1, and Cg ry) and the receiver-side
load capacitance (Cp) in Figure 18 [108,109]. Note that the received signal
strength in capacitive HBC depends on these capacitances. Higher values of
Ce 1y and Cg ry and lower values of Cy, are desired for reducing HBC channel
loss [5,98]. When the size of the ground electrodes is large or when they are
close to the earth’s ground, C¢ 7, and Cg r, increase. However, increasing the
size of electrodes results in bulky transmitter and receiver designs, making it
difficult for the user to move freely. Further, many applications fix the site to
place the transmitter and receiver; meaning, the options to place the ground
electrodes close to the earth’s ground are limited. Moreover, increasing the
size of the receiver-side ground electrode increases the load capacitance, Cy,
which reduces the received signal strength.

The distance between the transmitter and the receiver ground electrodes and
their relative angle of orientations also matter [97,108]. At lower distances
and when the ground electrodes of the transmitter and receiver are parallel,
the inter-device coupling capacitor, Cc, is higher (See Figure 18). Higher C¢
results in a part of the signal returning through C¢ instead of through the
relatively high impedance path Cg 1y and Cg gy improving the channel qual-
ity [107]. Again, applications generally dictate the locations and orientations
for the transmitter and receiver ground electrodes; meaning, the options to
increase Cc is limited.

Signal Electrodes: In capacitive HBC, signal electrodes are placed in direct
contact with the body. The size of these electrodes dictates their contact
impedance. For instance, an electrode with a large surface area increases
the capacitive component of the contact impedance [6]. A higher capacitive
component is preferred when operating frequencies are high, as it lowers the
impedance of the forward signal path. However, having large-sized signal
electrodes can make the transmitter and receiver designs bulky and increase
channel loss due to higher C;, at the receiver side.
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2.

Galvanic HBC:

® Ideal Galvanic Behaviour: Here, both the pair of electrodes at the transmitter and
receiver sides are signal electrodes. They are placed in direct contact with the
body (see Figure 17) and exited with signals often at low frequencies to ensure
that the signal forward and return paths are well defined and confined within
the body (see Section 4). For this reason, and since there exist no floating ground
electrodes, the performance of galvanic HBC at low frequencies is independent
of the position of the electrodes to the earth’s ground, the parasitics of the elec-
trodes to the earth’s ground, or the shape of the electrode [3,102]. However,
the distance between the transmitter and receiver electrodes and their orien-
tation matters. The received signal strength drastically drops with increasing
transmitter-receiver electrode distance [102,110]. Received signal strength also
drops if the transmitter-side and receiver-side electrodes are facing away from
each other.

* Non-Ideal Galvanic Behaviour: At significantly longer distances between the
transmitter and the receiver, i.e., when the transmitter to the receiver distance is
significant to the distance of separation of transmitter and receiver electrode pair,
signal losses tend to stabilize. In this realm, the galvanic HBC channel behaves
similar to capacitive HBC, with losses dependent on the electrodes’ parasitics,
geometry, and configuration. Authors in [102] attribute this behavior to the
presence of a non-zero common mode in the transmitted signal owing to the
mismatches in the transmitter electrode parasitics and the subsequent common
mode to differential-mode conversion at the receiver side.

4.2.3. External Interferences

External interferences in HBC can cause undue variations in the received signal

strengths, making it challenging for the receiver to decode data [111].

1.

Capacitive HBC: Since the signal transfer in capacitive HBC is via modulating body
potential, V}, any external source capable of modulating V;, acts as a source of interfer-
ence. AC mains or nearby high-frequency switch-mode supplies are likely sources
of interference [71] as they can modulate V}, (see Section 3.2.3). Further, since the
signal return path in capacitive HBC is through the parasitic capacitances Cg rx, Cg,Tx,
and C¢, any source that can vary these capacitances can also act as a likely source
for interference. Possible such sources include the presence of nearby wall wires,
conductive objects, water, or humans [99]. The presence of grounded metallic objects
in contact with the body is a strong source of interference. Such a condition drives V},
to earth’s potential. When that happens, the transmitter electrodes cannot modulate
V}, and thus cannot transmit signals.

Galvanic HBC: As mentioned in Section 4.1, at low frequencies, signal leakage to
the environment is minimal in galvanic HBC. For this reason, galvanic HBC at low
frequencies is less prone to external interferences that affect electrode parasitics.
However, external interferences such as AC mains or nearby SMPS can vary the
potential of the body and the local ground potential of the receiver circuit similarly
to Figure 16. These potential variations may appear as common-mode noise to the
receiver-side measurement circuit and lower the SNR of the measured signal.

5. Conclusions

We review in this work the physics of the body—electrode interface, how it distorts

the signals passing through the interface, and how these distortions affect biopotential
sensing and human body communication (HBC). We find that the body—electrode interface
characteristics, such as its impedances and potential, rely on many factors. The electrode
properties, the electrode-body configuration, and skin properties can affect the body—
electrode interface. Although an ideal body—electrode interface is expected to transfer
current from body to electrode and vice versa without hindrance, practical body-electrode
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interfaces due to definite impedances and potentials often hinder current flow, which results
in distortions of signals passing through the interface. Several factors contribute to signal
distortion. The presence of contact potential and its variation, frequency-dependent contact
impedance, relative movement of the body to the electrode, the polarization of electrodes
due to the current flowing through the contact impedance, and external interferences from
AC mains can all contribute to signal distortion. We find that these signal distortions
across the body-electrode interface can be troublesome in sensing and communication
applications. Specific to biopotential sensing applications, the interface potential can
limit the gain of the front-end amplifier, restricting the SNR of the received signal. Its
time-dependent variation can cause the baseline of the biopotential signals to vary over
time. The interface impedance can cause attenuation and dispersion of biopotential signals.
The interface’s impedance can also attract external interferences and add unwanted noise to
the biopotential signals. Specific to HBC, the interface impedance can cause attenuation of
the transmitted signals, limiting the received signal strength and thus restricting the bitrate
of communication. Electrode configuration, i.e., the placement of the electrode on the body;,
its parasitics to the earth’s ground, and nearby objects, can also affect communication
signal quality. External interferences also affect HBC. We find that capacitive HBC is more
dependent on external interference than galvanic HBC due to the former’s dependency on
electrode parasitics.
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